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Transduction Process and Impulse Initiation in 

Insect Contact Chemoreceptor 

HIROMICHI Morita 

Emeritus Professor of Kyushu University, 6-21-3 Kasumigaoka, 

Higashi-ku, Fukuoka 813, Japan 

INTRODUCTION 

It was generally accepted that the local potential 

evoked in sense organs by adequate stimuli gener- 

ates afferent impulses in an adjacent region of 

sensory neurons (generator potential [1]), but it 

was after 1950 that the generator potential was 

actually recorded in many sensory neurons [2-9]. 

Since then, the word “receptor potential” gradual- 

ly took the place of “generator potential”. Now, 

the word “generator potential” is rarely found in 

current papers. This can be understood as we are 

now most interested in sensory receptor mecha- 

nisms. It has been suggested for these several 

years that cyclic AMP (cAMP) or cyclic GMP 

(cGMP) plays a part in sensory cells as in the target 

cells for some hormones [10-13]. We recently 

wrote a review article “chemoreception physiolo- 

gy” in insects [14], where we could not describe the 

above aspects of studies on insect chemoreception. 

Main purpose of the present review is therefore to 

describe and discuss the development of the field 

since then. Thus, cell biological aspects are more 

important here. However, generation of impulses 

in chemosensilla of insects is so unique in relation 

to their structures that this problem is also dis- 

cussed. 

There are many excellent papers describing in- 

sect chemoreception with behavioral responses 

[15-24], but studies of individual chemosensory 

cells have been made possible only after elec- 

trophysiology was introduced. Electrophysiologi- 

Received October 7, 1991 

cal study of the insect chemosensory system had 

been thought difficult because of its tiny size 

compared with the vertebrate system. As early as 

1941, Pfaffmann recorded afferent impulses from 

taste nerve fibers of the cat [25], while Nodai 

published a paper in 1953 to report electric poten- 

tial changes of the afferent nerve by chemical 

stimulation of tarsal chemosensilla of an insect, 

orthopteran [26]. Thereafter, many efforts were 

made in vain to record chemosensory impulses 

from the tarsal nerve of insects [27]. Once the 

technique was established for recording of im- 

pulses [28] and receptor potential [9, 29], however, 

it soon became clear that insects were suited for 

study of individual sense cells because of their 

small number in a single sense organ, sensillum. 

Now, for example, the labellar sugar receptor cell 

of the blowly, Phormia regina, and the fleshfly, 

Boettcherisca peregrina, is one of the most thor- 

oughly investigated chemosensory cells in the 

animal kingdom. 

SENSILLUM STRUCTURE AND IMPULSE 

INITIATION 

When we first recorded impulses from the tip of 

the tarsal chemosensillum of the butterfly, Vanessa 

inidica, we were surprised to find that the impulse 

represents an increase in positive potential at the 

tip with reference to the base of the sensillum [27]. 

This was true also for the labellar chemosensillum 

of the green bottle-fly, Lucilia caeser [30, cf. 31]. 

We expected that impulses would be initiated in a 

region near the sensillum tip and would therefore 
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represent an increase in negative potential at the 

tip with reference to the base. This polarity was 

understood as the result of initiation of impulses 

somewhere near the sensillum base [30, 32]. 

The next question is why impulses are initiated 

in the basal region instead of the tip region where 

the first step of reception occurs. To answer the 

question, we have to learn morphology of insect 

sensilla. All the investigated hairs, bristles, pegs 

and cones on the body surface of insects contain 

primary sense cells (sensory neurons) that send 

their axons to the central nervous system (CNS). 

The number of the sense cells in a sensillum varies 

with types of sensilla and species of insects, but is 

generally one to several. The sensilla containing 

only one neuron are mostly mechanosensitive. 

The most intensively studied distance chem- 

osensory (olfactory) sensillum of Bombyx contains 

two neurons. The labellar contact “chemosensory 

(gustatory or taste) hair” of flies contains one 

mechanosensory and four chemosensory neurons 

(i.e., it is a mechano- and chemo-sensitive sensil- 

lum). All the neurons are bipolar, whose cell body 

(perikaryon) is located rather deeply beneath the 

base of the sensillum. The dendrite extends from 

the cell body toward the base of sensillum, on the 

way to which it terminates into a cilium connecting 

itself with the distal segment. This segment is 

differentiated into a sensor of the adequate stimu- 

li. Such is the case in the rod and cone of 

vertebrate retina: the cilium connects the cell body 

with the outer segment; this segment is differenti- 

ated into a photo sensor. As shown by Figure 1 

[33], the distal segments of dendrites (dds) are 

covered together with the dendritic sheath (dsh). 

This sheath appears the same as cuticle as far as 

transmission electron microscopy shows, and sepa- 

rates the inside of the sensillum into two lumina: 

inner lumen containing the distal segments of 

dendrites and outer lumen containing nothing but 

fluid. The inner lumen proximally opens to the 

ciliary sinus (cs), and the outer lumen to the 

sensillar sinus (ss). The perikarya of sensory 

neurons (7) are triply wrapped by inner (i), in- 

termediate (m) and outer (0) sheath cells. The 

inner sheath cell forms the ciliary sinus (cs) around 

the connecting cilia (clm) and is also thought to 

secrete the dendritic sheath (i.e., thecogen cell). 

Fic. 1. Structure of a typical sensillum. bf, body fluid; 

clm, connecting cilium; cs, ciliary sinus; cu, cuticle, 

dds, dendritic distal segment; dsh, dendritic sheath; 

e, epidermis; g, glia cell; 7, inner sheath cell; m, 

intermediate sheath cell; n, nerve cell; 0, outer 

sheath cell; ss, sensillar sinus. Adapted with permis- 

sion from [33], Pergamon Press PLC. 

The outer and intermediate sheath cells (trichogen 

and tormogen cells, respectively) together form 

the sensillar sinus (ss). The sensillar tip is 50 to 100 

mV positive with reference to the body fluid (bf) 

[34, 35, 36]. Thurm [35] called this potential 

“transepitherial potential” (TEP), and showed 

that TEP requires an energy dependent process, 

i.e., active transport of some ions to or from the 

sensillar sinus. 

In contact chemosensilla of many genera of flies, 

the concentric arrangement of two cylinders (den- 

dritic sheath and outer cuticular wall), as shown in 

Figure 1, changes into a very eccentric one, 1.e., 
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Fic. 2. Cross section of labellar chemosensillum at one 

quarter of its length from the tip (Phormia regina), 

< 28,000. By courtesy of Prof. Y. Tominaga, 

Fukuoka University. 

the dendritic sheath is fused with the outer wall 

around nearly a half of its circumference at any 

level of cross section (Fig. 2). Thus, the inside of 

the shaft of sensillum is divided into two halves 

with a partition wall of the remaining non-fused 

part of dendritic sheath. Such a sensillum appears 

as two-toned under an optical microscope with 

transmitted light: dark through the inner lumen 

and light through the outer lumen. The largest 

type of labellar chemosensilla of fleshfly or other 

big flies are so large that a microelectrode tip of 

glass pipette can easily be inserted into the outer 

lumen. It is somewhat difficult to insert a mi- 

croelectrode into the inner lumen, but not impossi- 

ble. Figure3 shows the records of the same 

impulse taken by two microelectrodes inserted into 

the inner (7) and outer (0) lumina, respectively, at 

the same level above the sensillar base. The 

common reference electrode was introduced into 

the proboscis through crushed head, and was 

grounded via a calibration pulse generator of low 

resistance. In this case, a rectangular pulse, +1 

mV of 2ms duration, was added to show the 

fidelity of the amplifiers used. The spike height of 

the impulse recorded from the inner lumen is more 

than three times higher than that from the outer 

lumen: the inner and outer lumina are not 

equipotential. This indicates that the partition wall 

i 
a 

Fic. 3. Records of the same impulse obtained from the 

inner (z) and outer (0) lumina of the labellar chem- 

osensillum (Boettcherisca peregrina) [40]. 

1 msecx5 

Q 
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is highly resistive against electric currents. 

When an adequate stimulus such as a sugar 

solution is applied to the tip of the sensillum, a 

slow sustained potential accompanied by trains (or 

a train) of impulses is recorded between two 

microelectrodes inserted into the outer lumen, one 

in the distal region and the other in the proximal of 

the sensillum (Fig. 4). The polarity of the slow 

potential is negative at the distal electrode with 

reference to the proximal: an electric current be- 

gins to flow toward the tip within the outer lumen 

prior to initiation of impulses, and is sustained 

during the application of stimulus. To illustrate 

such a situation [42], the structure of the labellar 

chemosensillum is shown in Figure5, and the 

corresponding equivalent electric circuit in Figure 

6A, the equivalent or effective resistances to the 

generator current for impulses being emphasized. 

Terminals in, out, ilt and is in Figure 6A represent 

the same lettered points in Figure 5, respectively. 

It is assumed in Figure 6A that the inner lumen is 

completely insulated from the outer lumen by the 

partition wall except at its two ends. A canal 

communicating the inner and outer lumina at the 

sensillar tip is assumed to exist because the current 

flows toward the tip within the outer lumen. Pre- 

cise location and structure of the canal need fur- 

ther discussion (see below). Thus, TEP (its magni- 
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Fic. 4. DC records of responses of the single labellar chemosensillum (Boettcherisca). Stimulated by glucose 

solution of the indicated concentration [40]. 

out 

Fic. 5. Illustration for the equivalent circuit diagram in Figure 6. i/t, tip of inner lumen; in and out, inside and outside 

at the receptor membrane, respectively; is, impulse initiation site; Eypp, electromotive force of trans epithelial 

potential (TEP). Others are the same as in Figure 1 [42]. 
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Uy 1/ng 
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out 

out (E) 

(0) 

Fic. 6. Equivalent circuit diagrams for impulse generator current (or receptor current). The terminlals represent 
the same lettered points in Figure 5, respectively [42]. 

tude, E7,p) effectively polarizes the dendrite distal 

segment (dds) between both ends of the partition 

wall (arrows in Figure 5). An adequate stimulus 

increases the conductance of receptor membrane 

(ng) and an inward current (/) flows across the 

receptor membrane (from out to in). Current J is 

divided into J; and JL, the latter flowing out from 

the distal segment most intensively at the proximal 

end of the partition wall (impulse initiation site, is) 

under the strong influence of TEP (the intensity of 

I, is the highest at is and decays exponentially 

along the distance from it). 

The canal at the tip is electron microscopically 

difficult to show, but was demonstrated by diffu- 

sion of Ag* into the inner and outer lumina when 

AgNOs solution was applied to the tip [14]. The 

process of Ag* diffusion is clearly visible under a 

light microscope as a growth of precipitation, most 

probably, of AgCl. Sometimes, dense precipita- 

tion makes a plug in the inner or outer lumen, 

beyond which no diffusion occurs. When the plug 

is made in the outer lumen, we can see the growth 

of precipitation only in the inner lumen. Such an 

observation does not necessarily prove the exist- 

ence of communication canal at the tip, but is also 

possible if each lumen opens outward at the tip. In 

fact, there is an electron microscopical study on 

outlets of the outer lumen at the tip [39]. 

If the inner lumen were completely insulated 

from the outer lumen by the partition wall even at 

both ends, i.e., if resistances R, and R> in Figure 

6A were infinitely high, none of the current of 

inflow at the tip would flow out from the distal 

segment except at loci proximal to the proximal 

end of the partition wall, i.e., /=J,. Even though 

insulation at the tip and root of the distal segment 

is not perfect, the partition wall assists the current 

to flow within the distal segment from the tip to 

root effectively for generation of impulses. In a 

previous review [14], we presented the results of 

calculation to show how the partition wall favors 

transmission of signals (membrane potential 

changes) from the tip to root without contribution 

of TEP. Many investigators of insect sensilla, 

especially mechanosensilla, believe that TEP is the 

only force driving the generator current to flow. It 

is because K~ concentration was quite high (100 to 

200 mM) in the receptor-lymph cavity (sensillar 

sinus, ss) [37 cited in 38], and the receptor mem- 

brane immersed in this lymph is considered to be 

already depolarized before any adequate stimulus 

is applied. Recently, Kijima et al. (personal com- 

munication) studied effects of TEP on the initia- 

tion of impulses in the labellar chemorecptor of the 

blowfly, and found a close correlation between 

impulse frequency and TEP which was lowered by 

metabolic inhibitors. However, the receptor still 

responded to sugar solutions with low frequency of 

impulses even when TEP was completely dimi- 

nished. Further, he found that the concentration 

of Na” is higher than that of K~ in the sensillar 

shaft. Such results suggest that the depolarization 

of receptor membrane on stimulation contributes 

to the generator current in the labellar chem- 

oreceptor of the blowfly. 

Figure 6B shows the equivalent circuit, which I 

have used for a model describing the relation 

between simulus strength and response magnitude 
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since I published it 1969 [40]. This circuit is the 

same as that adopted in non-linear summation of 

membrane potential changes at the muscle end- 

plate [41]. Now, the potential at out with reference 

to in is defined as E when the receptor membrane 

current J flows for n, the number of the channels 

opened by the stimulus, g being the conductance 

per opened channel. For simplicity, n is assumed 

as zero at rest (without stimulus). Therefore, the 

potential change V by stimulus becomes as V= E— 

Em, Where E,, is the resting membrane potential. 

The theoretical maximum V,,, is written as V,,=E, 

—E,,, where £, is a) reversal potential of the 

receptor membrane. Then, we obtain: 

V=V,,/ (1+G/ng), and I=—GV. 

If we plot V against log ng, a sigmoid curve is 

obtained. 

Considering a contribution of TEP to impulse 

initiation, we obtain the same equation by rede- 

fining V,,=E,—(Em+Erep) and V=E—(E,,+ 

Eryep) for an ideal case where no current flows 

through conductance G;, [14]. Actually, however, 

it is most probable that a current J, flows across the 

receptor membrane from a source just adjacent to 

it. For such a case, the circuit diagram of Figure 

6C is available. This is reduced from Figure 6A, 

where for J, to flow, R3 is negligible compared with 

1/Gz, conductance 1/R; is negligible compared 

with 1/R3, and R> can then be included in 1/G,. 

Defining V and V,,, as above, we obtain an equa- 

tion for J, as 

1h=—Vm G2/(1+ G/ng) + Eqep/(ng/G,G2+ 
WG Gs) 

where G=G,+G). The equation reminds us that 

a current, 5 ,—0, flows through G> even at rest (n 

=0). Only a current increase by stimulation is of 

interest for us, and it becomes 

Bf, p=0—= > GoxV n+ Ever Gi/G)/(1+ Ging). 

Defining 

Vi=(VintEree Gi/G)/(1+G/ng), (1) 

we can write the actual maximum as 

Vs=(Vint Erep Gi/G)/(1+G/sg), (2) 

where s is the total number of the channels. 

Asuuming that the channel is opened by sucrose 

making 1:1 complex with its receptor site, 1.e., 

introducing 

n=s/(1+K/C), (3) 

C being the sucross concentration and K the 

dissociation constant between sucrose and the re- 

ceptor site, we obtain the same equation as that 

published before [40]: 

Ve— Vel (ape (4) 

where 

K,=K/(1+sg/G). (5) 

The response in impulse frequency (r) in an initial 

steady state was ascertained to be proportional to 

the current response [,—I, ,— 0 [40], so that we can 

write equation (4) as 

r=r,/(1+K,/C), 

where r, is the actual maximum of response in 

impulse frequency. From this equation, we can 

derive so-called Beidler’s tasts equation as 

Clr= Clr.“ Rel te 

Beidler [43] obtained this relation assuming that 

response is proportional to the number of stimulus 

molecules binding to the receptor site, and, there- 

fore, regarded K, as the dissociation constant. 

TRANSDUCTION AND ADAPTATION 

Based on the assumption that the channel is 

opened directly by sucrose binding to the receptor 

site in 1: 1 manner, the intensity-response relation 

is described above. This assumption is valid for all 

sugars except for monosaccharide, where the bind- 

ing is in 2:1 manner (2 sugar molecules to 1 

receptor site of the channel) [44]. Such an assump- 

tion should be rewritten by a model which numer- 

ically accounts for the maximum response and Hill 

coefficient [45-48], but the result may be much the 

same as far as we assume that the channels is 

directly operated by sugars. 

Recently, however, Amakawa et al. [49] 

obtained the results suggesting that cyclic GMP 

(cGMP) is involved in the sensory transduction as 
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the second messenger within the sugar receptor 

cellin Phormia. They applied a membrane perme- 

able cGMP analogue, dibutyryl cyclic GMP 

(dbcGMP), to the tip of the sensillum, and re- 

corded responses from the sugar receptor cell (but 

not from the other receptor cells). The adaptation 

(decline of impulse frequency) to dbcGMP sti- 

mulation was quite slow compared with that to 

sucrose stimulation in a period more than 3 s after 

the beginning of stimulus; so slow that the cell 

continued to discharge impulses of almost a con- 

stant frequency over 30 s. Furthermore, the cell 

discharged impulses for a while even after the end 

of stimulus, when stimulated by dbcGMP mixed 

with a membrane permeable inhibitor of cyclic 

nucleotide phosphodiesterase, theophylline or iso- 

butyl-methyl-xanthine (IBMX). 

The channel has been assumed to be directly 

opened by sugar binding, partly because the gener- 

ator current of impulses (receptor current) begins 

to flow without any detectable delay after the onset 

of stimulation. By noise analysis of the sugar 

receptor current in Boettcherisca, Kijima et al. [50] 

obtained the results: (a) The autocorrelation func- 

tion, or covariance function [51], C(t), could be 

approximately described by an exponential term. 

(b) The time constant of this exponential term 

differed with different sugars even when the recep- 

tor currents were the same in amplitude. General- 

ly, C(t) is defined as 

CA=((T)— <b (T+)-—D)p, 

where /(T) and J(T+12) are receptor currents at 

times T and T+1, respectively, <J is the average 

of the receptor currents, and the angle brackets 

indicate the average taken over 7. Therefore, C(t) 

precisely represents the time course of relaxation 

toward equilibrium for the open channel deviated 

from equilibrium by an amount of the variance of 

I, C(0)=o0°(I). The relaxation time course should 

be the same for the same equilibrium state (the 

same value of <I>, 1.e., the same amplitude of 

receptor current), if the channel would be brought 

to this equilibrium state by the same concentration 

of intracellular cGMP. This is quite contrary to the 

above results (a) and (b). Thus, it is strongly 

suggested that the channel is directly operated by 

sugars. 

The transduction mechanism in Phormia might 

be different from that in Boettcherisca. There is 

indeed a report in Boettcherisca that dbcGMP and 

its derivatives scarcely cause the sugar receptor cell 

to discharge impulses, but do the salt receptor cell 

[52] (cf. the case in Phormia: dbcGMP causes only 

the sugar receptor cell to discharge impulses [49]). 

Nevertheless, an involvement of cGMP in the 

sensory transduction [49] does not necessarily con- 

tradict a direct operation of the receptor channel 

by sugars [50]. It is possible that the receptor 

channel bound to intracellular cGMP is opened 

only after extracellular binding of sugars: both 

cGMP- and sugar-bindings are necessary for the 

opening, and the sugar-binding is the rate limiting 

step. In such a case, the time course of relaxation 

differs with sugars and their concentrations as 

shown by Kijima et al. [50]. Amakawa et al. [49] 

pointed out the possibility of extracellular receptor 

site for cGMP and dbcGMP, and there is no 

experiment of purely intracellular application of 

cGMP. The extracellular binding of stimulants 

may not only open the channel, but may also 

decrease the concentration of intracellular cGMP 

in some way or other (cf. rods and cones of 

vertebrates, [53]), resulting in a decrease of open 

channels. Thus, it is conceivable that the mem- 

brane permeable dbcGMP, whether be intracellu- 

larly converted to cGMP or take the part of 

cGMP, sustains the receptor current as long as 

dbcGMP stimulation continues. _ 

The receptor current rapidly decreases to zero 

after a stimulus solution is broken contact with the 

sensillum tip. This rapid decrease has been 

thought to be due to active processes within the 

receptor cell, because the current tends to last 

after the end of stimulus in deteriorated prepara- 

tions. Amakawa et al. [49] obtained the result 

suggesting that one of the above active processes is 

hydrolysis of cGMP by phosphodiesterase (cf. 

[75]). 
Amakawa and Ozaki [54] tried intracellular ap- 

plication of activators or inhibitors of protein 

kinase C by exposing (1 or 2 min) the sensillar tip 

to a solution containing one of the reagents. The 

response to sucrose was recorded 5 min after the 

treatment, and was compared with that after the 

treatment with the same solution lacking the rea- 
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gent. The activator (phorbol ester; DPBA or 

TPA) depressed the response to sucrose, while the 

inhibitor (H-7) raised it. Both effects were de- 

tected with a delay of 0.4-0.5 s after the onset of 

stimulation, and were thought to be related to an 

adaptation to long continued stimuli. If we define 

adaptation simply as a decline of impulse frequen- 

cy in response to a continued stimulus, the adapta- 

tion started 0.4—0.5 s after the beginning of stimu- 

lus in the normal sugar receptor cell. The mem- 

brane impermeable agent, DPBA or H-7, was 

made to penetrate into the receptor cell, being 

mixed with the treatment solution of 0.03% 

sodium deoxycholate (DOC). Treatment with 

DOC itself accelerated the adaptation: the adapta- 

tion started immediately after the onset of stimula- 

tion. The effect of DOC treatment was antago- 

nized by a Ca’*-chelator EGTA mixed with DOC. 
Protein kinase C is activated by Ca** and di- 

glycerides (or instead, phorbol esters), and there- 

fore the kinase C was suggested to promote the 

adaptation to sucrose stimulation. 

As discussed before, the response to a long 

lasting stimulus seemed to depend on the in- 

tracellular concentration of cGMP [49]. As one of 

the other ways for regulation of response, the 

kinase C inactivates the receptor molecule in the 

membrane, resulting in a decrease of the mole- 

cules available for response. Such might be the 

case as a kind of desensitization, since neither 

activators nor inhibitors of kinase C changed the 

response at the beginning of stimulus. In contrast 

with kinase C, inhibitors of kinase A or G reduced 

the response at the beginning [54]. 

Thus, cGMP and protein kinases (C and G or A) 

are most probably involved in regulation of re- 

sponse in the sugar receptor cell of the blowfly. At 

present, however, we cannot describe a whole 

story of sensory transduction and adaptation in the 

sugar receptor cell of the fly. 

Amakawa et al. [49] ascertained in Phormia that 

the sugar receptor cell responds to dbcGMP, by 

examining the proboscis extension response to 

dbcGMP as well as the spike height of impulses. 

As noted before in Boettcherisca, the salt receptor 

cell responds to dbcGMP or its derivatives, but the 

sugar receptor cell does scarcely [52]. Thus, the 

same receptor site is possible to occur in a different 

category of receptor cell (see below). 

RECEPTOR MOLECULES 

Multiple receptor sites in a sugar receptor cell 

Taking into account conformations of sugars and 

related carbohydrates, Evans [55] proposed that 

the sugars which stimulate taste receptors of the 

blowfly combine with two or more distinct receptor 

sites, each with unique structural requirement, and 

that these sites are associated with the same recep- 

tor cell. This is the first definite statement of 

multiple receptor sites in a sugar receptor cell, 

referring to the glucose and fructose sites. There- 

after, we have been able to effectively discuss the 

structure-activity relationship in the blow- and 

flesh-flies. 

Shimada et al. [56] showed in the fleshfly that a 3 

min treatment of a single sugar receptor cell with 

0.5 mM p-chloromercuribenzoate (PCMB) almost 

completely depressed its response to D-glucose, 

but did not affect the response to D-fructose. This 

was the first experiment discriminating the two 

receptor sites in a sugar receptor, and it became 

possible to decide with which receptor site a sugar 

combines. Figure 7 shows an example: D-fructose, 

D-fucose and D-galactose react mainly with the 

fructose site, while D-arabinose, L-fucose, L- 

arabinose, L-sorbose, D-xylose, L-glucose, as well 

as D-glucose react wich the glucose site. Sucrose 

and maltose are judged to react with the glucose 

site as an a-D-glucopyranoside. 

Monosaccharide such as fructose has many con- 

formations as well as a, 8 anomers in an aqueous 

solution. Therefore, we had first of all to make 

clear what conformation and which anomer is 

effective. Chasing the time course of changes in 

stimulating effectiveness accompanied by muta- 

rotation, Hanamori et al. [57] concluded that D- 

fructose is effective as the §-D-furanose form. 

This and the forgoing results clearly indicated that 

the glucose site combines with polyols in the form 

of a-pyranose, while the frustose site combines 

with those in the form of 8-furanose. Therefore, 

the glucose and frustose sites are now called pyra- 

nose (P) and furanose (F) sites, respectively. The 

structural requirement of stimulants for activating 
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Fic. 7. Comparison of responses to some mono- and disaccharides after PCMB treatment. The response (with 
standard deviation) is normalized so that the response before the treatment is unity [56]. 

P site is the existence of three juxtaposed equato- 

rial hydroxy groups in a chair form [56, 57]. That 

of F site is so. strict that mehyl-@-D- 

fructofuranoside is ineffective [57, 58]. 

Shiraishi and Kuwabara [59] stimulated the 

sugar receptor of the fleshfly with 19 L-amino 

acids, out of which 6 amino acids (valine, leucine, 

isoleucine, methionine, phenylalanine, and tryp- 

tophan) were effective. Shimada and Isono [60] 

divided F site further into F and T sites by treat- 

ment with pronase, which did not affect the re- 

sponse to D-fructose but markedly depressed the 

response to L-valine. Thus, T site was responsible 

for reception of aliphatic amino acids. They 

thought that aromatic amino acids reacted with F 

site, because the treatment with pronase did not 

affect the response to phenylalanine and tryp- 

tophan. 

There was a definite stereospecificity of F site for 

aromatic amino acids [61]. On the other hand, 

there was a different rigid stereospecificity of F site 

for furanose and its derivatives. This was ascer- 

tained with 2,5-anhydro-D-hexitols of definite con- 

figurations [62]. The above two specificities were 

so different that the sites for aromatic amino acids 

and for furanoses must not be the same. Accord- 

ingly, Shimada et al. [62] proposed a new site Ar 

(Ar=aromatic or aryl) for aromatic amino acids, 

and also renamed the site for aliphatic acids R site 

instead of T site (R=alkyl). 

So far four receptor sites in total have been 

proposed for the receptor sites in the sugar recep- 

tor cell of the fleshfly. They are P site for pyranose 

and its derivatives, F site for furanose and its 

derivatives, Ar site for aromatic amino acids and 

its derivatives, and R site for aliphatic amino acids, 

small peptides, and fatty acids. In addition, the 

neucleotide site was proposed for the sugar recep- 

tor cell in Phormia as mentioned before [49], but it 

was for the salt receptor cell in Boettcherisca [52]. 

Recently, Shimada et al. [63] found in Boettcher- 

isca that certain 1,6-anhydro-$-D-hexopyranoses 

(1,6-anhydro-~-D-galactose, -altrose, -talose and 

-gulose) were effective in stimulating the salt re- 

ceptor cell: there is a sugar receptor site in the salt 

receptor cell. 
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It is well known that ingestion of food in flies is 

released by afferent impulses of sugar receptor and 

water receptor cells and is blocked by those of salt 

receptor cells. Water is essential for the mainte- 

nance of life in flies, but is reyjected when con- 

taminated with salts of high concentrations. 

However, water with such salts would still be 

valuable if it contains nutritious sugars. The 

response of water receptor cell to water in itself is 

completely blocked by dissolved 0.05 M sodium 

citrate, but is recovered by addition of some sugars 

in it. Wieczorek and Koppl [64] discovered this 

phenomenon in Protophormia and called it reac- 

tivation by sugars. The receptor site was a kind of 

F site; indeed, a sugar receptor site in the water 

receptor cell. 

Search for receptor molecules—a-glucosidase 

Eluting the legs of flies (Phormia) with water 

and testing for enzyme activity in the eluate, 

Dethier [65] found an a-glucosidase activity. This 

brought about Hansen’s biochemical investigations 

on the receptor mechanism in Phormia [66]. He 

demonstrated a positive correlation between the 

regional a-glucosidase activity and the regional 

density of chemosednsilla and between the sub- 

strate specificity of the enzyme and the stimulating 

effectiveness of a-glucosides (for the above- 

mentioned P site). Kijima et al. [67] picked up this 

proposal in Phormia, separated isozymes [68], 

characterized them [69], and found a membrane- 

bound a-glucosidase in the chemosensillum [70, 

71]. Over a wide spectrum of substances, they 

disclosed good parallelisms in substrate- and in- 

hibitor-specificities between the enzyme and the 

Sugar receptor, but only one result of a great 

discrepancy was enought to discard the hypothesis: 

the inhibition constant of nojirimycin for the a- 

glucosidase was in a range of 10° to 10°-° M, 

while that for the sugar receptor was above 4x 

10-* M [72, 73]. 
Dethier wrote in his recent review [74]: “They 

(including Hansen et al.) proved that the enzymes 

were intimately and exclusively associated with the 

receptors. Exactly what part the glucosidases play 

in the process of transduction is still a mystery.” 

Whatever a mystery may be, it is certain that 

sucrose is split into glucose and fructose on the 

outside of the intact sugar receptor membrane. It 

amounts to 0.5 pmol per sensillum per hour, i.e., 

1.4x10~'° mol s~', when the sugar receptor is 
stimulated by 0.1M sucrose [72]. This is just 

comparable with the number of monovalent cat- 

ions crossing the receptor membrane for 1s. The 

split glucose and fructose molecules might be 

picked up into the distal segment of the sugar 

receptor cell, as suggested by Hanamori [75]. He 

exposed the sensillar tip to '*C-D-glucose or 3-O- 

mehtyl-'*C-D-glucose, effective or ineffective stim- 

ulant for the sugar receptor cell (Phormia), respec- 

tively, and studied the uptake and movement of 

isotopic activity. When the tip was pretreated with 

75 mM colchicine for 30 min, the taken up and 

remaining activity within the sensillum shaft in- 

creased for glucose, but not for 3-O-mehyl- 

glucose. This was explained as a result of dis- 

assembly of microtubules, which otherwise could 

transport glucose, but not 3-O-methyl-glucose, 

proximally to the cell body. That is, the glucosi- 

dase might play a part in the rapid stop of response 

after the end of stimlus. 

Affinity electrophoresis 

Ozaki [76] at last found a most probable candi- 

date for P site in Phormia, with affinity elec- 

trophoresis. Her strategy was based on her own 

finding that starch does not evoke but inhibits the 

response of the sugar receptor cell [77]. Starch has 

no electric charge and is polydisperse with huge 

molecular weights in an aqueous solution. There- 

fore, a protein molecule under electrophoresis 

moves only in a state free from formation of the 

starch-protein complex. As the mobility of protein 

is thus proportional to the period of this free state, 

we obtaine (the fraction of free state is derived 

from equation (3) as (s—n)/s=1—1/(1+K/C), 

where n represents the number of molecules mak- 

ing complex in 1:1 manner, s the total number of 

molecules): 

m,/m=1+[I]/Ki, (6) 

where m and m, is the mobility of protein with and 

without starch, respectively, [I] the concentration 

of starch, and K; the dissociation constant of the 

protein-starch complex [78]. Further, because a 

protein molecule can be assumed to have the same 
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mobility when it forms complex with a small 

uncharged molecule of sugar, we obtain an equa- 

tion as in competitive inhibition, 

m /(m,—m’)= Ki +[s]/Ka)/[I], (7) 

where m’ is the mobility of the protein in the 

presence of starch and the sugar, [s] the sugar 

concentration, and K, the dissociation constant of 

the protein-sugar complex [79]. 

In two-dimensional polyacylamide gel elec- 

trophoresis, starch was added to the gel of the first 

run. The second run was carried out through a slab 

gel that were the same in composition except for 

lacking starch. Proteins having no interaction with 

starch should align on a diagonal line starting at 

the origin of electrophoresis. In fact, a protein was 

detected at a spot aside from the diagonal line, at 

shorter distances on the first run with higher 

concentrations of starch (Fig. 8). The dissociation 

constant of the protein-starch complex obtained 

from equation (6) was 0.7%, which agrees well 

with the value, 0.6%, obtained before in her 

physiological study [77]. The dissociation con- 

-05 0 O5 10 15 20 

CONCENTRATION OF STARCH, II] ‘/o 

B =—»> 

stants of the protein-sugar complex obtained from 

equation (7) also agreed with the values predicted 

by equation (5): K, is larger than K, by a factor of 

(1+sg/G), which was previously estimated to be 

about 5 in Phormia [80]. 

In her study, a-glucosidase did not interact with 

starch, suggesting that this novel protein is differ- 

ent from a-glucosidase mentioned above. 

MAINTENANCE OF RECEPTOR MEMBRANE 

If we examine the chemoreceptor activity in flies 

collected in the field, we will find that many 

chemoreceptor cells have lost their activity. The 

contact chemoreceptor cells are exposed to many 

dangerous substances while the fly searches for 

food. Therefore, it is important for the fly to 

recover the activity of injured chemoreceptors. 

Shimada [81] is the first to report the recovery 

from an injury resulting from contact with deter- 

gents in Boettcherisca. Being exposed to 0.1% 

sodium deoxycholate (DOC) for 5 min at the 

sensillar tip, the chemoreceptor cells discharged 

injury spikes for a while, ceased to discharge 

within the exposure time, were silent for 10-20 

min, then began responding again, and finally 

recovered about 80% response at about 50 min 

after the detergent exposure. 

The destruction and reorganization of the recep- 

tor membrane were reinvestigated in detail in 

Phormia. Recording the receptor membrane cur- 

rent during the DOC treatment, Kashihara et al. 

(unpublished) follwed changes from a partial to 

full lysis of the membrane at the sensillar tip. The 

full lysis was characterized by a large continued 

injury current accompanied by an intense dis- 

charge of impulses. However, as in Boettcherisca, 

the response to 0.1 M sucrose (0.1 M sucrose re- 

sponse) recovered about 90% at 90 min after the 

Fic. 8. (A) Determination of dissociation constant Kg 

after equation (6). (B) Determination of m and 

m,. In the presence of starch (1st run), starch- 

interacted protein migrated to position p._ If starch 

had not existed in the first run, the protein should 

have migrated to position q on the diagonal line in 

an extension of horizontal line op. The diagonal 

line is defined by the protein stain (dotted area). 

Then, m,/m=oq/op. Adapted from [76]. 
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DOC treatment. Ninomiya ef al. [80] found that 

colchicine has a unique effect on the recovery. The 

sugar receptor cell was treated with colchicine (5- 

25mM), whose effects were not detected at all 

unless we examied the recovery from destruction 

by the succeeding DOC treatment; the recovery 

was deeply depressed when the receptor mem- 

brane was pretreated with colchicine of concentra- 

tions above 5 mM for 2 min. The recovery process 

clearly consisted of two processes, colchicine de- 

pendent and colchicine independent ones. The 

colchicine independent process was fast, approxi- 

mated by an exponential term with time constant 

of 15 min; this process is thought to be physical, 

i.e., desorbtion of DOC monomer from the recep- 

tor membrane. The colchicine dependent process 

was rather slow, and its time constant was 50 min 

wher approximated by an exponential term; this 

process is thought to be biological, i.e., regenera- 

tion of the distal segment of dendrite as well as 

repairs of the receptor membrane. 

Observing the 0.1 M sucrose response as long as 

15 to 25 hr, Ozaki et al. [82] revealed a long lasting 

effect of the treatment with 25 mM colchicine for 2 

min. As shown by Figure 9, after the colchicine- 

DOC treatment (25 mM colchicine treatment for 2 

min succeeded by 0.3% DOC treatment for 2 

min), the 0.1 M sucrose response was recovered to 

about 50% level through the colchicine independ- 

ent process. This level was kept for 12 hr thereaf- 

ter. The second step of recovry in response then 

began, whereas recovery in latency (from the onset 

of stimulus to the first impulse) occurred 5 hr 
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Fic. 9. Changes in the response (©) and the latency (@) 

(from the onset of stimulus to the first impulse) after 
the colchicine-DOC treatment [82]. 

earlier. This implies that the effect of the colchi- 

cine terminated 7 hr after the treatment. 

The effect of colchicine was also detected with- 

out DOC treatment. The 0.1 M sucrose response 

decreased 12 hr after the single colchicine treat- 

ment, but recovered to the normal at 4 hr thereaf- 

ter. When the colchicine treatment was repeated 

every 3 hr, the response was reduced to 50% at 16 

h after the first treatment. Calculation on the 

diffusion equation showed that the concentration 

of colchicine in the receptor cell was at most 5.6 

10~° M at 3 hr after the treatment. The remaining 

effect of colchicine at such an extremely low 

concentration could not be explained unless we 

assumed involvement of microtubule system. 

When microtubules were disassembled into tubu- 

lin dimers by binding to colchicine, the resultant 

colchicine-tubulin dimers may cap the growing end 

of microtubule to prevent its reassembly even at 

extremely low concentrations of free colchicine, as 

postulated by Margolis and Wilson [83]. It was 

also ascertained that vinblastine had the effect but 

lumicolchicine did not [80]. Thus, it is most likely 

that microtubules is involved in the maintenance of © 

the receptor membrane as well as the distal seg- 

ment of receptor cell. 

As above, electrophysiology tells us living states 

of the receptor cell in real time. The long latency 

in response and lack of the initial phasic response 

(Fig. 10a) pointed out existence of a distance be- 

tween the tip of sensillum and that of distal seg- 

ment of the cell which had recovered the response 

after the colchicine-DOC treatment. This was 

ascertained with electron microscopy [82], and led 

us to calculate the actual concentration of sucrose 

(C’) at the tip of the distal segment at the begging 

of recovery. Further, assuming the time constants 

of the colchicine-independent and -dependent re- 

covery processes as 15 (7) and 50 min (7), respec- 

tively, and using equations (1)-(5), we can calcu- 

late the time course of recovery, i.e., the ratio 

V’,(t)/V,, where V’,(t) is the response recovered 

with time after the colchicine-DOC treatment. 

Thus, Ninomiya et al. [80] obtained the theoretical 

curves of recovery process as shown in Figure 11. 

The agreement with the experiments is excellent: 

after the same treatment (DOC treatment without 

colchicine), the recovery is seen slower in 0.01 M 
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Fic. 11. Theoretical curves and results of experiments. 

(©) 0.1M sucrose response, pretreatment without 
colchicine; (@) 0.01 M sucrose response, without 

colchicine; (x) 0.1M sucrose response, pretreat- 

ment with 0.5mM colchicine; (A) 0.1 M sucrose 

response, with 5 mM colchicine [80]. 

sucrose response than in 0.1 M sucrose response; 

these recovery processes are described by the 

theoretical curves with the same set of parameter 

values (7}=15 min, »m=50 min, C’/C=0.6, and 

The horizontal bar represents the period of stimulus [80]. 

sg/G=4). 

Figure 12 shows the concentration-response 

curves before and after the DOC-colchicine treat- 

ment. The concentration of colchicine was so high 

that the colchicine-dependent recovery was com- 

pletely suppressed. The averaged values of K, (+ 

SEM) were 14+4 and 75+4 mM, respectively, 

before and after the treatment. The above set of 

the parameter values determines in turn the values 

of several constants: K=70+20 mM, (sg/G)’= 

0.56 (the value of sg/G after the treatment), V’,/ 

V,=0.45 (V’, is the maximum response after the 

treatment). The value of 0.45 is somewhat lower 

than that of experiments, but is located within the 

standard error. In fact, if we take the value K=90 

mM, the value V’,/V, becomes 0.625, which is the 

same as the result of experiments in Figure 12. 

As mentioned above, the colchicine-DOC treat- 

ment produces a preparation suited for reconstruc- 

tion of the receptor membrane in vivo. Pretreat- 

ment with colchicine (25 mM, 2 min) completely 

depresses the colchicine dependent recovery pro- 

cess after destruction by DOC (7.2 mM, 2 min) 

treatment, and retains the 0.1 M sucrose response 
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Fic. 12. Concentration-response curves for sucrose stimulation before (@) and after (©) the colchicine (25 
mM)-DOC treatment. 

theoretical curves after equations (2), (4) and (5). 

the treatment [80]. 

to a level below a half of the intact response. 

Ninomiya et al. (unpublished) incubated the sensil- 

lar tip for 20 min, after the colchicine-DOC treat- 

ment, with microsomal fraction (P-fraction) which 

was prepared from the homogenate of labella of 

the blow fly. This incubation improved the recov- 

ery especially in the latency in response. However, 

when the sensillar tip was incubated with tubulin- 

tyrosine ligase, the recovery was significantly im- 

proved in the magnitude of response. In other 

words, P-fraction seemed to elongate the des- 

tructed distal segment, while tubulin-tyrosine 

ligase seemed to increase the number of receptor 

molecules. 

In this review, I described and discussed only a 

few selected subjects. For a comprehensive review 

before 1976, see reference [84]. 

Each points is the mean (+ SEM) of six preparations. The smooth curves represent the 

Arrows indicate K, values before (14 mM) and after (75 mM) 
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I. INTRODUCTION 

Over the last two decades a large body of 

evidence have been accumulated on the key role of 

hypothalamic monoamines (MAs): dopamine 

(DA), noradrenaline (NA), adrenaline (A) and 

serotonin (5-HT), in the neuroendocrine regula- 

tion [1, 2, 3]. The MAs play the role of: a) 

Neurotransmitters controling the functional activ- 

ity of the target neurons; b) Neuromodulators 

regulating the release of neurohormones from 

adjacent neurosecretory axons; and c) Neurohor- 

Received November 15, 1991 

mones delivered by portal blood and cerebrospinal 

fluid (CSF) to the target adenohypophysial cells 

List of addreviations 

AD-adrenaline, adrenergic; CA-catecholamine, catech- 

olaminergic; CSF-cerebrospinal fluid; DA-dopamine, 

dopaminergic; E-embryonic day; EM-electron micros- 

copy, electron microscopic; 5-HT-serotonin, seroto- 

ninergic; IP-immunoposivive; LM-light microscopy, 

light microscopic; MA-monoamine, monoaminergic; 

ME-median eminence; MFB-medial forebrain bundle; 

(M)PA-(medial) preoptic area; n-nucleus, nuclei; NA- 

noradrenaline, noradrenergic; P-postnatal day; pCPA- 

p-chlorophenylalanine; SCN-suprachiasmatic nucleus; 

SS-sexual steroids. 
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Fic. 1. Schematic representation of participation of 

hyporthalamic monoamines in the neuroendocrine 

regulation. I-serotoninergic neurons (SE) of raphe 

nucleus; II-noradrenergic neurons (NA) of locus 

coeruleus; III-hypothalamic neurosecretory nuclei 

with dopaminergic (DA) and peptidergic (PE) 

neurons; IV-median eminence with capillary loops 

of primary portal plexus; V-portal veins; VI- 

adnohypophysis with the secondary portal plexus; 

V-ventricle. Specialized contacts of monoaminergic 

axons; small arrowhead-axo-ventricular; large 

arrowhead-synapse; middle arrow-axo-axonic; large 

arrow-axo-vascular. small arrow-direction of blood 

stream in hypophysial portal circulation. 

and neurons (Fig. 1) [4]. 

Moreover, MAs provide their influence on the 

development first of the whole embryos and then 

of the central nervous system including hypo- 

thalamus long before the onset of the neurotrans- 

mitter function [5, 6, 7, 8]. In turn, the differentia- 

tion of MA neurons and expression of their feno- 

type are under the neurohumoral control [9]. 

This review attempts to summarize the results 

mainly on the development of the hypothalamic 

MA system and to a lesser extent on its role in the 

neuroendocrine mechanisms in ontogenesis. 

Il. DEVELOPMENT OF MONOAMINERGIC 

SYSTEMS 

1. CATECHOLAMINERGIC SYSTEM 

a) Architectonics 

Cell bodies. 

The combination of long survival [°>H]thymidine 

autoradiography with immunocytochemistry of 

tyrosine hydroxylase (TH), the key-enzyme of the 

catecholamine (CA) synthesis, has shown that the 

genesis of the hypothalamic CA neurons in rats 

occurs from the 11th fetal day (E11) until E17. 

The neurons of the dorsal accumulations (zona 

incerta, etc.) are mainly originated at E12, or even — 

earlier, while those of the ventral accumulations 

(arcuate region) later, at E15 [10]. 

TH immunocytochemistry occured to be the 

most useful approach in the study of the dif- 

ferentiation of the CA neurons, as this enzyme 

appears early in ontogenesis and is widely distri- 

buted through neurons [11]. First rare TH im- 

munopositive (IP) neurons were observed in the 

lateral hypothalamus at E13 (Fig. 2) [12] that is in 

agreement with the biochemical observation of TH 

activity in this region [13]. Over subsequent 2-3 

days the THIP neurons increased in number giving 

rise to bilateral dorsomedial accumulations (Fig. 

3) [12, 14]. From E18 onwards, THIP neurons 

were widely distributed concentrating in some 

hypothalamic nuclei (n.) (Figs. 4, 5). In the ante- 

rior hypothalamus, occasional neurons or their 

small clusters were regularly seen in the medial 

preoptic area (MPA), suprachiasmatic and ante- 

rior hypothalamic n. [12]. A considerable number 

of THIP neurons are concentrated dorsomedially 

overlapping the paraventricular n., rostrally, and 

zona incerta, dorsomedial and posterior hypotha- 
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Fics. 2, 3. 

lamic n., caudally. Ventromedially these clusters 

are connected with a massive periventricular accu- 

mulation of THIP neurons first appeared on E20 

2k 

In the mediobasal hypothalamus two small ven- 

tral bilateral accumulations of THIP neurons 

observed only in perinatal rats (E18-P3) are local- 

ized lateral to the median eminence (ME) (Fig. 4). 

By P3 only few neurons keep their initial position 

while a similar neuronal accumulation appears in 

the arcuate n. (Fig. 5) [12, 14]. It is still uncertain 

whether this is a result of neuronal migration or 

transient expression of TH synthesis. 

Thus, CA neurons are originated long before 

birth. Over perinatal period they occupy their 

definitive positions concentrating mainly in zona 

incerta, periventricular and arcuate n., as in adults 

Schematic representation of catecholaminergic (THIP) neurons (black dots) in the hypothalamus and 

septum in fetal rats at E13 (2) and E15 (3). Each dot represents 2-3 THIP neurons. fm-foramen of Monro; 

lv-lateral ventricle; of-optic fissure; or-optic rudiment; p-pituitary; pa-preoptic area; v-3rd ventricle. (Modified 
[12]). 

[15]. 

Nerve fibers. 

One of the most important characteristic of the 

development of the CA system is the growing of 

the THIP fibers to the target neurosecretory nuclei 

and circumventricular organs. THIP fibers belong- 

ing to neurons of mesencephalon and pons [11, 16] 

first enter the hypothalamus via the medial fore- 

brain bundle (MFG) at E13. Then, they project 

into the optic chiasma and tracts as well as into the 

primordium of the ME from E15, the anterior 

comissure, the diagonal band and septum from 

E18, and into zona incerta, dorsomedial and para- 

ventricular n., etc. perinatally [17]. It is obvious 

that the places of the high concentrations of THIP 

neurons become occupied by networks of THIP 
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Fics. 4, 5. 

neurons in the hypothalamus and septum in fetuses at E18 (4) and in neonatal rats at P9 (5). a-arcuate nucleus 

(n.), ac-anterior comissure; ah-anterior hypothalamic n.: db-diagonal band; dm-dorsomedial n.: It-lamina 

terminalis; mb-medial forebrain bundle; me-median eminence; oc-optic chiasma; of-optic fissure; on-optic nerve; 

ot-optic tract; pe-periventricular n.; pv-paraventricular n,; s-septum; sc-suprachiasmatic n.; so-supraoptic n.; 

vm-ventromedial n.; zi-zona incerta. For other abbreviations see Figs. 2, 3. (Modified from [12, 47].) 

fibers, however, the latter are also observed in the 

hypothalamic regions almost lacking the THIP 

neurons [17]. 

In the septal region and diagonal band, the 

THIP fibers terminate on luteinizing hormone 

releasing-hormone neurons in neonatal rats [18]. 

The number of smooth neurons innervated by 

THIP fibers remains at the constant level from P2 

until P90, while that of neurons possessing spine- 

like processes and innervated by THIP fibers tri- 

pled [18]. This is in agreement with physiological 

observations of the onset of NA stimulation of the 

luteinizing hormone releasing-hormone release in 

prepubertal (P29) female rats [19]. 

In the SCN, though THIP fibers first appear at 

E18, their concentration remains insignificant until 

the end of fetal life. Over the first nine days of 

postnatal life, the concentration of THIP fibers 

increases abruptly, thus, highly exceeding that in 

the SCN of adults [20]. Further EM analysis 

identified many THIP fibers as axons contained 

synaptic and dense core vesicles. By the end of 

intrauterine development the THIP axons make 

immature synapses (presynapses) with the im- 

munonegative dendrites. After birth, first the 

symmetric (at P2) and then asymmetric (at P9) 

synapses appear. CA fibers might be suggested as 

a regulator of the presumptive oscillators, pep- 
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tidergic neurons, which become functionally active 

perinatlly [21]. 

As to the paraventricular n., few THIP fibers 

arrive there even in fetuses (E19, 22; E17, 23), 

though they surround neurosecretory neurons only 

one-two weeks after birth [17, 23]. In addition to 

DA and NA, AD fibers also contribute to this 

innervation from Pl [24]. A number of EM 

double-labeling studies showed that in adults the 

CA fibers innervate vasopressin- [25] thyrotropin 

releasing-[26] and corticotropin releasing-[27] hor- 

mone-producing neurons in this region. 

The growing of the CA fibers to the ME is 

considered as the essential characteristic of the 

maturation of the tubero-infundibular system. 

THIP fibers first terminate there at E18. After the 

final settling of THIP neurons in the arcuate n., the 

ME receives the increased number of THIP fibers 

mainly from this region [14, 17] reaching maximum 

by puberty [22, 28, 29, 30]. 

From the physiological studies in adults, DA 

modulates the peptide release from the ME [31, 

32]. Therefore, the establishment of the close 

relations between CA and peptidergic axons is of 

great importance. Double labeling technique 

showed first at LM [29, 33] and then at EM level 

[34], that the axo-axonal contacts between luteiniz- 

ing hormone-releasing hormone and CA fibers in 

the ME are established from P8 until P14, while 

the DA “innervation” of somatostatin axons is 

delayed for a week [29]. 

Although THIP fibers regularly spread to the 

periventricular region after E15, they reach the 

ventricular lumen only at E18-E20. This suggests 

the release of CA into the CSF, followed by their 

wide distribution through the brain. After E20, 

the frequency of these contacts drops and becomes 

practically absent in adults [17]. The same tenden- 

cy has been marked in phylogenesis [35]. 

Thus, from E13 the hypothalamus of rats is 

innervated by the CA fibers either belonging to the 

hypothalamic neurons or arriving via the MFB 

from the outside. Since this time, CA fibers 

progressively innervate such target regions as the 

diagonal band, septum, SCN, paraventricular n., 

etc. Besides, CA fibers sprout to the ME and the 

3rd ventricle. 

b) Morpho-functional characteristics 

According to LM immunocytochemical observa- 

tions, THIP neurons undergo striking morpho- 

logical modifications relating to their differentia- 

tion. The earliest neurons (Fig. 6a) possess one or 

two short unbranched processes terminating with 

the growth cone. Two days later, in addition to 

uni- and bipolar, multipolar neurons first appear. 

From E18 onwards, THIP cell bodies increase in 

size and their processes in length [12]. Although 

the majority of THIP neurons undergo similar 

morphological differentiation, from E20 at least 

two neuronal populations could be recognized 

[12]. The first one consists of small uni- and 

bipolar neurons with short and narrow unbranched 

processes. These neurons are localized in ventral, 

mainly, the mediobasal hypothalamus (arcuate n.) 

(Fig. 6b, c). The second population includes large 

multipolar neurons with long highly ramified pro- 

cesses concentrated dorsally presumably in the 

zona incerta (Fig. 6d)[12]. 

Up-to-date, only THIP neurons of the SCN and 

arcuate n. (first population) have been studied in 

ontogenesis at the EM level [36]. The authors 

have failed to find out any principal (qualitative) 

differences in the ultrastructure of THIP neurons 

from E22 until P21. They are characterized by the 

relatively large nucleus and scanty cytoplasm as 

well as by the well-diveloped Golgi complex (Fig. 

6e). As the differentiation of THIP neurons 

proceeds, their size increases slightly, the nuclei 

become indented, the dense core vesicles appear, 

thus, showing the secretory activity. The THIP 

neurons, at least from E22, are rarely innervated 

by immunonegative axons containing dense core 

vesicles and synaptic vesicles. These axons give 

rise mainly to axo-dendritic immature synapses 

(presynapses) in fetuses, transformed into the sym- 

metric and rarely asymmetric synapses after birth 

(Fig. 6f). The synaptogenesis continues at least till 

P21 that is manifested in the increase of both the 

number and complexity of synapses. 

Biochemical and histofluorescent techniques 

have provided the information on the synthesis of 

the final product, CA, and on their transfer via 

axons towards the target regions. According to 

biochemical data, TH activity first detected at E13 
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Fic. 6. THIP (a, b, d-f) and [*H]dopamine-labeled (c) catecholaminergic neurons and fibers in the hypothalamus of 
fetal (a) and postnatal (b, c, e-P9; f-P21) rats at light (a-d) and electron microscopic (e, f) levels. V-3rd ventricle; 
small arrow-axo-dendritic synapse; large arrow-randioactively labeled neuron; arrowhead-radioactively labeled 

fiber. a-ventral hypothalamus; b, c-arcuate n.; d-zona incerta; e, f-suprachiasmatic n. For other abbreviations see 

ipa 4 25. 

Shows a 12-fold increase prenatally and, then, [13]. 
4-fold rise in four postnatal weeks. The activity of With histofluorescent technique first CA con- 
this enzyme is highly stimulated in embryonic taining neurons were detected in the hypothalamus 

tissue culture by depolarizing agent, veratridine at E12 [37]. By E18 the frequency of the fluores- 
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cent neurons increases significantly. In the anter- 

ior hypothalamus they are mainly concentrated in 

the paraventricular and periventricular n., while in 

the middle hypothalamus they are localized dorsal- 

ly, in the zona incerta and dorsomedial n. as well 

as in the mediobasal hypothalamus [28, 37]. 

From E18 to the puberty the modifications of 

the CA system are rather quantitative than qualita- 

tive. Until E20 the intensity of fluorescence in- 

creases progressively, followed by its drop by P9 

and then it abruptly increase by P21 [28]. Accord- 

ing to biochemical, HPLC data, the content of DA 

at E21 reaches its level at P11. On the contrary, 

the concentration of NA increased four-fold over 

the same perinatal period. Aderenaline remains at 

the lowest level comparing with other CA both in 

fetus and neonates [38]. From comparison of 

histofluorescent and biochemical data follows that 

in parallel to the gradually increasing synthesis of 

CA their release predominates at the end of fetal 

life or soon after the birth. 

The specific uptake and K*-stimulated release 

of CA is the next essential functional characteristic 

of CA neurons. First radioautographic signs of the 

specific uptake of intraventricularly injected 
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(Modified [28]). 

(°H)dopamine release (cpm/mg/ftaction) 

[H]DA by hypothalamic CA neuronal elements 

have been detected in fetal rats on E18 [39]. 

Further biochemical “isotopic” study in vitro has 

shown the simultaneous onset of the uptake and 

K*-stimulated Ca*?-dependent release of CA at 

E16 (Fig. 7) [28]. The uptake increased in 2,6 

times for subsequent two days and, then, doubled 

between E20 and P9 reachng the adult level. As to 

K*-stimulated Ca*?-dependent release of CA, it 

increases considerably on E17 and remains at the 

same level in older fetuses and neonates, while 

doubled between P9 and P45 (Fig. 7) [28]. 

Thus, four stages in the development of the 

hypothalamic CA system could be distinguished. 

At the first stage (E12-E13), rare CA neurons and 

fibers of the MFB appear. The second stage (until 

E16) is characterized by the most intense neuro- 

nogenesis, followed by the onset of CA synthesis, 

uptake and K *-stimulated release. Over the third 

stage E16-E18, the final settling of CA neurons 

occurs simultaneously with the stimulation of 

synthesis, uptake and ion regulating release of CA. 

The fourth stage (until puberty) is mainly character- 

ized by completing of the CA neuron differentia- 

tion and the establishment of the axonal pathways 
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Specific [7H]dopamine uptake and K *-stimulated release in the hypothalamus of fetal and postnatal rats. 
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for CA transfer to the target neurons and circum- 

ventricular organs. 

2. SEROTONINERGIC SYSTEM 

a) Architectonics 

Cell bodies. 

Dorsal and median raphe n. are known to be the 

main sources of the hypothalamic 5-HT innerva- 

tion in adult mammals [40]. A number of im- 

munocytochemical [41, 42, 43] studies have shown 

that 5-HT neurons in the raphe n. of rats first 

appear at E12-E13. This is followed by their 

differentiation and axonal growing to the target 

regions. 

The question on the hypothalamic localization 

of the 5-HT neurons still remains opened. First 

radioautography has shown that some hypo- 

thalamic neurons have an ability for specific up- 

take of [PH]5-HT following its intraventricular 

injection [41]. These neurons are localized in the 

SCN of fetuses (E18) and in the dorsomedial n. of 

neonatal (P9) (Fig. 8a) [41] and adult [44] rats. 

Further 5-HT immunocytochemistry attempted to 

detect either 5-HT accumulating or 5-HT synth- 

esizing neurons in the hypothalamus in ontogene- 

sis. As 5-HTIP cells have not been observed in the 

hypothalamus of intact animals [41, 45, 46, 47], the 

5-HT synthesis and its reuptake was stimulated by 

the pretreatment of fetuses (E18), neonatal (P9), 

and adult rats with L-tryptophan, precursor of 

5-HT synthesis, and pargyline, inhibitor of 

monoamine oxidase [45, 47, 48]. In these experi- 

ments, two populations of 5-HTIP neurons, in the 

anteriolateral hypothalamus and the dorsomedial 

*~ % 

n., were observed in fetuses and neonates (Fig. 

8b,c) [47] while in adults they were localized only 

in the dorsomedial n. [45]. 

In fetuses both populations, but in neonates only 

the first one, consist of intensely immunostained 

bipolar elongated neurons with long processes 

(Fig. 8b). In neonates [47] and adults [45] the 

neurons of the dorsomedial n. characterized by a 

fairly weak immunostaining, are oval, small in size 

with one or two short processes (Fig. 8c). 5-HT 

immunostaining provoked by pharmacological 

pretreatment has been prevented by the prelimin- 

ary infusion of the uptake inhibitor, fluoxetine. It 

means that immunostaining is accounted for rather 

by the ability for specific uptake of 5-HT from the 

enviroment than by its synthesis from L- 

tryptophan catalyzed by tryptophan hydroxylase 

[47, 48]. 

On the contrary, decarboxylation of 5- 

hydroxytryptophan to 5-HT with decarboxylase of 

the aromatic amino acids is rather probable, as 

both neuronal populations become 5-HT immuno- 

positive following pretreatment of aminals with 

pargyline and 5-hydroxytryptophan instead of L- | 

tryptophan [47]. Such characteristics of 5-HTIP 

neurons as an ability for the specific uptake and 

decarboxylation of the 5-HT precursor made them 

similar to the cultivated in vitro hypothalamic 

5-HT-like neurons of fetal mice [49], on the one 

hand, and to the APUD cells [50], on the other. 

Over the last decade, the attention has been 

focused on the origin, functional significance and 

fate of these cells, however, this problem is far 

from understanding [45]. According to our sugges- 

tion, the 5-HTIP neurons might serve as a tempor- 

Fic. 8. [°H]5-HT-labeled (a, arrowhead) and 5-HTIP (b, c) neurons in the anteriolateral region (b, large arrow) and 
dorsomedial n. (a, c; small arrow) of the hypothalamus in rats at P9. 
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al store of 5-HT either released from the 5-HT 

axons of the MFB, or circulated in the CSF [47]. 

This is in agreement with phylogenic observations 

of 5-HTIP neurons in the periventricular hypotha- 

lamic area in intact lower vertebrates. These cells 

are supposed to provide an intermediate link in the 

neurohumoral regulation of the neuroendocrine 

centers [35]. As to the fate of the 5-HTIP cells in 

the anterolateral hypothalamus of fetal and 

neonatal rats (see above), probably, they repre- 

sent the transient neuronal population partly ex- 

pressed fenotype of 5-HT neurons [47]. 

In conclusion, the hypothalamus of fetuses and 

neonates contains two populations of neurons 

which become 5-HTIP after the pargyline and 

L-tryptophan pretreatment, apparently due to the 

5-HT absorption from the environment. More- 

over, these cells are characterized by the specific 

uptake of 5-HT and the capacity to decarboxylase 

5-hydroxytryptophan into 5-HT. 

Thus, the 5-HT neurons of the raphe nucleus are 

the main source of the hypothalamic innervation, 

while the presence of the hypothalamic 5-HT 

neurons is still under question. 

Nerve fibers. 

Although 5-HTIP neurons first appear in the 

raphe n. of the rat as early as E12, their axons first 

6150 

0 
~ oO 

a) = 
=) ~ 

i 2 
D Birth c 
£ £ 1000 2409 
4 _ 

2 D 
o o 
xs = 

© v 

Ss E 

s i 
500 + 2 50 

2 Se 
Te SOD 

16th 18th 20th 9th 45th 

Age (days) 

reach the hypothalamus at E14-E16 [41, 42, 43, 

46]. The concentration of the 5-HT fibers in- 

creases abruptly from E16 until E18, that is parti- 

cularly evident for the perichiasmatic area. Since 

this time, 5-HTIP fibers invade preoptic area 

(PA), septum and the diagonal band [42], 1.e., 

those regions which already contain their targets, 

e.g., luteinizing hormone  releasing-hormone 

neurons [51]. 

The special attention has been paid to the 5-HT 

innervation of the SCN because of its role in the 

control of the circadian rythmic activity of 

neuroendocrine and other functions [52]. Accord- 

ing to LM radioautographic and immunocyto- 

chemical data, 5-HT fibers first invade the SCN at 

E18 [41, 53]. By the end of fetal life, the concen- 

tration of 5-HT fibers particularly in its ventro- 

lateral region increases considerably reaching the 

adult level around P9 [41, 42, 46]. Further EM 

analysis showed that in the oldest fetuses 5-HTIP 

axons make axo-dendritic immature synaptic con- 

tacts (presynapses) which are transformed neona- 

tally into symmetric, and rarely asymmetric 

synapses [53]. 

In evaluating the functional significance of 5-HT 

input into the SCN, it is necessary to take into 

account that in adults the 5-HT axons innervate 

vasoactive intestinal peptide neurons [54] control- 
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Fic. 9. Specific [PH]5-HT uptake and K*-stimulated release in the hypothalamus of fetal and postnatal rats. 
(Modified [57]). 
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ing their functional activity [55]. These cells are 

settled in the SCN at E19 [52], and become 

functionally active as spontaneous oscillators by 

the end of intrauterine development [56]. 

In the middle (mediobasal) hypothalamus, 5-HT 

fibers are widely distributed from E18 [41] invad- 

ing the arcuate and dorsomedial n. as well as the 

ME. In the ME, 5-HT fibers terminate in the 

external zone or even penetrate to the area of the 

primary portal plexus abutting on the portal capil- 

laries [41]. . 

The essential characteristic of the 5-HT system 

both in pre- and postnatal life is the progressive 

penetration of 5-HT fibers to the cerebral ventri- 

cles. 5-HT released to the CSF is believed to reach 

the target regions of the brain, or is transferred 

through the ME to the hypophysial portal circula- 

tion and finally to adenohypophysis [41]. 

Thus, 5-HT axons first arrived at the hypothala- 

mus at E14-E16, spread to the target regions over 

the perinatal period, followed by the establishment 

of specialized contacts with target neurons 

(synapses) as well as with the hypophysial portal 

circulation and cerebral ventricles. 

b) Morpho-functional characteristics 

According to radioautographic data, the specific 

uptake of intraventricularly injected [*H]5-HT by 

the hypothalamic nerve fibers in vivo is already 

evident at E18 [41]. Using biochemical “isotopic” 

technique the specific uptake by the hypothalamic 

tissue in vitro has been first detected even earlier, 

at E16, while the [*H]5-HT release by the depolar- 
izing concentrations of K* in a Ca‘?-dependent 
manner is evident from E17 [57] (Fig. 9). It means 

that Ca’*-channels become functionally active and 

S-HT is intravesicularly stored from E17 onwards. 

The most rapid increase of the [?H]5-HT uptake 

occurs from E16 until E18 [57] that is apparently a 

result of the most intense growing of 5-HT fibers to 

the hypothalamus as well as of the significant 

activation of the 5-HT-binding protein synthesis in 

the brain [58]. From E18 to P45, the value of the 

specific uptake retains at the constant level. This 

shows that despite the progressive increase in the 

number of 5-HT fibers, their number per mg of 

tissue does not change significantly. In contrast to 

uptake, the Ca‘?-dependent and K*t-stimulated 

relase of [*H]5-HT increases considerably over the 

perinatal period reaching an adult level by P9 

(Fig. 9) [57]. 

Thus, the hypothalamic 5-HT system could be 

functionally active from E16-E17, i.e., shortly 

after first arrival of 5-HT fibers, that is manifested 

by the onset of the specific uptake and K*- 
stimulated release of 5-HT. 

It. NEUROHUMORAL CONTROL OF 

DEVELOPMENT OF MONOAMINERGIC 

SYSTEMS 

1. CATECHOLAMINERGIC SYSTEM 

a) Sexual steroids 

Biochemistry 

The sexual difference in the content of CA, 

mainly of NA, in the hypothalamus of rats from 

P10-P12 onwards, suggests the role of sexual ster- 

oids (SS) in the development of the CA system [59, 

60]. This has been checked comparing the content 

of CA in neonatally castrated and sham-operated 

male rats as well as in neonatally androgenized 

females. The dynamic of the NA content in 

androgenized females resembles that in control 

males [59, 60], though the maximum has been 

achieved earlier, by P60. Similarly, the NA level 

in the castrated males gradually rises until P180 as 

that in the control females excepted the peak at 

P60 (Fig. 10a) [59]. 

In contrast to NA, no clear sexual difference in 

hypothalamic DA content has been observed in 

neonates [60, 61]. The castration of males does not 

modify the DA content until P120, while at P180 

its level highly exceeds that in control males and 

androgenized females. Similarly to NA, the DA 

content shows a decline in its level with age both in 

control males and androgenized females (Fig. 10b) 

[59]. The authors suggested that the initial in- 

crease of CA content in the control males and 

androgenized females is accounted for the neona- 

tal androgen promotion of the growing of the CA 

fibers. 

Sexual differences in the DA content were also 

observed in the arcuate n. and ME: the DA level 

of males exceeds that in females. The neonatal 
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Fic. 10a, b. Mean (+SEM) concentrations of noradrenaline (a) and dopamine (b) in the hypothalamus at various 
postnatal ages. ook <005585 Sh 00i as hae ().001e ns-not significant. Upper panel-male; 1 sham- 

castrated; M castrated. Lower panel-female; 0 control; M androgenized [59]. 

castration of males causes the reduced DA level in 

adults, while neonatally androgenized females 

show an increased level of this neurotransmitter 

[62, 63]. Though the mechanism of this action is 

still uncertain, the effect of SS on the TH activity 

in ontogenesis is rather probable [13]. 

Morphology 

Further immunocytochemical study using anti- 

bodies to TH and DA-/-hydroxylase attempted to 

verify the role of SS in the development of the 

hypothalamic CA system [64]. The perinatal (E16- 

P10) androgenization of females causes decrease in 

both the number of THIP neurons and fibers 

belonged not only to the hypothalamic but also to 

the mesencephalic neurons. Conversely, postnatal 

injection of testosterone “masculinizes” only the 

content of cell bodies. These observations suggest 

that the critical period of the differentiation of 

hypothalamic CA neurons corresponds to the 

neonatal life while that of mesencephalic neurons 

begins earlier, i.e., in fetal life [64]. 

According to recent data, sexual dimorphism of 

DA neurons of diencephalon is first manifested 

without any influence of SS [65]. Thus, the DA 

neurons taken into tissue culture from fetuses, at 

E14, 1.e., before the onset of SS secretion, show 

more intense outgrowth of processes and higher 

uptake of [*H]DA in females than in males. The 

neurons taken into the tissue culture three days 

later show the only difference in specific uptake. 

Probably this sexual dimorphism is accounted for 

the earlier genesis of DA neurons in females 

comparing with males [65]. The role of either 

neurotropic factors or steroids secreted by glia 

cells in tissue culture in the sexual dimorphism of 

DA neurons [65, 66] also cannot be excluded. 

b) Other hormones 

Thyroid hormones 

The convincing evidence of the role of thyroid 

hormones in the differentiation of CA neurons has 

been obtained in the hypothalamic tissue culture of 

fetal mice (E16). Triiodthyronine results in the 

increased size of DA neurons and stimulates the 
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growth and arborization of DA processes associ- 

ated with a rising of specific uptake of [7H]DA for 

35%. The authors suggest either the direct or 

indirect, through glial cells, trophic action of thyr- 

oid hormones on the DA neurons [67]. 

To evaluate the role of thyroid hormones in the 

development of the hypothalamic CA system in 

vivo, the rats at P8-P10 were pretreated with 

thyroxine. This results in the increased contents of 

NA and DA at P16-P21, followed by their levelling 

or even reversion [68]. The authors hold the 

opinion that the thyroid hormones provide a tem- 

poral stimulating effect on the brain development. 

Adenohypophysial hormones 

Very recently, the stimulating effect of hor- 

mones of the intermediate lobe on the differenti- 

ation of the hypothalamic DA neurons has been 

suggested. In fact, the co-cultivation of the 

embryonic hypothalamus with the intermediate 

lobe results in transient increase of the specific 

uptake of [PH]DA [69]. 
More clear data were obtained on the neonatal 

imprinting effect of a-melanotropin in the feed- 

back regulation of DA neurons of the arcuate n. 

[70]. This regulation is established in rats between 

P4 and P8, that coincides with the peak in plasma 

melanotropin [71]. The passive immunization with 

antiserum to melanotropin at P5-P6, but not at 

P11-P12, makes the DA neurons of the arcuate n. 

non-sensitive to this hormone both in adult males 

and females [70]. 

In addition to the hormones of the developing 

organism, maternal hormones also control the 

maturation of the hypothalamic CA system. For 

example, maternal prolactin penetrated to pups in 

the course of suckling provides a long-term effect 

on the functional activity of DA neurons of the 

arcuate n. [72]. The depletion of maternal prolac- 

tin in pups at P2-P5, but not at P9-P12, by daily 

injections of bromcriptine to lactating females 

results in depression of DA turnover and in the 

elevation of the plasma prolactin when tested at 

P30-P35 [72]. 

Thus, the hormones control the development of 

the hypothalamus modifying the neuronal dif- 

ferentiation and metabolism, networks of nerve 

fibers, synaptic organization, neuroendocrine reg- 

ulation and behaviour. Sexual steroids seem to be 

the most potent factor involved in so-called “sex- 

ual differentiation” of the hypothalamus and its 

MA system. 

2. SEROTONINERGIC SYSTEM 

a) Sexual steroids 

Biochemistry 

Up-to-date, there are controversial data on the 

ontogenetic sexual difference in the hypothalamic 

content of 5-HT. Watts and Stanley [73] failed to 

find out any sexual difference in the 5-HT content 

in period from P1.5 until P80, while other authors 

demonstrated its transient divergence [74]. Still, 

clear difference in the hypothalamic 5-HT content 

in adult male and female (higher level) rats [75] 

rises a question on the role of SS in the develop- 

ment of the 5-HT system. 

After castration of male rats at P1 the hypotha- 

lamic level of 5-HT is not changed comparing with 

control by P12. On P60 and P75, 5-HT depletes 

significantly, and is no longer seen at P90. Follow- 

ing three months, the concentration of 5-HT be-. 

comes higher in castrated rats than in control [76], 

even reaching its level in adult females [75]. In 

neonatally castrated adult males as in adult 

females the 5-HT content in the anterior hypotha- 

lamus exceeds that in the control males for 67%, 

while in the posterior hypothalamus for 46% [75]. 

Morphlogy 

The sexually dimorphic medial preoptic n. has 

been chosen to study the influence of SS on the 

distribution of 5-HT fibers. In both sexes this 

nucleus includes the medial part with the low 

concentration of 5-HT fiber, particularly in its 

center, and the lateral part with the extensive 

network of 5-HT fibers [77]. In perinatally or 

neonatally androgenized females, as in the control 

males, the area of the low fiber density (medial and 

central medial preoptic n.) is considerably larger, 

while the area of the high fiber density (lateral 

MPA) is proportionally smaller comparing with 

the control females (Fig. 11). This is more evident 

in perinatally androgenized females than in post- 

natally androgenized ones. Adult gonadectomy 

does not affect the distribution of 5-HT fibers in 
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(B), and perinatally testosterone propionate-treated female (C) rats. m, c, l-medial, central, and lateral parts of 

the MPN, respectively. MPO-medial preoptic area. 

any area. These data show that the sexually 

dimorphic distribution of 5-HT fibers in the MPA 

is determined by the perinatal SS environment 

[77]. 

Physiology 

In this study, such physiological integrative char- 

acteristics of the hypothalamic 5-HT system as 

specific uptake and K*-stimulated Ca*?- 

dependent release of [PH]5-HT in vitro have been 

also compared in intact and neonatally castrated 

adult males, as well as in adult females [78]. In 

intact adult males, both parameters were signif- 

icantly lower than in females, while reaching the 

female level after castration. These data are 

considered as further evidence of the supressive 

effect of androgens on the development of the 

hypothalamic 5-HT system. The membrane effect 

of SS modifying their permeability also cannot be 

exculded [78]. 

Neuroendocrine regulation 

It is well-known that the neonatal androgeniza- 

tion of the hypothalamus results in the establish- 

ment of the tonic gonadotropin secretion. Con- 

comitantly, the mechanism of the control of gona- 

dotropin secretion seems to become non-sensitive 

to the regulative effect of 5-HT. In fact, intact 

For other abbreviations see [77]. 

females and neonatally castrated males, in contrast 

to intact males, show the luteinizing hormone 

release in response to 5-hydroxytryptophan, a 5- 

HT precursor. On the contrary, neonatal 

androgenization abolished the lutenizing hormone 

response to 5-HT in prepubertal female rats [79]. 

Thus, the sexual differences in the hypothalamic 

5-HT system are manifested in the wide range 

diapason, from the 5-HT content to the neuroen- 

docrine regulations, that is the consequence of the 

testosterone masculinizing effect over the critical 

perinatal period. 

b) Other hormones 

In adition to SS, thyroid hormones, corticoster- 

oids, etc. contribute to the control of the dif- 

ferentiation of 5-HT system but this problem has 

been evaluated somewhere else. 

IV. FUNCTIONAL SIGNIFICANCE OF 

MONOAMINES 

1. CATECHOLAMINES 

The role of CA in “sexual differentiation” of the 

hypothalamus occurred to be the most attractive 

problem. Their action is conveyed via pre- and 

postsynaptic a- and f-receptors. Presynaptic a- 
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inhibit the synthesis of TOH and the subsequent formation of new NE. 8) Synaptic NE and its physiological 

stimulus are terminated by rapid uptake of NE back into the neutron. The uptake mechanism is a-receptor 

linked. NE taken back into the neuron can be reincorporated into synaptic storage vesicles (step 9), metabolized 

by monoamine oxidase (MAO; step 10), or leak back out into the synapse (step 11) [81]. 

receptors are related to the specific reuptake of 

CA and to the negative feedback regulation of TH 

(a). Postsynaptic a; and f-receptors (/8;, 2) are 

responsible for the adequate reaction of target- 

cells (Fig. 12). Although (; and (-receptors are 

similar in their structure, the first ones are mainly 

sensitive to NA while the second to AD. Moreov- 

er, f)-receptors are mainly related to the post- 

synaptic membrane, while /5-receptors are also 

localized extrasynaptically [80, 81]. 

Morphogenesis 

The enlargement of the sexually dimorphic n. of 

the PA in the adult male and female rats were 

observed after the postnatal (P1-P5) stimulation of 

f2-receptors by agonist, salbutamol [82]. It is 

noteworthy that the pre- and neonatal treatment of 

males even with high concentrations of androgens 

or estrogens fails to increase the volume of this 

region [83]. According to the authors’ suggestion 

the effect of salbutamol could be accounted for by 

either its promotion of the neuron migration to the 

centre of this region, or by preventing of the 

neurons from the cell death [82]. The regulative 

influence on neuronogenesis is probably low, be- 

cause, as in the hypothalamic region, it practically 

completes by the end of fetal life [84]. 

Neuroendocrine regulation 

A number of physiological and pharmacological 
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studies have shown that SS, CA ligands and the 

drugs interfering with the CA metabolism, when 

applied neonatally, contribute to the “sexual dif- 

ferentiation” of the hypothalamus (Table 1) [6]. 

The mechanisms of their action remain uncer- 

tain, as substances mentioned above are multifunc- 

tional. Thus, SS apparently control the number of 

a-and #-receptors [6], on the one hand, and in- 

fluence the metabolism of NA, on the other [85]. 

TABLE 1. 

metabolism of catecholamines 

In turn, NA influences the concentration of SS 

receptors in the hypothalamic region [86]. 

Moreover, NA stimulated {-receptors are sup- 

posed to prevent androgenization of the hypotha- 

lamus by inhibition of either aromatization of 

testosterone or of the estradiol uptake by the 

neuronal nucleus. The last mechanism is closely 

related to the SS modulation of genome [81, 87]. 

Moreover, the stimulation of /-receptors inten- 

Effects of neonatally applied sexual steroids and drugs related to either the physiological action or 

Experimental Physiological Mechanism 
eld ast ‘ Og of action Ecce 

Neonatal Persistent a) phenoxybenzamine aAN { 
androgenization estrus in b) phentolamine aAN | 
of females [81] adulthood c) propranolol BAN — 

dja&c — 
Sines C — 
f) methyl-p-tyrosine inhibitor of a 

CA synthesis 
g) tyramine Stimulator 

of NA release 

Neonatal Female a) clonidine aA — 
androgenization sexual b) prazosine a, AN — 
of female & behavior c) yohimbine a,AN -— 
gonadectomy in 
adulthood 
[6]; 

Intraventricular Nuclear accumulation a) phenoxybenzamine aAN { 
injection of [*H]estradiol b) isoproterenol BA { 
of [*H]testo- in hypothalamus c) isoxuprine BA | 
sterone to d) hydroxybenxylpindolol BAN — 
female at P4 e)akd t 
[87] f)b&d t 

g)c &d t 

Neonatal LH response a) clonidine aA — 
treatment of to estradiol b) prazosine a, AN t 
females with & progesterone c) yohimbine a,AN t 
drugs & gonad- in adulthood d) salbutamol oA t 
ectomy in e) alprenolol BAN | 
adulthood [6, 88] f) isoprenaline BA | 

Neonatal female sexual a) clonidine aA | 
treatment of behavior b) prazosine a, AN — 
females with c) yohimbine a,rAN — 
drugs & gonadec- d) salbutamol AoA t 
tomy in e) alprenolol BA t 
adulthood [6] f) isoprenaline 

Neonatal female sexual a) isoprenaline aA t 
treatment of behavior b) salbutamol 5A — 
males with c) alprenolol BAN = 
drugs. 
Castration & 
estradiol and 
progesterone 
in adulthood [6]. 

a: a-receptor; A: agonist; AN: antagonist; 8: 8-receptor; f: increased |: decreased; “—”: no effect. 
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sifies the female sexual behavior, but it inhibits the 

female type of gonadotropin secretion. On the 

contrary, the blockade of a-receptors results in the 

increase of the LH-surge release, while decreasing 

of female sexual behavior. Activation of ap- 

receptors supresses the female sexual behavior, 

though has no effect on the LH-release (Table 1) 

[88]. 

From the physiological point of view, the in- 

terfering of CA, mainly DA, and SS in their action 

on the gonadotropin secretion is of particular 

interest. Thus, the gonadotropin secretion is 

under the DA inhibitory control in female rats, but 

not in males, until P20. The physiological response 

of both females and males are completely reversed 

after their neonatal androgenization and castra- 

tion, respectively [89]. The hypothesis that the 

DA neurons in the anteroventral periventricular n. 

of the PA mediate the SS effects on gonadotropin 

secretion seems to be reasonable. The failure to 

show a phasic gonadotropin secretion in response 

to estrogen and progesterone in adult females after 

neonatal androgenization that caused the reduc- 

tion of the population of DA neurons, is in favor of 

this idea [64]. 

The direct inhibiting action of DA on prolactin 

secretion begins in rats only after birth, at P3. First 

at this time, the inhibitor of DA receptors in 

adenohypophysis (pimozide) becomes effective in 

the increase of prolactin plasma level [90]. 

Thus, CA are believed to mediate the organizing 

effects of SS on the hypothalamus in the critical 

period of ontogenesis inducing the permanent sex- 

ual differences in morphogenesis of the hypothala- 

mic target regions, e.g., sexually dimorphic n. of 

the PA, the gonadotropin secretion pattern, and 

sexual behaviour. 

2. SEROTONIN 

Autoregulation 

The good example of the autoregulation is the 

population of the hypothalamic 5-HT-like neurons 

possenssing the specific uptake of 5S-HT and synth- 

esizing, = 5-H from its precursor, ~ 5- 

hydroxytryptophan (see above). The repeated 

treatment of the embryonic hypothalamic tissue 

culture with 5-HT agonist, 8-hydroxy-2-[di(n- 

propyl)amino]tetralin, results in an increased num- 

ber of 5-HT-like neurons with the elevated level of 

aromatic-L-amino acid decarboxylase. Both 

events are highly suppressed by a specific blocker 

of 5-HT receptors, metergoline [49]. 

Neuronogenesis 

One of the most important evidence on the role 

of 5-HT in the differentiation of the target neurons 

in vivo has been obtained evaluating the prolifera- 

tive activity of cell-precursors with long-survival 

[(°H]thymidine radioautography following pharma- 

cological 5-HT depletion by pCPA in fetuses [7]. 

In some hypothalamic areas, zona incerta and 

paraventricular n., the retardation of the neuronal 

genesis (prolongation of cell-precursors prolifera- 

tion) has been detected, while in the others, the 

SCN and ventromedial n., the effect of 5-HT 

depletion is not evident. According to the authors’ 

suggestion these neurons are originated before the 

first delivery of 5-HT either via MFB or with the 

CSF. 

Sexual differentiation 

Although androgens are known to be the most 

important inductor of hypothalamic “sexual dif- 

ferentiation”, 5-HT is believed to play an in- 

termediate or even a leading role in its action. 

Thus, the neonatal inhibition of the 5-HT synthesis 

in female rats results in the increased volume of 

the sexually dimorphic n. to that of intact males, 

while it does not alter the SS level in the blood 

(Cay). 

These data have been significantly revised by 

further study of Jarzab and Dohler [92] who used 

physiological models of female rats neonatally 

treated with: a) Testosterone; b) Testosterone and 

pCPA; and c) Testosterone and L-tryptophan. 

According to their results, the postnatal inhibition 

of 5-HT synthesis does not modify the effect of 

testosterone either on the gonadotropin secretion 

or on the expression of sexual behavior. Still, 

postnatal stimulation of 5-HT synthesis inhibits 

considerably the expression of sexual behavior 

while it does not modify the gonadotropin release 

[92]. 

The discrepancies in the above mentioned re- 

sults are apparently accounted for by the interfer- 
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ing of many biologically active substances during 

the critical periods. On the other hand, the 

pharmacological models are usually far from ideal, 

e.g. pCPA inhibits the 5-HT synthesis only for 50- 

70%, while modifying the metabolism of CA, 

proteins, etc. at the same time. 

Neuroendocrine regulation 

One of the most importnat characteristic of the 

5-HT is functioning in the maturation of the recep- 

tors on the targets. Thus, the 5-HT binding ability 

of the hypothalamic tissue has been estimated in 

postnatal female rats. The specific 5-HT-binding 

sites were already observed at P5; their number 

doubled between P16 and P27 and continued to 

increase at least until P37 [93]. It is of particular 

interest that even the fetal 5-HT receptors are 

capable of responding to changes in the 5-HT 

level: the maternal administration of the 5-HT 

depleter, pCPA, results in the elevated number of 

receptors in newborn pups, whereas 5-HT agonist, 

5-methoxytryptamine, provides the opposite 

effect. It means that the 5-HT receptors are 

functional in fetuses and show the same plastic 

changes as in adults [94]. In other words, 5-HT 

may serve as a potential developmental signal even 

during intrauterine development [95]. 

Further physiological experiments have proved 

the functional potency of 5-HT receptors in the 

developing hypothalamus. Thus, 5-HT is ineffec- 

tive as the modulator of the SS action on LH 

secretion in female rats at P5. This effect first 

appears between P8 and P12 while increasing 

abruptly and remaining at the same high level until 

P18. Then, the response to 5-HT decreases prog- 

ressively until P50 [93]. This dynamic is quite 

different from the 5-HT induced release of prolac- 

tin in ontogenesis. The 5-HT regulative effect on 

prolactin secretion being absent over first postnatal 

week appears at P12 followed by its strengthening 

until puberty [93]. 

Thus, several aspects of the 5-HT action on the 

developing hypothalamus could be distinguished: 

autoregulation of 5-HT neuron differentiation, 

control of neuronogenesis, the regulation of “sex- 

ual differentiation’, etc. 

Vv. CONCLUSIONS 

1) Hypothalamic catecholamine- and _ seroto- 

ninergic systems undergo synchronous develop- 

ment that is manifested first in the genesis of 

catecholamine- and serotoninergic neurons in the 

hypothalamus and brain stem long before birth 

(E12-E13). Further neuron differentiation results 

in the expression of the key enzymes and 

monoamine synthesis, the onset of specific uptake 

and potassium-stimulated release of monoamines. 

One of the most important attribute of the dif- 

ferentiation is the growing of axons to the target 

neurons, hypophysial portal circulation and III 

ventricle, followed by the establishment of special- 

ized contacts: synapses, axo-vascular and axo- 

ventricular. 

2) The development of the monoaminergic sys- 

tems is under the hormonal control. Some hor- 

mones (thyroid hormones) provide a temporal 

stimulating effect on the neuron differentiation, 

while others, e.g., sexual steroids, have a program- 

ing irreversible action that occurs in the critical 

perinatal period. In the last case, the hormones 

modify considerably the neuron differentiation 

and metabolism, networks of fibers, synaptic orga- 

nization, and, finally, neuroendocrine regulation 

and behaviour. 

3) The hypothalamic monoamines appeared ear- 

ly in ontogenesis are characterized by a wide range 

spectrum of their physiological action. First, they 

control the genesis and further differentiation of 

the target neurons. Later, over critical perinatal 

period, they mediate the hormonal programing 

influence, thus, modifying the architectonics, 

metabolism, receptors, etc. of the hypothalamic 

target regions and, finally, the adenohypophysial 

hormone secretion and behaviour. 
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Changes in Hemolymph Vitellogenin and Ecdysteroid Levels 

during the Reproductive and Non-Reproductive 

Molt Cycles in the Freshwater Prawn 

Macrobrachium nipponense 

Takuyt OKUMURA, CHANG-HEE Han!, Yuzuru SUZUKI, 

Katsumi ArpA~ and Isao HANyu 

Laboratory of Fish Physiology, Department of Fisheries, Faculty of Agriculture, 

The University of Tokyo, Bunkyo, Tokyo 113, Japan 

ABSTRACT—Hemolymph vitellogenin and ecdysteroid levels were traced during the reproductive and 

non-reproductive molt cycles in adult females of the freshwater prawn Macrobrachium nipponense, in 

which the reproductive development coincides with the molt cycle. During the reproductive molt cycle, 

vitellogenin levels began to increase at stage B. High levels were maintained during stages C,-D3 in 

concomitance with ovarian growth, and these levels decreased following the prespawning ecdysis. 

Vitellogenin was at undetectable levels during the non-reproductive molt cycle, and correspondingly, 

Ovarian maturation did not advance. 

The predominant ecdysteroids in the hemolymph of M. nipponense were determined by HPLC-RIA 

analysis as 20-hydroxyecdysone (20E) and immunoreactive high polarity products (HPP). 20E and HPP 

levels peaked at stage D3 during both molt cycles. 20E levels declined rapidly to low levels after ecdysis 

in the reproductive molt cycle. On the other hand, 20E levels decreased slowly during stages A-C, in 

the non-reproductive molt cycle. HPP levels immediately declined prior to spawning at stage Ag and 

showed a small peak after spawning at stage A, in the reproductive molt cycle, whereas in the 

non-reproductive molt cycle levels were still high at stage A and declined slowly during stages B-C,. 

These differences in ecdysteroid levels suggest a possible relationship between ecdysteroid levels and 

vitellogenesis. 

is completed during the subsequent molt cycle. In 

most crabs, ovarian development, spawning, and 

brooding occur within a single intermolt period. 

Endocrinological mechanisms possibly integrat- 

INTRODUCTION 

The integration of reproduction and molting 

appears to be a physiological necessity in female 

crustaceans. Most species continue to molt and 

grow even after reaching sexual maturity. The 

timely occurrence of ecdysis ensures that the egg 

mass brooded abdominally is not lost with the 

shedding of the exoskeleton. Various manners of 

coordination of the molting and reproductive cy- 

cles exist (see [1, 2]). In a number of prawn species 

and in several isopods, ovarian development 

occurs during the intermolt period, and spawning 

takes place after ecdysis. Brooding of the egg mass 
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ing the processes of molting and vitellogenesis are 

only partially understood. A correlation between 

the processes of molting and reproductive activity 

persists after ablation of the eyestalk in the 

shrimps Lysmata seticaudata [3] and Palaemon 

serratus [4]. The eyestalk includes X-organ sinus 

gland complex, a secretion site of neurohormones 

such as vitellogenesis-inhibiting hormone and 

molt-inhibiting hormone. These results suggest 

that while the neurohormones of the eyestalk may 

play indirect roles, they are not indispensable to 

the integration of molting and reproduction. It is 

more likely that hormones of other sources play 

key roles in this integration. Removal of the 

Y-organ, a site of ecdysteroid production via 
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cholesterol modification, induces the arrest of 

vitellogenesis in amphipods and isopods [5-7]. 

These results suggest the possibility that ecdyster- 

oids not only control molting but also regulate 

vitellogenesis. In order to gain more understand- 

ing of the functions of ecdysteroids in vitellogene- 

sis, the correlation between hemolymph ecdyster- 

oid and vitellogenesis should be further investi- 

gated. However, this has been examined in only a 

limited number of species (see [2]). To our knowl- 

edge, patterns of hemolymph ecdysteroid levels in 

adult females have not been priorly compared 

between the vitellogenic and non-vitellogenic molt 

cycles in any species. 

In order to examine the relationship between 

vitellogenesis and molting, the freshwater prawn 

Macrobrachium nipponense was employed in this 

study. This is considered a suitable species, as the 

reproductive cycle of female coincides with the 

molt cycle and the reproductive status can be 

manipulated [8]. Female prawns repeatedly 

undergo the reproductive molt cycle during the 

spawning season from June to August in Japan. 

During the reproductive molt cycle, ovaries de- 

velop cyclically in concurrence with the molt cycle, 

and mating and spawning occur following each 

ecdysis. However during the non-spawning sea- 

son, females molt successively without the occurr- 

ence of ovarian development (non-reproductive or 

common molt cycle). The environmental factors 

influencing the annual reproductive cycle have also 

been investigated [8]; the initiation of the spawn- 

ing season is induced by increased temperature 

regardless of photoperiod, and the termination of 

the spawning season is caused by shortened day- 

length. Therefore, the reproductive molt cycle and 

the non-reproductive molt cycle are easily repro- 

ducible in this species under artificial conditions. 

Prawns undergo continuous cycles of reproductive 

molt at 13.5-day intervals when reared at 28°C 

under 15L9D, but successively repeat the non- 

reproductive molt cycle under 28°C and 12L12D at 

14.8-day intervals [8]. 

In this study, we examined changes in 

hemolymph levels of vitellogenin (Vg), the precur- 

sor of yolk protein, during the molt cycle of M. 

nipponense in order to gain more insight into the 

coincidence of vitellogenesis and molting. Further- 

more, we follwed the fluctuation of hemolymph 

ecdysteroid during the molt cycles. Differences in 

ecdysteroid levels between the reproductive molt 

cycle (occurrence of vitellogenesis) and the non- 

reproductive molt cycle (absence of vitellogenesis) 

and relationships between ecdysteroid and Vg 

levels are discussed. 

MATERIALS AND METHODS 

Animals 

Female freshwater prawns M. nipponense origi- 

nating from the Kasumigaura Lake in Ibaraki 

Prefecture were purchased from local fishermen, 

and kept in outdoor tanks under ambient water 

temperature and photoperiod until use in experi- 

ments conducted the following year. 

For experiments, female prawns (body weight 

ranging from 1.4—4.6 g) were transferred to plastic 

aquaria (604040 cm), and reared under two 

separate conditions: 15L9D at 28°C from August 

to October in 1987 and 1988, and 12L12D at 28°C 
from October to November in 1988. Prawns were 

fed commercial pellets (Taiyo Fishery Co. Ltd.) ~ 

and Tubifex worms daily. In order to avoid any 

effects due to male prawns, only female prawns 

were placed in aquaria. Therefore, prawns in the 

reproductive molt cycle were not able to mate and 

brood, but could spawn continuously. 

After acclimation periods of more than three 

weeks, prawns were sacrificed at differing molt 

stages. Hemolymph samples were taken from the 

posterior aorta with a capillary tube after cutting 

the sixth abdominal segment. The hemolymph 

samples were stored at —70°C until analyses of 

hemolymph Vg and ecdysteroid levels. Gonado- 

somatic indices (GSI) were calculated as gonad 

weight (g) < 100/body weight (g). 

Molt stage 

Molt stages were determined according to the 

methods of Han [8] by observing setal develop- 

ment in the pleopods under a differential phase 

contrast microscope. As stage E is of a very short 

period, prawns were not sacrificed at this stage. 

Molt stage criteria is shown in Table 1. 
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TABLE 1. Criteria for the determination of the molt stages in M. nipponense 

S Approximate R c 
tape duration* aaa 

Postmolt 2 days 

A Exoskeleton is very soft. Setae are filled with translucent cellular matrix. 
During the reproductive molt cycle, stage A is subdivided into stage Ao 
(before oviposition) and A, (after oviposition). 

B Setal matrix is constricted. Internal cones are forming inside setae. 

Intermolt 5 days 

Co Exoskeleton is fully formed. Completion of formation of internal cones is 
observed. 

C, New setae begin to appear in internal cones, but the epidermis is not yet 
separated from the base of setae. 

Premolt 7 days 

Do The epidermis begins to retract from the old cuticle. 

D, The epidermis separates from the old cuticle completely. Space between 
the epidermis and old cuticle widens. 

D, New setae form in the cellular matrix under the retracted epidermis. 

D; New barbules form on the new setae. 

Ecdysis 10 sec 

J8) Old cuticle is shed. 

*: rearing condition 28°C 

Enzyme-immunoassay (EIA) for Vg 

Vitellin was purified from mature ovaries of M. 

nipponense using gel-filtration and DEAE-ionex- 

change chromatography [8], and was used as the 

standard in this EIA system. Antisera were raised 

against the purified vitellin in rabbits [8]. The only 

hemolymph protein to which the antisera exhibited 

cross-reactivity was Vg, validating its specificity for 

assay use [8]. 

The purified vitellin was dissolved in CB (0.1 M 

Na,CO; buffer, pH 9.6) containing 0.01% male 

hemolymph and a series of 2-fold dilutions were 

made, ranging from 8.2 ng/ml (0.82 ng/well) to 

1,050 ng/ml (105 ng/well). The hemolymph sam- 

ples were diluted 10,000-fold in CB, and subse- 

quently diluted with CB containing 0.01% male 

hemolymph to the concentration adequate for 

assay range, and subjected to EIA. The antiserum 

was diluted 3,000-fold with PBS-Tween (0.073 M 

Na,HPO, and 0.036 M KH>PO, buffer, pH 7.2, 

containing 0.05% polyoxyethylenesorbitan-mono- 

laurate, 0.04 M NaCl and 0.02% NaNs3). 

EIA procedures were as follows; one hundred yl 

of either vitellin in standard solutions or Vg in 

sample solutions was adsorbed to wells of 96-well 

EIA plates (Nunc-Immuno Plate MaxiSorp F96 

Certificate, A/S Nunc) by incubation at 4°C over- 

night. Subsequently, solutions in wells were dis- 

carded, and wells were washed with PBS-Tween 

three times. In order to block adsorption of 

antibodies for the purpose of the following steps, 

wells were coated with 1% bovine serum albumin 

solution (250 1) in PBS (0.073 M NazHPO, and 

0.036 M KH>PO, buffer, pH 7.2, containing 0.04 

M NaCl and 0.02% NaN;), by incubation at 27°C 

for 2 hr. After washing, diluted antiserum (100 pl) 

was added to each well followed by incubation at 

27°C for 2hr. After washing, 100 1 of goat 

anti-rabbit IgG (whole molecule) alkaline phos- 

phatase conjugate (Sigma Chemical Co.) in PBS- 

Tween (1 :300) was added to wells with incubation 

at 27°C for 2hr. After washing, 100 ul of 0.07% 

p-nitrophenylphosphate, disodium salts in 9.7% 

diethanolamine buffer, pH 9.8, containing 0.047% 

MgCl, and 0.02% sodium azide was added to each 

well, and incubation at room temperature was 

carried out for 30 min. Continuous absorbance of 

substrate solutions in each well was measured at 

405nm by a Tosoh Co. MPR-A4 microplate- 

reader. The concentration of samples was calcu- 

lated from the standard curve, and expressed in 
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milligram eugivalents of vitellin per milliliter of 

hemolymph. 

Validation of EIA 

Parallelism between the vitellin standard curve 

and the absorbance curve for serially diluted 

hemolymph of vitellogenic female prawns was 

examined. To determine the recovery rate, differ- 

ing doses of vitellin were added to hemolymph of 

non-vitellogenic female prawns, and the amounts 

of vitellin recovered were measured by EJA. The 

relationship between the amounts of vitellin added 

and recovered was determined by linear regression 

analysis. The intra-assay variabilities were also 

examined. 

Radioimmunoassay (RIA) for ecdysteroids 

Hemolymph ecdysteroids were assayed by re- 

verse-phase high performance liquid chromatogra- 

phy (HPLC) and RIA, as described previously [9]. 

Hemolymph samples at each molt stage (2-7 

prawns) were pooled for analysis, as hemolymph 

volume of this species was too small to determine 

individual levels. 

Ecdysteroids were extracted from sample 

hemolymph with methanol, and partitioned be- 

tween 70% methanol and n-hexane (1:1). The 

70% methanol phases were subjected to HPLC 

separation using a reverse phase column (ODS- 

80TM, 4.6250 mm, Tosoh Co.). The starting 

solvent, methanol-water (1:1) was run for 30 min, 

after which the solvent system was changed to a 

linear gradient reaching methanol-water (3:2) in 

15 min. The flow rate was 0.8 ml/min. Fractions 

were collected at a rate of one fraction per minute. 

Ecdysteroid in each fraction was measured by a 

double antibody RIA method. The antibody used 

in this study (provided by Dr. M. Nagata, The 

University of Tokyo) showed similar cross- 

reactivities toward 20-hydroxyecdysone (20E) and 

ecdysone. The standard curve was obtained by 

serial dilutions of 20E (Sigma Chemical Co.); 

therefore, results are expressed in nanogram 

equivalents of 20E per milliliter of hemolymph. 

Statistics 

Duncan’s multiple range test was used for statis- 

tical analysis after log-transformation of data. 

RESULTS 

Validation of EIA 

The EIA system used in this study was validated 

according to standard criteria. The absorbance 

curve of serially diluted hemolymph was parallel to 

the standard curve (Fig. 1), indicating that the 

adsorption of Vg in hemolymph samples to wells 

showed the same dose-dependence as did the 

standard. The amounts of standard vitellin added 

and recovered were significantly correlated (r= 

0.984, p<0.01). The mean recovery rate was 87.4 

+3.6% (mean+SE). The intra-assay coefficients 

of variation were under 10% in concentrations 

ranging from 3.8 ng/well to 90.3 ng/well. 
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Fic. 1. EIA system for vitellogenin. Parallelism be- 

tween the standard curve for purified vitellin and the 

absorbance curve for serial dilutions of female 

hemolymph. 

GSIs and Vg levels during the molt cycles 

The variations of GSIs and hemolymph Vg 

levels were followed during the two types of molt 

cycles (Fig. 2). During the reproductive molt 

cycle, GSIs were low during stages A;-Co after 

spawning, and started to increase at stage C; (p< 

0.05). Values peaked at stage D3 and then de- 
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and during the non-reproductive molt cycle (undivided). The data for stages A and Ay are shown twice. Values 

represent the mean+SE. Number of animals assayed is given in parentheses. Vitellogenin levels were calculated 

as vitellin equivalents. 

clined at spawning during stages Ag-A, (p<0.01). 

Hemolymph Vg levels were low during stages 

Ao-A,, increased at stage B (p<0.01), remained at 

high levels during stages C,-D3, and then declined 

(p<0.01) sharply after the prespawning ecdysis. 

During the non-reproductive molt cycle, GSIs 

remained constantly low (0.6-0.7%). Hemolymph 

Vg levels were nondetectable (less than 0.01 mg/ 

ml) throughout the molt cycle. 

Identification of ecdysteroids in hemolymph 

Ecdysteroids in hemolymph were separated by 

HPLC before RIA. The HPLC profile of 

hemolymph ecdysteroid at stage D3 of the repro- 
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Analysis of immunoreactive ecdysteroids in the hemolymph of female prawns at stage D3 during the 

reproductive molt cycle by HPLC-RIA system. Hemolymph ecdysteroids were separated into fractions by 

reverse-phase HPLC on a methanol-water solvent system using a linear gradient, and were detected by RIA. 

Results are expressed as the percent of the total ecdysteroid present in the hemolymph. Arrows indicate elution . 

times of references; 20-hydroxyecdysone (20E), makisterone A (M), ecdysone (E), 20-hydroxyecdysone-22- 

acetate (A), 2-deoxy-20-hydroxyecdysone (DO20E), ponasterone A (P), 2-deoxyecdysone (DOE), respectively. 

HPP, high polarity products; LPP, low polarity products. 

ductive molt cycle is shown representatively in Fig. 

3. Two peaks were identified as 20E and ecdysone, 

respectively, by coelution with authentic stan- 

dards. Several other peaks of RIA activity were 

also detected. However, no peaks were observed 

to elute at the retention times of reference com- 

pounds makisterone A, 20-hydroxyecdysone-22- 

acetate, 2-deoxy-20-hydroxyecdysone, ponaster- 

one A or 2-deoxyecdysone. One major unknown 

peak was detected prior to 20E and termed high 

polarity products (HPP). Small peaks which 

eluted after ecdysone were collectively termed low 

polarity products (LPP). Total ecdysteroid was 

calculated as the sum of all immunoreactive sub- 

stances eluted by HPLC. 

Ecdysteroid levels during the molt cycles 

Changes in hemolymph ecdysteroid levels dur- 

ing the reproductive and non-reproductive molt 

cycles are shown in Fig. 4. Ecdysteroid profiles 

differ between the two molt cycles. During the 

reproductive molt cycle, total levels in hemolymph 

declined sharply after ecdysis, and showed a small 

peak at stage A, after spawning. On the contrary, 

during the non-reproductive molt cycle, levels 

decreased more gently during stages A-C;. During 

both molt cycles, levels were low. during stages 

C,-Do, showing an increase during stages D,-Dp, 

and peaking at stage D3. 

20E and HPP were the predominant im- 

munoreactive ecdysteroids during both molt 

cylces. 20E levels rapidly declined to low levels 

after ecdysis in the reproductive molt cycle, where- 

as 20E levels slowly decreased during stages A-C, 

in the non-reproductive molt cycle. The levels 

peaked at stage D3 during both molt cycles. 

HPP levels rapidly declined just prior to spawn- 

ing at stage Ap and showed a small peak at stage 

A, in the reproductive molt cycle. On the other 

hand, in the non-reproducive molt cycle, the levels 
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The data for stages A and Ag 

Ecdysteroid levels were calculated as 20-hydroxyecdysone equivalents. 
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were still high in stage A, and declined slowly 

during stages B-C,;. HPP levels reached maxima at 

stage D3 in both molt cycles. 

Ecdysone levels were low, but also peaked at 

stage D3 in both molt cycles. LPP was remained at 

trace levels throughout both molt cycles. 

DISCUSSION 

Increases in Vg levels and the advancement of 

ovarian development were correlated with the 

molt stages during the reproductive molt cycle in 

this species; on the other hand, vitellogenesis and 

ovarian development did not occur during the 

non-reproductive molt cycle. The observance of 

high Vg levels was followed by rapid GSI increases 

during stages C,-D3. Histological observation re- 

vealed that yolk globules were accumulated in the 

oocytes, and that oocyte diameter increased [8]. 

Vg levels decreased concomitanly with the cessa- 

tion of GSI increase at stage Ap (before spawning), 

suggestive of the termnation of Vg synthesis and 

additionally, of Vg uptake. These results concern- 

ing Vg levels were as expected given that the cycle 

of spawning is synchronous with the molt cycle in 

this prawn. The profile for Vg levels during the 

reproductive molt cycle was similar to that of 

hemolymph Vg levels in the giant freshwater 

prawn Macrobrachium rosenbergii ({10], Okumura 

et al., unpublished data). This correlation in 

vitellogenesis and molt cycle suggests that they are 

linked endocrinologically. 

During stages Ap(A)-Co, levels of 20E and HPP 

in the reproductive molt cycle were lower than 

those in the non-reproductive molt cycle. At stage 

B of the reproductive molt cycle, hemolymph Vg 

levels began to increase. These observations may 

suggest that lower levels of 20E and HPP are 

involved in the initiation of vitellogenesis. Howev- 

er, in this study, it is unclear whether this differ- 

ence in 20E and HPP levels is indicative of their 

participation in vitellogenesis or rather, reflective 

of differences in ecdysteroid metabolism between 

the reproductive and non-reproductive molt cy- 

cles. 

Hemolymph 20E levels peaked at stage D3 and 

declined just after ecdysis during the reproductive 

molt cycle. This rapid change was concomitant 
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with the decrease of Vg levels. A similar phe- 

nomenon was observed in M. rosenbergii; Meusy 

and Payen [2] examined total ecdysteroid levels, 

and Okumura et al. employed HPLC-RIA analysis 

to determine levels of 20E, as well as of other 

ecdysteroid species (unpublihsed data). Further- 

more, 20E levels and the synthesis levels of Vg in 

fat body were correlated similarly in the amphipod 

Orchestia gammarella [11]. Such correlations are 

considered to suggest that hemolymph 20E partici- 

pates in the modulation of the termination of 

vitellogenesis. 

Ecdysteroid levels were linked to Vg levels in 

this study, but the physiological significance of 

these phenomena is not yet clear. The function of 

20E in controlling vitellogenesis has been investi- 

gated previously. However, results in these re- 

ports appear inconsistent. Y-organ removal de- 

creased Vg synthesis in O. gammarella [5]. The 

arrest of oocyte growth was. observed after Y- 

organ ablation in the terrestrial isopod Armadilli- 

dium vulgare [7]. In the isopod Porcellio dilatatus, 

a decrease in hemolymph V¢g levels resulted after 

Y-organ ectomy, and this effect could be compen- 

sated for by 20E injection [6]. On the other hand, 

administration of 20E just after ecdysis inhibited 

the onset of vitellogenesis in L. seticaudata |12| 

and in O. gammarella [13]. Variances among such 

reports might be attributed to differing molting 

stages of animals used and ranges of 20E dosage 

utilized. 

It has been reported that maturing ovaries con- 

tain ecdysteroid in the shore crab Carcinus maenas 

[14], in O. gammarella [15], in the spider crab 

Acanthonyx lunulatus [16] and in M. rosenbergii 

[17], suggestive of vitellogenic ovaries as a possible 

site of ecdysteroid production and/or metabolism. 

Ovarian development may have some influence 

upon ecdysteroid metabolism and hemolymph 

ecdysteroid levels. 

HPP is thought to consist of substances con- 

verted from ecdysone via metabolic pathways, and 

to have no biological activity. Several types of 

reactions leading to high polarity ecdysteroids 

have been considered in ecdysteroid metabolism: 

hydroxylation at the C-20 and/or C-26 position, 

ecdysonic acid formation following hydroxylation, 

and conjugation (see [18]). HPP was also detected 

in the hemolymph of P. serratus [19], and the 

mysid Siriella armata [20]. Enzymatic hydrolysis 

has revealed that the HPP in S. armata consists 

mainly of conjugated forms of ecdysteroid [20]. 

Thus, the difference in HPP levels seen between 

reproductive and non-reproductive individuals 

appears to reflect differences in ecdysteroid me- 

tabolism. 

Hemolymph ecdysteroid levels peaked at stage 

D; during both molt cycles in M. nipponense. The 

timing of this peak was within the range of results 

in other crustaceans which varied from D, to D3 

(see [21]). In almost all crustaceans, ecdysteroid 

levels decline sharply just prior to ecdysis and are 

maintained at low basal levels during the postmolt 

period. However, in M. nipponense, ecdysteroid 

levels showed a small peak at A, stage in the 

reproductive molt cycle and were relatively high 

during the postmolt period of the non-reproducive 

molt cycle. A small peak in hemolymph ecdyster- 

oid, in addition to a large peak prior to ecdysis, 

was also observed at stage B in P. serratus [19], 

and at the end of the intermolt period in the fiddler 

crab Uca pugilator [22]. The physiological implica- | 

tions of such patterns are not understood. 

In M. nipponense, as vitellogenesis cycle was in 

synchronization with the molt cycle, we hypothe- 

size that 20E may be involved in controlling both 

vitellogenesis and molting. However, the exis- 

tence of several factors for the control of vitel- 

logenesis are additionally postulated (see [2, 23]). 

It is possible that such factors also take part in the 

integration of vitellogenesis and molting. Further 

investigations are required in order to clarify the 

function of ecdysteroids in vitellogenesis in M. 

nipponense. 
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Effects of Ba?* on the Photoresponses of Isolated 

Single Rods from Frog Retina 

Katsu AZUMA and NAOHIKO IWASAKI 

Department of Biology, Osaka Medical College, Sawaragicho 2-41, 

Takatsuki, Osaka 569, Japan 

ABSTRACT—Effects of extracellular barium (Ba**) on the photoresponses of mechanically isolated 

single rods from the retina of the frog (Rana catesbeiana) were investigated by sucking the rod inner 

segments into tightly fitting pipettes. The addition of Ba** to a control solution prolonged the duration 

of the rod response to a flash of light (flash response), and increased its sensitivity to the flash (flash 

sensitivity). The response of the rod to a step of light (step response) in the control solution ascended to 

an initial peak, and then descended to a lower steady level within a few seconds (relaxation), showing 

light adaptation. Ba** abolished the relaxation of the step response. The flash sensitivity of the rod in 

the Ba**-solution drastically decreased with increasing intensity of adaptation light in the manner 

different from that in the control solution. These effects were specific to Ba**, Sr°* or Co** being 
ineffective. The effects were not explicable by the role of Ba** as a K*-blocker, because other K* 

-blockers, tetraethylammonium chloride (TEA), 4-aminopyridine (4-AP) and Cs* were ineffective. 

INTRODUCTION 

In the previous paper, we reported that lowered 

extacellular calcium concentration shortened the 

recovery phase of the photoresponse of isolated 

single rods from frog retinas [1]. Ca*t has an 

important role in light adaptation in rods and 

cones [2]. On the other hand, Brown and Flaming 

[3] showed by the intracellular recording in retinal 

rods of toad that Ba** induced several effects on 

the rod photoresponses. They described as fol- 

lows. Ba’t increased the rod sensitivity and 

markedly delayed the decay of the rod response. 

Ba’? also induced the oscillations of membrane 

potentials of the rods. Therefore, we intended to 

investigate whether or not Ba** would affect on 

the rod under no interaction with other rods or 

second order cells. In this study we examined the 

effects of Ba** on mechanically isolated single 

rods from the frog retina using the suction pipette 

method. 

We shall first demonstrate that Ba** prolongs 

the decay of the flash response and also increases 

the flash sensitivity. Next we shall show that Ba*t 
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abolishes the descending phase of the step re- 

sponse and causes a significant effect on the prop- 

erties of the light adaptation in isolated single rods. 

MATERIALS AND METHODS 

The experiments described in this paper were 

very similar to those in the already published one 

[1]. Adult bullfrogs were dark-adapted overnight. 

The animals were double-pithed and then the 

eyeballs were enucleated. Retinas were isolated 

from the enucleated eyeballs. The isolated retina 

was placed in normal physiological saline in a Petri 

dish and shaken to detach the rods. The rod 

suspension in the saline (about 0.5 ml) was put into 

the measuring chamber using a disposable syringe. 

The chamber was set on the stage of the inverted 

microscope (Nikon-MAD). A single rod which 

had outer and inner segments was sucked at the 

inner segment following the methods described by 

Hodgkin et al. [4]. All these procedures were 

carried out under infrared light using an infrared 

image coverter (NEC-NVR2015). The physio- 

logical saline was used as a control superfusate 

which contained (in mM) NaCl, 85; KCl, 2.5; 

NaHCOs, 25; MgCh, 1.2; glucose, 25; HEPES, 3, 

and CaCl, 1, and was adjusted to pH7.6 by 
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adding 1N-HCl. Experiments on the effects of 

Ba’* were carried out by adding various concen- 

trations of BaCl, to the control superfusate 

(hereafter, called Ba**-solution). The flow rate of 

superfusion was 2 ml min '. The temperature of 

the superfusate was maintained at 20+1°C. 

The apparatus for optical stimulation was essen- 

tially the same as that described by Baylor et al. 

[5]. The unattenuated light intensity for flash (20 

ms) or step of 500-nm light was 710° photons 
yum *s_'. The stimulus intensity was expressed by 

the negative logarithm of the neutral density filter. 

RESULTS 

Effects of Ba** on the flash response 

The upper recordings in Figure 1 are the flash 

responses of a single rod superfused with the 

control solution. The flash intensities were indi- 

cated by the numerals under horizontal lines. 

After recording these responses, the superfusate 

was switched to 0.2 mM Ba’*-solution. As shown 

by the middle recordings in Figure 1, Ba** pro- 

longed the durations of the flash responses at both 

intensities of —4.0 and —3.0 in log unit. Ba** also 

markedly increased the amplitude of the flash 

response as seen at intensity of —4.0 log unit. It 

should be noticed that there is no oscillation of 

membrane current at any intensity of flash stimu- 

lus. After 30 min of superfusion with the Ba7+ 
-solution, the same rod was again superfused with 
the control solution. After 40 min of the superfu- 
sion (washout-period), each response almost rec- 
overed to its control waveform, as shown by the 
lower recordings in Figure 1. It was found that the 
prolongation of responses was induced by Ba**+ 
above 0.1 mM (data not shown). 

Figure 2 is the response-intensity plots obtained 
from the experiments similar to Figure 1. The 
peak amplitudes of flash responses at the control, 
0.2mM Ba’? and the recovery were plotted 
against the longarithm of the relative intensitites of 
the flahses. The peak amplitudes of all responses 
were normalized against those of corresponding 
maximal responses. The smooth curves, 1, 2 and 
3, were obtained from calculations based on the 
following quation [6]: 

control \ 
0.2 mM Ba2t 

< 
BE GOVERY, 

Flash 

na | ee ere, 

-4.0 

Fic. 1. Effects of Ba** on the flash responses. The 

upper recordings are control flash responses at the. 

intensities indicated by the numerals under horizon- 
tal lines. After recording these responses, the su- 

perfusate was changed from the control solution to 

0.2mM_ Ba’*t-solution. The middle responses 

were recorded after 20 min of the superfusion with 

the Ba**-solution. The lower responses were re- 

corded after 40 min of recovery in control solution. 

R/Ro ee) 

Here R represents the peak amplitude of each 

response, with maximum (R,ax), and I represents 

flash intensity with half-saturating intensity (Io). 

The constants, Ip(n) were determined by using the 

log-linear, least-squared error method to fit each 

set of data points. When the value of n was 1.3, 

the values of Ip at the control, 0.2 mM Ba’* and 

the recovery were —3.7, —4.2 and —3.8, respec- 

tively. Thus 0.2mM Ba*t shifted Ig into the 
direction of lower intensity by 0.5 log unit, which 

indicated an increase in the rod sensitivity. 

Effects of Ba** on the step response 

Figure 3 shows the step responses at various 
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Fic. 2. Effects of Ba** on the response-intensity relationship. These results were obtained from the experiments 

similar to those used in Figure 1. The measurements were carried out consecutively with the same rod. Curve 

1: control, Curve 2: 0.2 mM Ba**, Curve 3: recovery. The peak amplitudes of the flash response are plotted 

versus the logarithms of relative intensity, normalized against the peak amplitude of the corresponding maximal 

responses. 

-5.6 

10 | 

pA 

-5.0 

-4.6 

-4.0 

=3.0 

60 Ss 
Fic. 3. Step responses recorded in the control solution. 

The intensity of step light was varied from —5.6 to 

—3.0 in log unit, as indicated to the upper of each 

response. The duration of each step light is indi- 

cated by a horizontal line as 60s. 

intensities in control solution. The step responses 

at the lower intensities, —5.6, —5.0 and —4.6 in 

log unit, rose to the initial peaks then rapidly 

recovered to the lower levels (relaxation) and 

tended to gradually recover to the dark levels. The 

relaxation was usually and markedly observed at 

the intensity of —5.0 log unit. At the stronger 

intensities, —4.0 and —3.0 in log unit, both re- 

sponses hardly indicated the relaxations and were 

steady at their peak levels. 

The upper recording in Figure 4 is the step 

response at the intensity of —5.0 log unit in the 

control solution. After the recording, the rod 

superfusate was changed to 0.5mM_ Ba*?- 

solution. The middle recording was obtained after 

20 min of superfusion with the Ba’ *-solution. The 
recording showed that Ba** completely abolished 

the relaxation of the step response. The same rod 

was again superfused with the control solution 

after the recording. The step response almost 

recovered to its control waveform after 40 min of 

the superfusion, as shown by the lower recording 

in Figure 4. 
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COMEGO JL -5.0 

0.5 mM Ba’* 

10 

pA 

recovery 

60 Ss 
Fic. 4. Effects of Ba*t on the step responses. The 

upper recording is the step response in the control 

solution. After recording this response, the super- 

fusate was changed from the control solution to 0.5 

mM Ba’*-solution. The middle recording was 

obtained after 20 min of continuous superfusion with 

the Ba**t-solution. The lower recording was 

obtained after more than 40 min of recovery in the 

control solution. The intensity and duration of the 

step light are —5.0 log unit and 60s (indicated by a 

horizontal line), respectively. 

Light adaptation of the rod 

The flash responses of a single rod were re- 

corded at various intensities in the control solution 

and in the dark. Following these recordings, the 

responses to the flashed superimposed on the 

background light at the intensity of —5.5 log unit 

were recorded. Finally the flash responses were 

again recorded in the dark after turning-off the 

background light. The response-intensity plots 

obtained from those experiments are indicated in 

Figure 5A. The peak amplitudes of all flash re- 

sponses were plotted against the logarithms of the 

relative intensities of flashes. The peak amplitude 

of each flash response in the initial dark period. 

Smooth curves, 1, 2 and 3, were drawn after the 

manner of the case in Figure 2. Io(n) of curves, 1, 2 

contro] 
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Fic. 5. Response-intensity relationships obtained from - 

two rods. A, control solution: B, 0.5mM Ba??. 

Curves 1 were obtained from the flash responses at 

various intensities in the dark. Curves 2 were 

obtained from the responses to the flashés superim- 

posed on the background light intensity of —5.5 log 

unit. Curves 3 were obtained from the flash re- 

sponses recorded during 10 to 20 min after turning- 

off the background light. The peak amplitudes of all 

flash responses are plotted against the logarithms of 

the relative intensities of flashes. The peak ampli- 

tude of each flash response is normalized to that of a 

maximum flash response in the initial dark period. 

and 3, were —3.7 (1.1), —3.3 (0.9) and —3.7 

(1.1), respectively. The background light induced 

a little decrease in maximum response amplitude 

and shifted Ip into the direction of higher intensity 

by 0.4 log unit. The response-intensity plots in 

Figure 5B were obtained from the experiments 

similar to those used in Figure 5A except the 

presence of Ba’*. Ip (n) of curves, 1, 2 and 3, were 

—4.1 (1.8), —3.6 (1.0) and —4.1 (1.6), respective- 

ly. The background light induced a significant 

decrease in maximum response amplitude and 
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shifted Ip into the direction of higher intensity by 

0.5 log unit. 

Figure 6 was obtained from the experiments 

similar to those described in Figure 5 (A and B). 

In Figure 6 the flash sensitivity (log unit) during 

the background light was plotted against the log 

relative background intensity in control solution or 

0.5 mM Ba’t-solution. Flash sensitivity during the 
background light was defined as the logarithm of 

the ratio of the flash intensity needed to elicit 4 

pA-photocurrent in the dark to that during the 

background light. We restricted the experiments 

presented in Figure 6 to those in which a nearly full 

recovery in the flash response was obtained after 

turning-off the background light. In control solu- 

tion (circles) flash sensitivity against background 

intensity showed the slope of approximate 1 rang- 

ing from —5.5 to —3.5 in log unit, where Weber’s 

law held. On the other hand, the slope in the case 

of Ba**-solution (triangles) is 2.8 ranging from — 
5.5 to —4.5 in log unit, where Weber’s law did not 

hold. Thus Ba*t markedly modified the flash 
sensitivity of a single rod under background light. 

control 

flash sensitivity (log units) 

-/ -6 -5 -4 -3 

log relative background intensity 

Fic. 6. Flash sensitivities (log unit) plotted against the 

logarithms of the intensities of background light in 

the control (circles) and 0.5mM Ba** (triangles) 

solutions. These results were obtained from the 

experiments similar to those described in Figure 5 

(A and B). Results in the control and Ba** solu- 
tions were obtained from 4 cells and 3 cells, respec- 

tively. The data points and vertical bars indicate 

averaged values and standard deviations, respec- 

tively. 

DISCUSSION 

As already described, Ba** of 0.2 mM increased 

the rod sensitivity by 0.5 log unit (see Figure 2). 

This result was close to that shown by Brown and 

Flaming using the intracellular recording in retinal 

rods of toad [3]. They described that Ba’* of 0.6 
mM increased the rod sensitivity by 0.4 log unit. 

Ba** also prolonged the decay of the single rod 

response but induced no oscillation in membrane 

current of the single rod. Thus this study com- 

pletely supported the description of Brown and 

Flaming [3]; i.e., Ba**-effects except the oscilla- 

tion were directly exerted on the rod. 

New findings in this study were as follows. Ba** 

abolished the relaxation of a step response (see 

Figure 4). The flash sensitivity of a single rod in 

the Ba**-solution drastically decreased with in- 

creasing intensity of background light, where We- 

ber’s law did not hold (see Figure 6). Thus Ba** 

also caused significant effects on the proporties of 

light adaptation in a single rod. We tested whether 

or not other divalent cations, Ca**, Mg’*, Sr?* 

and Co*+t, would induce similar effects on the 

rods. These ions were less effective except lower 

Ca** which enhanced the relaxations of step re- 

sponses (data not shown). 

It has been well known that Ba’? blocks K* 

-conductances of rods [3, 7] and Miiller cells [8]. 

Fain & Quandt [7] found that extracellular TEA 

(6-12 mM) and 4-AP (10 mM) blocked the K* 

-outward current of toad rods. Bader et al. [9] 

reported that extracellular TEA, Cs* and Co? 

blocked the current carried predominantly by K* 

in solitary rod inner segments from the salamander 

retina. However, we found that 10 mM 4-AP, 12 

mM TEA and 5 mM Cs* did not indicate effects 

similar to those of Ba’? , whether the rod outer 

segments or inner segments were superfused with 

the physiological solution containing those K~* 

-blockers (data not shown). Probably the effects of 

Ba’? is not due to the inactivation of the KT 
-conductance. However, we can not thoroughly 

exclude the possibility, because we have not yet 

tested the intracellular actions of TEA, 4-AP and 

Csi: 
According to the prevailing model for the light 

adaptation of rod photoreceptors, a light-induced 
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decrease in intracellular Ca** acts on guanylate 

cyclase and causes an increase in cyclic GMP level, 

which opposes the light-activated decline in the 

cyclic GMP level (negative feedback) [10]. The 

relaxations of step responses may be related to the 

increase in the cyclic GMP level caused by the 

light-induced decrease in intracellular Ca** [2]. 

On the other hand, it has been found that Ba** 

evokes an increase in cyclic GMP in the cilia of 

Paramecium and the Ba**-effect is specific as 

Mg’*, Ca** or Sr** does not elicit an increase in 

cyclic GMP [11]. Although such effects have not 

been known in the rods, the findings in Para- 

mecium are suggestive taking it into consideration 

that the outer segment of rod is phylogenetically a 

rudimentary ciltum. It is not unreasonable that 

Ba’* acts on the enzymatic process related to 

cyclic GMP and inhibits the negative feedback. 

Although the mechanism of the Ba** effect is not 

yet elucidated, the Ba** manipulation may be 

useful to study the behaviour of rods in the ab- 

sence of the negative feedback underlying light 

adaptation. 
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of the Male Cricket, Gryllus bimaculatus 
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ABSTRACT—The dorsal unpaired median neurons (DUMR’7s) bilaterally extend bifurcating axons to 

the accessory gland via the left and right branches (Br3s) arising from the seventh nerve roots of the 

terminal abdominal ganglion in the male cricket, Gryllus bimaculatus. Proctolin-like immunoreactivity 

(PLI) was demonstrated in these DUMR7 neurons by the postembedding immunogold method 

combined with retrograde horseradish peroxidase (HRP) labeling and ligation of one of the Br3s. 

Ligation of one Br3 and HRP-labeling of the opposite Br3 produced labeling of both the somata of 

DUMR7 neurons and the ligated axons containing numerous granular vesicles (100 nm in diameter). 

PLI was found within the granular vesicles (SO—200 nm in diameter) in HRP-labeled DUMR7 somata as 

well as within similar granular vesicles accumulated in the HRP-labeled axons. Axons containing 

granular vesicles (100-115 nm in diameter) with PLI were noted to associate extensively with the 

visceral muscles winding around the accessory gland. It is therefore evident that the HRP-labeled axons 

with accumulation of granular vesicles originated from the DUMR7 neurons on the basis of the 

characteristic bilateral morphology of these neurons. These findings indicate the possibility that 

DUMR7 neurons produce a proctolin-like substance and transport it through their axons to the 

accessory gland musculature, where this substance may serve as a neuromuscular transmitter or 

© 1992 Zoological Society of Japan 

cotransmitter. 

INTRODUCTION 

Our interest lies in investigating the neural con- 

trol of visceral muscles associated with the male 

cricket accessory gland, which produces various 

spermatophore-forming materials and then re- 

leases them at a certain period in the mating cycle 

according to a temporal motor program [1]. Our 

previous morphological and electrophysiological 

studies have suggested a proctolinergic innervation 

for the accessory gland musculature [2, 3]. 

Proctolin was originally isolated from the cock- 

roach, Periplaneta americana [4, 5], and is a pen- 

tapeptide with the structure Arg-Tyr-Leu-Pro-Thr- 

OH [6]. This peptide was initially proposed to be a 

neurotransmitter associated with the hindgut 

visceral muscle [4, 5]. Subsequently, proctolin has 

been detected in many arthropods by high- 
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performance liquid chromatography (HPLC), im- 

munocytochemistry, and radioimmunoassay (re- 

viewed in [7]), and multiple physiological functions 

have been proposed for this peptide. These in- 

clude action as a peripheral neurotransmitter or 

cotransmitter influencing on visceral and skeletal 

muscles [e.g., 8-16], action as a central neurot- 

ransmitter or neuromodulator [e.g., 17-23], and a 

role as a neurohormone [e.g., 24, 25]. 

With respect to the visceral musculature of the 

oviduct, there are a number of pieces of evidence 

for the myotropic action of proctolin in cock- 

roaches [14, 15], locusts [13], diptera [9, 26], and 

hemiptera [16]. By the use of HPLC and bioassay, 

the presence of proctolin in this tissue and its 

release by high potassium saline and neural sti- 

mulation have been demonstrated [16, 27-30]. 

Furthermore, immunocytochemical studies using 

antisera to proctolin have revealed proctolin-like 

immunoreactive nerve fibers in the locust oviduct 

and neurons with proctolin-like immunoreactivity 
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(PLI), which may be related to these fibers, in the 

penultimate (seventh) abdominal ganglion [28, 

31]. 

The musculature of the cricket accessory gland is 

innervated by bilaterally paired neurons (LC 

neurons) and dorsal unpaired median neurons 

(DUMR7 neurons), with the axons running 

through the branches (Br3s) of the bilateral 

seventh nerve roots arising from the terminal 

abdominal ganglion (TAG) [2]. Selective antidro- 

mic stimulation of these DUMR7 and LC neurons 

evokes contraction of the accessory gland which 

Squeezes out spermatophore-forming material 

from the glandular tubules, while orthodromic 

stimulation of both types of neurons evokes not 

only contraction but also a transient reduction of 

the basal tonus after relaxation [3]. Synthetic 

proctolin produces sustained contraction of the 

accessory gland at a concentration as low as 107” 

M [3]. Using HPLC and bioassay, it has been 

demonstrated that proctolin is present in the inner- 

vated accessory gland, but not in the gland without 

innervation, and that this peptide is released from 

the accessory gland in response to the application 

of high potassium saline [3]. These findings sug- 

gest that the DUMR7 neurons are proctolinergic 

excitatory motoneurons and the LC neurons are 

inhibitory motoneurons [3]. 

In the present paper, we will provide additional 

evidence for the proctolinergic innervation of the 

accessory gland musculature in the male cricket, as 

a result of studies involving electron microscopic 

immunocytochemistry combined with retrograde 

HRP labeling. These studies have demonstrated 

that PLI is present in the DUMR7 neurons inner- 

vating the the accessory gland musculature. 

MATERIALS AND METHODS 

Animals 

The TAGs and accessory glands of adult male 

crickets (Gryllus bimaculatus) were used in this 

study. The animals were obtained from a labora- 

tory culture reared under a 12 hr light-12 hr dark 

Giles a ZC 

Antiserum preparation and testing 

We obtained rabbit anti-proctolin antiserum 

from Seikagaku Kogyo Co. (Osaka, Japan). The 

rabbits were immunized with glutaraldehyde- 

linked conjugates of synthetic proctolin and bovine 

serum albumin (BSA) or bovine thyroglobulin [11, 

32, 33]. Proctolin antiserum was purified by affini- 

ty chromatography according to the method of 

Eckert and Ude [33]. The purified anti-proctolin- 

BSA serum was mainly used in light microscopic 

immunochemistry, and the purified anti-proctolin- 

thyroglobulin serum was used for the electron 

microscopic study. Controls were performed as 

follows: purified proctolin antiserum was preincu- 

bated with synthetic proctolin at a concentration of 

0.5 mg/ml diluted antiserum for 16 hr, and then 

used to process sections for light and electron 

microscopy. Tests were also performed in which 

the primary antiserum was left out of the staining 

procedure. All immunoreactivity was eliminated 

by such treatment. 

Light microscopic immunocytochemistry 

Each of the left and right nerve branches (Br3s) 

arising from the seventh nerve roots of the TAG 

was tied by a single knot using a hair. After 6 hr, 

the ganglion was isolated together with the ligated 

Br3s. Both the ligation and the dissection proce- 

dures were undertaken in buffered cricket saline 

[3]. The tissue was then fixed for 15 hr at 4°C ina 

glutaraldehyde-picric acid mixture [34] containing 

2.5% glutaraldehyde and 15% saturated picric acid 

in 0.1 M phosphate buffer (pH 7.3). After washing 

for 4hr in the same buffer, the tissue was dehy- 

drated, embedded in paraffin, cut into 10 um 

sections, and mounted on gelatin-coated slides. 

Immunoreactivity was visualized using the Vectas- 

tain avidin-biotin-peroxidase complex (ABC) 

method (Vector Lab.). After deparaffinization 

and rehydration, the sections were rinsed in 0.01 

M phosphate-buffered saline (PBS, pH 7.4) for 10 

min, incubated in methanol (100%) with 0.3% 

H,O, for 30 min to block endogenous peroxidase 

activity, and rinsed again in PBS. The sections 

were then incubated for 30 min in normal goat 

serum diluted to 1:50 with PBS, and were subse- 

quently incubated with the primary antiserum for 
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48 hr at 4°C. Proctolin antiserum was used after 

dilution from 1:200-1:800 with PBS containing 

0.5% BSA and 0.01% Triton X-100. The sections 

were washed three times in PBS for 5 min each, 

incubated at room temperature for 40 min in 

biotinylated goat anti-rabbit IgG diluted with PBS 

(1: 200), and washed further three times in PBS for 

5 min each. Thereafter, the sections were incu- 

bated with the PBS-diluted ABC reagent (1: 100) 

for 1-2 hr, washed three times in PBS for 5 min 

each, and incubated for 5-30 min with 0.05% 

3,3'-diaminobenzidine tetrahydrochloride (DAB) 

and 0.01% HO; in 0.05 M Tris buffer (pH 7.2). 

Finally, the sections were washed in distilled water 

for 15min, dehydrated, and mounted in Per- 

mount. 

Electron microscopic immunocytochemistry com- 

bined with retrograde HRP labeling 

One of a pair of Br3s was tied by a single knot 

using a hair, and the proximal cut end of the other 

Br3 was plunged into a thin capillary filled with 5% 

HRP for 24hr at 4°C, and then the TAG plus 
attached Br3s were fixed in 2.5% glutaraldehyde in 

0.1M cacodylate buffer (pH. 7.2) for 3hr, fol- 

lowed by washing overnight in the buffer. Next, 

DAB enzyme reaction was performed according 

Nassel [35]. After the enzymatic reaction, the 

tissues were washed in the same buffer for 5 hr, 

dehydrated and embedded in epoxy resin (Luveak, 

Nakarai Tesque). No osmium postfixation was 

carried out. For electron microscopic immunocy- 

tochemistry without HRP tracing, the accessory 

glands or TAG (with Br3s ligated for 6 hr) were 

fixed for 3 hr after dissection, washed in buffer, 

dehydrated, and embedded in the resin. The 

postembedding protein A-colloidal gold method 

[36] was employed as follows: ultrathin sections 

were collected on formvar-carbon coated nickel 

grids and soaked for 30 min with drops of PBS with 

1% BSA. The proctolin antiserum was then 

applied at 1:200-1:1,000 (in PBS with 1% BSA 

for 24hr at 4°C). Afterwards, the grids were 

attached magnetically to the inner wall of a beaker 

and washed in PBS by furious agitation with a 

magnetic stirrer for 30 min. The protein A-gold 

complexes (Janssen Pharmaceutical; particle size: 

10 or 15 nm) were applied at a concentration of 

1:40 (in PBS with 1% BSA) for 1 hr at room 

temperature. After washing (as above) for 40 min, 

the sections were stained with uranyl acetate and 

lead citrate. For the sections of HRP labeled 

tissues, lead citrate staining was eliminated. Final- 

ly, sections were examined with a Hitachi H 500 

electron microscope. 

RESULTS 

Proctolin-like immunoreactive neurons in the TAG 

The proctolin antiserum revealed both of 

bilaterally symmetrical and medial immunoreac- 

tive neurons in the TAG. Symmetrically arranged 

neurons with proctolin-like immunoreactivity 

(PLI) were prominent in embryonic segments 7 

and 9 of the TAG, which are derived from diffe- 

rent segmental ganglia during embryonic develop- 

ment [37]. Figure 1 shows an example of dorso- 

laterally situated bilaterally symmetrical neurons 

with PLI in the region corresponding to segment 8. 

Other neural elements with PLI are also visualized 

in both the dorsal commissure and the dorsolateral 

neuropil. These neurons and neural elements were 

constantly stained in all the preparations. Medial 

neurons with PLI were observed in the dorsal and 

ventral midline of the TAG, although the number 

of neurons and the degree of immunoreactivity 

varied from preparation to preparation. Figure 2 

shows that the dorsomedial neurons with PLI are 

located in the caudal region corresponding to 

segment 10 of the TAG. In male crickets, the 

dorsal unpaired median (DUMR7 

neurons) innervating the accessory gland form 

three clusters along the midline in positions corres- 

ponding to segments 8-10 or 11 of the TAG [2, 

38]. Dissection or ligation of the nerve branches 

(Br3s) through which the DUMR7 neurons send 

their axons to the accessory gland, led to inten- 

sified immunoreactivity of the medial neurons in 

the caudal TAG. In the cockroach, it has been 

reported that dissection of the nerve running from 

the sixth abdominal ganglion to oviduct results in 

an increase of PLI in the ganglion [39]. The 

intensification of PLI in the caudally located me- 

dial neurons following the dissection or ligation of 

Br3s suggests that some of these medial neurons 

neurons 
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Fic. 1. A pair of dorsolateral, proctolin-like immunoreactive neurons (arrows) in the terminal abdominal ganglion. 

Immunoreactive fiber profiles are also seen in the dorsal commissure (arrowheads) and in the dorsolateral 
neuropil (double arrowheads). 

may be DUMR7 neurons. The section shown in 

Figure 2 was made from the cricket in which the 

Br3s were ligated for 6hr before fixation. The 

medial neurons were generally stained rather 

weakly, but the ventral commissure and dorsome- 

dial neuropil constantly revealed strong PLI (Fig. 

2). This ventral commissure carries the bilaterally 

bifurcating axons of DUMR7 neurons in the caud- 

al part of the ganglion (Fig. 3). This observation 

supports the possibility that some DUMR7 

neurons are proctolinergic. 

Electron microscopic observation of proctolin-like 

immunoreactive neurons 

The protein A-gold method revealed the wide 

distribution of the axons with PLI in the muscula- 

ture associated with the accessory gland, 1.e., in 

the single-fibrillar muscles winding around most of 

each glandular tubule, as well as in the multifibril- 

lar thick muscles surrounding the opening of each 

tubule in the anterior portion of the ejaculatory 

duct. PLI was restricted to large electron-dense 

granular vesicles with a diameter of 100-115 nm in 

the axons (Fig. 4). These immunoreactive vesicles 

were also detected in the ligated Br3s (Fig. 5). 

Our previous study [2] showed that the ligation of 

Br3s caused a heavy accumulation of large elec- 

Cross-section at the level of segment 8. x 140. 

tron-dense granular vesicles in the axoplasm pro- 

ximal to the ligature. Figure 5 shows an axon 

containing proctolin-like immunoreactive vesicles — 

(ca. 100 nm in diameter) which accumulated after 

ligation. These findings suggest that the proctolin- 

like immunoreactive vesicles are produced by 

neurons in the TAG. It should also be noted in 
Figure 5 that there is a non-immunoreactive axon 

with smaller granular vesicles (ca. 80 nm in dia- 

meter) than those in the immunoreactive axons. 

In order to localize PLI in the DUMR7 neurons, 

electron microscopic immunocytochemistry com- 

bined with HRP labeling and ligation was per- 

formed. When one of the Br3s was ligated and 

HRP was applied to the other Br3, labeling was 

noted of both the somata of DUMR7 neurons and 

the axons at the site of ligation, where numerous 

large granular vesicles accumulated at the ligature. 

Figure 3 shows HRP-labeled DUMR7 neurons and 

their secondary neurites running through the later- 

al commissure located in the caudal region of 

TAG. The protein A-gold method was applied to 

the region of the TAG shown in Figure 3. A few 

proctolin-like immunoreactive, electron-dense 

granular vesicles were found dispersed in the HRP 

labeled somata (Fig. 6). The size of the vesicles 

with PLI ranged from 50 to 200 nm and the mean 
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Fic. 2. Dorsomedial proctrolin-like immunoreactive neurons (arrows) in the caudal region of the terminal 

abdominal ganglion. 

Cross-section. 230. 

Fic. 3. HRP-labeled DUMR7 neurons in the caudal region of the terminal abdominal ganglion. 

Immunoreactive fiber profiles are also seen in the ventral commissure (arrowheads). 

Retrograde HRP 

lebeling through the right Br3 revealed a number of DUMR7 somata and their axons (arrowheads) running 

through the ventral commissure in the caudal region. 

2. Cross-section. 230. 

diameter was 108 nm (n=88). Vesicles with PLI 

were seen to associate with Golgi bodies, but were 

not seen in the cisternae of these structure. Proc- 

tolin-like immunoreactive vesicles were also seen 

close to lysosome-like structures (Fig. 7), as pre- 

viously described for PLI neurons in the cockroach 

hypocerebral ganglion [23]. Application of the 

The level of this section corresponds to that shown in Fig. 

protein A-gold method to the ligated Br3, revealed 

PLI in the large electrondense granular vesicles 

(ca. 100 nm in diameter) accumulated in the HRP 

labeled axons (Fig. 8). 

PLI could not be localized in the somata and 

axons strongly labeled with HRP, as the dense 

HRP reaction products prevented the identifica- 
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Fic. 4. An axon (ax) containing proctolin-like immunoreactive, electron-dense granular vesicles and running within 

the proximal part of the accessory gland tubules where multilayered muscle fibers (mf) are located. 

HRP labeling was not performed. The section was stained with uranyl 

x 50,000. 

Part of a transverse section of a ligated Br3. Numerous vesicles are accumulated in the axons (ax1, ax2) at the 

labeling was restricted to the vesicles. 

acetate for 5 min and with lead citrate for 1 min. 

Fic. 5. 

Immunogold 

site of ligation. An axon (ax1) containing large electron-dense granular vesicles with proctolin-like immunoreac- 

tivity, is seen, together with an axon (ax2) containing smaller non-immunoreactive vesicles. HRP labeling was 

not performed. The section was stained with uranyl acetate for 5 min and with lead citrate for 1 min. 48,000. 

tion of vesicles or the cellular organelles. Howev- 

er, aS shown in Figures 6 and 8, PLI could be 

detected in the electron-dense granular vesicles of 

moderately HRP labeled somata and axons. 

Although PLI was weaker in the vesicles of HRP- 

labled axons when compared with unlabled axons 

(Fig. 5), the gold label could still be clearly seen 

present over the accumulated vesicles in the for- 

mer group of axons (Fig. 8). 

It seems obvious that HRP applied to severed 

Br3s was transported to the contralateral axons of 

DUMR7 neurons through their somata in the 
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Fics. 6, 7. Parts of HRP-labeled somata of DUMR7 neurons in the caudal region of the terminal abdominal 

ganglion. 

(Fig. 6). 40,000. 
Proctolin-like immunoreactive, electron-dense granular vesicles are found dispersed in the cytoplasm 

Immunoreactive vesicles are also seen close to a lysosome-like structure (ly) (Fig. 7). The 

sections were stained with uranyl acetate alone for 1 min. x 40,000. 

Fic. 8. Proctolin-like immunoreactive vesicles in the HRP-labeled axon (ax) within the ligated Br3. This section 

was obtained from a preparation in which one Br3 was ligated and the other Br3 was retrogradely labeled with 

HRP. HRP labeled the axons with accumulated vesicles in the ligated Br3. 

granular vesicles is seen. 

TAG due to the characteristic bilateral morpholo- 

gy of these neurons. Therefore, these results 

suggest that some DUMR7 neurons are procto- 

linergic: a proctolin-like substance may be pro- 

duced by these DUMR7 neurons and transported 

through their axons to the muscles as a neuro- 

muscular transmitter or cotransmitter. 

The section was stained with uranyl acetate alone for 1 min. 

Gold labeling of electron-dense 

x 40,000. 

DISCUSSION 

A number of studies have provided evidence 

that proctolin plays a role as a neuroregulatory 

substance in the visceral muscles of the female 

reproductive organs of insects [e.g., 9, 13-16, 26]. 

Our present and previous studies [2, 3] have 

concerned the proctolinergic innervation of the 

visceral muscles associated with the male repro- 

ductive organs of crickets. 
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The previous study demonstrated that the crick- 

et accessory gland muscles are innervated by dor- 

sal unpaired median neurons, DUMR7_ neurons, 

with axons running bilaterally through Br3s of the 

TAG seventh nerve roots [2]. The present experi- 

ment showed that the ligation of one Br3 and 

retrograde HRP labeling of the opposite Br3 

caused labeling of the somata of DUMR7 neurons 

and of axonal granular vesicles which accumulated 

in the axoplasm proximal to the ligature. Thus, the 

HRP-labeled axons containing these vesicles were 

identified as originating from DUMR7 neurons 

and proctolin-like immunoreactive vesicles were 

localized in HRP-labeled DUMR7 somata and 

axons by the postembedding protein A-gold 

method (Figs. 6-8). Our present results reinforce 

the supposition that DUMR7 neurons are procto- 

linergic excitatory motoneurons that induce 

neurogenic contraction of the accessory gland mus- 

culature by releasing proctolin [3]. 

The ultrastructure of the proctolin-like im- 

munoreactive vesicles has been characterized in 

the ganglia and peripheral nerves of a few insects 

by the preembedding PAP technique [17, 19, 25, 

40] and the postembedding immunogold technique 

[23]. The immunoreactive terminals in the dorso- 

caudal neuropil of the cockroach TAG were de- 

monstrated to contain large dense vesicles with a 

diameter of 140-150 nm and numerous small clear 

vesicles [19]. In the blowfly, immunoreactive 

granular vesicles with a diameter of about 100 nm 

were found in the immunoreactive somata of the 

protocerebrum and in the terminal of the pars 

intercerebralis [25]. The immunoreactive termin- 

als in the lateral abdominal nerves were reported 

to contain clear vesicles of about 75 nm in dia- 

meter and granular vesicles with a diameters of ca. 

115nm [40]. The postembedding immunogold 

technique has demonstrated three types of procto- 

lin-like immunoreactive vesicles in the cockroach: 

small electron-dense vesicles having a mean dia- 

meter of 80nm in the frontal and hypocerebral 

ganglia and in the musculature of the oviduct and 

hindgut, large electron-dense vesicles (150 nm) in 

the frontal ganglion, and large electron-lucent 

vesicles (150 nm) with flocculent contents in the 

hypocerebral ganglion [23]. In the DUMR7 

neurons of the cricket, the proctolin-like im- 

munoreactive vesicles in HRP-labeled somata 

ranged from 50 nm to 200 nm in diameter (mean 

diameter: 108 nm) (Figs. 6, 7). In the HRP- 

labeled axons within the ligated Br3, and in the 

axons innervating the accessory gland muscula- 

ture, immunoreactive vesicles with a diameter of 

100-110 nm were noted (Figs. 4, 8). Ude and 

Eckert [23] have suggested that the different sizes 

of vesicles with PLI might be due to the colocaliza- 

tion of proctolin with various neuroactive subst- 

ances in the vesicles. The neurons producing these 

vesicles were not demonstrated in the present 

study, though ligation of Br3s also revealed the 

accumulation of non-immunoreactive vesicles (ca. 

80 nm in diameter) (Fig. 5). 

Light microscopic observation showed a weak 

PLI of the medial neurons in the cricket TAG (Fig. 

2). This finding was in accordance with electron 

microscopic abservation, which showed that the 

vesicles with PLI were dispersed in the DUMR7 

somata (Figs. 6, 7). It seems probable that the 

immunoreactive vesicles produced by these 

neurons are rapidly transported to the peripheral 

organs. This is supported by the observation that — 

the accumulation of vesicles occurs in a rather 

short period of time (3 hr or less) after Br3 ligation 

(Yasuyama, unpublished data). 

Dorsal unpaired median (DUM) neurons have 

been described in several insects [e.g., 41-48]. 

Hoyle [49] first suggested that the DUMETi 

neuron innervating the extensor tibiae mucsle of 

the locust is octopaminergic, and the presence of 

octopamine in DUMETi soma was definitely de- 

monstrated by Evans and O’Shea [50]. DUM 

neurons of the firefly TAG have also been shown 

to contain significant levels of octopamine [51]. It 

is now established that octopamine is the substance 

produced and released as a neuromodulator by 

DUMETi neuron and probably by other DUM 

neurons as well. Octopamine and other biogenic 

amine-containing cells in invertebrates stain speci- 

fically with the dye neutral red [e.g., 52-54] and 

DUMR7 neurons are stained selectively by this 

dye [38]. In the cricket accessory gland, octopa- 

mine was effective in increasing the frequency of 

myogenically evoked contractions at concentra- 

tions as low as 10°’ M [3]. Therefore, it is possible 

that octopamine coexists with proctolin in the 
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DUMR7 neurons. 

Furthermore, as suggested by Pfluger and Wat- 

son [48], it is possible that there are the neurons 
which are morphologically similar to DUM 

neurons but have a different role in the innervation 

of visceral muscle. In the female locust, Lange and 

Orchard [46] reported that retrograde labeling of 

the branches of the oviduct nerve revealed a total 

of eight neurons (three pairs of bilaterally symmet- 

rical neurons and two DUM neurons [DUMOV 

neurons]) within the seventh abdominal ganglion. 

Subsequently, it was shown that DUMOV neurons 

contain octopamine by using a radioenzyme assay 

[55], and that bilaterally paired neurons are prob- 

ably proctolinergic by immunocytochemistry [28]. 

In addition, the presence of another anterior clus- 

ter of DUM neurons within the seventh ganglion 

of the female locust was also revealed by retrog- 

rade labeling of the oviduct nerve, [31, 48, 56]. 

Kiss et al. [56] reported two types of axon termin- 

als containing granular vesicles in the locust ovi- 

duct musculature: one of them makes conventional 

neuromuscular junctions but the other type con- 

taining larger vesicles does not. The DUMETi 

neuron is thought to release transmitter adjacent 

to the muscle fibers without forming an anatomi- 

cally specific neuromuscular junction [57]. On the 

basis of these facts, Pflliger and Watson [48] sug- 

gested that the anterior cluster of DUM neurons 

within the seventh abdominal ganglion of the 

female locust may be motoneurons having a diffe- 

rent function from the posterior octopaminergic 

DUMOV neurons. This possibility is also sug- 

gested by the detection of a number of DUM 

neurons following retrograde labeling of the genit- 

al nerve running from the male locust TAG. In the 

case of cricket DUMR7 neurons, the somata con- 

tain large electron-dense vesicles which are iden- 

tical with those found in the axon terminals making 

neuromuscular junctions with the accessory gland 

musculature and with those in their neurites [2]. 

Our previous physiological study suggested that 

the DUMR7 neurons are probably motoneurons 

mediating the squeezing of secretion from the 

tubules of the accessory gland [3]. 

Slow coxal depressor of Ds motoneuron is well 

known to be proctolin-containing motoneuron [11, 

58]. This neuron lies bilaterally in the third 

thoracic ganglion of the cockroach and innervates 

the muscles of a proximal segment of the leg. 

O’Shea and Bishop [11] used a combination of 

intracellular dye injection and immunocytochemis- 

try to demonstrate that the Ds motoneuron had 

PLI, while the DUM neurons in the third thoracic 

ganglion had no PLI. In female locusts, no PLI has 

been located in the dorsomedial region within the 

seventh abdominal ganglion [28]. 

On the other hand, a number of studies on the 

mapping of PLI in the insect nervous system have 

shown proctolin-like immunoreactive neurons 

along the midline of the ganglia [e.g., 17, 18, 20, 

25, 40, 59-64]. Most of these neurons appear to be 

or are proposed to be paired neurons, and only a 

few unpaired median neurons with PLI have been 

reported. In the cockroach TAG, one of the four 

ventral unpaired median (VUM) neurons inner- 

vating the oviduct muscle and the sphincter muscle 

was characterized as having PLI [64]. In lepidop- 

tera, Davis et al. [62] have rerpoted the dorsome- 

dial unpaired neuron with PLI (K neuron). This 

neuron occurs in all of the abdominal ganglia and 

appears to project bilaterally to the perivisceral 

organs. The K neuron was proposed to have a 

nuerohumor function like the midline bilateral 

(MB) cells in the abdominal ganglia of Manduca 

sexta, which have bilateral projections to the peri- 

visceral organs and produce cardioacceleratory 

peptides [65]. 

In addition, neurons with PLI have been found 

in the caudal region of the TAG or the fused 

abdominal ganglion in several insects (e.g., the 

grasshopper [20]; the cockroach [17, 18]; the Col- 

orado potato beetle [63]; and diptera [40, 61]. 

Some of these neurons were proposed to innervate 

the hindgut [e.g., 17, 40, 61]. In grasshoppers, the 

anteromedial (AM) cells with PLI in the terminal 

(fifth) abdominal ganglion have been reported to 

project to the hindgut [66]. DUMR7 neurons in 

male crickets form three clusters in the posterior 

half of the TAG, and our present study showed 

that the most caudal cluster of DUMR7 neurons 

innervating the male reproductive organs had PLI. 

Further experiments are needed to explore the 

coexistence of proctolin and octopamine in 

DUMR7 neurons and to explore the functional 

role of individual DUMR7 neurons in mediating 
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the contraction of the accessory gland according to 

a temporal motor program. 
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ULTRASTRUCTURE OF THE MOTILE IRIDOPHORES 

| OF THE NEON TETRA 

Hirosut NAGAISHI and Noriko Osuma! 

Department of Biomolecular Science, Faculty of Science, Toho 

University, Miyama, Funabashi, Chiba 274, Japan 

ABSTRACT—As a contribution to efforts aimed at the explanation for the motile mechanism of 

iridophores in the neon tetra (Paracheirodon innesi), the ultrastructure of the cells was studied by 
electron microscopy. One or two layers of iridophores are present under the subepidermal collagenous 

lamella, and melanophores lie beneath these layers. Within each iridophore, two stacks of light- 

reflecting platelets are arranged symmetrically, overlying the slender nucleus. Each platelet was found 

to be surrounded by two indenpendent membranes, namely, an inner and an outer membrane. 

Microtubules were observed in the cortical cytoplasm, and microfilaments were also found around the 

stacks of platelets. The edges of the platelets in each stack appeared to be joined together by 

microfilaments. The possible involvement of the organelles in changing the angle of inclination of the 
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reflecting platelets is discussed. 

INTRODUCTION 

Accompanying recent progress in studies on 

light-absorbing chromatophores, our understand- 

ing of light-reflecting chromatophores has also 

been enhanced. In particular, unique iridophores, 

which exhibit cellular motility and are referred to 

as “motile iridophores”, have lately attracted con- 

siderable attention. From their studies of the 

iridophores responsible for the generation of the 

blue-green color of the lateral stripes of the neon 

tetra, Lythgoe and Shand [1] and Clothier and 

Lythgoe [2] reported that the cells are directly 

affected by light and that the spectrum of light 

reflected from the cells shifts according to changes 

in the ambient illumination. Actually, the color of 

the stripe changes in vivo from green in the 

daytime to violet-blue at night. The motile activity 

of the iridophores was also found to be controlled 

by the sympathetic nervous system [3]. The 

fluorescence-like coloration produced by the iri- 

dophores appears to result from the phenomenon 

of non-ideal thin-film interference [4, 5]. 

A shift in the peak wavelength of light reflected 
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from the iridophores (i.e., a change in color) is 

thought to be due to a change in the distance 

between adjacent platelets [1, 6, 7]. In our pre- 

vious paper, we proposed the “theory of venetian 

blinds”: a change in the distance between the 

reflecting platelets is caused by a change in the 

angle of inclination of the platelets [6]. However, 

the mechanism controlling the inclination of the 

platelets has not yet been elucidated. 

In case of the blue damselfish, Chrysiptera 

cyanea, a spherical nucleus is present in the upper 

part of the iridophore and many stacks of small 

thin platelets (guanine) are distributed radially 

from the nucleus. It was suggested that the change 

in the distance between the platelets occurs simul- 

taneously in each stack, resulting in a change in the 

lengths of the stacks themselves [7, 8]. The 

changes may resemble the expansion and contrac- 

tion of the bellows of an old-fashioned camera. 

The tubulin-dynein system may be involved in the 

motile activities of damselfish iridophores since the 

motility is inhibited by the treatment with colchi- 

cine, vinblastine or podophyllotoxin, antimitotic 

reagents, and by _ erythro-9[3-(2-hydroxyno- 

nyl)|adenine, an inhibitor of ATPase activity [9]. 

However, such a possibility has not yet been 

supported by observations at the electron micros- 

copic level. 
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In the present study, the ultrastructure of the 

unique motile iridophores of the neon tetra was 

examined mainly under the electron microscope in 

order to facilitate the understanding of the 
mechanism responsible for changes in the angle of 

inclination of the reflecting platelets within the 

cells. 

MATERIALS AND METHODS 

Individuals of both sexes of the neon tetra, 

Paracheirodon innesi, 21-25 mm in body length, 

were purchased from a local commercial source 

and reared in an aquarium for several days before 

experiments. 

After decapitation, the body of the fish was 

sliced in half along the backbone and the skins, 

including lateral stripes, were cut into small pieces 

with a clean, sharp razor blade. These pieces were 

then fixed in a solution of 2.5% glutaraldehyde and 

1% paraformaldehyde in 0.1 M phosphate buffer 
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CL 

rs: 

Fic. 1. Electron micrograph of a vertical section through iridophores (1) of the neon tetra. 

(pH 7.2) for 2 hr at room temperature. After a 

rinse with the buffer for 30 min, samples were 

postfixed with 1% OsQO, in 0.1 M phosphate buffer 

(pH 7.2) for 1 hr at 4°C. Specimens were dehy- 

drated through a graded ethanol series, treated 

with methyl glycidyl ether and embedded in Epoxy 

resin (Quetol 812; Nisshin EM, Tokyo). Thin 

sections were cut with a glass or a diamond knife 

on a Porter-Blum MT-1 ultramicrotome (Ivan Sor- 

vall, Newtown), mounted on formvar-coated 

grids, and then stained with 3% uranyl acetate and 

lead citrate. Some sections were coated with 

carbon after the staining. Specimens were 

observed under a Hitachi HU-12A electron micro- 

scope at 75 kV. 

One ym sections stained with toluidine blue and 

the entire skin preparation were observed through 

a microscope equipped both with epi-illumination 

and usual transmission optical systems (Optiphoto, 

XT-BD, with CF-BD plan objective lens; Nikon, 

Tokyo). 
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Iridophores are situated 

just under the subepidermal collagenous lamella (CL) in two layers and a network of melanophores (M) is 

beneath them. A large slender nucleus (N) is present in the lower region of the cell. The reflecting platelets 

(RP) are stacked regularly at a fixed distance over the nucleus, while most of them were detached during the 

preparation of sections. MF: Muscle fiber. Mt: Mitochondria. Bar=2pm. 
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RESULTS 

General morphology 

The iridophores of the neon tetra are shaped 

like a rectangular parallelepiped of about 60-70 

ym in length, 20-30 «m in breadth, and 1-2 ~m in 

height. As shown in Figure 1, electron micro- 

graphs at low power revealed that layers of iri- 

dophores are situated just under the subepidermal 

collagenous lamella, being backed by a network of 

melanophores, in the stripe skin. Observation of 

the entire skin preparation under a light-field 

epi-illumination microscope showed that the iri- 

dophores were densely distributed like paving 

stones in the region of the lateral stripes in two 

layers, though they were in a single layer in some 

areas. When the iridophores in the upper layer 

were focused, ones in the lower stratum were also 

visible, though out of focus. In vertical sections of 

one um thickness, the two layers of iridophores 
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Schematic drawing showing the distribution of the motile iridophores in the stripe skin. 

Fic. 2. Micrograph of one pm vertical section of the 

stripe skin. Two layers of the iridophores (1) are 

recognized, but in the right part of the photograph, 

cells are in a single layer. CL: collagenous lamella. 

M: Melanophore. Bar=20 um. 

were also recognized (Fig. 2). The longitudinal 

axis (long axis) of each iridophore was found to 

run parallel with the dorso-ventral axis of the fish. 

The distribution of iridophores in the fish skin is 

illustrated in Figure 3. 

The iridophores overlap each other with thinned 

portions of cytoplasm to form a thin reflective 

stratum (Fig. 4A). The thinned portions of cyto- 

plasm in adjoining cells are often tangled as shown 
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A: Lateral view of 

the fish. Part of the lateral stripe consisting of the iridophores is magnified in the middle frame and the 

arrangement of the reflecting platelets within the cells is drawn in the right one. 

Dorso-ventral axis indicated as D—V corresponds to D—V in (A) of this figure. 

and the arrangement of the reflecting platelets are drawn in the frames. 
ML: Muscle layer. Epidermis. M: Melanophore. 

Scale. 

I: Iridophore. 

B: Frontal view of the fish. 

Distribution of the iridophores 

CL: Collagenous lamella. E: 

N: Nucleus. RP: Reflecting platelet. S: 
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Fic. 4. Parts of vertical sections through iridophores 

showing that the thinned portions of cytoplams in 

adjoining iridophores overlap one another (A) or 

are tangled (B). Arrowheads indicate the border 

of each cell. Bar=1 pum. 

we 4 SE am OO. 

Fic.5. Electron micrograph showing a desmosome 

(arrow) by which neighboring iridophores are con- 

nected. Bar=1 ym. 
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in Figure 4B. Occasionally, the junctional appa- 

ratus of membranes can be observed (Fig. 5). In 

vertical sections of the stripe skin that were cut 

parallel to the longitudinal axes of the iridophores, 

a large slender nucleus is found in the lower part of 

each iridophore (Fig. 1). In cross sections of such 

cells, the triangle-shaped nucleus is located in the 

central region of the cell (Fig. 6). Mitochondria 

are present mainly in the cortical region of the 

cells, and in the thinned portions of cytoplasm (the 

edges of the cells), where the reflecting platelets 

are absent. Few mitochondria are seen in the 

region between the nucleus and the cell membrane 

(Figs. 1 and 6). Inside the cell membrane, many 

pinocytotic vesicles are found here and there (Fig. 

7). Golgi apparatus (Fig. 8) and smooth endoplas- 

mic reticulum (Fig. 9) are sometimes observed. In 

addition, small electron-dense particles, which 

may be glycogen granules, are distributed through- 

out the cytoplasm, although they are scarcely 

found in the spaces sandwiched between the 

reflecting platelets. 

Arrangement of the light-reflecting platelets 

In vertical sections of the iridophores, many 

large reflecting platelets are observed over the 

nucleus (Figs. 1 and 3B). They are stacked reg- 

ularly at an equal distance from one another, and 

Fic. 6. Electron micrograph of a cross section of an iridophore. In this photograph, the iridophore is in a single 

layer. A triangle-shaped nucleus (N) is present in the central region of the cell. A stack of reflecting platelets 

(RP) is present on each side of the nucleus. CL: Collagenous lamella. M: Melanophore. Mt: Mitochondria. 

Bar=2 pm. 
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Fic. 7. A part of a horizontal section through an iri- 

dophore showing the pinocytotic vesicles. The 

section was cut through the plane near the cell 

membrane. Empty spaces in which the reflecting 

platelet has been present are seen on the left side of 

the photograph. The electron-dense tubular net- 

work (arrowheads) is thought to represent the in- 

vaginations of the cell membrane. Bar=1 yum. 

Fic. 8. Electron micrograph showing the Golgi appar- 

atus (arrow). The open space shows the area in 
which a reflecting platelet has been located. N: 

Nucleus. 
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Fic. 9. Electron micrograph showing the smooth endo- 

plasmic reticulum (arrow). N: Nucleus. Bar=0.5 
pm. 

they are inclined at a constant angle. Our light- 

microscopic observations of fixed skin under light- 

field epi-illumination revealed that each platelet is 

hexagonal in shape (guanine crystal; unpublihsed 

data). The long axis of most platelets is about 15- 

20 um in length, and the guanine crystals become 

smaller at both ends of the stack. The actual 

reflecting platelets themselves are usually not 

observed in sections. As shown in Figures 1, 6, 10 

etc., the platelets are represented by empty spaces 

since they become detached in the process of 

cutting or staining of sections. Moreover, the 

spaces are bulged by the exposure of sections to 

the electron beam during the observations. In 

cross sections of the iridophores, a pair of stacks is 

positioned above the nucleus or is present on both 

sides of the nucleus (Fig. 6). Occasionally, three 

stacks are seen in a cell (photographs not shown). 

In horizontal sections of the iridophores, each 

stack lies parallel to the longitudinal axis of the 

cell. Each platelet is inclined against the axis and 

the incline of the platelets in neighboring stacks is 

symmetrical (Figs. 10 and 3A). On the basis of 

these observations, three-dimensional construc- 

tion of iridophores is shown in Figure 11. 

Vesicles that include a fine guanine crystal are 

often observed in the proximity of both ends of the 

stack of the platelets (Fig. 12). 

Inner and outer membranes surrounding the 

platelet 

For the preservation of the reflecting platelets 

themselves, some sections were coated with car- 

bon after staining. 

Each platelet was found to be surrounded by 

two independent membranes; namely, an inner 

and an outer membrane, as shown in Figure 13. 

When the platelet is preserved completely, the 

inner membrane adheres closely to the guanine 

platelet and the outer membrane, giving the 

appearance of the fused membrane (Fig. 14). 

Therefore, the inner membrane is often barely 

visible. When the platelet is partly broken or 

detached, the inner membrane can be recognized 

as a very thin line (Fig. 13). A relatively electron- 

lucent space is present between these two mem- 

branes. 

Observations at high magnification suggest that 
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Fic. 10. Horizontal section through an iridophore showing a pair of stacks of reflecting platelets (RP) parallel to the 

long axis of the cell. The arrangement of the platelets in both stacks is symmetrical. Mt: Mitochondria. N: 

Nucleus. Bar=2 yum. 

Reflecting 

Platelet 

Nucleus ; ee 

Dorsal Side 

Fic. 11. Illustration showing three-dimensional construction of the neon tetra iridophore. A slender nucleus is 

present in the lower part of the cell along the cell axis. Many reflecting platelets in hexagonal shape arrange 

regularly inclining at a constant angle. Long axis of each platelet is also out of perpendicular to the long axis of 

the cell. A pair of stacks of the platelets is positioned above the nucleus. As for the arrangement of the 

platelets within the cell, refer to the schematic drawings in Figure 3. 

the guanine platelets are not more than 5 nm thick 

(Fig. 14). However, guanine crystals partially re- 

maining in empty sacs are apparently very thick As shown in Figures 15 and 16, microtubules, 

(cf. Figs. 10 and 13), probably as a result of the — which run parallel or perpendicular to the longitu- 

deformation of the crystals. dinal axis of the iridophore, are observed in the 

Microtubules and microfilaments 
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Fic. 12. Electron micrograph showing the vesicles that 

include a fine guanine crystal (arrowheads). Com- 
pare the size of the crystal with that of the reflecting 

platelets seen in Figures1, 4 and 8. N: Nucleus. 

Bar=1 um. 

Fic. 13. Electron micrograph showing the inner (arrow- 

heads) and outer (arrows) membranes that surround 

each reflecting platelet. Although sections were 

coated with carbon after electron staining in this 

series, the platelets themselves were partly or com- 

pletely broken. At the both ends of sacs, thick 

electron-dense lines are visible, since pieces of 

broken platelets adhered to the inner membrane. 

Bar=0.2 um. 

cortical cytoplasm of the iridophore. Compara- 

tively large numbers of microtubules are distri- 

buted in the lower part of the cells, and also on the 

edges of the cells, whereas there are only a few in 

the region sandwiched between the nucleus and 

the stacks of reflecting platelets (Fig. 15). No 

microtubules are seen in the spaces between the 

platelets. | 

Microfilaments of about 8 nm in diameter are 

found around the stacks of platelets. The edges of 

the platelets appear to be linked together by the 

microfilaments (Fig. 17). In cross sections, very 

long microfilaments are frequently found, as 

shown in Figure 18, whereas they are seldom seen 

showing a perfectly preserved reflecitng platelet 

(arrow). The platelet appears to be about 5 nm 

thick. When the platelet is perfectly preserved, no 

inner membrane can be recognized since this mem- 

brane adheres closely to the platelet. Each platelet 

is also surrounded closely by the outer membrane 

(arrowheads), although the membrane has become 

partially detached from the platelet. At the edges 

of the platelets, vesicular structures are visible. 

This section was coated with carbon after electron 

staining. Bar=0.2 um. 

Fic. 15: 

the microtubules (arrows) that run parallel to the 

Part of a cross section of an iridophore showing 

longitudinal axis of the cell. While microtubules 

are present mainly at the bottom of the iridophore, 

they are not abundant in the cell. Note the bundle 

of the microtubules within the melanophore. M: 

Melanophore. Mt: Mitochondria. N: Nucleus. 

RP: Reflecting platelets. Bar=0.5 um. 

in vertical sections. On the other hand, thin 

filamentous structures, which might connect the 

outer membrane that surrounds one platelet with 

an adjacent one, are also observed (Fig. 18). 

These filaments are about 6nm in diameter. The 

long 8-nm filaments running in parallel with one 

another are sometimes linked by fine fibrous struc- 

tures, which are very similar to those seen between 

the platelets (Fig. 18). The microfilaments of 

about 8 nm in diameter are often connected to the 

cell membrane by the fine filamentous structures, 



Fic. 16. Part of a horizontal section through an iri- 

dophore showing the microtubules (arrows) that run 
perpendicular and parallel to the longitudinal axis of 

the cell. They are probably present near the cell 

membrane, since many pinocytotic vesicles are 

observed around the microtubules. The large 

arrow indicates the longitudinal axis of the cell. 

Bar=0.5 um. 

Zo NS * Sehr 

Fic. 17. Cross section of an iridophore showing the 

microfilaments (arrows) that connect the edges of 

stacked reflecting platelets (RP). Fine filament- 
like structures (arrowheads) are derived from the 

microfilaments and some of them are connected to 

the cell membrane. The platelets themselves are 

no longer present (see text). Bar=0.2 um. 

showing microfilaments and fine filament-like struc- 

tures. Several long microfilaments (arrows) run 

along the side of the reflecting platelet (RP), and 

many fine filament-like structures (arrowheads) are 

seen between the adjacent platelets. The microfila- 

ments and the outer membrane that surrounds the 

reflecting platelet seem to be connected by the 

filamentous structures. The outer membranes are 

also mutually connected by these structures. Bar= 

0.2 um. 
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as shown in Figure 17. The 8-nm filaments are also 

distributed randomly in the cytoplasm, and some- 

times they form a lattice (photographs not shown). 

However, these filaments are not inserted deeply 

into the spaces between the reflecting platelets. 

DISCUSSION 

In the present study, electron microscopy clearly 

revealed the way in which the iridophores are 

distributed in the integument of the lateral stripe 

region of the neon tetra, and the three- 

dimensional arrangement of the reflecting platelets 

within the iridophores was clarified. Generally, 

within the cell, there are two stacks of more than 

100 platelets and each platelet makes an acute 

angle of depression with respect to the median 

plane of the fish’s body (cf. Fig. 3B). This observa- 

tion accords well with our previous observation 

that the highest reflectance is obtained when illu- 

mination is applied from the dorsal side of the fish. 

Since the long axis of the reflecting platelets in 

each stack is not perpendicular to the longitudinal 

axis of the iridophore (cf. Figs. 10 and 11) and, 

furthermore, since some stacks are more or less 

curved, irradiation from the direction of the head 

or tail should also result in a low level of reflection; 

a phenomenon that has been observed in practice 

[5]. 

Two layers of iridophores were generally found 

in the stripe skin. The presence of the two layers 

may have the effect of purifying the interference 

colors reflected from the lateral stripes and may 

augment the reflection because of the resultant 

increase in the number of platelets that participate 

in the multilayered thin-film interference [4, 5]. 

Microbutules were found within the iridophores 

of the neon tetra. They have also been observed in 

iridophores of the Atlantic salmon, Salmo salar L. 

[10], and of the freshwater goby, Odontobutis 

obscura [11]. Although the role of microtubules in 

the cells of the latter two species has not been 

discussed in detail, it is assumed that the microtu- 

bules function as the cytoskeleton. In case of the 

neon tetra iridophores, the microtubules are not 

likely to act as the cytoskeleton since only a 

relatively small number of microtubules is 

observed and they are mainly found in the lower 
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part of the cell. Each of a pair of stacks itself may 

maintain the shape of the neon tetra iridophores 

rather than common cytoskeletal elements such as 

microtubules. 

In the dermal iridophores of the lizard, Anolis 

carolinensis, in the iridophores in the scales of the 

goldfish and Holocentrus ascensionis, and in the 

tapetal iridophores of the cardinal tetra, all of 

which are physiologically inactive iridophores, 

both thin (6.5 nm in diameter) and thick (10 nm) 

filaments are present [12, 13]. Not only thin 

filaments but also 10-nm filaments are considered 

to be cytoskeletal elements. By contrast, in phy- 

siologically active iridophores, such as the dermal 

iridophores of the leopard frog, Rana pipiens |14] 

and the iridophores in the scales of the cardinal 

tetra [13] and the freshwater goby, Odontobutis 

obscura [11], thin filaments are abundant and thick 

filaments are rarely found. In the neon tetra 

iridophores, thick filaments of about 8 nm in dia- 

meter are frequently observed in addition to thin- 

ner filamentous structures, although the cells are 

of the motile type. It seems that the 8-nm filament 

and the thinner fibrous structures correspond to 

the thick and the thin filaments present in non- 

motile iridophores, respectively. However, a small 

difference in the diameter of the two respective 

types of filament should be noted. 

Rohrlich [13] suggested that the 6.5-nm fila- 

ments present in physiologically active iridophores 

might serve to hold the crystalline sheets in their 

parallel array and might also participate in the 

movement of the platelets. These filaments were 

supposed to be composed of actin. Thin filament- 

like structures in the neon tetra iridophores, which 

are present in the cytoplasm between the guanine 

platelets, also my act as the spacers required for 

the parallel arrangement of the platelets. In addi- 

tion, the presence of such structures might keep 

the surface of the platelets flat. 

In the neon tetra iridophores, closer attention 

should be paid to the 8-nm filaments, which seem 

to surround the stacks of the platelets, linking their 

edges together. Thus, via the action of these 

filaments, the guanine crystals may be piled up 

evenly. Furthermore, it is proposed that the 8-nm 

filaments may be involved in changes in the in- 

clination of the platelets. In order to unequivocal- 

ly identify the two types of filaments and confirm 

the spatial distribution of them, immunohistoche- 

mical analyses are in progress. 

For researchers interested in the motile activity 

of pigment cells, an essential problem is the elu- 

cidation of the way in which the motive force is 

generated. The role of microtubules [15, 16, 17, 

18], microtrabecular systems [19] and actin fila- 

ments [20] has been suggested. Above all, the 

tubulin-dynein system seems to be a highly prob- 

able candidate for the driving force behind pig- 

ment migration [21, 22]. Pharmacological analyses 

have revealed that antimitotic reagents, colchicine 

and vinblastine [23], and erythro-9[3-(2-hydroxy- 

nonyl)|adenine (EHNA), an ATPase inhibitor, 

block the translocation of pigment [24]. In case of 

the motile iridophores of the blue damselfish, 

Oshima and Fujii [9] also reported that antimitotic 

reagents and EHNA inhibit the responses of the 

cells. 

In the motile iridophores of the neon tetra, we 

suggest the possible involvement of the 8-nm fila- 

ments in changing the inclination of the reflecting 

platelets. If slipping between the 8-nm filaments 

that link the edges of platelets and the microtu- 

bules, or the network of filaments with which the 

cell membrane is backed, occurs on the upper and 

lower sides (epidermal and dermal sides) in oppo- 

site directions, the inclination of all platelets can 

be changed synchronously. If the microtubules 

participate in this phenomenon, sliding might take 

place only on the dermal side since the microtu- 

bules are present mainly in the lower part of the 

iridophores. In such a case, the upper end of each 

platelet should be fixed. However, the structural 

relationship between the microtubules and the 

filaments has not yet been fully defined. Moreov- 

er, it is a matter of concern that the number of 

microtubules might be not sufficient to allow them 

to discharge their duties as a “foothold”. 

In the physiological experiments, we have found 

that colchicine, vinblastine and EHNA block re- 

versibly the change in stripe color caused by the 

application of norepinephrine, implying that the 

motive force responsible for changing the inclina- 

tion of the platelets is generated by dynein-tubulin 

interactions. Surprisingly, cytochalasin B also in- 

hibited the iridophore response (unpublised data, 
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Oshima and Nagaishi). This fact suggests that the 

motile mechanism of the neon tetra iridophores 

may differ from that of Chrysiptera cells, whose 

response to norepinephrine is never inhibited by 

cytochalasin B [9]. The possible role of the actin 

filaments in the motile activity of the neon tetra 

iridophores also should be considered. Therefore, 

we must be in a hurry for the identification of 6-nm 

and 8-nm filaments seen in these cells. 

In the present study, we found that the guanine 

platelets are enveloped in double bound mem- 

branes, which resemble the fused membrane. This 

finding is in accord with the results from fish and 

amphibian iridophores reported by Kamishima 

[25, 26]. However, Matsuno and Iga [11] reported 

that each reflecting platelet contained in the iri- 

dophores of the freshwater goby (Odontobutis 

obscura) is surrounded by a limiting membrane, 

and that, at its lateral margins, the platelet is 

supported by two membranes.. A similar observa- 

tion was reported by Rohrlich and Porter [12] in a 

study of the iridophores of Anolis carolinensis. 

Further comparative observations at the ultra- 

structural level are clearly required. 
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Origin of Multinucleality of Muscle Cells during 

Myogenesis of the Newt 

IWANE SATO* 

Department of Biology, College of general Education, 

Osaka University, Toyonaka 560, Japan 

ABSTRACT—The process of multinucleality formation in muscle cells was traced in a Japanese newt. 
Mitotic figures of muscle cell nuclei are fairly abundant during the embryonal and larval stages in 

general. Cytokinesis occurs during the myoblast stages, but after a cell has become slender, and is fixed 

between myosepta, cytokinesis does not occur. No evidence of cell fusion between muscle cells was 

observed. Macerated specimens of muscle tissue were useful for the counting of the total muscle cell 

numbers in one myotome. The results show that the muscle cell number in one myotome does not 

change remarkably during the embryonal and larval stages. The invation or fusion of other kinds of cells 

was not observed. Hence the multinucleality of muscle cells is the result of mitosis without cytokinesis 

of one myoblast, and not the product of cell fusion. 

INTRODUCTION 

There are two opposing opinions as to the origin 

of multinucleality in muscle cells of vertebrates. 

One is “by cell fusion” and the other is “by mitosis 

without cytokinesis”. In the first case the result 

would be a syncytium, and in the second, a plas- 

modium. There have been neither decisive mic- 

rophotographs nor illustrations for either theory 

and the controversy continues. The purpose of this 

paper is to critique this discrepancy by the most 

effective material from the standopoints of 

embryology, histology, cytology and karyology. 

MATERIALS AND METHODS 

Myotome muscle tissues of the developing 

embryos and larvae of a Japanese newt, Cynops 

pyrrhogaster pyrrhogaster Boie, were used. The 

larvae of each developmental stage were fixed as a 

whole in Bouin’s fluid. Serial sections in 10 ~m 

thickness were made. Horizontal section series 

were most useful. Longitudinal and transverse 

section series of each stage were also made respec- 
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tively as the occasion demanded. Double staining 

in Delafield’s haematoxylin and eosin was applied 

universally. 

To count the total muscle cell number in one 

myotome, the maceration technique was used. As 

larval tissue is soft and fragile, trypsin medium was 

unnecessary. The unilateral single certain 

myotome was dissected from a living larva under a 

dissection microscope in Holtfreter’s solution. 

Myotome tissue was then immersed in Ca**-free 

Holtfreter’s solution for about 10 minutes, and the 

softened unilateral myotome was transferred as a 

whole onto a slide with one drop of the same 

medium. The weight of a cover slip was just 

sufficient to isolate a myotome muscle into free cell 

groups. After counting the total cell number, the 

slide was immersed in 10% -formalin solution, 

stained and mounted for preservation. The larvae 

were developmentally staged according to the 

table by Y. K. Okada (1947) [1]. 

OBSERVATIONS 

Myogenesis “in vivo” starts as somitogenesis in 

the trunk region initially. When somites are 

formed, the cells are randomly arranged, but soon 

after, they differentiate into three groups. The 

superficial one is dermatome. The deeper one is 

myotome whose cells become arranged rather 
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Fic. 1. 

a: somite, b: myocoel c: notochord. 

radially around the myocoel (Fig. 1). The third 

group, sclerotome, occupies a small area and is not 

conspicuous in later stages in this species (Fig. 1). 

The myoblasts are full of yolk granules with a small 

amount of melanin granules. They continue to 

divide mitotically with each following cytokinesis. 

The chromosome number of this species is 24 in 

diploid (Fig. 2). 

During the late neurula stage, myoblasts be- 

come slender and are arranged longitudinally. 

Such myoblasts are fixed between anterior and 

posterior myosepta which are the products of 

screlotome cells. The fixed end of a cell forms a 

small flat disc. In the early tail bud stage (stage 

30), all the cells are mononucleated and full of yolk 

granules (Fig.3). Some nuclei also show the 

condensed chromosomes preparing for the coming 

mitotic activity. 

There is a problem in ascertaining the initial 

total number of myoblasts precisely, as it is dif- 

ficult to identify the myoblasts from other kinds of 

Longitudinal section through the notochord including bilateral somites of the tail bud stage. Sta2655, x60), 

elements. In a typical example of cell count in an 

embryo in stage 29, the total number of myoblasts 

in the fourth unilateral myotome is about 66. 

Among eight inidividuals examined, the number of 

myoblasts was not more than 75, and not less than 

58. 

After initial cell organization in a myotome is 

completed, myoblasts start to divide mitotically. 

During mitotic activity the cell body becomes short 

and round. In most cases the rounding occurs on 

the inner surface of each posterior myoseptum. In 

this case both ends of the mitotic cell body are still 

fixed on myosepta, one end becoming slender and 

string-like (Fig. 4B). Sometimes such a figure 

might be mistaken as a mitotically dividing cell 

about to invade muscle tissue. Close attention 

must be given to the long, slender portion of the 

cells during mitotic activity. After mitosis cells 

return to the initial slender shape between the two 

myosepta. Cytokinesis does not follow and the 

cells remain binucleated retaining the myotube 
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ie: % 

Fic. 2. Mitosis of a myoblast. St. 26. 

Fic. 3. Mid-sagittal section of head and trunk myotomes 

c: myotome, d: yolk. 

structure. In Figure 5A, all the muscle cells are 

binucleated after the first mitosis. The number of 

yolk granules are decreased. Formation of 

vacuoles in the cytoplasm seems to be related to 

the dissolving yolk granules. Tetanucleated cells 

x 1,000. 

in early tail-bud stage. St. 28. a: brain, b: notochord, 

can also be seen. In this figure the inner chromatin 

pattern of two adjacent nuclei is quite similar. This 

shows that they are sister nuclei after one mitotic 

division. These nuclei are slightly rectangular in 

this specimen, which might be artifactual due 
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ca 
Fic. 4. The first mitosis of muscle cells. A: prophase, B: metaphase. SE 3k x500! 

Fic. 5. A: Binucleated stage after first mitosis. B: Pairs of sister nuclei after first mitosis. St. 32.) Aix<250) By x 

600. 
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Fic. 6. 

primarily to heavy shrinkage along the long axis of 

the muscle cell during chemical fixation. In Stage 

32 (Fig. 6), isolated muscle cells from the fourth 

myotome evidently show the presence of en- 

velopes (sarcolemma) around each cell. At around 

this stage (Stage 33) some cells are binucleated and 

others are tetranucleated (Fig. 7), yolk granules 

are diminished and large vacuoles within cyto- 

plasm have become more conspicuous. The de- 

velopment of myofibrillae starts in the early tail 

bud stage within the peripheral cytoplasm of a 

myotube. This phenomenon starts initially in the 

anterior trunk region, and propagates backward 

gradually. Large spinal ganglia are also completed 

corresponding and contacting with each side of 

respective myotomes (Fig. 8A). As a result of 

motor unit completion, an embryo can react 

against external stimuli, shaking head and trunk 

laterally in it’s egg capsule at this stage. Mitotic 

division is still going on, within the myotube 

structure. Figure 9 shows a cell with eight nuclei, 

A is in the tissue and B is an isolated one. All 

Isolated cell group fixed and stained after counting. St. 32. 400. 

« 

these nuclei are situated in the central cytoplasm, 

still retaining the myotube organization. As the 

cell is greatly shrunk, the transverse bands become 

clear under a light microscope. 

After hatching the yolk mass decrease rapidly, 

the muscle cells become longer and thicker, and 

the myotube structure is lost gradually. The nuc- 

lei, situated in the central cytoplasm in a row, 

gradually move into the myofibrill bundle and also 

to the peripheral portion of the cell. Sometimes a 

nucleus is situated just beneath the cell membrane, 

surrounded by a small amount of cytoplasm. Mi- 

totic division still occurs, but simultaneous nuclear 

division may no longer be expected, as was seen in 

one pair of sister nuclei in the common central 

cytoplasm. So such cells with nuclei of odd num- 

bers in one muscle cell are a common result. 

Examples of such mitotic division in the peripheral 

cytopasm are shown in Figure 10A, B and C. 

After hatching, the tail extends rapidly, but at 

the tip myotome muscle cells are still mono- 

nucleated, though myofibrillae are already well 
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Fic. 7. Tetranucleated stage. St. 33. 400. a: myoseptum, b: vacuole. 

as ss 

Fic. 8. A: Longitudinal section of lower trunk region including bilateral myotomes. x4 

ganglion. B: prophase. c: metaphase. St. 33. 400. 

0. a: spinal cord, b. spinal 
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Fic. 9. Octanucleated muscle cell. St. 34. 

contrast microscope. Xx 600. 

ae: 

Fic. 10. Mitotic nuclear division in cells with well developed myofibrillae. 

developed in their cytoplasm. Soon mitotic activ- 

ity follows, and cells become binucleated. But in 

the tail region of larvae, muscle cells in the somite 

are rather shorter in length, and the occurrences of 

polynucleality are fewer. In Figure 11 one nucleus 

A: Trunk myotome cell. 400. B: isolated cell under a phase 

& 5 

va PES 

After hatching. St. 34. 

is in late prophase with condensed chromosome 

groups. On the upper left side, one mitotic 

metaphase plate with mitotic apparatus is extruded 

together with a small amount of cytoplasm due to 

the remarkable shrinkage of myofibrillae during 
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Fic. 11. The most caudal myotome in tail tip. All cells still mononucleated and with well developed myofibrillae. 

St. 32. 800. Upper left: metaphase with extruded nuclear plate. 

Fic. 12. A long muscle fiber in a cranial myotome with 16 nuclei. St. 34. 400. 
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Fic. 13. Longitudinal section through right forelimb. 

S52: 

chemical fixation. In this larva, it is shown that 

sixteen or slightly less nuclei are contained in one 

cell in the cranial myotome (Fig. 12). 

A significant comment about the myogenesis in 

appendages should be added (Fig. 13). The arms 

and legs of this urodelan amphibian are small and 

slender, so the total cells which constitute each 

appendage muscle are not abundant. Consequent- 

ly it is easy to count the total cell number even in 

the largest forelimb muscle, M. triceps brachii. 

The total cell number in this muscle is about 72. 

Both ends of the skeletal muscle cell, attaching to 

bones, is slender in shape, altogether different 

from myotome muscle cells whose cell ends form 

flat discs. But the process of multinucleality 

formation is quite similar to that seen in somito- 

genesis. Results of these observations are schema- 

tized in Figure 14. 

x 60. a & b: two heads of M. triceps brachii, c: humerus. 

DISCUSSION 

There are several papers and textbooks which 

refer to mitotic division of muscle cell nuclei in 

embryos and larvae of vertebrates. For instance, 

Weichert [2] said that “myoblasts begin to differ- 

entiate and become spindle-shaped and are 

arranged in bundle”. He also said “Mitotic divi- 

sion then occur, resulting increase in mass (chick 

embryo)”. Almost similar descriptions are seen in 

book by Schneider [3], Schaffer [4], Bucher [5] and 

so on. But recently, these observations and de- 

scriptions are mosly forgotten, or are neglected, 

and the presence of mitotic nuclear division in 

muscle tissue is brushed aside in the study of 

myogenesis. 

The cells of tailed amphibians are extraodianrily 

large and are convenient materials for the study of 

myogenesis. The author’s observations on newts 

are in complete accordance with these previous 

papers. 
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myotube 

myoblast 

Fic. 14. 

Recently there appeared an argument worthy of 

notice, that is, the mitotic figures in developing 

muscle tissue are not the division of muscle cell 

nuclei itself, but are the nuclei of the so-called 

“satellite cells”. Concerning the nature of these 

cells, there are some precise and instructive discus- 

sions by Fawcet and Bloom [6], and Schultz [7]. It 

is generally known that there might exist some 

other kinds of dividing mesodermal elements and 

invading cells in muscle tissue. But in the author’s 

preparations the mitotically dividing cells show the 

presence of myofibrillae in every case. Moreover, 

it is clear that the dividing nuclei belong neither to 

the invading cells nor to some other kind of 

mesodermal element. It should be noted that in 

early developmental stages the cytoplasmic mass 

containing a mitotic structure sometimes protrudes 

from the neighboring muscle cells, and that such 

mass looks as if a cell with mitotic structure is 

invading the muscle tissue. For instance, the 

extrusion of the mitotic apparatus together with a 

= = 

ee 

t 
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Schema of myogenesis. 

small amount of cytoplasm (Fig. 11) might be of 

artifact, presumably due to the remarkable shrink- 

age and powerful contraction of the muscle tissue 

during chemical fixation. According to the au- 

thor’s experience, cells in mitotic activity, in most 

cases, become stationary and not motile. Even 

mesodermal wandering cells show a similar 

tendency. Consequently, invading figures of cells 

with mitotic structures seem somewhat ambiguous 

as to their origin “in vivo”. 

In “in vitro” specimens, on the contrary, the 

situation is quite different. When myoblasts are 

cultured “in vitro”, they show almost no mitotic 

activity after they start myofibrill formation in 

their cytoplasm. This fact was strongly emphasized 

by Holtzer [8]. His statement may be right as far as 

“in vitro” cultured cells are concerned. But in “in 

vivo” condition, that is to say, in normally de- 

veloping embryos and larvae, the mitotic division 

of muscle cell nuclei is common even after myo- 

fibriogenesis has begun. 
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Another serious problem is “cell fusion”. Ele- 

ments such as mesenchymal cells, fibroblasts and 

also myoblasts, tend to be highly thigmotactic, and 

they easily fuse to each other in “in vitro” condi- 

tion. In “in vivo” condition, such as within living 

organisms, the cells of mesodermal origin, fibro- 

blasts and histiocytes for example, envelop foreign 

substances like surgical strings or plastic tubes for 

medical use. In such cases, the cells fuse to each 

other and become multinucleated [9, 10]. The 

same phenomenon occurs in “in vitro” conditions 

between cultured cells and the inner surface of a 

culture bottle or a cover slip. The appearance of 

“Fremdk6rperriesenzellen” of Lambert [11] is a 

problem directly related with the fundamental 

nature of biological membrane. 

In normal physiological conditions “in vivo”, 

cell fusion seems to rarely occur. Between the 

differentiating muscle cells, fusion was never 

observed. Moreover, the author has never found 

plausible and reliable figures of cell fusion in 

published papers on the normal developmental 

course of myogenesis. The extrusion, sometimes 

observed, never means cell fusion, but merely 

means shrinkage in processing. The features of the 

cell body in question should be totally and careful- 

ly examined. 

To ascertain the formation of a multinucleated 

cell, the total cell number in the initial cell group as 

well as the multinucleated cell group should be 

analyzed. If cell fusion occurs among 130 mono- 

nucleated cells, the resultant binucleated cells 

might total 65, and the succeeding fusion might 

produce 33 tetranucleated cells. If the 3rd fusion 

occurs, 16 octanucleated cells might appear, and so 

on. This does not represent an actual case. 

According to MacCallum [12], the total number of 

muscle cells in the sartorius muscle in human 

embryos of various ages does not differ greatly 

from each other. Subsequently, according to Mac- 

Callum’s data, the increase in size of a muscle 

simply depends upon the growth of the individual 

cells. The author’s observations on myogenesis in 

a myotome are in agreement with this conclusion. 

In modern biology “in vitro” culture is conve- 

nient and an excellent method for cytological 

studies. Many findings on myofibriogenesis were 

made chiefly by cultured materials and under an 

electron microscope. On the other hand, the 

discrepancy between the “in vivo” and “in vitro” 

states on the behavior of cells as a whole should 

also be clarified. The author’s experience shows 

that no remarkable differences among those two 

can be seen as long as cell organellae are con- 

cerned, if cells are cultured properly “in vitro” and 

if tissue cells are physiologically normal “in vivo”. 

Because cell organellae, such as mitochondria, 

Golgi apparatus, myofibrillae and so on, are situ- 

ated in the cytoplasm of their own mother cell in 

both cases, organellae can exhibit their normal 

physiological behavior and show their original 

morphological features in both cases. But as to the 

behavior of cells as a whole, the condition might 

not always be the same in both cases. The differ- 

ence between culture media and normal internal 

milieu, and some differences in the cell environ- 

ment may be inevitable. These discrepancies 

might surely be diminished or removed in the near 

future by improvement of culture techniques. The 

simulation of physiological environmental condi- 

tions of muscle cells to each other during 

myogenesis will hopefully be achieved before long. 
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Effect of Actinomycin D on Nuclear Events during Conjugation 

in the Ciliate Stylonychia pustulata 
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Zoolgical Institute, Faculty of Science, Hiroshima University, 

Kagamiyama, Higashi-hiroshima 724, Japan 

ABSTRACT—In conjugation of the ciliate Stylonychia pustulata, the relationship between RNA 

synthesis and nuclear behavior was examined by the use of actinomycin D (AmD) and *H-uridine. At 

different stages of conjugation, pairs were immersed in 50 ug/ml AmD. When AmD treatment was 

begun at the early and late stages of meiosis I, conjugation was prevented at 3 defined stages; meiosis I, 

postmeiotic division and formation of synkaryon. When AmD treatment was begun at meiosis II or at 

the early period of second postzygotic division, two nuclei produced by first postzygotic division were 

prevented from dividing at ana-telophase of second division (PZII), but separation of pairs into 

exconjugant-type cells and degradation of old macronuclei occurred. In many exconjugant-type cells, 

one of the 2 nuclei which did not divide in PZII swelled like a macronuclear anlage. When AmD 

treatment was begun at the stage of pronuclear differentiation, nuclear event of conjugation was 

blocked at the stage of macronuclear development. However, polytene chromosomes were visible in 

the macronuclear anlage. Autoradiographs of *H-uridine showed that labeled precursors were 

extensively incorporated into conjugants during meiotic division, but incorporation declined to zero or 

near the zero level until the stage of pronuclear differentiation. These results suggested that the nuclear 

events including meiosis, postmeiotic division, pronuclear differentiation and macronuclear develop- 

ment were largely controlled by RNA synthesized during meiosis. The sequential relationship between 

© 1992 Zoological Society of Japan 

RNA and protein syntheses during conjugation is discussed. 

INTRODUCTION 

In conjugation of ciliated protozoa, two mature 

cells of complementary mating type temporarily 

unite to form a pair. The conjugation includes the 

following nuclear events: meiosis of micronuclei 

(germinal nuclei), cross-fertilization, development 

of new micro- and macronuclei (somatic nuclei) 

and degradation of old macronuclei [1, 2]. The 

occurrence of RNA synthesis during the early 

period of conjugation has been known in Stylony- 

chia mytilus [3, 4] and Tetrahymena thermophila 

[5-8]. In the former the long-lived messenger 

RNA controls the further developmental process 

of conjugation. In T. thermophila, however, RNA 

synthesis again occurred in the late stage of con- 

jugation and in exconjugants [5-7]. In Para- 

mecium aurelia a net decrease of the cytoplasmic 

RNA content followed by a drastic increase occur- 
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red during conjugation [9]. Thus, the initiation 

and duration of RNA synthesis in conjugation 

process are different among ciliates. In S. mytilus 

and 7. thermophila, however, the. relationship 

between RNA synthesized at the early period of 

conjugation and its role for nuclear changes in 

conjugation is unclear. How far does RNA affect 

nuclear changes which occur sequentially during 

conjugation? 

The aim of the present study is to analyze the 

pattern of RNA synthesis of S. pustulata in the 

whole process of conjugation and to compare it 

with the pattern of protein synthesis. Our previous 

study has shown that pair formation and initiation 

of meiosis in S. pustulata require RNA and protein 

syntheses during pair formation [10] and that the 

progress of furhter nuclear events of conjugation is 

also controlled by protein synthesized during con- 

jugation [11]. 

A detailed comparison of the patterns of RNA 

and protein synthesis in conjugation revealed two 

unique findings: synthesis of RNA corresponding 
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to protein synthesis at different stages of meiosis 

and synthesis of RNA regulating almost all the 

cytological events after meiosis II. Such a com- 

parison has not yet been conducted in other cili- 

ates. The experiment was conducted by treating 

pairs with an inhibitor of RNA synthesis, acti- 

nomycin D, or labeling them with a RNA precur- 

sor, “H-uridine, at different stages of conjugation. 

MATERIALS AND METHODS 

Two stocks of complementary mating types, 

HH2 (mating type II) and TM6 (IV), of Stylony- 

chia pustulata were used. The stocks were cultured 

in a wheat infusion medium containing green algae 

Chlorogonium elongatum as food [12]. Cells from 

each mating type were separately washed twice 

with exhausted medium, and them mixed together. 

Pair formation started about 2 hr after mixing [13]. 

When pair formation reached near the maximum 

in the mixtures, A-shaped pairs were transferred 

within 15 min into wells of depression slides con- 

taining exhausted medium. This time was adopted 

as zero time of the formation of conjugation. 

At intervals of 30 min, about 100 pairs were 

selected at random from wells of the depression 

slides and fixed for 10min with acetic-alcohol 

(1 :3) on cover glass coated with Mayer’s albumin. 

The specimens were hydrolyzed for 40 min in 4N 

HCl at room temperature and stained for 30 min in 

Schiff’s reagent. The length of duration of each 

nuclear event in conjugation was estimated by 

observing the stained cells as follows. The dura- 

tion was defined as the time from the point that 

50% of the pairs in a given time possessed the 

same nuclear stage to the point that 50% of the 

pairs in a later time had the next nuclear stage. 

Actinomycin D (AmD) dissolved in culture 

medium was added to the pairs in depression slides 

at known times after the onset of pairing. The last 

addition of AmD was made at the time when the 

pairs separated into exconjugants. The concentra- 

tion of AmD was determined as follow. Vegeta- 

tive cells immediately after cell division were 

treated at 10, 25, 50 and 100 ug/ml AmD. The 

replication bands which duplicated DNA in the 

macronuclei were not formed at 50 and 100 ug/ml 

AmD. At lower concentrations, the replication 

bands passed through the macronuclei. Thus, 50 

pg/ml AmD was employed in this experiment. 

About 200 pairs were treated at the final concen- 

tration of 50 ug/ml. Every hour after the treat- 

ments, 20 pairs were randomly selected and 

stained with acetic carmine or Feulgen. The 

nuclear events were observed till 24 hr after the 

treatments. Each experiment was repeated three 

times at 23°C. The pairs treated with 50 ng/ml 

AmD showed normal morphology for 24 hr. 

For autoradiography, about 100 pairs were 

pulse-labeled with 100 ~Ci/ml °H-uridine (New 

England Nuclear; 26.2 Ci/ml) for 1 hr at intervals 

of one hour from the onset of pairing. On the 

other hand, the pairs were pre-treated with 50 yug/ 

ml AmD for 30 min, and then labeled with 100 

uCi/ml *H-uridine for 1 hr in the presence of 

AmD. At the end of labeling procedure, the pairs 

were washed twice with the exhausted medium. 

The old macronuclei were isolated to distinguish 

the labeled RNA in them from the labeled RNA in 

the cytoplasm. Some labeled pairs were destroyed 

by an isolation medium containing 0.05% Triton 

X-100 and 0.01% spermidine phosphate (Sigma) 

with distilled water [15]. Pairs and isolated macro- 

nuclei were fixed in MFG solution (methanol: 

formalin: acetic acid=17:2:1) for several sec, 

again fixed in acetic-alcohol (1:3), spread on the 

subbed slide and then air-dried. Unincorporated 

label was eliminated by washing the slides with 5% 

trichloroacetic acid for 10 min at 4°C. In testing 
the specificity of isotope incorporation, the dupli- 

cated slides were treated with 0.05% ribonuclease 

A (RNase; Boehringer Mannheim) in 10mM 

phosphate buffer (pH 7.0) for 7 hr.at 37°C. Auto- 

radiographs were prepared with Sakura NR-M2 

liquid emulsion. Exposure time was 14 days at 

4°C. The labeled nuclei were stained with 2% 

methyl green through the emulsion after develop- 

ment. : 

Morphological changes in each nuclear event 

during conjugation have been described previously 

[13]. Vegetative cells of S. pustulata possess two 

micronuclei and two macronuclei. There are eight 

major micronuclear events: first and second 

maturation divisions (MI, MII), postmeiotic divi- 

sion (PM), pronuclear disivion (PD), formation of 

synkaryon (SK), first and second postzygotic di- 
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vison (PZI, PZII) and macronuclear development 

(MD). Stage MI will be described in detail later. 

Stage MII: two spherical nuclei rapidly undergo 

MII and two disk-like nuclei degenerate later. 

Stage PM: all four nuclei produced by MII begin to 

swell after a short time of interphase and then only 

two nuclei survive and take part in nuclear divi- 

sion. Four nuclei separate into anterior two and 

posterior two, since the mitotic spindles are 

oriented along the longitudinal axis of the con- 

jugant. The other two nuclei shrink and then 

degenerate. Resorption of old macronuclei into its 

cytoplasm begins. Stage PD: though four nuclei 

produced by PM swell after a short time of interph- 

ase, one nucleus in the anterior group differenti- 

ates into a migratory pronucleus and one nucleus 

in the posterior group into a stationary pronucleus 

(Fig. 3G). The remianing nuclei shrink and de- 

generate later. Stage SK: exchange of migratory 

pronuclei and subsequent fusion of migratory and 

stationary pronuclei occur. Stages PZI and PZII: 

two divisions of the synkaryon follow to yield four 

nuclei. Stage MD: of the four nuclei arranged in a 

file, the second and fourth sister nuclei from the 

anterior differentiate into new micronuclei, the 

third nucleus develops into a macronuclear anlage, 

and the first nucleus degenerates later (Fig. 3H). 

Each pair separates into two exconjugants. They 

possess oral apparatus (OA) with a small buccal 

cavity and small cytostome without paroral mem- 

branes (exconjugant-type OA). Polytene chromo- 

somes are developed in anlage. The macronuclear 

anlage shrinks and then amitotically divides into 

parts and the products become new macronuclei. 

The exconjugant-type OA is reorganized into a 

functionally normal OA at the time. 

RESULTS 

Duration of the nuclear events during conjugation 

Morphological changes in seven of the eight 

nuclear events except for MI during conjugation 

have already been described above. However, the 

exact time schedule of all the nuclear events has 

not yet been presented. By the method mentioned 

above, the micronuclear events among pairs pro- 

gressed synchronously to a considerable extent as 

shown in Figure 1. Moreover, the duration of each 

micronuclear events was estimated from the data 
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Fic. 1. Progression of micronuclear changes during conjugation of Stylonychia pustulata. MI and MII, first and 

second meiotic division; I, compact nuclei; II, swollen nuclei; III, nuclei at early stage of parachute; IV, nuclei at 

mid stage of parachute; V, nuclei at late stage of parachute; VI, prometaphase I; VII, metaphase I; VIII, 

ana-telophase I; PM, postmeiotic division; PD, pronuclear differentiation; SK, formation of a synkaryon; PZI, 

first postzygotic division; PZII, second postzygotic division; MD, development of macronuclear anlage. 
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Fic. 2. Duration of each micronuclear event in conjugation (top) and effects of actinomycin D (AmD) and 

cycloheximide (Chx) [11] on micronuclear changes (bottom). The left end of arrow shows the onset of drug 

treatment, and the right end shows the end point of normal nuclear progress in the presence of drug. The length 

between the left and right ends shows the duration of normal nuclear progress. 

(Fig. 2). Especially, the micronuclear behavior 

from the beginning of pairing to the end of MI is 

newly subdivided into eight stages (stage I-VIII) 

on the basis of morphological features of micro- 

nuclei. At stage I (0-1.3 hr), two micronuclei in 

each conjugant remain compact after the onset of 

pairing. At stage II (1.3-3.8 hr), micronuclei swell 

from the usual size of 3 ~m in diameter to 10 um. 

Thin chromatin fibers first appear (Fig. 3A), fol- 

lowing chromatin granules in the periphery of 

nuclei (Fig. 3B). In each conjugant, the anterior 

macronucleus elongates. At stage III (3.8-6.7 hr), 

chromatin threads unilaterally emerge from the 

chromatin mass in the swollen micronuclei (Fig. 

3C). The anterior macronucleus breaks into two 

pieces. At stage IV (6.7-8.8 hr), more chromatin 

threads are concentrated in a hemispherical shape, 

and the micronuclei assume a typical parachute- 

shape (Fig. 3D). At stage V (8.89.8 hr), conden- 

sation of chromatin threads takes place, but the 

small chromatin mass is still on the opposite side 

(Fig. 3E). At stage VI (9.8-10.2 hr), many small 

chromatin rods or chromosomes are dispersed in 

the nuclei (Fig. 3F). At stage VII (metaphase I, 

10.2-10.8 hr), the chromosomes are arranged on 

the eugatorial plate. At stage VIII (ana-telophase 

I, 10.8-11.4hr), one daughter nucleus shows a 

spherical shape, and the other is a disk-like in 

shape. 

The duration of the other stages is measured as 

follows: stage MII, 11.4-12.4 hr; stage PM, 12.4- 

15.3 hr; stage PD, 15.3-16.5 hr; stage SK, 16.5- 

17.2 hr; stages PZI and PZII, 17.2-18.6 hr; and 

stage MD, 18.6-19.1 hr. Resorption of old macro- 

nuclei into the cytoplasm and separation of pairs 

occur about 14hr and 19.5 hr after the onset of 

pairing, respectively. Full appearance of polytene 

chromosomes and shrinkage of macronuclear 

anlange are observed about 20 and 60 hr after the 

separation of pairs, respectively. 

Effects of AmD on conjugation and nuclear events 

in conjugation 

Effect of AmD on micronuclear behavior is 

summarized in Figure 1. When A-shaped pairs 

were treated by AmD, they developed into com- 

plete pairs. The micronuclei proceeded from stage 

I to stage II, but the swollen nuclei showed unusual 

elongation in the presence of AmD (Fig. 4A). 

When pairs 2 and 3 hr after the onset of pairing 
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Fic. 3. Nuclear state in different stages of conjugation. 

micronucleus of stage II 3 hr after pairing. Chromatin granules are located in one side of the nucleus. 

\H 
Bar=5 wm. A-F. Meiotic prophase of meiosis I. 

micronucleus (arrow) of stage II 2hr after pairing. The chromatin fibers appear in the nucleus. 

A.A 

B. A 

C.A 

micronucleus of stage III (early parachute) 5 hr after pairing. D.A micronucleus of stage IV (mid parachute) 7 

hr after pairing. E. A micronucleus of stage V (late parachute) 9 hr after pairing. Many chromatin strands 

occupy in one side of the nucleus. F. A micronucleus of stage VI (prometaphase I) 10 hr after pairing. G. 

pronuclear differentiation 16hr after pairing. MP and SP show a migratory and a stationary nucleus, 

respectively. Arrows indicate degenerating nuclei. H. Differentiation of macronuclear anlage (MA) and new 

micronuclei (MI) 19 hr after the onset of pairing. Arrow indicates a degenerating nucleus. 

were treated with AmD, micronuclei proceeded 

from stage II to stage III, and their chromatin 

threads aggregated into one irregular shaped mass 

(Fig. 4B). Macronucleus fragmentation occurred, 

but resorption of the fragments scarcely took 

place. When pairs 4 and Shr after the onset of 

pairing were treated with AmD, micronuclei pro- 

ceeded from stage III to stage IV. However, the 

chromatin threads which appeared on one side of 

the nuclei became arranged in parallel rows about 

Shr after the treatment (Fig. 4C). Then, these 

nuclei were elongated and became spindle shaped, 

but the chromosomes were not arranged on the 

equatorial plate unlike those of the control pairs 
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Fic. 4. Abnormalities of micronuclear events caused by actinomycin D (AmD). Bar=5 ym. A. Elongated 

micronuclei of a conjugant 5 hr after a pair was treated 15 min from the onset of pairing. B. Chromatin threads 

aggregating in micronuclei of a conjugant 5 hr after a 2-hr-old pair was treated. C. Chromatin threads arranged in 

parallel rows in two micronuclei of a conjugant 5 hr after a 4-hr-old pair was treated. D. Two micronuciei 

showing irregular spindle shapes. The nuclear stage is later than C. E and F. Two nuclei (arrows) blocked at 

anaphase (E) and telophase (F) of PM in conjugants 5 hr after a 9-hr-old pair was treated. G-H. Nuclei in 

conjugants treated 12 hr after the onset of pairing. G. Two nuclei (arrows) blocked at PZII remain unchanged in 

an exconjugant-type cell 10 hr after the onset of treatment. H. One of the 2 nuclei blocked at ana-telophase of 

PZII swells like macronuclear anlage (arrow) in an exconjugant-type cell 10 hr after the onset of treatment. 

(Fig. 4D). When AmD treatment was begun at 6 became arranged in parallel rows, but they were 

and 7 hr after pairing (late stage III or early step of | longer than chromosomes of metaphase I (stage 

stage IV), micronuclei entered stage V. However, VII) and often adhered each other. Then nuclei 

3 hr after the treatment, the chromatin strands assumed a spindle shape like Figure 4D. When 
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AmD treatment was begun at 8 hr (stage IV), 

nuclear division was blocked at ana-telophase I 

(stage VIII). Two daughter nuclei were connected 

with the chromatin materials. 

When AmD treatment was begun at 9 and 10 hr 

(stage V or VI), MI and MII occurred, and then 

two nuclei entered into PM. However, the nuclear 

division was disrupted at ana- or telophase in the 

presence of AmD. In the former cases, two 

daughter neuclei stopped at anaphase, and then 

two daughter nuclei remained adhered (Fig. 4E). 

In the latter cases, two nuclei were blocked at 

telophase and remained connected with some 

chromatin materials (Fig. 4F). When AmD treat- 

ment was begun at 11 hr (stage VII or VIII), PM 

and PD occurred normally, but the formation of 

BIG.35;. 

For distribution of grains, see text. 

Arrows indicate macronuclei. FV, food vacuole. 

macronuclei at stage PZII. 

Autoradiographs of pairs and isolated macronuclei pulse-labeled for 1 hr with *H-uridi 

ee a 

ne at different times. 

Bars in A and E are 40 um, and in the others 10 um. A. A pair at stage III. 

B. Isolated old macronuclei at stage MII. 

isolated from a pair treated with AmD at stage III and labeled for 1 hr. 

D. Macronuclei 

E. A pair at stage PM. F. Isolated old 
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synkaryon failed. 

When AmD treatment was begun at 12, 13 and 

14 hr (stage MII or PM), nuclear event of conjuga- 

tion was blocked at ana-telophase of PZII. Each 

pair was separated into two cells 19 hr after pairing 

or slightly later. The cells possessed an excon- 

jugant-type OA. About 50% of these cells had 

neither macronuclear anlage nor new micronuc- 

leus (Fig. 4G), and others had one swollen nucleus 

like macronuclear anlage derived from one of the 

two nuclei which failed to divide in PZII (Fig. 4H). 

In such nuclei, polytene chromosomes were not 

found. The old macronuclei degraded. When 

AmD treatment was begun at 15, 16, 17, 18 and 19 

hr (late PM stage or before the separation of pair), 

pairs separated at almost the same time as the 

non-treated control. Exconjugants possessed a 

macronuclear anlage and new _ micronuclei. 

Polytene chromosomes were observed in the mac- 

ronuclear anlage. However, unlike the non- 

treated control, the macronuclear anlage did not 

shrink. Moreover, the reorganization of excon- 

jugant-type OA into a functionally normal OA was 

inhibited by AmD treatment. 

RNA synthesis pattern during conjugation 

When pairs were pulse-labeled with *H-uridine 

at stages I-VIII and autoradiographed, silver 

grains were observed on the macronuclei and 

cytoplasm (Fig. 5A, B, C). Many of the grains 

disappeared in conjugating cells and isolated mac- 

ronuclei when the cells were treated with AmD 

(Fig. 5D) or when the preparations were treated 

with RNase. These suggest that the grains indicate 

specific incorporation of *H-uridine into RNA 

which is synthesized in macronuclei. RNA synth- 

esis actively occurred in macronuclei at stages MI 

and MII (Fig. 5B, C). The number of grains on 

micronuclei of meiotic prophases was almost simi- 

lar as those in the background of the cytoplasm. 

Macronuclear and cytoplasmic labels remark- 

ably decreased to zero or near the zero at stages 

PD, PZI, PZII and MD (Fig. 5E, F). When 

exconjugants with polytene chromosomes were 

labeled for 4 hr or more, a few grains were 

observed on the macronuclear anlage but not on 

the old macronuclei (Fig. 6A). Thus, the anlage 

may synthesize RNA weakly in this stage. The 

Fic. 6. Autoradiographs of an exconjugant and a young 

vegetative cell. Bar=20 um. A. An exconjugant 

cell 24 hr after the separation of pair and labeled for 

4hr. The silver grains of macronuclear anlage 

(dotted line) are slightly greater in number than 

those of cytoplasm. No grains are located in the old 

macronuclei (arrows). B. A young vegetative cell 

having the normal oral apparatus after the reorga- 

nization and labeled for 1 hr. Two macronuclei 

(arrows) have much more silver grains than the 

macronuclear anlage in Fig. 6A. 

exconjugants had small cytostome without paroral 

membranes (exconjugant-type OA) and the incor- 

poration of precursors into the food vacuoles of 

exconjugants was at an extremely low level. This 

may influence RNA synthesis of macronuclear 

analge. Silver grains were observed on the new 

macronuclei and cytoplasm in cell with normal OA 

about 70 hr after separation of a pair (Fig. 6B). 

Therefore, most of RNA precursors may be in- 

corporated into exconjugant through its small 

cytome. 

DISCUSSION 

RNA synthesis in the macronucleus 

Macronuclei in the conjugating cells of Stylony- 

chia pustulata synthesize RNA from the onset of 

pairing to stage MII. When pairs were split at 10 

min after pairing, the split cells underwent auto- 

gamy [14]. Ten min after the start of pairing, two 

partners of a pair loosely unite with their peris- 

tomes [14] and micronuclei remain compact [13]. 

Therefore, full conjugation is probably not neces- 

sary for the maintenance of this RNA synthesis. 

Duration of RNA synthesis in conjugation of S. 
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pustulata is different from the case of S. myztilus. In 

the latter, synthesis of stable mRNA regulating 

cytological events during conjugation occurs from 

5 hr to 6 hr after the onset of pairing [3, 4]. Two 

cells of a pair loosely unite during the first 5 hours 

of their union. If these pairs are split, the split cells 

return to the vegetative stage. In the following 1 

hr, the pairs become firmly attached. If the tight 

pairs are separated forcibly, the split cells undergo 

autogamy. In the Shr to 6hr following pair 

formation, micronuclei are slightly elongated [3]. 

In both species of Stylonychia, RNA synthesis of 

old macronuclei was inactive in conjugants after 

PM and in exconjugants. On the contrary, old 

macronuclei actively undergo RNA synthesis in 

Blepharisma musculus [16], Euplotes woodruffi 

[17], P. aurelia [18] and T. thermophila [19]. New 

macronuclear anlage with polytene chromosomes 

in S. pustulata may slightly synthesize RNA as the 

case of S. mytilus [3, 20]. In the latter, RNA 

synthesis is supported by the fact that ribonuc- 

leoprotein particles are present in the chromo- 

somes and the karyolymph of macronuclear 

anlagen in exconjugant [21]. However, it has been 

reported in Oxytricha by Spear and Lauth [23] and 

in S. mytilus by Ammermann [24] that polytene 

chromosomes scarcely incorporate RNA precur- 

sors. These results may be caused by the low 

incorporation of labeled RNA precursors from 

exconjugant-type cytostome into the exconjugant. 

In B. musculus [16], P. aurelia [25] and T. thermo- 

phila |6, 19], macronuclear anlagen which have no 

polytene chromosomes actively synthesize RNA 

from the early stage of development. 

Relationship between RNA synthesis and protein 

synthesis at the early period of conjugation 

In S. pustulata compact micronuclei swelled and 

the swollen micronuclei entered the middle or late 

parachute stage in the presence of AmD (Fig. 2). 

The parachute stage corresponds to the zygotene 

stage in meiosis of other organisms [2]. As shown 

in Figure 2, on the other hand, Cycloheximide 

(Chx) also blocked the progress of meiosis if it was 

added at the early stage of MI [11], suggesting that 

proteins which were synthesized during this period 

were needed for meiosis. Our present data suggest 

that RNA synthesized from the onset of pairing to 

the early parachute stage may be responsible for 

protein synthesis. Similar synthesis of RNA and 

proteins in the early period of meiosis has also 

been observed in T. thermophila [5]. In T. thermo- 

phila the synthesis of conjugation-specific mRNA 

reaches the maximum level just prior to crescent 

stage (pachytene), while conjugation-specific pro- 

teins are actively synthesized during meiotic 

prophase. In the male meiocytes of Lilium, RNA 

is synthesized at the meiotic prophase [26, 27]. 

Moreover, three meiotic-specific proteins partici- 

pating in crossing-over are activated at zygotene or 

pachytene [28]. Thus, syntheses of RNA and 

proteins from zygotene to pachytene may be com- 

mon phenomena in various organisms including 

ciliates. 

Differences of the effects of AmD and Chx at stages 

III to IV 

In S. pustulata, there is a difference between the 

effect of AmD and that of Chx. Micronuclei of the 

early parachute stage entered the late parachute 

stage in the presence of AmD, but the micronuclei 

entered prometaphase I or metaphase I in the 

presence of Chx. Thus, the progress of meiosis 

from the early parachute stage (stage III) to prom- 

etaphase I (stage VI) may required RNA synthesis 

rather than protein synthesis during this period. 

Since chromosomes were longer than those of 

metaphase I and often adhered each other, RNA 

may be involved in chromosomal behavior such as 

crossing-over or segregation of chromosomes. 

However, there is no evidence showing a sufficient 

deposition of silver grains on micronuclei of stage 

V or VI. Thus, that protein synthesis is not 

blocked by the drop of permeability of Chx into 

the conjugants during stage V or VI cannot be 

excluded. On the other hand, in the meiocytes of 

Lilium, the progress of meiosis immediately ceases 

by blockage of RNA synthesis at pachytene [26]. 

Small nuclear RNA which is synthesized at 

zygotene-pachytene regulates nuclease accessiblity 

in specific regions of meiotic cells [29]. 

RNA synthesis at the late period of conjugation 

Some differences were observed between the 

effects of AmD and Chx at the late period of 

conjugation (Fig. 2). If the pairs were treated with 
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AmD at various stages during 9-14hr after the 

onset of pairing, AmD blocked either the nuclear 

events at ana- or telophase (segretaion of chromo- 

somes) of PM and PZII or the formation of a 

synkaryon. If AmD treatment was begun just 

before each stage, these nuclear events would not 

be affected. Thus, failure of segregation of 

chromosomes would not be caused directly by 

AmD, but by the inhibition of RNA synthesis of 

AmD. On the other hand Chx stopped nuclear 

events at nuclear differentiation or prophase of 

PM, PD and PZII [11]. Therefore, RNA for 

chromosomal segregation of PM and PZII would 

be synthesized later than RNA for nuclear dif- 

ferentiation and prophase of PM, PD and PZII. 

Except for nuclear division of PZII, nuclear events 

of PM, PD, SK and PZI may be controlled by 

RNA synthesized during meiosis I and II. 

If AmD treatment was begun at 12-14 hr, two 

nuclei produced by PZI were blocked at ana- or 

telophase of PZII. One of them was swollen like a 

macronuclear anlage. This result implies that one 

of 2 nucleus blocked at PZII can receive a signal 

for macronuclear development, though polytene 

chromosomes are not developed. On the other 

hand, the separation of the pair and the degenera- 

tion of old macronuclei safely proceeded in the 

presence of AmD. If pairs were treated with AmD 

or Chx at 15-19 hr, the development of macronuc- 

lear anlage was not affected by AmD, while it was 

stopped by Chx. These observations indicate that 

RNA necessary for cytological events in the late 

stage of conjugation is mainly synthesized until 

MII. 

Finally, nuclear events and separation of the 

pair into exconjugants during conjugation of S. 

pustulata require RNA synthesized sequentially 

and mainly by macronuclei from the onset of 

pairing to MII. RNA for meiosis is synthesized 

during meiotic prophase. The nuclear events in 

the late period of conjugation require RNA mainly 

during MI and MII. RNA may correspond to 

stable mRNA as suggested in S. mytilus by Sapra 

and Ammermann (3, 4]. Nuclear differentiation of 

PM, PD and MA, and prophase of PM, PD and 

PZII were blocked by Chx [11]. Thus, stable 

mRNA necessary for the progress of each stage 

may be transcribed just before or during the stage. 
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Autogamy and Autogamy Inheritance in Euplotes 

woodruffi Syngen 1 (Ciliophora) 

TOSHIKAZU KOSAKA 

Zoological Institute, Faculty of Science, Hiroshima University, 

Higashi-Hiroshima 724, Japan 

ABSTRACT— In the Euplotes woodruffi complex which consists of syngen 1, syngen 2, syngen 3 and the 

autogamy group, autogamy is known in all of the stocks belonging to syngen 2 and the autogamy group 
but not in syngens 1 and 3. However, a recent study has revealed that one exceptional stock of syngen 1 

is endowed with autogamy ability. Stock KB-16 which was collected from brackish water could undergo 

both autogamy and conjugation. The viability of exautogamous cells was generally over 70%. The 

length of autogamy immaturity was between 43 and 65 cell divisions in the exautogamous clones. 

Through autogamy, the stock produced viable Fl, F2, and F3 exautogamous clones with autogamy 

ability. Since non-autogamous clones have never been obtained among them, the parental stock is 

considered to be homozygous for the autogamy trait. All exautogamous clones derived from the 

autogamy stock could also conjugate with complementary mating type stocks of syngen 1. When the 

stock was crossed with a doublet clone from non-autogamous stock, all of the singlet and doublet F1 

exconjugants from the cross showed autogamy ability. Thus, autogamy ability is hereditary also through 

conjugation. Because the results showed that autogamy occurred in heterozygotes and the heterozy- 

gotes produced progenies with and without the autogamy trait at a ratio of 3:1 through the next 

autogamy, the trait is considered to be a dominant allele. To study the features of autogamy in this stock 

is very important in clarifying the evolution of sexual reproduction in the E. woodruffi complex as well 

as the evolution of sexual reproduction in ciliates. From the results, a possible evolutionary relationship 

© 1992 Zoological Society of Japan 

of the E. woodruffi complex is discussed. 

INTRODUCTION 

Sexual reproduction in ciliates occurs either as 

conjugation between two individuals or by auto- 

gamy of single individuals [1-3]. Although con- 

jugation is a widespread method of fertilization in 

ciliates, autogamy which is considered to be a 

specialized mode of conjugation has only been 

described in a relatively limited number species 

including the Paramecium aurelia complex [4-6], 

P. polycaryum [7], P. jenningsi [8], Tetrahymena 

rostrata [9], Frontonia leucas {10], Euplotes minuta 

[11-14], E. crassus [15-17], E. woodruffi [18-25], 

Paraurostyla weissei [26] and Aspidisca costata 

[27]. 

Of the ciliate species with autogamy ability, the 

Paramecium aurelia complex, P. polycaryum, Tet- 

rahymena rostrata, Frontonia leucas, Paraurostyla 
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weissei and Aspidisca costata are freshwater dwel- 

lers, while Euplotes minuta and E. crassus live in 

sea water. In the E. woodruffi complex, however, 

three syngens and the autogamy group show differ- 

ence in habitats and form of sexual reproduction: 

syngen | undergoes conjugation and lives in brack- 

ish water to sea water [28]; syngen 2 has both 

conjugation and autogamy abilities and lives in 

freshwater, but only autogamy is effective in main- 

taining individuals of the syngen [20-23]; syngen 3 

undergoes conjugation, especially intraclonal con- 

jugation or selfing, and is a freshwater dweller 

[29]; the autogamy group is distributed widely in 

freshwater rivers or lakes and has only autogamy 

ability [18, 19, 30]. These findings also indicate 

that there is a very close relationship between 

habitats of species (syngens and group) and their 

form of sexual reproduction. 

One stock with autogamy ability has recently 

been found in studies conducted during the last 15 

years on sexual reproduction of many stocks of 
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syngen 1 of Euplotes woodruffi. Heredity of the 

autogamy trait in the E. woodruffi complex has 

never been analyzed because autogamy but not 

conjugation is the only effective way of sexual 

repoduction in the stocks of the autogamy group 

and syngen 2 in the E. woodruffi complex. In this 

paper, using this autogamous stock of syngen 1, 

several features of the stock and its descendants 

are reported, such as viability of exautogamous 

and exconjugant cells, length of autogamy im- 

maturity and inheritance of the autogamy trait. In 

the discussion, the possible evolutionary process of 

the E. woodruffi complex is considered based upon 

the form of sexual reproduction. 

MATERIALS AND METHODS 

Stocks and culture conditions 

Twenty-nine stocks of the hypotrichous ciliate 

Euplotes woodruffi GAW syngen 1, collected from 

Ariake Bay in Saga Prefecture in Japan, were used 

in the experiments. In addition to these stocks, 

five stocks of complementary mating types of the 

same syngen were used: stock MY-1 belonging to 

mating type I, MY-2 to II, ZN-3 to III, MJ-2 to V 

and AT-7 to VII. Two doublet strains which were 

experimentally produced by treatment with colchi- 

cine [31] were also employed. All stocks and 

descendant clones were cultured at 20-21°C in a 

medium containing 9 parts of a wheat grain infu- 

sion (40-50 wheat grains per liter of distilled 

water, boiled for 10 min) and 1 part of Van’t Hoff 

artificial sea water, and were fed with the colorless 

flagellate Chilomonas paramecium cultivated in 

the same medium. 

In testing the segregation of the autogamy trait, 

each of the F2 exautogamous clones was cultured 

in a plastic Petri dish 3.5 cm in diameter and was 

transferred into new culture medium every week 

for over 4 months. 

Tests for autogamy immaturity 

To measure autogamy immaturity of descendant 

clones in terms of the number of fissions from the 

beginning of a new clonal life cycle (i.e., autogamy 

or conjugation), all of the clones were cultured by 

the 2-day period isolation method [29]. To deter- 

mine the length of the immature period for auto- 

gamy, the left-over cultures of the clones were 

used. 

To induce autogamy, cells of the left-over cul- 

tures were transferred to 10% sea water without 

food organisms and were starved for one day. 

Then a small amount of the food organism, in- 

adequate to give rise to more cell divisions, was 

added to the culture. This method was more 

effective in inducing autogamy than the stimulus of 

starvation alone and was slightly more complicated 

than that used in earlier work [18-23, 25, 30], 

because the induction of autogamy in syngen 1 

seemed to be more difficult, especially in young 

ages, than in the autogamy group and syngen 2 of 

this Euplotes species. 

Statistical analysis 

Statistical analysis was made by y°-test. 

RESULTS 

Isolation of the stock with autogamy ability 

Twenty-nine stocks which were collected from 

water samples of 5.5 to 10.5%o salinity in Ariake 

Bay, Japan, were cultured by the 2-day period 

isolation method and were examined in detail for 

their sexual reproduction and syngen to which they 

belonged. All the stocks belonged to Euplotes 

woodruffi syngen 1 and underwent conjugation 

when complementary mating type stock was added 

to any one culture of the stocks. In addition to 

conjugation, one exceptional stock, stock KB-16, 

showed autogamy ability. Of 600 or more stocks of 

E. woodruffi syngen 1 collected over a 15 year 

period, stock KB-16 was the first stock with auto- 

gamy ability found in this syngen. 

Autogamy trait and viability of the exautogamous 

cells 

Of 50 exautogamous cells that were isolated 

from the culture of stock KB-16 when cells of the 

stock underwent autogamy, 46 exautogamous cells 

survived and grew into clones. These 46 Fl clones 

were cultured by the isolation method for about 2 

months to test whether non-autogamous clones 

appeared in the Fl clones. All Fl clones have 
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TABLE 1. Viability of exautogamous cells 

ee Exautogamous cells Eh Viability 

alive dead Ze) 

KB-16(Parent) 46 4 50 D2 

Fl-1 40 10 50 80 

F1-2 34 16 50 68 

F1-3 42 8 50 84 

F1-4 45 >) 50 90 

F2-1 19 1 20 95 

F2-2 4 16 20 20 

F2-3 15 5 20 is 

F2-4 12 8 20 60 

F2-5 20 0 20 100 

F2-6 15 5 20 i 

F2-7 19 1 20 95 

F2-8 19 1 20 95 

F2-9 19 1 20 95 

F2-10 17 3 20 85 

F2-11 20 0 20 100 

F2-12 12 8 20 60 

F1 and F2 clones were derived from parental stock 

KB-16 and F1 clones, respectively, through auto- 
gamy. 

autogamy ability. F2 and F3 clones derived 

through autogamy from the F1 clones were also 

examined, as mentioned above. All 161 F2 ex- 

autogamous clones and all 191 F3 exautogamous 

clones also underwent autogamy. These results 

suggest that stock KB-16 and its descendant clones 

are homozygous for the autogamy trait. 

The viability of exautogamous cells is shown in 

Table 1. The viability was high in F1, F2 and F3 

clones, with only one exceptional case. These 

results show that autogamy is fully effective as a 

mode of sexual reproduction in maintaining the 

autogamous strains. 

Autogamy immaturity and the relationship between 

frequency of autogamy and clonal age 

The length of autogamy immaturity, which im- 

plies immaturity for autogamy in this case, was 

examined. Twenty-two exautogamous cells were 

examined for the length of autogamy immaturity 

by the isolation method. The length of autogamy 

immaturity was between 43 and 65 cell divisions. 

The frequency of exautogamous cells was 1-8% 

when autogamy first occurred in the left-over 

cultures of the clones. These results show that 

there is a period of autogamy immaturity which 

varies from clone to clone, and that the frequency 

of exautogamous cells is low at a young age. 

The relationship between the frequency of ex- 

autogamous cells and clonal age was examined. Of 

the 22 clones, 12 were employed by using the 

isolation method for more 2 months. The reuslts 

(Figure 1) showed that the frequency does not 

increase with clonal aging. Even at the age of 110 

cell divisions, no clones reached 100% of exauto- 

gamous cells in the left-over cultures. The results 

are very different from those of the autogamy 

group and syngen 2 of this Euplotes species. 

Conjugation between autogamous and_ non- 

autogamous stocks 

Cells mature for autogamy could usually conju- 

gate with cells of complementary mating type. 

Although the cause is still unknown, cells of non- 

autogamous (a ) stocks induced some cells of 

autogamous (a~) stock to undergo autogamy, and 

a* cells often brought about selfing in a_ stocks 

which usually did not undergo selfing. Heterotypic 

pairs between a’ and a cells were naturally 

formed at a frequency of 50% or less. When the 

viability of exconjugant cells was tested, conjugat- 

ing pairs were obtained from the union of one a* 

cell and one a cell. Pairs obtained from this 

method should be truly heterotypic. 

Three a’ clones (about the age of 100 cell 

divisions) and5a_ mature stocks were used in the 

crosses. The viability of the exconjugants were 

75-100% (Table 2). The high viability of the 

exconjugants suggests that conjugation as well as 

autogamy is effective in maintaining a° strains. 

Cells mature for autogamy usually could conju- 

gate with a_ mature cells when a* and a cells 

were mixed together. However, it is unclear 

whether autogamy and conjugation abilities were 

expressed at the same time in the life cycle. 

To obtain heterotypic pairs more easily, a new 

method was used in which a” singlet cells and a~ 

doublet cells were mixed together. The doublets 

used here were bimicronucleates which consisted 

of two complete singlet cells. Any conjugating pair 
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between a singlet and a doublet was thus a hetero- 

typic pair. The viability of the exconjugants from 

heterotypic pairs was 73% and 50% in two matings 

(Table 3). The viability of singlet participants was 

higher than that of doublet ones: 78% versus 69% 

in the cross between clone 7 and doublet stock 

AT-7 and 63% versus 38% in the cross between 

clone 11 and stock AT-7. 

Expression of autogamy ability in the exconjugant 

clones 

Expression of autogamy ability was studied in 30 
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TABLE 2. Viability of the exconjugants (singlet with singlet) 

Exconjugants 
Viabilit 

Crosses : Total y 
; One alive, q Both alive Ore 27:4 ‘Both dead (%) 

F2-1 x AT-7(VII) 14 1 1 16 91 

F2-7 xMY-2(II) 10 3 1 14 82 

F2-7 x AT-7(VID) DD, D 0 24 96 

F2-11 x MY-1(1) 5 5 0 10 iS) 

F2-11 x MY-2(II) 9 0 0 9 100 

F2-11 x ZN-3(III) 7 0 0 7! 100 

F2-11 x MJ-2(V) 15 0 0 15 100 

F2-11 x AT-7(VI) 26 2 0 28 96 

TABLE 3. Viability of the exconjugants (singlet with doublet) 

Exconjugants 
Viabilit 

Crosses : : ; Total y Singlet alive, Singlet dead, (%) 
Both alive doublet dead doublet alive Both dead 

F2-7 x AT-7(VII) 30 15 10 3 58 73 

F2-11 x AT-7(VII) 7 8 2 v) 24 50 

Stock AT-7 was a doublet strain. 

synclones from the cross between clone 7 and stock 

AT-7 (doublet strain). To test both autogamy and 

conjugation abilities, two doublet strains originat- 

ing from stocks MY-2 and AT-7 and two singiet 

stocks (MY-2 and AT-7) were used as testers, 

although the number of testers was insufficient. 

Singlet exconjugant clones were mixed with doub- 

let tester stocks, while doublet exconjugant clones 

were mixed with singlet tester stocks. 

After 2 to 3 months in the new life cycle of the 

clones cultured by the isolation method, 27 of 30 

singlet clones showed both autogamy and conjuga- 

tion. These clones were considered to be hetero- 

zygotes for the a‘ trait, because conjugation 

occurred between a’ homozygotes and a 

homozygotes. The other 3 clones died within a 

month after the beginning of clonal life. On the 

other hand, 10 of 30 doublet clones also underwent 

both autogamy and conjugation. The other 20 

clones changed to singlet clones by cell division or 

died within a month. The results show that the a* 

trait is due to a dominant allele because autogamy 

occurred in the heterozygote clones. Further, 

since autogamy occurred in the doublet clones, it 

seems likely that reciprocal exchange of gamete 

nuclei occurred normally. 

Doublet clones very frequently lost the micro- 

nucleus in one member of the doublet during the 

course of the isolation method and eventually 

became unimicronucleate doublets. The doublet 

clones maintained autogamy ability after becoming 

unimicronucleate. Doublets often produced two 

singlets at cell division. When unimicronucleate 

doublet clones produced one amicronucleate and 

one micronucleate singlet, the amicronucleate 

singlet always died, while the micronucleate sur- 

vived (Figure 2). Usually, the micronucleate sing- 

lets from the unimicronucleate doublet clones 

could undergo autogamy. However, micronucle- 

ate singlets from the unimicronuclear doublet 

clone 41W completely lost autogamy ability. This 

shows that the macronucleus in the amicronucleate 

component of clone 41W doublets controlled the 

a’ trait; however, the viability of the amicronuc- 

lear component was dependent on the micronuc- 

lear component. 
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Fic. 2. Formation of singlets with or without micronuc- 

leus from a unimicronuclear doublet with heteroka- 

ryon. A: a micronucleate cell which can live and 

reproduce normally. B: an amicronucleate cell 

which always dies without cell division. C: a uni- 

micronucleate doublet. 

Segregation of the a~ trait 

Segregation of the a‘ trait in F2 clones was 

tested by using heterozygous exconjugant clones 

(a’/a_). Autogamy was induced in 5 exconjugant 

clones. Fl exconjugants showed high viability in 

crosses between a” cells anda cells. However, 

the viability of F2 exautogamous cells dropped 

drastically when the exconjugants underwent the 

next autogamy. In F2 exautogamous cells derived 

through autogamy from the exconjugant cells, the 

viability was 8-30%. For example, only 762 of 

2555 and 178 of 2274 exautogamous cells isolated 

were viable in exconjugant clone 4W and clone 

21W, respectively. The exautogamous cells 

obtained were cultured for 4 months. If the a* 

trait was due to a dominant allele and autogamy 

occurred in the heterozygous clones, it would be 

expected that approximately 3 times as many a* 

progeny would be expressed as a_ progeny in the 

phenotype of the exautogamonts. The results, 

shown in Table 4, indicate that the a* trait segre- 

gated at a ratio of about3:1tothea trait through 

autogamy. 

DISCUSSION 

The finding of the a* stock, KB-16, in Euplotes 

woodruffi syngen 1 made it possible to study the 

heredity of the a* trait which could not be analy- 

zed thus far in the E. woodruffi complex, because 

all stocks belonging to the autogamy group and 

syngen 2 of the E. woodruffi complex underwent 

autogamy and only autogamy was the effective 

sexual process for rejuvenation [18-23]. In the a* 

stock of E. woodruffi syngen 1, both autogamy and 

conjugation resulted in high viability of the prog- 

eny. These facts thus provided advantages for 

analyzing the trait. 

The present studies show that offspring inher- 

ited the a* trait from their parent through auto- 

gamy and conjugation. Autogamy ability was 

expressed in heterozygotes for the a* trait and 

even in heterokaryon doublets whose genotypes 

were a /a anda‘/a andthe gene dose of a~ in 

the doublets was assumed to be one fourth of the 

totala* anda genes. Heterozygotes from a cross 

between a’ and a_ stock produced a ratio of 

3a*:la~ progeny following autogamy. These 

results suggest that a* is a dominant allele of a 

single locus with a pair of alleles; the mode of 

heredity thus is very similar to that of E. minuta 

[11, 12] and E. crassus [17]. In the a® stock and its 

descendants, there was autogamy immaturity fol- 

lowing the previous sexual reproduction. The 

TABLE 4. Segregation of autogamy ability in F2 clones 

Parental 
Autogamy ability in F2 clones 

Fl clones with without mae a ul 

4S 74 20 94 0.695 0:3 P05 

4W 89 WS 114 0.573 03<—PR0:5 

21S 53 16 69 0.120 O7—P< Os 

21W 135 34 169 2.148 01 P02 

16W aS Dal 96 0.5 0.3<P<0.5 

F1 clones were derived from the cross of singlets with a* trait and doublets, and were singlets. 

Clones 4W, 16W and 21W were produced by cell divisions of their doublet clones. 

and 21S and 21W were synclones. 

4S and 4W, 
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results are the same as those characteristic for 

autogamy immaturity of exautogamous clones in 

the autogamy group and syngen 2 of the E. wood- 

ruffi complex. Autogamy immaturity also was 

reported in E. minuta [11, 13] and E. crassus [16], 

while there was no immature period following 

autogamy in the Paramecium aurelia complex [32]. 

Autogamy immaturity may be one of the charac- 

teristics of the life cycle of the genus Euplotes. 

The frequency of autogamy did not increase 

remarkably with increase of clonal age in the a* 

stock and its descendants. The results are different 

from those of the autogamy group and syngen 2 of 

the E. woodruffi complex [19, 20, 22, 25]. The 

frequency of autogamy in general increases with 

clonal age and reaches 100% after undergoing 40 

to 50 cell divisions from the first appearance of 

autogamy in clones of the autogamy group and 

syngen 2. Similar results were also reported in E. 

minuta [11, 13]. When a™ cells anda cells were 

mixed, however, more autogamous cells appeared 

in the mixture than in an a* clone which was 

placed under the stimulus of food depletion for 

induction of autogamy, as reported in E. minuta 

[13] and E. crassus [16]. These facts may indicate 

that the presence of complementary mating type 

cells, in addition to the stimulus of food depletion, 

promotes the induction of autogamy in the a* 

strains of E. woodruffi syngen 1. 

According to Sonneborn’s theory [32], E. wood- 

ruffi syngen 1 is considered to be an outbreeder 

based upon several features such as the character- 

istics of life cycle, mating types, breeding system, 

and distribution [28, 33]. When inbreeding occurs 

in an outbreedng species, inbreeding depression is 

caused. In E. woodruffi syngen 1, successive 

selfings brought about inbreeding depression [34]. 

Inbreeding depression has been known in other 

outbreeding species such as Paramecium bursaria 

[35, 36] and Tetrahymena thermophila [37]. When 

autogamy, which is another form of inbreeding, 

occurs in outbreeding species, it is expected that 

inbreeding depression would result. However, 

contrary to expectation, the a~ progenies in E. 

woodruffi syngen 1 survived through successive 

autogamies without inbreeding depression in the 

laboratory. Here, it is worth noting that the 

parental a* stock collected from nature was 

homozygous for the a* trait. These facts indicate 

that the a* stock, KB-16, might carry out auto- 
gamy, probably successive autogamies, but not 

conjugation in nature, and that the stock might be 

one of the rare a* progenies which survived the 

inbreeding crisis. It is possible that com- 

plementary mating types make cells with a™ trait 

undergo autogamy instead of conjugation when a* 

and a_ strains coexist even in nature. 

Fl exconjugants showed high viability in crosses 

between a‘ cells anda cells, while the viability of 

F2 exautogamous cells dropped drastically when 

the exconjugants underwent the next autogamy. 

As E. woodruffi syngen 1 is an outbreeder, it is 

expected that the viability of exconjugants from 

outcrossing is high. However, once conjugation 

intervened in the process of successive autogamies, 

inbreeding depression might be expected to occur 

again in the following generations. Similar 

observations were made in E. minuta [11, 12] and 

E. crassus [16]. In E. minuta, the cause of the low 

percentage of viability among the exautogamous 

F2 clones was attributed to the existence of an 

isolating mechanism between the dominant mating 

type gene VII with a* and other six mating types 

[11, 12]. However, this phenomenon could be 

equally well explained by resumption of the in- 

breeding depression. On the other hand, conjuga- 

tion between a* cells or a* cells and a cells 
brought about lower viability than conjugation 

between a cells anda _ cells in E. crassus. This 

indicates that a degree of speciation might be more 

advanced between a* and a_ strains in E. crassus 

than that in E. minuta and E. woodruffi syngen 1. 

In view of the dominance of the a* trait, why 

does the trait not become more common in the 

population of E. woodruffi syngen 1? One possible 

answer to this question is that autogamy, which is 

used as an inbreeding strategy, might be rather 

harmful for outbreeders which have lived for a 

very long time under a conservative outbreeding 

strategy. Dini reported that autogamy was a 

conditional deleterious mutation in E. minuta and 

E. crassus [38]. The a~ trait, which is adverse to 

an outbreeding economy and probably originated 

from mutation, might be eliminated from the 

population by natural selection. As the a” trait of 

E. woodruffi syngen 1, however, is not lethal, it 
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Sexual reproduction and several features of the Euplotes woodruffi complex in Japan 

Syngens and Sexual Features of sexual 
group reproduction reproduction De 

Syngen 1 Conjugation -13 mating types ‘Sea, rivers, lakes containing salinity of 2%o-30%e 
(Autogamy) — -Selfing very rare ‘Stocks not able to be cultured for a long time 

‘Inbreeding depression without salinity 
‘Distribution: Honshu, Shikoku, and Kyusht dis- 
tricts 

Syngen 2 Autogamy -5 mating types ‘Ditches and lakes containing salinity of less than 
Conjugation -Conjugation produces 1.3%c 

abortive progeny ‘Stocks able to be cultured for a long time without 
‘Only autogamy effective salinity 

-Distribution: Hokkaido and Honsht districts, and 
Okinawa Is. 

Syngen 3 Conjugation -4 mating types ‘Spring water (freshwater) 
‘Selfing occurs very often _-Distribution: Kumamoto Prefecture 
-No inbreeding depression (very limited distribution) 

Autogamy Autogamy ‘No conjugation ‘Freshwater rivers and lakes 
group ‘No inbreeding depression -Oligosaprobic to beta mesosaprobic 

-Autogamy immaturity of | -Distribution: Hokkaido, Honsht, Shikoku, and 
more than 30 cell divisions | Kyushu districts (very wide distribution) 

loss of 
conju. ability 

Syngen 2 ——————+ Autogamy group 
4 ee ges au tog. + conju. eutog. 

with au tog. multiple mating types no conju. 

ee ee ineffective inbreeder 
extreme inbreeder 

A Syngen 1 eg Spee nO 
conju., no autog. with 

rare selfing selfing» Syngen 3 

multiple mating types conju. no autog. 
inbreeding depression selfing 

out dreeder multiple mating types 

inbreeder 

Syngen | 
be ee eto 

h—| Syngen 2 

kK Syngen 3 
Autogamy group 

je -—- 

RB 35 oe 20 “loo 2 ‘lec 0 “foo salinity 

sea water brackish water fresh water 

Land Sea 

Fic. 3. A: Possible evolutionary relationship in the Euplotes woodruffi complex based upon the form of sexual 

reproduction, breeding systems and other features. conju: conjugation, autog.: autogamy. B: Habitats and 

distribution of the E. woodruffi complex. 
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may be possible that a* strains which undergo 

autogamy successively in nature make a bare living 

in nature, although the trait will not spread 

through conjugation throughout a population. If 

conjugation between a‘ and a_ cells occurs, the 

following autogamy causes inbreeding depression 

and results in elimination of cells with a~ trait 

from the population. 

Table 5 shows the results obtained thus far con- 

cerning several features of sexual reproduction, 

number of mating types, breeding system, and 

distribution in the E. woodruffi complex which live 

widely from sea water to freshwater [18-23, 28, 29, 

33, 34, 39]. It can be seen from the table that 

inbreeding (autogamy, selfing) is common in fresh- 

water syngens 2 and 3 and the autogamy group, 

while outbreeding (conjugation between com- 

plementary mating types) is typical in marine 

syngen 1. The EF. woodruffi complex was un- 

doubtedly one species until the near-past, because 

morphological features connot distinguish the va- 

rious groups or syngens from one other. However, 

the characteristic habitats and sexual reproduction 

or breeding systems are very different among 

members of the E. woodruffi complex. Since a 

situation such as is found in the E. woodruffi 

complex has never before been uncovered in cili- 

ates, it seems worthwhile to discuss the evolution 

of the syngens and groups in the E. woodruffi 

complex. 

Figure 3. shows possible evolutionary rela- 

tionships within the Euplotes woodruffi complex. 

The relationship presented here is based upon 

several facts as well as speculations: (1) As auto- 

gamy is a specialized form of sexual reproduction, 

it is presumed that the course of evolution in 

sexual reproduction proceeded from conjugation 

to autogamy. (2) In syngen 2, conjugation does 

not have a role in rejuvenation and maintainance 

of strains [20-23]. Abortive conjugation in ciliates 

has been known only in syngen 2 of E. woodruffi. 

It is logical to suspect that there may have been a 

drastic change from functional conjugation to 

abortive conjugation. As conjugation is effective 

for rejuvenation in syngen 1, the ancestor of 

syngen 2 might be attributed to syngen 1. Sonne- 

born has previously discussed the evolution of the 

Paramecium aurelia complex, proposing that out- 

breeders were the ancestors of current inbreeders 

[32]. (3) The progression from syngen 2 to the 

autogamy group is probable because only auto- 

gamy is known in the autogamy group. (4) Syngen 

1, which lives widely in brackish water to sea water 

of 2 to 30%o in salinity, is a euryhaline species. 

When the ancestors of syngen 2 and syngen 3 

invaded freshwater, this feature might have played 

an important role in adapting easily to freshwater. 

(5) The a~ trait must not have been profitable for 

outbreeders which prefer to live in seas or lakes, 

rather than rivers or ponds. However when some 

individuals with a* trait adapt to freshwater, espe- 

cially rivers, the autogamy ability becomes very 

profitable. This is because individuals often cannot 

find proper mates due to disturbance of the river 

current. (6) Heckmann proposed an endosym- 

biont theory relating to the evolution of freshwater 

Euplotes species [40-42]. According to the theory, 

Euplotes species with a 9 type 1 or Euplotes patella 

cirrus pattern evolved from sea water to freshwater 

by association with Omikron or Omikron-like sym- 

bionts. This theory supports the idea that the 

ancestral a* strains of syngen 1 of E. woodruffi 

adapted to freshwater, because the autogamy 

group has the symbionts [41]. (7) The dominant 

a’ trait might be advantageous when the ancestral 

strains adapted to new freshwater environments, 

because autogamy ability can be expressed at once 

following their adaptation. The possibilities that 

the stock with autogamy ability seemed to undergo 

successive autogamies prior to adaptation to fresh- 

water and had already conquered inbreeding de- 

pression are also very important. (8) Syngen 3, in 

which autogamous stocks have never been col- 

lected, lives only in a very narrow range of habi- 

tats. As the syngen adapted to spring water where 

the water current was mild, the syngen could easily 

find mates. All stocks of syngen 3 undergo selfing 

which is another way of inbreeding. The syngen is 

likely to have originated from ancestral selfers of 

syngen 1. 

The finding of an a” stock in E. woodruffi 
syngen 1 is very significant, because the very close 

relationship between syngen 1 and syngen 2 or the 

autogamy group has been supported by the 

finding. Whether the a* stock was the direct 
ancestor of syngen 2 and the autogamy group is not 
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known. However, it is presumed that a~ strains 

have appeared repeatedly in syngen 1, and that 

some of the a* strains have successfully adapted to 

freshwater as inbreeders by overcoming inbreed- 

ing depression. 
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ABSTRACT—Two types of mononuclear free cells were found in amphioxus. Cell type 1 with specific 

granules and cytoplasmic processes was usually observed in the lumen of blood vessels. The granules 

contained microtubule-like structures which are commonly present in insect granulocytes. Type 1 blood 
cell is referred to as “granulocyte”. The presence of an endothelial lining as an independent cell type 

was doubtful in blood vessels. Type 2 cell, the “macrophage” possessed numerous cell processes, 

lysosomal granules, vesicles and multivesicular bodies. Macrophages were detected not only in the 

coelom but also in other body spaces, the so-called lymph spaces. These two cell-types probably effect 

crucial immuno-defense functions in amphioxus. 

INTRODUCTION 

Amphioxus, a cephalochordate, often regarded 

as sharing a common ancestry with vertebrates, is 

an important experimental animal model for phy- 

logenetic analyses in the biological sciences includ- 

ing comparative immunology. However, little is 

known about the immune system. Although some 

workers believe that amphioxus possesses no 

blood cells in its vascular system [1-4], others have 

observed a few erythrocytes [5] and granulocytes 

[6, 7]. Moreover phagocytic coelomocytes occur in 

the body cavity of amphioxus after injection of 

bacteria [3]. In addition to the presence of these 

cells, there is a humoral factor i.e. a hemagglutinin 

which has been defined by Bretting and Renwrantz 

[8] and De Benedictis and Capalbo [9]. As one of 

the basic steps necessary for extending and clar- 

ifying information on the immuno-defense system 

of amphioxus, observations on the ultrastructure 

of blood cells, vascular system, coeiom and so- 

called lymph spaces [10, 11] were performed. 

Correspondence should be addressed to Dr. S. Tomo- 
naga. 
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MATERIALS AND METHODS 

Amphioxus 

Adult Amphioxus (Branchiostoma _ belcheri 

tsingtauense), which were caught in the Yellow 

Sea, were supplied by The Chinese Institute of 

Oceanology, Oingtau, China. The animals were 

divided into three groups. 

Transmission electron microscopy (TEM) 

The first was used for transmission electron 

microscopy by fixing them in a mixture of 2% 

glutaraldehyde and 2% paraformaldehyde (GA/ 

FA) [12] for 8 hours at room temperature. The 

specimens were then postfixed in 1% osmium 

tetroxide for 1 hour and cut transversely into 1-2 

mm blocks. Following dehydration with ethanol, 

tissue blocks were embeded in Epon 812. 

Ultrathin sections, stained with uranyl acetate and 

lead citrate, were observed under the JEM-200CX 

electron microscope (Japan Electron Optics Ltd.). 

Scanning electron microscopy (SEM) 

The second group was prepared for scanning 

electron microscopy by fixing them in GA/FA for 

8 hr. Passing through tannic acid [13] the tissues 

were post-fixed in 1% osmium tetroxide, dehy- 
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drated in acetone and dried by the critical point 

dry method. Observations were made under the 

JSM T300 scanning electron microsocpe (Japan 

Electron Optics Ltd.). 

Light microscopy (LM) 

The third group was fixed for light microscopy in 

Bouin solution for 18 hours. After washing they 

were dehydrated in ethanol, embedded in paraffin 

and cut as longitudinal or transverse serial sections 

and stained with hematoxylin and eosin. 

RESULTS 

The coelom and lymph spaces 

Amphioxus has two kinds of spaces: coelom and 

the so-called lymph space. These spaces, in addi- 

tion to blood vessels, were confirmed by SEM 

(Figs. 1,2). Figure 1 was cut surface of pharyngeal 

region and Fig. 2 was between the atriopore and 

the anus. 

Granulocytes in blood vessels 

The dorsal aortae, the endostylar artery, the 

hepatic vein and the branchial vessels were ex- 

amined by both LM and EM. Under LM blood 

vessels appeared as simple structures entirely dif- 

ferent from those of vertebrates. One portion of 

the pharyngeal vascular wall consisted of only 

connective tissue and the other was composed 

essentially of epithelial cells and a basement mem- 

brane. The presence of endothelial cells was not 

confirmed in all blood vessels. A small number of 

mononuclear cells which stained consistently with 

eosin were often observed in the lumen of blood 

vessels. The cells were easily observed under the 

SEM (Fig. 3). 

By TEM, mononuclear cells in the vascular 

Space appeared to be variable in shapes, such a 

round, flattened or irregular (Figs. 4 and 5). Their 

most prominent feature was the presence of many 

specific cytoplasmic granules (Figs. 4 and 5). At 

higher magnification, the microtubule-like struc- 

tures, 15-20 nm in diameter were detected in the 

Fic. 1, 2. Scanning electron micrographs of cross sections of the amphioxus in the pharyngeal region (Fig. 1) and 

between the atriopore and anus (Fig. 2). 

intestine, ls: lymph space, n: notochord, p: pharynx, pv: postcardinal vein. 

a: atrium, c: coelom, cn: central nervous system, d: dorsal aorta, 1: 

x 100. 
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lumen of blood vessel. 8,500. 

Fic. 4-6. Transmission electron micrographs of granulocytes (G) in the lumen of blood vessels. 

Fic. 4, 5. Lower power views of the granulocytes, which have pseudopods and specific granules. 

material in the luminal space of the blood vessel. 8,700 (Fig. 4), x 12,300 (Fig. 5). 

Fic. 6. A higher power view of specific granules having microtubule-like structure (arrows). 58,400. 

Note dense 
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granules (Fig.6). In addtion to granules, the | complex, free ribosomes and mitochondria, all 

cytoplasm usually contained an endoplasmic re- easily observed in ultrathin sections. These cells 

ticulum with rather dilated cisternae, the Golgi usually possessed cytoplasmic processes. We clas- 

= ee Se Ww OS 

Fic. 7. A scanning electron micrograph of macrophages (M) in the subdermal sp Cer one of the so-called lymph 

spaces, of amphioxus. 4,600. EE: epidermis, ct: connective tissue, ls: lymph space, M: macrophage 

Fic. 8. A transmission electron micrograph of macrophages (M) in the so-called lymph space. 14,400. 
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sified them as granular leukocytes because of their 

morphological characteristics. Although granulo- 

cytes were often observed near the internal wall of 

blood vessels, any intercellular junctions were 

never detected between two cells. In some sec- 

tions granulocytes were also found in the central 

area of the blood vessel lumen. 

Macrophages in so-called lymph spaces and the 

coelom 

Examination of longitudinal and transverse se- 

rial sections revealed the presence of free mono- 

nuclear cells in so-called lymph spaces, such as the 

metapleural spaces, spaces surrounding the dorsal 

aorta and those between muscle fasciae, the sheath 

of the notochord and subdermal spaces. The 

presence of cells in these spaces was confirmed by 

SEM (Fig. 7). Under SEM, macrophages appear- 

ed to be irregular in shape with many small cell 

surface pits. By TEM macrophages had numerous 

small vesicles which may correspond to the small 

pits observed by SEM. Numerous lysosomal gra- 

nules, phagosomes and multivesicular bodies were 

also found in the cytoplasm (Fig. 8). 

In addition to their presence in lymph spaces 

numerous macrophages were also found in many 

other specific regions of the coelom, such as the 

perigonadal coelom, the endostyle coelom and 

branchial coelom by both LM and SEM. Howev- 

er, macrophages were rarely observed in the supra- 

pharygeal or the subchordal coelom and in the 

perienteric coelom. Some macrophages lined the 

connective tissue of the coelomic wall. Such cells 

usually had more electron dense cytoplasmic 

bodies. 

DISCUSSION 

For a long time, many biologists generally be- 

lieved that there were no blood cells in amphioxus 

[1-4], although a few authors observed them [5- 

7]. In our study we found mononuclear free cells 

having specific cytoplasmic granules. These gra- 

nules had specific microtubule-like structure simi- 

lar to those described in insect blood cells [14-17]. 

These findings strongly support our assigning them 

the name “granulocytes”. 

Moller and Philpott [2] investigated the ultra- 

structure of amphioxus blood vessels. They re- 

ported the absence of circulating blood cells but 

there were discontinuous endothelil lining cells 

within blood vessels. The features of endothelial 

cells reveals them clearly identical to granulocytes 

which we describe in this report. The contradic- 

tion between these two descriptions seems to be 

due only to classiflying them as endothelial cells. It 

should be emphasized that these cells, the granulo- 

cytes according to our terminology were observed 

not only in peripheral areas of blood vessels but 

also in central areas of the lumen of vessels. 

Granulocytes generally had cytoplasmic pro- 

cesses suggesting the capacity for ameboid move- 

ment. Moreover, cytochemical investigation by 

Moller and Philpott [18] demonstrated phagocytic 

activity and localization of acid phosphatase within 

cytoplasmic granules. Their findings together with 

our observations strongly suggest that the term 

“granulocyte” is entirely useful. There is one 

possibility that remains to be solved. Both the 

endothelial cells and the blood cells may originate 

from a common ancestor as cells which originally 

distribute on the vessel wall, since the presence of 

discontinuous endothelial cells is known in certain 

blood vessels of some invertebrate species [19]. 

The presence of coelomocytes in amphioxus was 

not clear until 1982 when Rhodes et al. [3] detected 

them after injecting bacteria. In the present study 

we found macrophages in non-stimulated, normal 

animals. The cells were observed not only in the 

coelom but also in the so-called lymph spaces 

described by Kampmeier [10] which were thought 

to be discontinuous to the coelom. Macrophages 

in various body spaces and granulocytes in blood 

vessels probably contribute to the immune defense 

mechanisms. 

Tunicates, (Urochordata) are another group of 

protochordates having many species and a univer- 

sal distribution. Clearly tunicates have diverse 

hemocyte types in their hemolymph [20]. In our 

recent studies using Halocynthia roretzi, about ten 

cell types including granulocytes and macrophages 

have been identified [21, 22]. We assume that 

these common cell-types, granulocytes and mac- 

rophages, present in both species, are essential cell 

members of the immuno-defense system of pro- 

tochordates. 
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ABSTRACT—The enzyme sepiapterin reductase has been purified about 68,000 fold from the fat body 

of silkworm larvae by several column chromatographic procedures and its properties were compared 

with those of the same enzyme from other organisms. The molecular weight of the enzyme is 29,000 by 

SDS polyacrylamide gel electrophoresis and 59,000 by Ultrogel AcA 44 gelfiltration, suggesting that the 

native form of the enzyme consists of two identical subunits. The Km values for sepiapterin and 

NADPH are 10.2 uM and 1.3 uM respectively, and the V,,,, value for sepiapterin is 21.4 ~mol/min/ 

mg. Sepiapterin reductase from silkworm fat body and rat erythrocytes reduce several other 

nonpteridine carbonyl compounds in the presence of NADPH. Distribution of sepiapterin reductase 

activity in the larval tissues of the silkworm was examined and found in many tissues but most of the 

activity was detected in fat body. Viability similar to the normal strain was observed in the silkworm 

© 1992 Zoological Society of Japan 

lemon mutant which lacks sepiapterin reductase. 

INTRODUCTION 

The enzyme sepiapterin reductase (EC 1.1.1. 

153) catalyzes the reversible formation of dihydro- 

biopterin (L-erythro-6-[1, 2-dihydroxypropyl]-7, 8- 

dihydropterin) and NADP from sepiapterin (6- 

lactyl-7, 8-dihydropterin) and NADPH [1-3]. This 

enzyme catalyzes the terminal biosynthesis of tet- 

rahydrobiopterin (L-erythro-5, 6, 7, & 

tetrahydrobiopterin) from 6-pyruvoyl-5, 6, 7, 8- 

tetrahydropterin. According to the recent reports, 

this enzyme catalyzes the isomerization of 6-1'- 

oxo-2’-hydroxypropyl tetrahydropterin to 6-1’- 
hydroxy-2 -oxopropyl _tetrahydropterin. This 

isomerization reaction may be part of the natural 

pathway for tetrahydrobiopterin biosynthesis [4, 5, 

6]. Tetrahydrobiopterin is a natural cofactor for 

the pterin-dependent aromatic amino acid hyd- 

roxylases [7] and for the o-alkyl glycerolipid cleav- 

age enzyme [8], which is involved in neurotrans- 

mitter biosynthesis and lipid metabolism. Recent- 

ly, Mahmound et al. has reported that tetrahydro- 

biopterin is also a cofactor for N-hydroxylation of 

Accepted July 29, 1991 
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arginine [9]. Although sepiapterin reductase was 

first discovered in silkworm lavae [10], no further 

work was reported on the silkworm enzyme. It 

was however first purified from horse liver, subse- 

quently from rat erythrocytes and whole brain and 

its physicochemical and catalytic properties were 

studied in detail [11-13]. The medical significance 

of the enzyme has lead biochemists to study it in 

detail from mammalian sources. However pterin 

metabolism may have other significant roles for the 

insect since they recognized near ultraviolet light 

as a visible color. Thus, these fluorescent sub- 

stances effect their behavior. 

In this present paper, we describe a method for 

the purification of sepiapterin reductase from silk- 

worm fat body and compare its physicochemical 

and catalytic properties with those of the enzyme 

in other organisms. 

MATERIALS AND METHODS 

Experimental animals and tissue preparation 

Silkworm larvae were reared routinely on mul- 

berry leaves at 25°C. On the 5 th day of the 5 th 

instar, the silkworm larvae were dissected with 
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scissors and fat bodies were pooled and kept 

frozen at —80°C until use. : 

Chemicals 

Sepiapterin was purchased from Dr. Schircks, 

Switzerland and further purified and recrystallized 

by the method of Sugiura et al. [14]. Deoxysepiap- 

terin (2-amino-4-hydroxy-6-propionyl-7, 8-dihy- 

dropteridine) and _ 6-acetyl-dihydropterin (2- 

amino-4-hydroxy-6-acetyl-7, 8-dihydropteridine) 

were prepared from a Drosophila melanogaster 

mutant sepia [14]. Sepialumazin (2, 4-dihydroxy- 

6-lactyl-7, 8-dihydropteridine) was prepared by 

enzymatic deamination of sepiapterin [15]. 

Erythropterin (2-amino-4, 6-dihydroxy-7-pyruvoy- 

Ipteridine) was a kind gift from Dr. W. L. Gyure of 

Seton Hall University. Butyl Toyopearl 650S and 

DEAE-Toyopearl 650S were from Toyo Soda 

Mfg. Co. (Tokyo). Cytochrome c, myoglobin, egg 

albumin and bovine serum albumin were from 

Sigma Chemical Co. (St. Louis, Mo.). All other 

chemicals were reagent grade from commercial 

sources. 

Enzyme assay 

The standard reaction mixture for sepiapterin 

reductase assay contained the following compo- 

nents (in ~ moles): potassium phosphate buffer, 

pH 6.5, 250; sepiapterin 0.1; NADPH 0.25; and 2 

to 1200 vl of the enzyme, in a final volume of 2.5 

ml. Enzyme activity was determined at 25°C by 

measuring the decrease in absorbance at 420 nm 

and/or 340 nm by a Hitachi U-3200 spectrophoto- 

meter. Carbonyl reductase activity was assayed by 

the decrease at 340 nm (16). 

The distribution of sepiapterin reductase in silk- 

worm larvae was determined as follows; The stan- 

dard reaction mixture of final volume 125 ul was 

incubated at 37°C for 10min. The reaction was 

stopped by adding 20 ul of 20% TCA and the 

precipitate was removed by centrifugation. To the 

supernatant 15 wl of a solution of 1 g I, dissolved in 

100 ml of a solvent of 2 g KI in 100 ml water was 

added, the mixture was allowed to stand for 30 min 

at room temperature. From the mixture, 50 ul 

aliquots were injected into a Whatman SCX HPLC 

column. The mobile phase for the column system 

was 10mM potassium phosphate buffer pH 7.0, 

pumped at a flow rate of 1.0 ml/min. Biopterin 

was detected on elution by its fluorescence (excita- 

tion at 350 nm, emission at 450 nm). 

Substrates and inhibitors difficult to dissolve in 

water were first dissolved in aqueous ethyl alcohol 

and then added to the reaction mixture to give a 

final concentration of alcohol less than 0.5%, a 

concentration which had no detectable effect on 

the catalytic activity of the enzyme. One unit of 

the enzyme activity was defined as that amount 

catalyzing the conversion of 1 «mol sepiapterin per 

min, using an extinction coefficient for sepiapterin 

of 10.4x10°M~'xcm~' at 420nm [17] and 
NADPH of 6.210°>M~!xcm~! at 340 nm, re- 

spectively. Specific activity was expressed in m 

units per mg protein. Protein concentrations were 

measured with the Bio-Rad protein assay kit using 

bovine gamma globulin as a standard. 

Molecular weight determination 

The molecular weight of the enzyme was esti- 

mated by gel filtration based on the method of 

Andrews [18]. A column of Ultrogel AcA 44 (1.5 
x 100 cm) was equilibrated with 20 mM potassium 

phosphate buffer pH 6.5. Polyacrylamide gel elec- © 

trophoresis in the presence of SDS was carried out 

as described by Laemmli [19]. 

RESULTS AND DISCUSSION 

Enzyme purification 

All procedures were carried out at 4°C, unless 

otherwise stated. 

Step 1. Preparation of crude extract. Frozen tis- 

sues (500 g) were homogenized with 3 vols. of 10 

mM potassium phosphate buffer pH 6.5, contain- 

ing ammonium sulfate 20% saturation (Buffer A). 

The homogenate was centrifuged at 16,000 g for 40 

min. 

Step 2. Amonium sulfate fractionation. Solid 

ammonium sulfate was added to the crude extract 

to 40% saturation and the mixture stirred for 30 

min. The precipitate was removed by centrifuga- 

tion at 16,000g for 10min. Additional solid 

ammonium sulfate was added to the supernatant to 

60% saturation. The mixture was stirred for 30 

min and the precipitate was collected by centri- 
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fugation at 16,000 g for 10 min, and dissolved in 

0.3 vols (frozen tissue wet wt.) of Buffer A. Any 

insoluble materials was discarded by centrifugation 

at 33,000 g for 60 min. 

Step 3. Butyl-Toyopearl column chromatogra- 

phy. The enzyme solution was applied to a col- 

umn of Butyl-Toyopear!l 650S (2.5 x 43 cm) equili- 

brated with Buffer A. After washing the column 

with Buffer A, the adsorbed protein were eluted 

with 10 mM potassium phosphate buffer, pH 6.5, 

containing 10% saturation of ammonium sulfate. 

The flow rate was maintained at 40 ml/hr and 

fractions of 10 ml each were collected. The active 

fractions were pooled. 

Step 4. Phynyl-Sepharose column chromatogra- 

phy. The enzyme solution was applied to a col- 

umn of Phenyl-Sepharose (1.5<26cm) equili- 

brated with 10mM potassium phosphate buffer, 

pH 6.5, containing 0.1 M ammonium sulfate. Af- 

ter washing the column with 100 ml of the same 

buffer, the column was washed again with 10 mM 

potassium phosphate buffer, pH 6.5, containing 40 

mM ammonium sulfate until the 280 nm absorb- 

ance reading of the eluates had decreased to the 

starting value. Elution was carried out with distil- 

led water. The flow rate was kept at 25 ml/hr and 

fractions of 7 ml each were collected. 

Step 5. DEAE-Toyopearl column chromatogra- 

phy. The enzyme solution from step 4 was ad- 

justed by adding 100mM potassium phosphate 

buffer, pH 7.2, containing 50% ethyleneglycol un- 

til a final concentration of 20 mM potassium phos- 

phate buffer, pH 7.2, containing 10% ethylenegly- 

col was reached. This solution was applied to a 

column of DEAE-Toyopearl 650S (1.5 x22 cm) 

equilibrated with 20 mM potassium phosphate buf- 

fer, pH 7.2, containing 10% ethyleneglycol. After 

washing the column with 100ml of the same 

buffer, elution was carried out with a linear gra- 

dient of 0-0.3 M KCl in the same buffer. The flow 

rate was maintained at 25 ml/hr and fractions of 2 

ml each were collected. The activity was usually 

eluted in a narrow range of molarity (approximate- 

ly 150 mM KCl). 

Step 6. Hydroxylapatite column chromatogra- 

phy. The enzyme solution from step 5 was ad- 

justed to pH 6.8 by adding KH,PO,. This solution 

was applied to a column of hydroxylapatite (1 x 17 

cm) equilibrated with 20 mM potassium phosphate 

buffer, pH6.8, containing 10% ethyleneglycol. 

After washing the column with 60 ml of the same 

buffer, elution was carried out with a linear gra- 

dient of 20-300 mM potassium phosphate buffer, 

pH 6.8, containing 10% ethyleneglycol. The flow 

rate was maintained at 7 ml/hr and fractions of 1 

ml each were collected. The active fractions were 

combined and adjusted to 0.1 M ammonium sul- 

fate by solid ammonium sulfate. This solution was 

applied to a short column of Phenyl-Sepharose 

(0.55 cm) equilibrated with 10mM potassium 

phosphate buffer, pH6.5, containing 0.1M 

ammonium sulfate. Elution was carried out with 

distilled water. The flow rate was maintained at 

3.5 ml/hr and fractions of 0.5 ml each were col- 

lected. A typical purification procedure is summa- 

rized in Table 1. Sepiapterin reductase from the 

silkworm fat body was purified about 68,000 fold 

with a 25% recovery. 

TABLE 1. Purification of sepiapterin reductase from silkworm fat body 

Total Total Specific : 
Step Activity Protein Activity a ecacn 

(unit) (mg) (mU/mg) (%) (fold) 

1. Homogenate S)o45) 15800 0.33 100 1 

2. A.S. Fractionation 5.10 3410 33) OF 4.5 

3. Butyl-Toyopearl SoA 151 34.5 100 105 

4. Phenyl-Sepharose 5.60 20.4 ZS) 107 832 

5. DEAE-Toyopearl 4.23 2.6 1630 81 4930 

6. Hydroxylapatite 1.30 0.058 22400 25 68,000 

A.S: Ammonium sulfate 
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Determination of molecular weight 

The molecular weight of silkworm sepiapterin 

reductase was estimated to be 59kDa by gel 

filtration on an Ultrogel AcA 44 column (Fig. 1) 

and 29kDa by SDS polyacrylamide gel elec- 

trophoresis. Therefore, the enzyme consists of two 

identical subunits, each of which has a molecular 

weight of 29kDa. The molecular weight of horse 

liver sepiapterin reductase was reported to be 47 

kDa [11], 68 kDa (monkey liver) [20] and 55 kDa 

(rat brain) [13]. Rat erythrocytes sepiapterin re- 

ductase is composed of two identical subunits of 

27.5 kDa giving the enzyme an overall molecular 

weight of 55kDa [12]. This value is in good 

agreement with the silkworm sepiapterin reduc- 

tase. 

100 

90 

E 
2 80 EggAl 

SPR (59,000) a 

70 

60 

1 Za 4 9G WC 

MOLECULAR WEIGHT (10°) 

Fic. 1. Molecular weight determination by Ultrogel 

AcA 44 gel filtration. Marker protein used were: 

Cyt-c, cytochrome c (M. W. 12,300); Myo, myoglo- 

bin (M. W. 18,800); Egg Al, egg albumin (M. W. 

45,000); B.S.A., bovine serum albumin (M. W. 

66,000); S.P.R., Sepiapterin reductase from fat 

body of silkworm 

pH optimum and enzyme kinetics 

The pH optimum of this enzyme was 5.2. The 

enzyme was assayed in 100 mM potassium phos- 

phate buffer between pH values of 4.8 and 7.2, 

while 100 mM Tris-HCl buffer was used for values 

from 6.5 to 8.0. 

The apparent Km values for sepiapterin and 

NADPH were determined according to the 

method of Lineweaver and Burk [21]. Activity 

tests were carried out at substrate concentrations 

of 5S—40 «eM sepiapterin (60 «~M NADPH) and 10- 

60 «M NADPH (40 uM sepiapterin) at pH6.5. 

The apparent Km values for sepiapterin and 

NADPH were 10.2 «M and 1.3 uM, respectively, 

and the Vmax value for sepiapterin was 21.4 

ymol/min/mg. The Km value for sepiapterin 

reductase from mammalian sources was reported 

as 14-23 uM [11, 12, 20, 22]. Biopterin synthase, 

an enzyme similar to sepiapterin reductase, which 

also catalyzes the NADPH-dependent conversion 

of sepiapterin to dihydrobiopterin, was found in 

Drosophila melanogaster |23|. The Km value for 

sepiapterin of this enzyme was reported to be 63 

uM. A comparison of the results obtained for Km 

values from these several different organisms indi- 

cates that the silkworm sepiapterin reductase more 

closely resembles the mammalian enzymes than 

does the Drosophila melanogaster enzyme. 

Substrate specificity 

The pteridine derivatives listed in the Table 2 

were tested for their susceptibility as substrates. 

Deoxysepiapterin and 6-acetyl-dihydropterin are 

6-sidechain analogues of sepiapterin. Sepialuma- 

zine is a corresponding lumazine of sepiapterin. 

Erythropterin was completely inactive as a sub- 

strate, while the above described analogues were 

slightly affected by the enzyme (Table 2). Sepiap- 

terin reductase from silkworm fat body shows a 

strict specificity for sepiaptern in the same manner 

as mammalian enzyme. On the other hand, Katoh 

and Sueoka reported that sepiapterin reductase 

from rat erythrocyte reduced some vicinal dicar- 

bonyl nonpteridine derivatives in the presence of 

NADPH [16, 24]. The silkworm enzyme was 

examined for this property. The results show that 

some dicarbonyl and a quinone. (e.g. phenylpro- 

TABLE 2. Substrate specificity of sepiapterin reduc- 

tase from silkworm fat body 
eee 

Enzyme Activity (%) 
Substrate 420 nm 340 nm 

Sepiapterin 100 100 

Deoxysepiaterin 4.0 6.0 

6-acetyl-7,8-dihydropterin 3.6 6.0 

Sepialumazin 335 520) 

Erythropterin — 0.0 
a 
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TABLE 3. Km and Vmax values of silkworm sepiap- 

terin reductase for dicarbonyl compounds and a 

quinone 

Km Vmax 
Substrate (uM) (smol/min/mg) 

Sepiapterin 10.2 De? 

1-phenyl-1,2-propanedion 3 Urrell 

Benzil 7.7 =~ 

Menadione 25.0 S)0) 

The aparent values of the Km and Vmax were 

estimated by double reciprocal plots with NADPH. 

panedion, benzil and menadione) are reduced in 

the presence of NADPH (Table 3). This property 

is quite similar to that of the rat erythrocytes 

enzyme. 

Inhibitors 

Inhibition of silkworm sepiapterin reductase us- 

ing sepiapterin and 1-phenyl-1, 2-propanedione as 

substrates was examined with various inhibitors of 

general aldo-keto reductase and mammalian 

sepiapterin reductase (Table 4). Phenobarbital 

and pyrazole slightly inhibited enzyme activity. 

Rutin and indomethacin, which are reported in- 

hibitors of rat erythrocytes sepiapterin reductase 

and human carbonyl reductase [24, 26], caused a 

50% inhibition of enzyme activity at a concentra- 

tion of about 504M. N-acetylserotonine and 

6-carboxypterin, which are reported to be potent 

TABLE 4. 

and sepiapterin 

inhibitors of mammalian sepiapterin reductase [24, 

25], also inhibited silkworm sepiapterin reductase 

activity. Dicoumarol, which inhibit rat sepiapterin 

reductae and human carbonyl] reductase [24, 26], 

was the most effective inhibitor causing 50% in- 

hibition of the silkworm enzyme at a concentration 

of 0.04 uM. Sepiapterin reductase from silkworm 

fat body has properties similar to those reported 

for mammalian sources, especially for rat erythro- 

cytes [24]. 

Tissue distribution of sepiapterin reductase in silk- 

worm 

Several tissues of the silkworm larvae were 

removed and washed with Ringer’s solution. The 

tissues were homogenized 3 vol. of 10 mM potas- 

sium phosphate buffer, pH 7.0. The homogenate 

was centrifuged at 16,000 g for 30 min. and the 

supernatnat was brought to 70% saturation by the 

addition of solid ammonium sulfate. The precipi- 

tate was collected by centrifugation and dissolved 

in 0.3 vol. of 10 mM potassium phosphate buffer 

and dialyzed against 100 vol. of same buffer over- 

night. The dialysate was used as enzyme prepara- 

tion. Although the enzyme activities were distri- 

buted in many tissues of the silkworm, most of the 

‘activity was detected in fat body as shown in Table 

5), 

Sepiapterin reductase may be an indispensable 

enzyme for all animals, because it plays an impor- 

tant role in tetrahydrobiopterin biosynthesis. The 

Inhibition of silkworm sepiapterin reductase with phenylpropanedione 

Inhibition (Is) 

nN Sepiapterin 1-phenyl-1,2-propanedione 

(uM) (uM) 

Pyrazole 1,000 750 

Phenobarbital 760 500 

Indomethacin 43 Sy) 

Rutin 65 44 

Dicoumarol 0.04 0.04 

6-carboxypterin 47 40 

N-acetyl-serotonin ies 1:3 

The inhibiton was examined in the standard reaction mixture for 3 min in the presence 
of 30 uM sepiapterin and 60 ~M NADPH at pH6.5. 
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enzyme is widely distributed in mammalian tissues 

and the specific acitivity of this enzyme is uniform- 

ly equal in many tissues [27]. But specific acitivity 

of sepiapterin reductase in the larval fat body is 

20-100 fold higher than found in other tissues 

(Table 5). 

TaBLE 5. Distribution of sepiapterin reductase in 

the larval tissues of the silkworm 

Enzyme activity 
Tissue (pmol BP/10 min/g protein) 

Fat body 19.4 

Malpighian tube 0.258 

Midgut 0.570 

Posterior silk gland 0.754 

Integument IIS) 

Body fluid 0.026 

BP: Biopterin 

Viability study on lemon mutant 

Genetic background of the mutant /Jemon which 

lacks sepiapterin reductase was made uniform to a 

normal strain (C-108) by cross mating experiment. 

Then we compared the viability of the mutant with 

the normal strain. Throughout the developmental 

stage no significant difference was observed in 

body weight, mortality and number of eggs per 

egg-mass. 

Due to the lack of tetrahydrobiopterin caused by 

inborn or acquired deficiencies in its synthesis, 

many severe diseases result, such as a atypical 

phynylketonurea or hyperphenylalanaemia [28, 

29, 30]. Lack of sepiapterin reductase, which 

catalyzes terminal biosynthesis of tetrahydrobiop- 

terin, has not yet been found in these patients, 

probably because a lack of this enzyme may be 

lethal. 

On the other hand, mutant /emon has the same 

viability as the normal strain described above. 

This fact may suggest that the cofactor of aromatic 

amino acids hydroxylase in the silkworm can be 

replaced by another reduced pterin (e.g., reduced 

sepiapterin or tetrahydroneopterin) instead of tet- 

rahydrobiopterin. 

We think that sepiapterin reductase in silkworm 

larvae may have functions besides tetrahydrobiop- 

terin biosynthesis. It may, for instance, have a role 

in pigment formation in insects. Further studies 

should clarify these points. 

Sepiapterin reductase from silkworm fat body 

has catalytic and physiological properties similar to 

those reported for mammalian sources, especially 

for rat erythrocytes. Recently, an important fea- 

ture in sepiapterin reductase has been discovered. 

It was reported that it has a domain which can bind 

with pterin. Anti-pterin binding site antibodies 

have demonstrated the structural relatedness be- 

tween the pterin site in sepiapterin reductase, 

dihydrofolate reductase and the aromatic amino 

acid hydroxylase, providing strong evidence for 

specific structures [31]. Citron et al. has reported 

that a pentapeptide sequence (Ala-Gly-Leu-Leu- 

Ser) exists in all five types of hydroxylase (human, 

rat, quail and rabbit), in sepiapterin reducatase 

and (partially) in aldose reductase [32]. They 

suggested that this sequence might be specific 

structure of pterin binding domain. Pterin binding 

enzymes in insects may have the same domain. 

Monoclonal antibodies against silkworm sepiapter- 

in reductase might be useful to clarify the property 

of the enzyme. Further studies on the enzyme are — 

now being undertaken and will be published else- 

where. 
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Developmental Changes of Glutamate Decarboxylase and 

2’,3'-Cyclic Nucleotide 3’-Phosphodiesterase in the 

Organotypic Culture of Newborn Mouse Cerebellum 

DAISAKU SATOMI 

Department of Biology, College of Arts and Sciences, 

The University of Tokyo, Tokyo 153, Japan 

ABSTRACT—The quantitative changes of glutamate decarboxylase (GAD) and 2’,3’-cyclic nucleotide 

3’-phosphodiesterase (CNP) during early developmental stages in the organotypic culture of newborn 

mouse cerebellum were examined by using the high-performance liquid chromatograph technique. 

Cerebellar explants were incubated for 4 weeks under standard conditions. The activity of GAD 

linearly increased from 20.2+12.1 nmol/mg protein/h at 2 days in vitro (2 DIV) to 111.7+15.0 nmol/ 

mg protein/h at 22 DIV. In the case of CNP, the activity was ketp low until 8 DIV and then increased 

rapidly from 16.9+4.8 ~mol/mg protein/h (8 DIV) to 62.3+12.6 ~mol/mg protein/h (15 DIV). In 

both enzymes, the changing patterns of activities were similar to those observed in vivo. In the presence 

of cytosine arabinoside, an inhibitor of DNA synthesis, GAD activity increased, whereas the levels of 

CNP activity were low during incubation. Morphologically, ependymal formation and myelination were 

© 1992 Zoological Society of Japan 

not observed in cytosine arabinoside-treated explants. 

INTRODUCTION 

Cerebellar organotypic culture has been used as 

a useful model for studying the development of 

central nervous system [1]. We have used this 

culture system for biochemical study. In previous 

papers [2-4], we reported that biochemical 

changes of neurotransmitters, such as y-aminobu- 

tyric acid (GABA) and myelin-characteristic 

galactolipids are closely related to morphological 

changes such as synapse formation and myelin 

formation. We also supposed that the increase of 

GABA content during the first 2 weeks of incuba- 

tion depends on the increase of activity of gluta- 

mate decarboxylase (GAD, EC 4. 1. 1. 15) in 

culture. 

Nagata et al. [5] reported the cellular localiza- 

tion of GAD during development of rat brain. In 

purified neuronal fraction GAD activity increased 

rapidly during the first month of postnatal life, 

whereas, in purified glial fraction the activity was 

low and increased only slightly during develop- 

ment. 2’,3’-cyclic nucleotide 3’-phosphodiesterase 

Accepted October 4, 1991 
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(CNP, EC 3. 1. 4. 37) has been used as a marker 

enzyme of myelin [6, 7]. Recently, Nussbaum ef 

al. [8] reported that the specific activity of CNP in 

culture of pure oligodendrocytes of newborn rat 

brain was much lower than that of myelin isolated 

from rat brain in vivo. GAD and CNP are good 

biochemical markers to investigate the develop- 

ment of central nervous system. However, there 

are still few reports concerning developmental 

changes of GAD and CNP activities in cerebellar 

explants [9]. 

Seil et al. [10] and Blank et al. [11] reported the 

effects of cytosine arabinoside on morphological 

development of cerebeller explants. In the pre- 

sence of cytosine arabinoside, Purkinje cells sur- 

vived but myelination did not occur. In this work, 

we examined developmental changes of GAD and 

CNP activities under standard conditions and in 

the presence of cytosine arabinoside. 

MATERIALS AND METHODS 

Mouse cerebellum culture 

The organotypic culture technique is based on 

that of Bornstein [12]. Cerebella of newborn mice 
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(JCL :ICR strain) were sliced parasagitally into 7 

pieces by hand and placed on collagen-coated 

coverslips (11x22 mm). Then, the coverslips were 

put into 15x150mm test tubues and 1 ml of 

feeding solution consisting 23% horse serum 

(GIBCO), 66% Eagle’s minimum essential 

medium with L-glutamine (GIBCO) and 0.6% 

glucose was added to each tube. The explants 

were incubated at 35°C and the feeding solution 

was changed every 7 days. The procedure was 

described in detail in the previous papers [2, 4]. 

Cytosine arabinoside treatment 

Cytosine arabinoside was dissolved in Earle’s 

balanced salt solution (GIBCO) and incorporated 

into the feeding solution at a concentration of 10 

yvg/ml. Explants were incubated in the feeding 

solution from first day in vitro (1 DIV). After 

appropriate periods, cytosine arabinoside-treated 

and control explants were examined with a light 

microscope (Nikon, Diaphot-TMD) under bright- 

field. Then, explants were homogenized and used 

as enzyme preparations. 

Enzyme assays 

GAD activity was assayed by determining the 

amount of GABA formed from L-glutamate in the 

reaction mixture according to a modification of 

Chude & Wu [13]. The reaction was started by 

mixing 0.02 ml of 200 mM L-glutamate in 50 mM 

potassium phosphate buffer (pH 7.2) containing 

0.2 mM pyridoxal phosphate and 0.18 ml of en- 

zyme solution (explant homogenate, about 0.2 mg 

protein) in 50mM _ potassium phosphate buffer 

(pH 7.2) containing 0.2 mM pyridoxal phosphate 

and 1 mM 2-aminoethyl isothiouronium bromide. 

The reaction was performed for 30 min at 37 C and 

terminated by adding 0.75 ml of cold ethanol and 

0.75 ml of cold chloroform and then 250 nmol of 

cysteic acid in 0.05 ml of water was added as 

internal standard. The reaction mixture was stir- 

red well and centrifuged. The layers were sepa- 

rated. All amino acids including GABA and 

cysteic acid were recovered in the upper ethanolic 

water layer. Aliquotes of the upper layer were 

transferred to other test tubes and dinitropheny- 

lated. Dinitrophenylated samples were analyzed 

with the high-performance liquid chromatograph 

technique (HPLC) as described previously [4]. 

The assay of CNP was based principally on the 

method of Kurihara and Tsukada [6]. The reaction 

mixture consisted of 0.1 ml of enzyme solution 

(explant homogenate, about 10 yg protein), 0.1 ml 

of 0.2M Na,HPO,-0.1M citric acid buffer (pH 

6.2) and 0.1 ml of 0.5% Triton X-100. The mix- 

ture was preincubated for 5 min at 37°C and then 

the reaction was started by adding 0.1 ml of 60 mM 

sodium adenosine 2’,3’-cyclic monophosphate. 

The reaction was performed for 20 min at 37 C and 

terminated by adding 0.53 ml of cold methanol and 

1.07 ml of cold chloroform. After mixing, the tube 

was centrifuged and 2 wl of the upper layer was 

applied to HPLC. The chromatographic column 

(« Bondapack Cig, Waters) was equilibrated with 

12% methanol in 16mM KH>PO, solution and 

isocratic elution with the same solvent was con- 

tinued for 10 min after the sample was injected. 

The flow rate was maintained at 1.0 ml/min and 

column temperature was ambient. The effluent 

was monitored by measuring the absorbance at 254 

nm. The peak areas were measured with a data 

reduction system (Shimadzu, Chromatopac C- 

RIB). 

For comparison, the activities of GAD and CNP 

of cerebella from littermates were determined with 

the same procedures as in the case of explants. 

Protein determination 

The amounts of protein and collagen were deter- 

mined by the method of Lowry et al. [14] with a 

bovine serum albumin standard and by the method 

of Woessner [15] with a collagen standard, respec- 

tively. The protein content of the explants was 

calculated by subtracting the amount of collagen 

from the total protein value. 

RESULTS 

Changes of GAD and CNP activities during de- 

velopment 

The quantitative changes of GAD activity dur- 

ing early developmental stages in the explatns 

under standard conditions are shown in Figure 1. 

The activity per protein increased linearly from 2 

DIV to 22 DIV. In order to compare these values 
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Fic. 1. The changes of GAD activity in organotypic 

culture of newborn mouse cerebellum and cerebel- 

lum in vivo during early development. The ex- 

plants cultured under standard conditions were 

homogenized and used as enzyme preparations. 

GAD activity was determined by HPLC as de- 

scribed in “MATERIALS AND METHODS”. 

For measuring GAD activity in vivo, the cerebella 

from littermates were used. Standard deviations 

were calculated from three experiments. ©, GAD 

activity in explants; A, GAD activity in cerebellum 

in Vivo. 

with those of cerebellum in vivo, cerebella from 

littermates were similarly analyzed. As a result, it 

was found that the changing pattern of GAD 

activity in explants was in good agreement with 

that of cerebellum in vivo (Fig. 1). 

Figure 2 shows CNP activity in the same sample 

used for the determination of GAD activity in 

Figure 1. In contrast to the changes of GAD 

activity, the levels of CNP activity remained low 

during first week of incubation and then increased 

rapidly between 8 DIV and 15 DIV. Comparing 

the change of CNP levels in explants with that in 

cerebellum in vivo, the activity in 8 DIV explants 

was comparable to that in vivo. However, the 

levels of 15 DIV and 30 DIV were approximately 

one-half and one-third of those in vivo, respec- 

tively. 

Effects of cytosine arabinoside 

Cerebellar explants were exposed to cytosine 

arabinoside from 1 DIV and compared morpholo- 

gically and biochemically with control explants. 

n/n) NO oO {2) 

CNP( pmol/mg protei 

>) >) 

2 8 15 22 30 
TIME( day, DIV) 

Fic. 2. The changes of CNP activity in organotypic 

culture of newborn mouse cerebellum and cerebel- 

lum in vivo during early development. The ex- 

plants cultured under standard condititioins were 

homogenized and used as enzyme preparations. 

CNP activity was determined by HPLC as described 

in “MATERIALS AND METHODS”. For 

measuring CNP activity in vivo, the cerebella from 

littermates were used. Standard deviations were 

calculated from three experiments. ©, CNP activ- 

ity in explants; A, CNP activity in cerebellum in 

vivo. 

Figure 3 shows photomicrographs of mouse cere- 

bellum culture (bright-field, unstained living cul- 

ture). In control explants, ependymal formation, 

which was readily recoganized by its ciliary move- 

ment, and myelin formation were observed after 

2-3 weeks of incubation (Fig. 3-a, b). In cytosine 

arabinoside-treated explants, grouped large cells, 

approximately 25 um in diameter, were character- 

istically observed (Fig. 3-c), but ependymal forma- 

tion and myelin formation were not observed. In 

cytosine arabinoside-treated explants, GAD activ- 

ity increased, whereas CNP activity did not in- 

crease during incubation period (Table 1). 

In comparison with the explants treated with 

cytosine arabinoside from 1 DIV, the explants, 

which were incubated under standard conditions 

during first 2 weeks and then exposed to cytosine 

arabinoside, were examined. In this case, myelina- 

tion was detected (Fig. 3-d) and the activities of 

GAD and CNP were maintained at nearly the 

same levels as controls even at 22 DIV (data not 

shown). 
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ation (irregular shaped cavity) in 

control expalnt at 15 DIV, within which separated cells (arrows) were whirled about by the activity of the 

ependymal cilia. (b) myelinated axons in control explant at 22 DIV. (c) grouped large cells (probably Purkinje 
cells) in 15 DIV explant treated with cytosine arabinoside from 1 DIV. (d) myelinated axons in 22 DIV explant 

treated with cytosine arabinoside from 15 DIV. Scale bars represent 50 ~m. 

nervous system, because synapse formation and 

myelin formation take place in vitro. In the case of 

We have used organotypic culture of newborn aggregated cell culture, Seeds [16] reported de- 

mouse cerebellum as a useful model of central velopmental changes of GAD activity, which in- 

DISCUSSION 
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TABLE 1. 

cerebellar explants. 
Effects of cytosine arabinoside on the activities of GAD and CNP in 

Explants were incubated in the presence of cytosine 

arabinoside from 1 DIV. At various developmental stages (8-22 DIV), 

explants were homogenized and activities of GAD and CNP were assayed as 

described in “MATERIALS AND METHODS”. The standard deviations 

were calculated from three experiments. 

GAD activity CNP activity 
Eaplauts (nmol/mg protein/h) (umol/mg protein/h) 

8 DIV SSE) 5.3+0.4 

15 DIV 53.6+ 16.0 4.4+1.9 

22 DIV 105.8 + 66.3 4.9+2.0 

creased during 3 weeks of incubation and attained 

a level of one-third of adult mouse brain in vivo at 

21 DIV (30 nmol/mg protein/h). In the present 

work, it was found that the activities of GAD in 

organotypic culture under standard conditions 

change in the same manner as those in vivo. As 

supposed in a previous paper [4], the increase of 

GAD activity in explants is in good agreement 

with the increase of GABA synthesis from 

[*C]glucose. It was also found that CNP activity 

in explants shows a similar developmental pattern 

to that seen in vivo and that the period of rapid 

increase of CNP activity corresponds to the period 

of rapid myelin formation observed _light- 

microscopically. The developmental pattern of 

CNP activity in vivo shown in Figure 2 is in good 

agreement with those reported by Sprinkle et al. 

[17] and Mikoshiba et al. [18]. It is important to 

point out further that the developmental pattern of 

CNP activities in explants is similar to those of 

cerebrosides and sulfatides reported previously 

[2]. This indicates that CNP as well as the galacto- 

lipids is a good myelin marker in vitro. 

Blank e¢ al. [11] described the ultrastructural 

alterations that occurred in the cerebellar explants 

exposed to cytosine arabinoside from 1 DIV to 5 

DIV. In their study, Purkinje cells, Golgi cells and 

a few basket and stellate cells survived, but granule 

cells degenerated. Astrocytes and oligodendro- 

cytes were diminished in number. In the present 

study, we have observed the absence of ependymal 

formation and myelination in the explants exposed 

to cytosine arabinoside from 1 DIV. Small cells 

such as the granule cells were lost, and conse- 

quently, large cells were observed characteristical- 

ly as groups (Fig. 3-c). The finding that the GAD 

activity increased in cytosine arabinoside-treated 

explants implys that the cells which have the ability 

to synthesize GABA can differentiate to a certain 

degree even in the presence of the inhibitor. It 

would therefore be reasonable to consider that the 

living large cells may be Purkinje cells. On the 

other hand, the levels of CNP activity were low 

during incubation with the inhibitor, due highly 

probably to the prevention of normal development 

and differentiation of oligodendrocytes, myelin- 

forming cells, by cytosine arabinoside. The fact 

that the explants that were exposed to the inhibitor 

after a 2-week incubation under standard condi- 

tions exhibited normal developmental patterns in 

both the morphological and biochemical aspects 

appears to indicate that most of oligodendrocytes 

differentiate well within 2 weeks in vitro. Recent- 

ly, Jordan et al. [19, 20] have repored that epen- 

dymal cells, in primary tissue culture derived from 

embryonic rat cerebral cortex, proliferate in the 

Same manner as seen in vivo. The lack of epen- 

dymal formation in cytosine arabinoside-treated 

expltans would indicate that these cells are still 

immature at the time of explantation and are not 

able to differentiate in the presence of the in- 

hibitor. 

The present work has thus demonstrated that 

the developmental changes of GAD and CNP in 

the organotypic culture of newborn mouse cerebel- 

lum follow the respective patterns in vivo, as a 

reflection of the differentiation of cells. This 

culture system should facilitate the clarification of 

the cellular and molecular aspects of interactions 

between neurons and glia cells during the early 

development of the central nervous system in vivo. 
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Egg Maturation in Laboratory-reared Females of the Swallowtail 

Butterfly, Papilio xuthus L. (Lepidoptera: Papilionidae), 

Feeding on Different Concentration Solutions of Sugar 

MAMORU WATANABE 

Department of Biology, Faculty of Education, Mie University 

Tsu-shi, Mie 514, Japan 

ABSTRACT—In the laboratory, adult females of the swallowtail butterfly, Papilio xuthus, were given 

sugar solutions of different concentrations. Weight loss of the unfed females was directly proportional 

to time since emergence. They died within 8 days. Females given 0%, 0.1% or 1% solution of sugar lost 

weight with ageing. Females feeding on a 10% solution of sugar maintained weight for 15 days after 

emergence. Conversely, females given 20% or 50% sugar solutions were found to make a gain of 20% 

or 60%, respectively, in weight during the same period. Newly emerged females took little quantity of 

0%, 0.1% or 1% solution of sugar, but their intake increased with ageing. On the other hand, they took 

over 100 mg of 10%, 20% or 50% solution of sugar. The daily changes to mature eggs in the females 

were compared among those treated with different foods. Almost no mature eggs were added in the 

females on feeding less than 1% solutions of sugar. When females took more than 10% solutions of 

sugar, they produced significantly more mature eggs than those unfed or those who took only water. In 
older adults, there was a relation between the added number of mature eggs and the accumulated sugar 

intake. Females may allocate their available energy (fat body+sugars) for egg maturation and body 

© 1992 Zoological Society of Japan 

maintenace. 

INTRODUCTION 

Nectar intake has been shown to increase 

longevity and egg production in many lepidopteran 

insects [1-2]. Although the sugar concentration of 

the nectar in flowers partly depends upon weather 

conditions, it seems to be maintained within a 

range between 15% and 45% [3-4]. Three sugars 

(monosaccharide fructose, glucose and disacchar- 

ide sucrose) are generally found in the nectar of 

many plant species [5-6]. Their sugar concentra- 

tion and composition vary not only among plant 

species but also with the age of a single flower [4, 

6]. The nectar also includes a little amino acids [7]. 

Sulfurs, Colias alexandra and C. meadii, prefer 

nectar with low sugar concentration, chiefly those 

including monosaccharides [5]. The energy intake 

efficiency for some butterfly species is maximised 

at about 40% sucrose solution [8-10]. In some 

moths, relationship between the concentration of 

Accepted October 14, 1991 
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sugar and fecundity or longevity has been studied 

[11]. However, there are few reports in butterflies 

on the feeding regimes related to fecundity and 

survival depending upon the concentration level of 

sugar in nectar [12]. The achievement of full 

reproductive potential during the adult stage may 

be affected by the level of sugar concentration in 

the nectar. Therefore, the nectar feeding habit 

may have come to be evolved in the lifetime 

reproductive strategy, as well as mating behavior. 

The longevity of the swallowtail butterfly, Papi- 

lio xuthus, has been studied under natural condi- 

tions [13], but no information exists on the effects 

of adult nutrition. Multiple matings in P. xuthus 

increase fecundity [14, 15]. In this paper, I present 

data from laboratory-reared virgin females of P. 

xuthus subjected to 5 different sugar solution con- 

centrations as a diet and compare their potential 

fecundity. 

MATERIALS AND METHODS 

P. xuthus in this study was collected principally 



134 M. WATANABE 

in Mie Prefecture, in the warm-temperate zone of 

Japan. The females were obtained from a stock 

culture reared in the laboratory at room tempera- 

tures and under a long-day photoperiod (more 

than 15 hr of light) in the summers of 1986, 1988, 

1989 and 1990. 

As soon as the females emerged, their forewing 

lengths and fresh weights were measured. Then, 

without mating, each female was assigned to one 

of seven groups. 

(1) Females were kept unfed; 

(2) Females were fed with distilled water: 

(3) Females were fed with a 0.1% solution of 

sugar; 

(4) Females were fed with a 1% solution of 

sugar; 

(5) Females were fed with a 10% solution of 

sugar; 

(6) Females were fed with a 20% solution of 

sugar; 

(7) Females were fed with a 50% solution of 
sugar. 

The sugar solution included equal amounts 

(weight) of fructose, glucose and sucrose. Except 

unfed females, they were supplied with sugar 

solution or water for only 3 min a day. Each 

female was kept in a glassine envelope and stored 

in a chamber at ca. 25°C. The amount of intake 
was determined as the odds of the weight between 

pre- and post-feeding, using a semi-microbalance 

accurate up to 0.1 mg. 

On death, females from each of the 7 groups had 

their abdomens immediately fixed in 50% ethyl 

alcohol, though most of them were able to survive 

over 15 days after emergence. Following dissec- 

TABLE 1. 

Group Forewing length (mm) 

(1) unfed 55.8+0.4 (n=21) 

(2) water feeding 

(3) 0.1% sugar solution 

(4) 1% sugar solution 

(5) 10% sugar solution 

(6) 20% sugar solution 

(7) 50% sugar solution 

n: number of females examined 

56.7+40.9 (n=11) 
55.9+0.8 (n=15) 
56.3+0.7 (n=16) 
55.8+0.5 (n=19) 
56.4+40.5 (n=18) 
56.4+0.7 (n=15) 

tion, eggs in ovaries were classified into three 

Stages. A detailed description of the egg at each 

stage is given elsewhere [14]. The numbers of 

mature and submature eggs were counted directly. 

The total number of immature eggs was estimated 

by multiplying the number in one ovariole by 

eight, that is the number of ovarioles. The dia- 

meter of mature eggs was also measured under a 

dissecting microscope. 

All means are shown with their standard errors. 

RESULTS 

Body size and daily changes in relative weight 

The total number of females used for this study 

was 122. It is commonly observed that the size of 

adult butterflies, as reflected by the length of the 

forewing, tends to be smaller in laboratory-reared 

individuals than that of adults from natural popula- 

tions. Such tendency was also found in P. xuthus 

females [15]. Accordingly, to minimize the effect 

of small body size, only females with a forewing 

length of more than 50 mm were used. As shown 

in Table 1, the mean forewing length in each group | 

was around 56mm. Consequently, they were not 

significantly different from the forewing length of 

females collected from natural populations [14]. 

After emergence, most females evacuated ex- 

crement during wing extension. Although fore- 

wing lengths were mostly stable (Table 1), the 

fresh weights of 0-day-old females were very vari- 

able, possibly because some females held onto 

excrement until they were weighed. 

The abdominal cavity of the females just after 

Forewing lengths and fresh weights of 0-day-old females used in the experiment of 7 groups 

Fresh weight (mg) 

690.5+26.5 (n=19) 
712.3+30.6 (n=11) 
624.1+14.9 (n=15) 
616.6+17.0 (n=16) 
631.7+26.9 (n=20) 
648.9+18.7 (n=19) 
740.6+37.2 (n=15) 
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emergence was mostly filled with fat bodies and 

with relatively small air sac. Since the fat body was 

used for the eggs developed, the fat body gradually 

depleted and the volume of air sac increased with 

ageing so that it came to fill half the abdominal 

cavity in 10-day-old females. 

Unfed females lost weight in proportion to 

length of time after emergence. All died within 8 

days (Fig. 1). The fresh weight of 8-day-old 

Weight 

Relative 

WO 

)ES SE RTS i see yen HS ya 3 Se eA) 

females just after death was only 43% of that of 

0-day-old ones. Mean daily weight loss was calcu- 

lated at about 50 mg. 

The weight of each female supplied with water 

or sugar solution was based on the weight of 

pre-feeding. Females fed on distilled water also 

became lighter as they age (Fig. 1). There are no 

difference in relative weight between unfed and 

the water feeding females in the first 3 days. 

al a Awa Sy ees) 

Days after emergence 

Fic. 1. Change in the relative weight of unfed females (cross) and females feeding on water (solid circle), on sugar 

solutions of 0.1% (open square), 1% (open triangle), 10% (open circle), 20% (solid triangle) and 50% (solid 

square). 
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However, the weight loss was lower than that in 

unfed females thereafter. Some of them survived 

15 days after emergence, when the mean fresh 

weight was about 44% of that in 0-day-old females. 

Mean daily weight loss was calculated at about 27 

mg. Therefore, 23 mg of distilled water was daily 

retained in the female body. 

Females fed on 0.1% or 1% solution of sugar 

became lighter as they age. Although the decline 

in their weight was similar to that in females fed 

200 

100 

20 a SL 
s@ba Q 

10 
solution 

Sugar 

Intake 
— 

Oa 

distilled water up to 10-day-old, all were able to 

survive 15 days after emergence. Their weight was 

more than half of that in females just after emerg- 

ence. Therefore, it can be said that such sugars, 

whilst not maintaining the female’s weight, contri- 

buted to their longevities. 

Females fed on 10% solution of sugar kept their 

weight constant throughout the experimental 

period. Naturally, all were able to survive after the 

end of the experiment, 15 days after emergence. 

Zo —l 
ea . 

CS Se ee ae a _| 
OU 2 a3 ad ane, 778, 9) AOn Wl tee: siesr ees 

DaVS ares Smergence 

Fic. 2. Change in the intake of water (solid circle), sugar solutions of 0.1% (open square) and 1% (open triangle), 

10% (open circle), 20% (solid triangle) and 50% (solid square) [mg, +SE]. 
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Such sugars are effective as an energy resource for 

maintaining body weight. 

Females fed on 20% or 50% solution of sugar 

became heavier as they age. ‘Their respective 

weights after 15 days was 1.2 and 1.6 times heavier 

than those of females just after emergence. Con- 

sequently, high sugar concentration enhances 

longevity and body weight in female adults, though 

crystals of sugar were found in the hindgut, some- 

times in the midgut of the females feeding on 50% 

solution of sugar. 

Amount of daily sugar intake 

Newly emerged females (=0-day-old) took little 

water (Fig. 2). Mean water intake by females was 

about 0.1 mg. Besides water, they also took a little 

quantity of 0.1% (ca. 1.5 mg) or 1% (ca. 4 mg) 

solution of sugar. The mean sugar intake by 

females in the 0.1% or 1% group was 0.001 mg 

and 0.04 mg, respectively. The water intake by 

1-day-old females increased to 2mg. Females in 

the 0.1% and 1% group also took more sugar 

solution than 0-day-old ones. The water intake by 

females increased as they age and ultimately 

reaching about 40 mg. Although intake of 0.1% or 

1% solution of sugar by females was somewhat 

higher than that of water in younger stages, daily 

changes in intake of such sugar solutions were 

similar to those in intake of water. This means that 

females only took 0.04mg and 0.4 mg of sugar 

daily from 0.1% and 1% solution, respectively. 

Therefore, at least the feeding response by older 

females to sugar solutions did not differ from that 

to water. Females may be unable to distinguish the 

sugar solution of less than 1% from water. 

Females of 0-day-old took about 140 mg of 10% 

solution of sugar, or 14mg of sugar (Fig. 2). 

Although the 20% sugar solution was taken in 

large quantity (ca. 160 mg), the intake by O-day- 

old females was almost the same for 10%, 20% 

and 50% sugar solutions. Also, daily intake by 

females of more than 10% sugar solutions gradual- 

ly decreased as they age. 14-day-old females took 

less than 100mg. The respective sugar intakes 

were calculated as ca. 8 mg, 10 mg and 25 mg for 

the females took 10%, 20% and 50% solutions. 

Daily changes in the number of eggs 

The diameter of mature eggs in the oviducts was 

about 1.27mm (min 1.183mm and max 1.400 

mm). It remained constant irrespective of female 

age and diet. 

In the present study, the number of eggs in 

0-day-old females was 0.3+0.3 (n=4), 52.5+1.7 

(n=4) and 706.3 +34.1 (n=4) for mature, subma- 

ture and immature eggs, respectively. Since the 

unfed females or those supplied with only water 

were never nourished, the number of eggs in the 

two groups were averaged together. Table 2 shows 

that the number of mature eggs increased toward 

20 in 3-day-old females. The number of submature 

eggs decreased at the 3rd day after emergence, and 

then the number did not increase. Therefore, few 

submature eggs seem to be added from immature 

eggs in the females. The number of immature eggs 

did not change throughout the tife span of adults. 

The daily changes in the number of eggs were 

compared among the females of different feeding 

treatments. If sugars contribute to egg maturation, 

the number of mature and submature eggs might 

be expected to increase. 

Although only small sample sizes were available 

during younger stages, almost no mature eggs were 

added to the females treated with 0.1% and 1% 

sugar solutions (Table 2). However, in females fed 

10% sugar solution, the number of mature eggs 

was significantly higher than that of unfed females 

and those fed only water. Such a phenomenon was 

also observed among females treated with 20% 

and 50% sugar solutions. After 15 days, some 

retained more than 150 mature eggs. There 

seemed to be no changes in the number of subma- 

ture and immature eggs irrespective of sugar con- 

centrations (Table 2). Since many mature eggs 

were added from submature eggs, the females 

must make up for ‘the loss’ of submature eggs. 

Differences in sugar concentrations affects daily 

Sugar intake in each butterfly. If the amount of 

sugar was effective for females to produce excess 

eggs comparing to females given no sugar, the 

number of mature eggs would be related to the 

amount of accumulated sugar intake. During 

younger stages, there seemed to be no relationship 

between the number of mature eggs and the 
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TABLE 2. Change in the number of eggs (three stages) in females feeding 0.1%, 

No. mature eggs 

No. submature eggs 

No. immature eggs 

Days after Unfed and 0.1% sugar 
emergence water feeding solution 

0 03+ 0:3, *4) 

1 Grose 3:0, (6) 17 (1) 

Z 15-0se 4:9 G) 40 (1) 

3 182 O07 7) 4 (1) 

=) teOa 2:3" 1) 5 (1) 

6~15 TScO== 7 ES (4) Jae Zee) 

0 525s 1) — 

1 40.8+ 9.6 (5) 42 (1) 

2 O23 Ziel) 68 (1) 

3 361022 860.6) 36 (1) 

5 36:22:41) 35 (1) 

6~15 34.3+ 12.8 (4) 3st 3e8 (7) 

0 706.3+ 34.1 (4) — 

1 8/2:4-=3 6919 16), 92 (1) 

D, 96302298185) Gia S06 (1) 

3 1029.4+ 86.1 (5) 699 (1) 

5 837.02 31816) asia (1) 

6~15 737.3 129.1 =(4)y 494 FeaaRSSnlt Ch) 

(_ ): number of females examined 
= 005 P > 0:01 

8 Ae 

TABLE 3. Regression coefficient (b) and determination coefficient (r*) in the log number of 

mature eggs on the log amount of accumulated sugar intake 

Days after emergence b r n t 

1 0.140 0.25 fat 1.734 Mess 

2 0.123 0.20 10 1.407 n.s. 

3 OTS 0.72 10 4.530 P<0.01 

5 0.416 0.96 12 15.692 P<0.01 

10 0.358 0.32 10 18925 Ot Ps 0r05 

15 0.749 O77 12 5.866 P0701 

n: number of females examined 

accumulated sugar intake (Table 3). Egg matura- 

tion in younger females probably depended on the 

nutrition reserves carried over from the larva 

rather than foods taken after emergence. The fat 

body seems to be a major energy resource for the 

maturation of eggs and for maintenance of adult 

life. However, since the fat body decreased as they 

age, older females would depend more heavily on 

the sugar as an energy resource. Accordingly, it 

seems to be reasonable that the regression co- 

efficients (b) and the determination coefficients 

(r?) in the relation between the number of mature 

eggs and the amount of accumulated sugar intake 

by females increased. 

DISCUSSION 

In nature, the mean longevity of the adult 

swallowtail butterflies was estimated at 16.2 days 

for P. xuthus [13], 12.7 days for P. polytes [16] and 
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1%, 10%, 20% and 50% comparing with those in unfed and water feeding females 

1% sugar 10% sugar 20% sugar 50% sugar 
solution solution solution solution 

0 (1) 18.7+ 10.0 (3) ay ae 35°) 34.7+ 14.8 (3) 

13 (1) eVae L7Y) (3) oooae 1S ©) Sse AVY (3) 

1 (1) 44.3+ 19.9 (3) SOS 127455 16) yas “Ves =) 

75 O05 @) SO.3ae ~ 30" —G) WP Vae WDD (3) OP) a AAS 2 (6) 

0.8+ 0.6**(8) IWoSae 133 (G5) Die8a- 42h (4) SORSae, 1925-4 (4) 

WS (1) 78.0+ 24.6 (3) 44.3+ 21.9 (3) Sl) ae 22) (3) 

12 (1) il ae» 1K0,7/ (3) Sse ZS (2) WEE ASS oe8) (3) 

Sil (1) 46.3+ 10.5 (3) Csp/ae 10,5) (3) 50.0+ 14.0 (2) 

AD.Sae OS" () Va isizems Te (3) S03sz, 103 (3) 652 05= 2057, (3) 

ISGae Gell Cs) Sie Sea lee 4) Q0sae SS)7/ (3) 84.00+ 6.9% (4) 

793 (1) TSS 8120 (3) WeVMWae W340 (3) U2 ae DLO (3) 

1160 (1) GQ 3a29 32.7 (B) Tse (S55) (2) 834.74 54.3 (3) 

804 (1) 839.0+ 62.7 (3) 828.3+ 11.4 (3) SS0 Seem ules (2) 

761.0+232.0 (2) 828.3+ 30.1 (3) S83 = (8823 (3) 883.7+ 56.0 (3) 

5S. 4022), (8) 996.8 + 167.3 (4) Tease WEY (3) 764.8 + 123.0 (4) 
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16-17 days for P. helenus and P. protenor [17]. All 

of them relied on nectar of many flowering plants 

for their energy resource [18]. 

In this experiment, as I kept the females in the 

envelope all day except feeding time, so that each 

adult consumed the least amount of energy to 

maintain life. Unfed females survived for 8 days 

after emergence, after which no fat body was 

found in their body. This shows that the energy 

derived from the larval stage can support about 1 

week of life in a motionless adult. 

Water intake enhanced the longevity of the 

checkerspot butterfly, Euphydryas editha [2]. As 

for P. xuthus, some females taking water survived 

for 15 days, and their daily weight loss was lower 

than that of unfed females after 4-day-old. There- 

fore, the water derived from the larval stage was 

likely to be effective during the first 3 days. The 

daily difference was about 28 mg, most of which 

would be attributable to water loss from the body. 

There were no significant differences in changes 

of body weight among females taking water and 

less than 1% solutions of sugar. Then, all the 

females in the groups survived for 15 days, suggest- 

ing that the sugar enhanced longevity. In order to 

release the cue for adult feeding, Murphy et al. [2] 

added a trace of sugar into the water as a diet. In 

the present study, however, the degree of the cue 

for feeding less than 1% sugar concentration was 

similar to that for taking water. Therefore, the 

trace sugar seemed to be important in maintaining 

the female body, though fat body was mostly 

exhausted at 15-day-old. 

Females feeding on a 10% sugar solution main- 

tained their body weight until 15-day-old. The 

amount of sugar intake seems to accord with the 

loss for respiratory metabolism and maintenance 

of body. On the other hand, females feeding a 

20% and 50% sugar solutions increased their body 

weight. The fat body was found in the females of 

15-day-old, suggesting that sugar played a role in 

substituting for the fat body. The fact that crystals 

of sugar were found in the gut of the females 

feeding on 50% solution of sugar suggested, 

however, that the 50% sugar solution was not a 

suitable concentration. 

Fat body is nutrition reservoir derived from the 

larval stage and is a resource for egg maturation 
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during the adult stage [19]. This partly means that 

the number of mature eggs produced was deter- 

mined by the amount of fat body at emergence. In 

the present study, even unfed females were able to 

produce some mature eggs, probably using the 

energy derived from the fat body. Since the 

number of mature eggs were almost the same 

among 1-day-old females except those feeding on a 

20% sugar solution, the energy resource for egg 

maturation in younger females was not sugar but 

either the fat body or other substances, both of 

which were derived from the larval stage. 

There was a rapid maturation of eggs in more 

than 2-day-old females feeding more than 10% 

sugar solutions, though some data were not signif- 

icantly different. Since unfed and water feeding 

females maintained a certain number of mature 

eggs with depletion of fat body, females must 

allocate their available energy (fat body-+sugars) 

for egg maturation and body maintenance. Furth- 

er oogenesis was found in females feeding on 

higher concentrations of sugar solutions. 

The available energy did not affect the size of 

mature egg in P. xuthus. In nature, the egg size did 

not change as they age [14]. Murphy et al. [2] 

pointed out that amino acid intake leads to heavier 

eggs, larvae from which are more likely to survive. 

However, Karlsson and Wiklund [20] showed that 

the egg size did not affect the survival rate of 

larvae. 

Watanabe [15] showed that multiple matings in 

P. xuthus increased the number of eggs deposited. 

This phenomenon suggested that a certain subst- 

ance derived from mating was used for egg matura- 

tion. On the other hand, flower nectar contains 

amino acids [4] and has been shown to be an 

important food resouce in lepidopteran insects [2, 

7]. Therefore, the relative importance of these 

resources varies with the mating performance, 

though the primary adult food source is flower 

nectar [21]. 

The most effective sugar concentration was 40% 

in Thymelicus lineola [9|. In the present experi- 

ment, a 50% sugar solution was the most effective 

concentration for egg maturation. However, some 

Sugars were not absorbed and crystallized in the 

guts, probably affecting the digestive organ. It 

would be of interest to attempt to correlate the 

sugar concentration in nectar with the puddling 

behavior in swallowtail butterflies, though sodium 

was a stimulus for puddling behavior by P. glaucus 

[22]. 
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Influence of Seawater Adaptation on Prolactin and 

Growth Hormone Release from Organ-Cultured 

Pituitary of Rainbow Trout 

TAKASHI YADA and TETSUYA HIRANO 
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Nakano, Tokyo 164, Japan 

ABSTRACT—When immature rainbow trout (Oncorhynchus mykiss) were accliomated to 80% 

seawater for 2 weeks, the plasma osmolality and sodium level were slighlty but significantly higher than 

the levels in freshwater fish. Plasma prolactin (PRL) level of seawater-adapted fish was significantly 

lower than that of freshwater fish, whereas plasma growth hormone (GH) was significantly higher in 

seawater fish. Pituitary PRL and GH contents were significantly lower in seawater fish than in 

freshwater fish. When pituitaries were cultured in serum-free medium for 48 hr, an acute decrease in 

PRL release was seen within 12 hr in culture. Thereafter, a basal level of PRL release (0.2-0.5 ng/ 

pituitary-hr) was maintained, and the level was significantly lower in seawater fish than freshwater fish. 

On the other hand, GH release from the pituitary of both seawater and freshwater fish (200-500 ng/ 

pituitary-hr) was about 100 times greater than the basal PRL release throughtout the experiment, and 

there was no difference between the fish in seawater and those in fresh water. GH release from the trout 

pituitary seems to be predominantly under inhibitory control of the hypothalamus, thus resulting in an 

increased GH release under culture condition, and possibly masking the effect of seawater adaptation. 

The decreased PRL release in seawater-adapted fish may be related to the reduction in pituitary PRL 

© 1992 Zoological Society of Japan 

content. 

INTRODUCTION 

Osmoregulatory roles of prolactin (PRL) as a 

freshwater-adapting hormone is well established in 

many euryhaline teleosts [1-3]. In salmonids, a 

reduction in plasma level of PRL has been fre- 

quently observed after transfer from fresh water to 

seawater [4-8]. The decrease in plasma PRL in 

response to seawater is most likely to be releated 

to its sodium retaining action, which is inhibitory 

to maintenance of ion balance in seawater. On the 

other hand, recent studies suggest that growth 

hormone (GH) plays an important role in seawater 

adaptation, especially in salmonids, and the seawa- 

ter-adapting effect seems to be independent of 

growth promotion [9, 10]. An increase in plasma 

GH level has been observed during seawater 

acclimation in several salmonid species [6, 8, 11- 

13]. An increased metabolic clearance rate of GH 
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has also been seen when rainbow trout and coho 

salmon are transferred from fresh water to seawa- 

ter [12, 13]. Transfer of the fish to environment of 

different salinity generally causes chages in plasma 

osmolality. Reduction in osmotic pressure of 

culture medium is known to affect in vitro release 

of PRL in several teleost species [14, 15]. In 

salmonids, however, changes in osmotic pressure 

of medium within physiological range did not 

affect PRL and GH release in vitro [16, 17]. 

According to Kelley et al. [18], the basal release of 

newly synthesized PRL and PRL synthesis in 

organ-cultured pituitaries of coho salmon smolts 

were greater in freshwater fish than in the fish 

acclimated to seawater for 4 weeks; the PRL cells 

in vitro appear to retain at least some of their in 

situ characteristics. The present study was under- 

taken to examine the influrence of environmental 

salinity on spontaneous release of PRL and GH 

from organ-cultured pituitary of rainbow trout. 
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MATERIALS AND METHODS 

Immature rainbow trout (Oncorhynchus myk- 

iss), weighing about 100 g, were obtained from a 

commercial source in Tokyo. They were reared in 

recirculating freshwater tank at 12°C for more than 

a week until use. Twelve fish were transferreed 

directly to a recirculating tank of 80% seawater 

(salinity 30 ppt) at 12°C. As a control, the same 

number of the fish were transferred to a freshwater 

tank. They were fed commercially prepared pel- 

lets (Oriental, Chiba) during the experiment. Two 

weeks after the transfer, they were anesthetized in 

2-phenoxyethanol (0.1 ml/liter), and blood was 

collected from the caudal vessels with a syringe 

needle treated with ammonium heparin. After 

centrifugation at 10,000 rpm for 5 min, the plasma 

was separated and kept frozen at —80°C until 

analyses. The pituitaries taken out upon decapita- 

tion were cultured in a 96-well multiple plate 

containing 2001 Eagle’s minimum essential 

medium with Earle’s salts (Gibco, New York), 

penicillin (100 U/ml), streptomycin (100 U/ml), 

and Fungizone (0.25 ug/ml, M. A. Bioproducts, 

Maryland). The pH of medium was adjusted to 7.3 

TABLE 1. 

to fresh water or 80% seawater 
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by sodium bicarbonate, and the osmotic pressure 

was 300 mOsm. Pituitaries were incubated at 12°C 
under an atmosphere of 95% Oy, and 5% CQO), for 

48 hr. The medium was changed every 12 hr. 

Each pituitary was sonicated in 1 ml 0.1% Triton 

X-100 in 10mM phosphate buffered saline (pH 

7.3). The medium and pituitary homogenates 

were stored at —80°C. As controls, unincubated 

pituitaries were also collected immediately after 

decapitation. 

Plsma sodium level was measured by an atomic 

absorption spectrophotometry (Hitachi, Tokyo). 

Osmotic pressure was measured by a vapor press- 

ure osmometer (Wescor, Utah). The medium and 

pituitary concentrations of PRL and GH were 

measured by homologous radioimmunoassays [19, 

20]. 

RESULTS 

When rainbow trout was acclimated to 80% 

seawater for 2 weeks, a significant increase was 

seen in both plasma osmolality and sodium level 

(Table 1). Plasma PRL level was significantly 

lower in seawater fish than in freshwater fish. In © 

Plasma osmolality and concentrations of sodium, PRL and GH of rainbow trout acclimated 

; No. Osmolality Na PRL GH 
SER of fish (mOsm/kg) (mEq/liter) (ng/ml) (ng/ml) 

fresh water i SY 323) sy2ae Il 0.8+0.2 SHOE) 

80% seawater VW 334+4** IG aeze 0.4+0.1* 14.8+2.0* 

Data are expressed as mean+SEM. 

*-** Signifiantly different from the level in freshwater fish at P<0.05 and P<0.001, respectively, by 

Student’s f-test. 

TABLE 2. Pituitary contents of PRL and GH of rainbow trout acclimated to fresh water or 80% seawater 

No. PRL GH 
eo of fish (ug/ pituitary) (ug/pituitary) 

unincubated fresh water 6 2.67 + 0.30 19 9-5 ies 
pituitery 

80% seawater 6 I JlseQ.1S“ S59 se ORSe 

pituitary incubated fresh water 6 BeI2e 093 (AN Ossil oe 
for 48 hr 

80% seawater 6 2.07 +0.24 joa oad lis 

Data are expressed as mean+SEM. 

* Significantly different from the content in unincubated pituitary of freshwater fish at P<0.05 by Student’s 

t-test. 
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Fic. 1. Release of PRL from organ-cultured pituitaries of rainbow trout acclimated to fresh water (FW) or 80% 

seawater (SW). Data are expressed as mean+SEM (n=6). *°** significantly different from the corresponding 

level in freshwater fish at P<0.01 and P<0.001, respectively, by the Student’s t-test 
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Fic. 2. Release of GH from organ-cultured pituitaries of rainbow trout acclimated to fresh water (FW) or 80% 
seawater (SW). Data are expressed as mean+SEM (n=6). 
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contrast, plasma GH level of seawater fish was 

significantly higher than that of freshwater fish. 

PRL and GH contents in the unincubated pituit- 

ary were significantly smaller in the fish acclimated 

to 80% seawater than those in freahwater fish. 

However, there was no significant difference in the 

residual pituitary contents of both PRL and GH 

between the fish in fresh water and 80% seawater 

(Table 2). 

As shown in Fig. 1, PRL release from the organ- 

cultured pituitary was 3-5 ng/pituitary-hr during 

the first 12 hr of incubation, and there was no 

difference between the fish acclimated to fresh 

water and those to 80% seawater. Thereafter, 

PRL release decreased markedly to a basal level of 

less than 0.5 ng/pituitary-hr. The basal release of 

PRL of freshwater fish (0.4-0.5 ng/pituitary-hr) 

was significantly greater than that of the fish in 

80% seawater (about 0.2 ng/pituitary-hr). In con- 

trast, GH release from the cultured pituitary was 

about 150 ng/pituitary-hr during the first 12 hr, 

about 30 times greater than the PRL release during 

the same period, and higher levels (200-450 ng/ 

pituitary-hr) were maintained throughout the ex- 

periment (Fig. 2). There was no significant differ- 

ence in GH reiease between the fish in fresh water 

and those in seawater at any period. 

DISCUSSION 

In the present study, plasma PRL level of rain- 

bow trout acclimated to 80% seawater was signi- 

ficantly lower than in freshwater fish. This is in 

agreement with previous observations in several 

salmonid species [4-8]. The reduction in plasma 

PRL level seems to reflect decreased PRL relesae 

in vivo during seawater adaptation. PRL release 

from organ-cultured pituitary of seawater adapted 

rainbow trout was also significantly lower than that 

of freshwater fish, indicating that the influence of 

seawater adaptation on PRL release is still existent 

in the cultured pituitary at least for 48 hr. In coho 

salmon smolts, Kelley et al. [18] reported that the 

basal release of newly synthesized PRL, as mea- 

sured by incubating the pituitary with [*S]- 

methionine for 20 hr, was lower in seawater fish 

than in freshwater fish. The acute decline of PRL 

release within the first 12 hr in culture observed in 

the present study does not seem to be due to the 

exhaustion of PRL stored in pituitary, since a 

considerable amount of PRL remained in the 

pituitary after 48 hr in culture. Gonnet [21] re- 

ported that dominant hypothalamic control of 

PRL release in rainbow trout is stimulatory, based 

on their studies with perfused pituitaries. The 

acute decline in PRL release within the first 12 hr 

in culture may be caused by disappearance of the 

stimulatory control by hypothalamus. 

In teleosts, a considerable number of studies 

have focused on direct effect of osmotic pressure 

on PRL release in vitro [14, 15]. A reduction in 

osmotic pressure of cultrue medium directly stimu- 

lated PRL release in several euryhaline teleosts 

such as a goby, tilapia and eel [22-25]. In rainbow 

trout, however, the response of PRL release 

needed a large variation in osmotic pressure [17]. 

In the present study, pituitaries of seawater- 

adapted fish were incubated in the same culture 

medium as the pituitary of freshwater fish with 

osmolality of 300 mOsm/kg. In spite of a reduc- 

tion in osmotic pressure from 330 mOsm/kg in 

plasma to 300 mOsm/kg in culture medium, PRL 

release from seawater fish pituitary was still lower 

than in freshwater fish. In salmonids in general, 

changes in osmotic pressure with physiological 

ranges seem to have no significant influence on 

PRL release from organ-cultured pituitary [16- 

18]. 

As is discussed above, osmolality of the culture 

medium is not the cause of the decrease in PRL 

release in seawater-adapted fish. It is also unlikely 

that the effect of hypothalamic hormones persists 

for more than 48 hr on PRL cells in the cultured 

pituitary, although hypothalamic nerve endings in 

the trout pituitary were found intact electron mic- 

roscopically after 8 days of culture [unpublished 

observation]. On the other hand, PRL content in 

the unincubated pituitary decreased significantly 2 

weeks after transfer from fresh water to seawater. 

In rainbow trout weighing about 200 g, Prunet et 

al. [4] reported that pituitary PRL content in- 

creased within 2 days after transfer to seawater, 

possibly as a result of an acute decrease in PRL 

release. Thereafter, PRL content decreased gra- 

dually to the initial level 3 weeks after transfer. In 

coho salmon smolts, pituitary content and synth- 
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esis of PRL decreased 4 weeks after transfer to 

seawater [18]. Although there was no significant 

difference in the residual PRL content between the 

fish in fresh water and in seawater after 48 hr in 

culture, the reduction in in vitro release of PRL in 

seawater fish as compared with that in freshwater 

fish seems to be related to the smaller pituitary 

content before the culture. 

In agreement with previous reports in rainbow 

trout and other salmonids [6, 8, 11, 13], plasma 

level of GH increased after adaptation of the trout 

to 80% seawater. However, in vitro release of GH 

in seawater fish was not different from that of 

freshwater fish. Nagahama et al. [26] suggested 

electron microscopically that GH cells in coho 

salmon pituitary were more active in seawater- 

adapted fish than in the fish in fresh water. Esti- 

mated from the metabolic clearance rate of exoge- 

nously administrated GH, GH released from the 

pituitary in vivo increased during seawater adapta- 

tion of rainbow trout and coho salmon [12, 13]. In 

salmonids, seawater adaptation seems to stimulate 

both release and sythesis of GH. Smaller GH 

content in the unincubated pituitary in seawater 

fish than in freshwater fish observed in the present 

study may reflect greater secretion rate than the 

rate of synthesis. In our recent study, activation of 

GH release and synthesis was observed in serum- 

free culture of rainbow trout pituitary, indicating 

that predominant control of GH secretion in rain- 

bow trout is inhibitory [27]. Thus, the influence of 

seawater adaptation on GH release, if any, seems 

to be masked by the increased GH cell activity 

under the culture condition. Further studies are 

needed with dispersed or isolated pituitary cells 

without nerve endings of hypothalamic neurons to 

clarify the influence of seawater adaptation on 

PRL as well as GH release from the trout 

pituitary. 
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ABSTRACT— When assayed using an in vitro culture of Bombyx prothoracic glands (PGs), bombyxin 

stimulated ecdysteroid production by the PGs in a dose-dependent manner. However, the dose 

required for attaning maximum activation was as high as 800 and 1600 Samia units/ml for larval and 

pupal PGs, respectively. By contrast, prothoracicotropic hormone (PTTH) enhanced ecdysteroid 

production by larval glands 20 times as much as the control at a concentration of 16 Bombyx units/ml 
and that of pupal PGs by 10 times at 64 units/ml. From these results we conclude that bombyxin cannot 

be regarded as a physiological PITH, despite its demonstrated ability to activate the PGs in vitro at 

excessively large doses. 

INTRODUCTION 

Brains of certain lepidopteran insects contain 

two different classes of molecules which exhibit 

prothoracicotropic activity. The brain of Manduca 

sexta secretes small and big prothoracicotropic 

hormone (PTTHs) [1]. Activation by these PTTHs 

in Manduca is stage-specific: big PTTH stimulates 

equally the Manduca larval and pupal PGs while 

small PTTH activates larval PGs much more than 

pupal PGs. 

The brain of the silkworm, Bombyx mori, con- 

tains similarly two neurosecretory substances with 

prothoracicotropic activity [2]. One is PITH (30 

kDa) which activates its own larval and pupal PGs 

of Bombyx mori. The other is bombyxin (5 kDa), 

once called PTTH-S [3] or 4K-PTTH [2], that is a 

peptide belonging to the insulin family [4, 5] and 

exerts strong activity to stimulate adult develop- 

ment in the brainless pupae of Samia cynthia ricini 

[3], and in the diapausing pupae of Papilio xuthus 
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[6]. Bombyxin failed to induce a larval moulting of 

the neck-ligated, 4th instar Bombyx larvae [7] and 

an adult development of Bombyx dormant pupae 

produced by brain extirpation [8]. Meanwhile, we 

observed that Bombyx PGs were activated in vitro 

by an addition of crude bombyxin sample to the 

culture medium (Kataoka, unpublished data). 

Naturally there remained a possibility that the 

crude bombyxin sample was contaminated with a 

small amount of PTTH. It has now become 

possible for us to use enough amount of pure, 

natural bombyxin to examine whether it can really 

activate PGs in vitro. In this paper, we reassessed 

the effects of bombyxin on the Bombyx PGs both 

in vivo by using brainless pupae and in vitro by 

using larval and pupal PGs and found that it 

stimulated both larval and pupal PGs in vitro to a 

certain extent though it was totally inactive in the 

in vivo assay. The effects of bombyxin and PTTH 

on PGs were also examined by qualitative and 

quantitative analyses of ecdysteroids produced by 

the PGs after stimulation by either bombyxin or 

PTTH. 
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MATERIALS AND METHODS | 

Animals 

Larvae of the silkworm, Bombyx mori, (Gunpo 

x Shuhgyoku), from which PGs were obtained for 

in vitro assay of PTTH and bombyxin, were reared 

on an artificial diet under a 12L: 12D photperiod at 

25+1°C [9]. Larvae of another racial hybrid J-122 

x C-115, which were used for PTTH and bombyxin 

bioassays, were reared on an artificial diet under 

an 18L:6D photoperiod at 25+1°C [8]. 

Hormones 

Ecdysone and 20-hydroxyecdysone were purch- 

ased from Sigma and 3-dehydroecdysone was a gift 

from J. T. Warren and L. I. Gilbert (The Universi- 

ty of North Carolina). Bombyx PTTH and bomby- 

xin (bombyxin-II) were obtained from Bombyx 

adult heads [5, 10]. A PTTH preparation after 

step 10 by Octyl-Sepharose chromatography and 

pure bombyxin-II were dissolved in Grace’s 

medium. The biological activity of bombyxin and 

PTTH is expressed in Samia unit (SU; 1 SU=0.4 

ng bombyxin-II) [11] and Bombyx unit (BU; 1 BU 

=(0.1 ng PTTH) [8], respectively. 

Bioassay of bombyxin and PTTH 

Bioassay for bombyxin and PTTH was per- 

formed using brainless pupae of a racial hybrid 

J-122 x C-115 of Bombyx mori [8]. Each pupa 

received a 10 yl test solution and observed 6 days 

after injection for wing apolysis, an indication of 

initiation of adult development. 

Incubation of PGs 

PGs were dissectd out from racial hybrid Gunpo 

x Shuhgyoku either on day 5 of the Sth instar or on 

the day of pupation, and incubated in 50 ul 

Grace’s medium (GIBCO) for 4 h at 25°C. Activa- 

tion of PGs by either bombyxin or PITH was 

assayed according to Bollenbacher et al. [12]. One 

gland of a pair was used as a control while the 

contralateral one was incubated in the presence of 

bombyxin or PITH. After incubation, 10 ul of 

each medium diluted with Grace’s medium to an 

appropriate concentration of ecdysteriods were 

directly subjected to ecdysteroid radioimmuno- 

assay (RIA) to determine the ecdysteroid amount in 

the medium. The activation by either bombyxin or 

PTTH is expressed in activation ratio (Ar) accord- 

ing to Bollenbacher et al. [12]. To prepare the 

samples for reverse phase high performance liquid 

chromatographical (RP-HPLC) analysis of ecdys- 

teroids, 8-16 one-side PGs were individually incu- 

bated in 50 1 plain Grace’s medium while the 

same number of the contralateral glands were 

incubated in the presence of either bombyxin or 

PTTH. After quantification of ecdysteroids in 

each medium by RIA, the reamining media were 

combined, extracted and dissolved in 5% acetonit- 

rile. The solution containing ca. 5-10 ng ecdyster- 

oids were subjected to RP-HPLC analysis [13]. 

Ecdysteroids were identified by RP-HPLC and 

RIA. RP-HPLC was done with a Cj » Bondas- 

phere column (Waters, 3.9150 mm) by gradient 

elution of 5 to 30% acetonitrile/water in 40 min at 

a flow rate of 1 ml/min at 25°C, and fractions were 

collected every 0.5 min. Although the retention 

times of reference compounds varied, ecdysone 

and 3-dehydroecdysone were easily identified by 

differential RIA [14]. Two different antisera were 

used for the ecdysteroid RIA, H-22 with high 

affinity for ecdysone and 20-hydroxyecdysone, and 

S-3. with high affinity for ecdysone and 3- 

dehydroecdysone [13]. The basic procedure for 

RIA has been outlined by Warren and Gilbert 

[15], and in the present study ammonium sulfate 

was used to separate bound and free ligands. Since 

no RIA active substance other than ecdysone and 

3-dehydroecdysone was detected in the incubation 

medium (unpublished data), data of RP-HPLC- 

RIA analysis are present for only the fractions 

including these two ecdysteroids. 

RESULTS 

Activity of bombyxin in brainless pupae 

To reconfirm the ineffectiveness of bombyxin on 

the induction of adult development of Bombyx 

pupae, various doses of pure bombyxin-II were 

injected into brainless pupae. Table 1 shows that 

as much as 1000 SU (400 ng) of bombyxin-II failed 

to induce adult development. By contrast, all the 

brainless pupae injected with 1 BU of PTTH 
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TasLe 1. Effects of injection of natural bomyxin-II initiated adult development within 6 days after 
on induction of adult development in the brainless injection. 

Bombyx female pupae 

Effects of bombyxin and PTTH on PGs in vitro Response* 

Hormone number iil, aes A dose-response curve of activation of larval 

PGs was generated using both bombyxin and 

bombyxin, 10SU 10 10 0 PTTH (Fig. 1). When PTTH was assayed using 
100 SU 10 10 0 larval PGs, the highest Ar was approximately 22 at 

1000 SU 10 10 0 a concentration of 16 BU/ml. At this dose, the 

PTTH 1 BU 10 0 10 curve still did not reach a plateau. Bombyxin was 
PSA* 10 10 0 slightly effective on PGs in vitro. The activation 

* Number of brainless pupae that initiated adult was dose-dependent up to a 800 SU/ml concentra- 
development (+) or not (—) within 6 days after tion, where the maximum Ar of 6 was obtained, 

injection of either bombyxin or PTTH. and at a higher dose of 1600 SU/ml, the Ar was 
* Four micrograms of bovine serum albumin were 

injected as a control. 

SU, Samia unit; BU, Bombys unit. 

zs | 

reduced. When assayed using pupal PGs, the Ar 

by PTTH was 10.5 at a concentration of 64 BU/ 

ml, while that by bombyxin was 3.7 at 1600 SU/ml 

Activation ratio 

OFZ57 O15 0 25 Iug Sra 25 50 100 200 400 800 1600 

PTTH (BU/ml) bombyxin (SU/ml) 

Fic. 1. Effects of PITH and bombyxin on ecdysteroid production by PGs of day 5 fifth instar larvae. One PG ofa 

pair was incubated in 50 wl of Grace’s culture medium for 4 h at 25°C while the contralateral PG was incubated in 

the presence of bombyxin-II or PTTH at varying concentrations indicated. After incubation, each medium was 

directly subjected to ecdysteroid RIA to determine ecdysteroid amount in the medium. Activation ratio indicates 

the value obtained by dividing the amount of ecdysteroids produced by PGs in the presence of bombyxin or PITH 

by the amount of ecdysteroids produced by the contralateral PGs in the control medium [12]. BU, Bombyx unit 

[8]; SU, Samia unit [11]. Each datum point represents a meant+S.D. (N=4). 
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Fic. 2. Effects of PITH and bombyxin on ecdysteroid production by PGs of day 0 pupae. 

Each datum point represents a mean+S.D. (N=4). for Figure 1. 
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TABLE 2. Comparison of the anount of ecdysteroids produced by larval or pupal PGs in the presence 

or absence of either bombyxin or PTTH at a concentration to elicit the maximum activation 

donor of 
prothoracic n noone 
glands (unit/ml) 

Sth instar 4 PTTH 

larvae (16BU) 

(day 5) 
4 bombyxin 

(800SU) 

et 4 PTTH 
(Gay Y) (64BU) 

5 bombyxin 
(1600SU) 

(Fig. 2). The actual amounts of ecdysteroid sec- 

reted by the PGs at the bombyxin or PTTH 

concentration that gave the highest activation are 

shown in Table 2. 

RP-HPLC analysis of ecdysteroids produced by 

PGs in the presence or absence of either bombyxin 

or PTTH 

Bombyx larval PGs in vitro secreted primarily 

ecdysone and 3-dehydroecdysone was secreted 

arate carl steal 

se | 

ecdysteroids activation 
(ng/giand+S.D.) ratio 

0.60+0.35 
ISR Sate 5-35 21.7+2.4 

0.64+0.51 
3.49+2.48 5 SxS 

Ud Qaz leo 
84.70 +6.85 10.8+2.0 

ae 2.725) 
SoM aera I3) 4.0+1.2 

only in a very small amount (Fig. 3a). When 

stimulated by 800 SU/ml of bombyxin-II, the PGs 

secreted similarly only a very small amount of 

3-dehydroecdysone compared to ecdysone (Fig. 

3b), as in the non-stimulated control PGs. After 

PTTH stimulus (16 BU/ml; Fig. 3c), a consider- 

able amount of 3-dehydroecdysone was secreted 

but the proportion of 3-dehydroecdysone to ecdy- 

sone did not significantly differ from that of control 

PGs. Pupal PGs with no added hormones secreted 



Effects of Bombyxin and PTTH 153 

C 

uw 

~ 

oc 
> = 

oO 

Oo lJ 
a 

og iD) 

ss | 

45 20 25 30 

Retention time 

Fic. 3. Reverse-phase HPLC of ecdysteroids produced in vitro by the PGs of day 5, fifth instar larvae in the control 

medium (a) or in the presence of either bombyxin (b, 800 SU/ml) or PTTH (c, 16 BU/ml). Fractions were 

collected every 0.5 min and an aliquot of each fraction was subjected to ecdysteroid RIA using the H-22 

antiserum (filled circles) and S-3 antiserum (open circles). E, ecdysone; 3DE, 3-dehydroecdysone. 

>) 

< 
> E 
(So) 

= ra < w ; 
Lu oO = | ra 

| no) 

30 35 25 30 30 35 

Retention time 

Fic. 4. _Reverse-phase HPLC of ecdysteroids produced in vitro by the PGs of day 0 pupae in the control medium (a) 

or in the presence of either bombyxin (b, 800 SU/ml) or PTTH (c, 64 BU/ml). Fractions were collected every 

0.5 min and an aliquot of each fraction was subjected to ecdysteroid RIA using the H-22 antiserum (filled circles) 

and S-3 antiserum (open circles). EE, ecdysone; 3DE, 3-dehydroecdysone. 
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primarily ecdysone, accompanied by a small 

amount of 3-dehydroecdysone like in the larval 

PGs (Fig. 4a). When the PGs were stimulated by 

bombyxin-II (800SU/ml), the amount of 3- 

dehydroecdysone slightly increased (Fig. 4b). By 

contrast, when the PGs were stimulated by PITH 

(64 BU/ml), the PGs secreted a very small amount 

of 3-dehydroecdysone, as in the non-stimulated 

control PGs (Fig. 4c). 

DISCUSSION 

The present data clearly show that bombyxin 

does not stimulate Bombyx PGs to secrete ecdys- 

teroids at a physiological concentration. Although 

it slightly activated Bombyx larval and pupal PGs 

in vitro, the dose of bombyxin required to attain 

enough activation was extraordinarily high. In 

addition, an injection of a large amount of bomby- 

xin (1000 SU/pupa) failed to evoke adult develop- 

ment of brainless Bombyx pupae. The concentra- 

tion of haemolymph bombyxin immediately after 

the injection could be 2500 SU/ml at least since 

haemolymph occupies 30-40% of pupal body 

weight (unpublished data) and the average weight 

of a pupa was approximately 1 gr or less. This 

indicates that the injected bombyxin presumably 

stimulated pupal PGs but the activation was not 

yet enough to induce adult development. The 

contents of bombyxin in one brain throughout the 

Bombyx life cycle is 1-30 SU [16, 17]. Even if 

bombyxin secretion is very fast and only a small 

amount of bombyxin is stored in the secretory 

cells, it is unlikely that a brain can secrete a large 

amount of bombyxin to elevate the bombyxin 

content as mush as 1000 SU/pupa or more. Accor- 

dingly, bombyxin may not participate in the activa- 

tion of Bombyx PGs to induce moulting at all. 

When in vitro effects of bombyxin and PTTH in 

Bombyx are compared with those of small and big 

PTTHs in Manduca, the most pronounced differ- 

ence is that in Bombyx, only PTTH stimulates PGs 

at physiological concentrations while in Manduca, 

big PTTH stimulates the larval and pupal PGs 

equally whereas small PTTH preferentially stimu- 

lates the larval PGs. Small PTTH does not suc- 

cessfully stimulate Manduca pupal PGs: its dose 

eliciting maximal activation of pupal PGs is 6 

units/25 wl, corresponding to 240 units/ml [1]. 

Even though small PTTH stimulates the larval PGs 

in vitro, its effects on larval moulting is negligible 

[18]. Indeed, small PTTH was not found in the 

course of purification of Manduca PTTH as far as 

using the larval assay [19]. Accordingly, Manduca 

small PTTH as well as bombyxin may not be 

egarded as a physiological PTTH in a rational 

consideration. We suggest, therefore, that insect 

brains contain a single molecular class of PITH, so 

called big-PTTH in Manduca and others [20, 21]. 

Although bombyxin is totally inactive to stimu- 

late adult development of Bombyx brainless 

pupae, it slightly activated Bombyx PGs in vitro. 

Bombyxin belongs to an insulin-super family with 

respect to amino acid sequence. If its in vitro 

effects were due to the insulin-like action such as 

stimulation of metabolic reactions, then the sti- 

mulation by bombyxin could be different from that 

by PTTH. We tried to examine this possibility by 

comparing the amount of each of ecdysone and 

3-dehydroecdysone produced by PGs in the pre- 

sence of bombyxin or PTTH, but failed to find any 

difference to support this assumption so far ex- 

amined. | 

In spite of the inability of bombyxin to stimulate 

Bombyx PGs at a physiological dose both in vivo 

and in vitro, it exerts strong stimulatory effect on 

the PGs of Samia cynthia |4| and Papilio xuthus 

[22]. Similarly, M. brassicae ‘small PTTH’ stimu- 

lates Bombyx PGs and Papilio ‘small PTTH’ acti- 

vates PGs of M. brassicae, B. mori and P. c- 

aureum [21]. These observations indicate that the 

spectrum of the action of small PTTH is fairly 

wide, i.e. its species-specificity could be low. 

Whether the low species-specificity is due to small 

PTTHs belonging to insulin-super family awaits for 

the elucidation of the chemical structures of 

Samia, Papilio and other small PTTHs. 
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Cloning and Sequence Analyses of Vasotocin and Isotocin 

Precursor cDNAs in the Masu Salmon, Oncorhynchus 

masou: Evolution of Neurohypophysial 

Hormone Precursors 

MASAKAZU SUZUKI, SUSUMU Hyopo! and AKIHISA URANO 

Laboratory of Molecular Biology, Ocean Research Institute 

University of Tokyo, Minamidai, Nakano-ku, Tokyo 164, Japan 

ABSTRACT—We have cloned and determined the nucleotide sequences of cDNAs encoding precur- 

sors of neurohypophysial hormones, vasotocin (VT) and isotocin (IT), from the hypothalamus of masu 

salmon, Oncorhynchus masou. The deduced amino acid sequences of masu salmon VT and IT 

precursors (proVT-I and proIT-I) are highly homologous to those of chum salmon proVT-I and prolT-I, 

respectively. The VT and IT precursors are composed of a signal peptide, hormone and neurophysin 

(NP), the middle portion of which is highly conserved among vertebrates. Both the NPs extend about 30 

amino acids at the C-terminal. The extended C-terminals have a leucin-rich segment in the 

carboxyl-terminal, as copeptin of vasopressin precursor. Southern bot analysis showed the presence of 

two types of proVT genes (proVT-I and proVT-II) and proIT genes (proIT-I and proIT-II) in an 

individual masu salmon, as in a chum salmon. Southern blot analysis with proVT probes further 

suggested that at least two different types of proVT-I genes exist in a single masu salmon. Norhtern blot 

analysis indicated that proVT-I and proIT-I genes are expressed in the hypothalamus, whereas proVT-II 

and proIT-II genes are not expressed. Evolutionary distance between proVT-I and proIT-I genes was 

statistically estimated based on synonymous nucleotide substitution in the coding region of the cDNAs. 

The magnitude of distance between masu salmon proVT-I and proIT-I genes suggested that the highly 

conserved central portion of NPs resulted from a gene conversion event. Between masu salmon and 

chum salmon, evolutionary distance for proVT-I genes is about 6-fold larger than that for proIT-I genes. 

INTRODUCTION 

Ten distinct neurohypophysial hormones have 

been characterized in a wide variety of vertebrates, 

so that many schemes have been proposed for the 

evolutionary pathway of amino acid substitution 

based on the primary structures and phyletic dis- 

tributions of hormones [1, 2]. Meanwhile, a recent 

molecular biological study clarified that neuro- 

hypophysial hormones were synthesized via larger 

precursors [3]. This fact strongly suggests that it is 

indispensable to reestimate molecular evolution of 

neurohypophysial hormones in terms of their pre- 

cursors. 
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The nucleotide sequences of cDNAs encoding 

the precursors of arginine vasopression (VP) and 

oxytocin (OT) were first determined in bovine [4, 

5]. The deduced amino acid sequence of VP 

precursor consists of a signal peptide, VP, 

neurophysin II which is a carrier protein specific to 

VP, and a glycoprotein named copeptin. The OT 

precursor is shorter and consists only of a signal 

peptide, OT and neurophysin I which is OT spe- 

cific carrier protein. Thereafter, primary struc- 

tures of neurohypophysial hormone precursors 

were revealed not only in mammals, e.g. human 

[6], but also in lower vertebrates such as toad [7], 

white sucker [8-10] and chum salmon [11, 12]. 

From these results, Hyodo et al. [12] estimated 

evolutionary distances among mRNAs for precur- 

sors on the basis of the nucleotide sequences, and 

proposed a scheme for molecular evolution of 

neurohpophysial hormone precursors. 



158 

Most salmonids are, like catostomids, con- 

sidered to be tetraploid, because their cell nuclei 

contain about 2-fold amount of DNA and chromo- 

somes compared to other species in the same 

order, Clupeiformes [13]. Furthermore, two diffe- 

rent cDNAs could be obtained for each of VT and 

IT precursors in the white sucker and the chum 

salmon. Chum salmon precursors were named as 

provasotocin-I (proVT-I) and II (proVT-II), and 

proisotocin-I (proIT-I) and II (proIT-II) [12]. 

Pairs of genes encoding certain hormones were 

also found in salmonid fish, e.g. two genes for 

melanin-concentrating hormone in the chum sal- 

mon [14]. The most important mechanism for 

generating such pairs of genes is probably genome 

duplication. Thereafter, the duplicate genes may 

diverge and individually differentiate. However, 

there is no detailed study at the nucleotide level 

about changes of duplicate genes formed by 

genome duplication. Investigation of the diver- 

gence and differentiation of salmonid proVT and 

prolIT genes is thus important to clarify evolution- 

ary changes of neurohypophysial hormone precur- 

sor genes in the tetraploid fish. It is also indispen- 

a)vasotocin 

amino acids 
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sable for general understanding of gene evolution. 

In the present study, masu salmon was used as an 

experimental species to clarify the extent of diver- 

gence and differentiation within the same genus. 

We could clone and determine only single proVT-I 

and proIT-I cDNAs from the hypothalamus of 

masu salmon (Oncorhynchus masou). Northern 

blot analysis demonstrated that the genes for 

proVT-II and prolIT-II were not expressed, 

although Southern blot analysis showed the 

presence of genes for proVT-II and prolIT-II. 

MATERIALS AND METHODS 

Construction of cDNA library, cloning and se- 

quence analysis 

The hypothalami were collected from 27 mature 

female masu salmons. Total RNA was extracted 

with a RNA extraction kit (Amersham), and 

poly(A)*RNA was separated through an oli- 

go(dT)-cellulose column using a mRNA purifica- 

tion kit (Pharmacia). Complementary DNA was 

prepared with a cDNA synthesis system plus 

Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Arg-Gly 

A 
mRNA 5'-UGC-UAC-AUC-CAA-AAC-UG -3' 

UU UG 

aT 
oligo-VT 3'-ACG-ATG-TAG-GTT-TTG-AC -5' 

A 

b)isotocin 

amino acids 

codons: csIT-I 

csIT-II 

oligo-IT 

Fic. 1. 

A A). C.. > A 

Cys-Tyr-Ile-Ser-Asn-Cys-Pro-Ile-Gly 

TGC -TAC-ATC-TCC-AAC -TGC-CCC-ATA-GG 

TGC -TAC-ATC-TCC-AAC-TGT-CCC-ATC-GG 

5' -TGC-TAC-ATC-TCC-AAC-TGT-CCC-ATA-GG -3' 

G G C 

Synthetic oligonucleotides for the screening of VT and IT coding sequences. a) Oligo-VT is a 

mixture of 48 oligonucleotides (17-mer) which are complementary to all putative mRNA sequences 

predicted from the amino acid sequence of VT (1-6). b) Oligo-IT is a mixture of 8 oligonucleotides 

(26-mer) which were synthesized by considering codon usages in the IT region of chum salmon 

proIT cDNAs. 
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(Amersham). A cDNA library was constructed 

from 50 ng of cDNA and 500 ng of Agtl0 arms 

using a cDNA cloning system Agt10 (Amersham). 

The cDNA library yielded 1.1X10° plaques of 

99% recombinants. 

A total of 9.8 10° transformants was screened 

by plaque hybridizations. Probes were (1) three 

cDNAs encoding chum salmon provasotocin-I (cs- 

proVT-I), provasotocin-II (cs-proVT-II) and 

proisotocin-II (cs-proIT-II); and (2) two synthetic 

oligonucleotide mixtures designated as oligo-VT 

and oligo-IT (Fig. 1). Oligo-VT contained all 

nucleotide sequences which are complementary to 

putative mRNAs predicted from the amino acid 

sequence of VT (1-6), while oligo-IT contained 

consensus sequences from IT region of chum 

salmon proIT cDNAs. The cDNA probes were 

synthesized by a random priming method using a 

multiprime DNA labeling system and [a-*°P]dATP 

(Amersham). The oligonucleotide probes were 

3’-end-labeled with an oligonucleotide 3’-end 

labeling system (DuPont/NEN) and [a-*°P]ddATP 

(Amersham). Hybridization solution contains 6 x 

SSC (1XSSC contains 150 mM NaCl and 15 mM 

sodium citrate), 0.1% SDS, 1xDenhardt’s rea- 

gent, and 100 ug/ml denatured, sonicated calf 

thymus DNA. Hybridization was performed at 

55°C for the cDNA probes, at 35°C for the oligo- 
VT probe and 50°C for the oligo-IT probe. Post- 

hybridization washing was carried out twice in 1 x 

SSC containing 0.1% SDS at 50°C for the cDNA 

probes, while filters were washed twice in 6x SSC 

containing 0.1% SDS at 35°C for the oligo-VT 

probe and at 50°C for the oligo-IT probe. 

Inserts from positive clones were subcloned into 

Bluescript plasmid (stratagene), and then nu- 

cleotide sequences were determined by the 

dideoxy chain-termination method [15]. Nu- 

cleotide and amino acid sequences were compared 

by use of a GENETYX genetic information pro- 

cessing software package (Software Development 

Co., Ltd.). 

Southern and Northern blot analyses 

Genomic DNA of masu salmon was extracted 

from a single salmon liver as described by Maniatis 

et al. [16], and was digested separately with each of 

restriction enzymes, EcoR I, Hind III and Pst I. 

The resulting fragments electrophoresed through a 

0.6% agarose gel and then transferred to a 

Hybond-N membrane (Amersham) according to 

the manufacturer’s instructions. Total RNAs (20 

pg) extracted from the brain, liver, and kidney of 

masu salmon were electrophoresed through a 1% 

agarose/formaldehyde gel, and also transferred to 

a Hybond-N membrane. The method for labeling 

cDNA probes and the conditions of hybridization 

were the same as those in screening procedure with 

the cDNA probes, except that cDNA probes were 

generated from cDNAs encoding masu salmon 

proVT-I (ms-proVT-I), proIT-I (ms-proIT-I), 

chum salmon proVT-I (cs-proVT-I) and II (cs- 

proVT-II), and prolIT-I (cs-proIT-I) and II (cs- 

proIT-II). After hybridization, the filters were 

washed twice in 1 XSSC cotaining 0.1% SDS at 

60°C, and were exposed to x-ray film at —80°C. 

Thereafter, the filters were washed twice in more 

stringent condition, that is, in 0.1 x SSC containing 

0.1% SDS at 60°C, and again subjected to auto- 

radiography. 

Estimation of evolutionary relationship 

Evolutionary relationshps among _ neuro- 

hypophysial hormone precursor genes were statis- 

tically estimated by the method of Miyata et al [17] 

using Genetyx, genetic information processing 

software (Software Development Co. Ltd.). The 

number of substitutions per nucleotide site was 

calculated in terms of synonymous (Ks) and non- 

synonmous substitution (Kn) in the coding region. 

We first compared masu salmon proVT-I with 

proIT-I cDNAs. The presence of three exons in 

proVP and proOT genes of mammals [3] and in 

proVT genes of white sucker [10] was considered 

for the calculation, so that the nucleotide se- 

quences of masu salmon proVT-I and prolT-I 

cDNAs were divided into three regions: (1) region 

A encoding a signal peptide, hormone and amino 

(N)-terminal portion of neurophysin (top segment 

in Fig. 3); (2) region B encoding the central por- 

tion of neurophysin (middle segment); and (3) 

region C encoding the carboxyl (C)-terminal por- 

tion of neurophysin (bottom segment) [12]. Then, 

we compared proVT-I cDNAs and proIT-I cDNAs 

among masu salmon (ms), chum salmon (cs) and 

white sucker (ws). Ks was corrected (“Ks) for the 
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effect of multiple hits at a single site. Evolutionary 

distance, represented by “Ks, is directly prop- 

ortionate to divergence time between homologous 

genes and also between speices that are to be 

compared. Therefore, the rate of synonymous 

substitution per site per year (Vv) was estimated by 

the following formula: 

— (“Ks + “Ksit) /4T = (“Ksy¢ + “Ksit) / 

(4x 1.0.x 108) 

where “Ks,, is “Ks between ms- and ws-proVT-I 

cDNAs, ‘Ks;, is ‘Ks between ms- and ws-prolT-I 

cDNAs, and T is divergence time between masu 

salmon and white sucker. In this study, we 

adopted 1.010° years as T according to fossil 

record [18] and an isozyme study [19]. By use of 

the v, we estimated divergence time for proVT-I 

genes and for proIT-I genes, between masu salmon 

and chum salmon. 

RESULTS 

Cloning of cDNAs encoding VT and IT precursors 

We obtained 6 positive clones by screening 5.8 x 

10° transformants with the **P-labeled cDNAs for 

cs-proVT-I and cs-proVT-II. The analyses of nuc- 

leotide sequences of the positive clones showed 

that 3 clones contained an identical VT-specific 

segeunce, while 1 clone contained an IT-specific 

sequence. These clones were designated as ms- 

proVT-I and ms-proIT-I cDNAs, respectively, be- 

cause the homology of the proVT clones to cs- 

proVT-I cDNA (80.5% nucleotide sequence 

identity) is higher than that to cs-proVT-II cDNA 

(48.9%), and the homology of the proIT-I clone to 

cs-proIT-I cDNA (97.6%) is higher than that to 

cs-proIT-II cDNA (62.6%). The nucleotide se- 

quences of ms-proVT-I and ms-proIT-I cDNAs 

and the deduced amino acid sequences are shown 

in Fig. 2. Since the presence of pairs of cDNAs for 

both VT and IT precursors were expected, 4.0 x 

10° transformants were rescreened to obtain ms- 

proVT-II and ms-proIT-II clones with oligo-VT, 

oligo-IT, and cDNAs for cs-proVT-II and cs- 

proIT-II. Nevertheless, the sequence of interest 

was not found in any clones, although we obtained 

additional two ms-proVT-I and one ms-proIT-I 

clones. | 

Vasotocin precursor 

The ms-proVT-I is composed of 155 amino acid 

residues and contains a signal peptide, VT and a 

neurophysin (VT-NP) which is connected to the 

hormone by Gly-Lys-Arg sequence. The signal 

peptide contains a high proportion of hydrophobic 

amino acids. The Gly-Lys-Arg that follows VT 

may serve as a signal for proteolytic processing and 

C-terminal amidation [20]. The VT-NP is cystein- 

rich and contains a highly conserved portion at its 

center, while the C-terminal of VT-NP includes a 

leucin-rich core segment and shows remarkable 

similarity to C-terminal of amphibian VT 

neurophysin and copeptin of mammalian VP pre- 

cursors, except for a lack of glycosylation site (Fig. 

3). The arginine residue at position 103 may be 

involved in the processing of the precursor because ° 

in most mammals the homologous arginine residue 

in vasopressin precursor is a processing signal 

between neurophysin and copeptin, although this 

is not true of amphibian VT precursors [21, 22]. 

Isotocin precursor 

The ms-proIT-I consists of 159 amino acid 

residues. We predicted that the initiation site for 

translation of ms-proIT-I is ATG at positions —66 

to —64 rather than at positions —60 to —58, 

because CATGGCT at position —67 to —61 is the 

same as the consensus sequence for initiation sites 

of other eukaryotic genes [3, 23]. The ms-proIT-I 

contains a signal peptide, IT, and a neurophysin 

(IT-NP), as ms-proVT-I. Isotocin is also con- 

nected to IT-NP by Gly-Lys-Arg sequence. 

Although the central portion of the neurophysin is 

Fic. 2. Nucleotide sequences of cDNAs encoding ms-proVT-I and ms-proIT-I precursors and deduced amino acid 

sequences of the precursors. 

residue in the coding region for hormones. 

hormone as 1. 

are indicated by hyphens. 

Nucleotide sites are numbered in the direction from 5’ to 3’, beginning with the first 

The amino acid residues are numbered with the first residue (Cys) of 

Identical nucleotides and amino acids are indicated by colons and asterisks, respectively. Gaps 

The AATAAA sequence in the 3’ untranslated region is underlined. 
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provasotocin-I GGAGTTCAGTTGTAGCCGTAGCCTACAGTACAAATTGGACGAAGCACTTTAGACGGAACAAG -61 

proisotocin-I CAAATTCGCAGATCATCCTCACCAAAGCCTCAACCTCAACAC -67 

Shibgriaulte PS pitesildie Se he ee ee ee ae eee 

Met Pro Asp Ser Thr Ile Pro Leu Leu Cys Val Leu Gly Leu Leu Ala Leu Ser Ser -2 

=== S55 NIG, CGA GAME AG Ie NCAT PILI C/N (Cink Cawley We, Gale WCAG: Ee, (GANG (CANE (Ce? (CAG SANG INGAR 2 

PCC omoAlG iin CCCeACC ICA GIG 1h CC CC En iC1G Cre TTC Cle, CTA TCT GTA TGC ACT =2 

Met Ala * Phe Gly Thr Ser Val Ser Ala * Jeet = 8) Plea a5 wm Sere Wall (Oy Ware 22 

— | — HW Vasotocin —H_, ane ce 
Ala Cys Tyr Ile Gln Asn Cys Pro Arg Gly Gly lys Arg Ser Phe Pro Asp Leu Lys - Arg 19 

GCG TGC TAC ATC CAG AAC TGT CCG CGA GGC GGG AAG CGC TCT TTT CCT GAT CTG AAA --- AGA 57 

GCC TGC TAC ATC TCC AAC TGC CCC ATA GGA GGC AAG AGA TCA GCC CTA GCT TTC CCA TCC AGA 60 

* * * * Ser oo “Ile * ar * Ala Leu Ala Phe Pro Ser * 20 
1 —WW [sotocin —_! 

Pro Cys Met Ser Cys Gly Pro Gly Asn Arg Gly Leu Cys Phe Gly Pro Ser Ile Cys Cys Gly 40 

CCG TGC ATG TCA TGT GGC CCT GGA AAC CGG GGC CTC TGC TTT GGC CCC AGT ATC TGC TGT GGG 120 

AAG GC ATG TCA TGT GGC CCC GGG GAC AGG GGT CGC TGC TIT GGC CCC AAT ATC TGC TGT GGG 123 
os ws Ws ws vs ws a= NS p * as NGS g Ws ws ws 7» Agim = vs * Ar g 41 

Glu Gly Met Gly Cys Tyr Met Gly Ser Pro Glu Ala Ala Ser Cys Val Glu Glu Asn Tyr Leu 61 

GAA GGG ATG GGT TGC TAC ATG GGC TCC CCA GAG GCA GCT AGT TGT GTG GAG GAG AAC TAC CTG 183 

GAG GGG ATG GGC TGC TAC GTG GGC TCT CCA GAG GCA GCT GGC TGC GTG GAG GAG AAC TAC CTG 186 
w * * we vw WF Val rh ¥ Ww We we ¥ Gal y WF vw v* * * We we 

—_ $Y. Neurrophysin 2 ATd-AWl_AWAW 

Thr Ser Pro Cys Glu Val Gly Gly Arg Val Cys Gly Ser Glu Glu Gly His Cys Ala Ala Pro 82 

ACC TCT CCC TGT GAG GTC GGA GGA AGA GTG TGT GGG TCT GAG GAG GGA CAC TGT GCT GCA CCT 246 

ccc TCC CCC TGT GAG GTC GGA GGA AGA GTG TGT GGC TCT GAG GAG GGA CGT TGT GCT GCA CCG 249 
W" vs wW vs W %* Ww ws ry w vs Ws vs vw w Ar g rh We we We 83 

Gly Val Cys Cys Asp Ala Glu Ser Cys Leu Leu Asp Ser Asp Cys Leu Asp Asp Ser Lys Arg 103 

GGG GTG TGC TGT GAT GCT GAG AGT TGT CTA CTG GAC TCA GAC TGC CTA GAC GAC AGT AAA CGT 309 

GGG ATC TGC TGT GAC GTG GAG GGT TGT AGT ATT GAC CAA TCC TGT ACT GAG GAG GAT GAA GCT 312 

a7 ILIL@) as * we Wall  €lgy ~ Sere Ie w Clin Sere <2) Alas Cll Gili Ws Gil Miler OVA 

Gln Pro Pro Ser Glu Gln Tyr Ser Ser Leu Met Glu Gly Leu Ala Gly Asp Leu Leu Gln Trp 124 

CAG CCA CCC AGT GAG CAG TAC AGT TCC TTG ATG GAA GGT TTG GCA GGA GAT CTG CTG CAG TGG 372 

GAA TAC ATA AGC CAA TCA GTG AGC AGT --- --- --- AGC CAT GGC CAT GAT CTG CTG ATG AAG 366 

Clive <>“ GilnsSer Val * = = a) Sere bis) Gilly Weiss 2 ee Met ths 122 

ee ele a ee 
Met Leu His Ala Thr Arg Arg Glu Arg Pro Gln end 35 

ATG CTG CAT GCC ACC AGA AGG GAG AGA CCT CAG --- --- --- --- TAA CAAACCACTGGCCAGCCCT 427 

CTT CTG AAC ATG ATT AGC CAC ACC CCT CCC CAC AGA GTC CAC AAA TAA AACAGCCTCTAATTCAGGG 433 

Leu * Asn Met Ile Ser His Thr Pro * His Arg Val His Lys end NS 

CACCAAAACACACACCCAGAATAGCACCTAGATCAGTTTCACATGCACTACTACTGCAAAAAACCTACACAGCATACACACAC 510 

GAGTTGAAAGACAGTGTAAAAAATCTGTCACATCTCAATGTCAGAGGCATACCTATGTACATACATTTTGTACAGAAGACAGA 516 

ATCATACACATACAGCAGGACACAGGAAAGGAAGAGTGGGTTTGCTACATAAGAAAAGCAATCAGCTCTAGTACATTCATATT 593 

CATAGATGTAAAGGATTAGTTTTGCTTGTAACTGTTTGTGTAATCGCTTGTGTTTCAAGAGTCAAATAAAGCTTACTGTAC SS) 7 

TACTGTGCTTACAGTAGCCTTCAGTAAGTTTTAATTTCTAAGGCTTCAACTCAAATATGCATTGTACAATCCACTAGGGGTGG 676 

AAGGAATGTAAATATGTAGCAAATAAATATTTTCTTGCACTATT 720 
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r- Signal peptide — -Hormone, —_ 

h-provasopressin (h-proVP) MPDT-MLPACFPGLLAFSSA CYFQNCPRG GKR AMCDL-ELRQ 
* ated odedede dedede deve dedededededs vedere vs ids 

t-provasotocin (t-proVT) TARO RCa eee CYIQNCPRG GKR SYPDT-AVRQ 
we deddededodeds dededededededededs dededs de dss ats 

cs-provasotocin-I (cs-proVT-I) uPYSTFQLINVEGLLALSSA SEE a GKR SFPDL-P- ag 

ms-provasotocin-I (ms-proVT-1) MPDSTIPLLCVLGLLALSSA CYTONCERG ¢ ea SFPDL-K-RP 

ms-proisotocin-I (ms-proIT-I1) "AMFGTSVSALCLLFLLSVCTA CYISNCPIG GKR SALAF-PSRK 

Gs -prolsotocin=is) (Cessprol l=) MAMEGTSVSALCLLELLSVCTA ( CYISNCPIG GKR SALAF- PSRK 

t-promesotocin (t-proMT) HMSYTAL- AVIFFGWLALSSA ema GKR SVIDFNDVRK 

h-prooxytocin (h-proOT ) MAGPSL-ACCLLGLLALTSA CYIONCPLG ¢ GKR 2 AAPDL-DVRK 

Neurophysin 

Conservative region 

IN=jOreO Wie CLPCGPGGKGRCLGPS ICCADELGCF VGTAEALRCQEENYLPSPCQSGQKACGS - nntitas cnc 

t-proVT ATBCEPENRGNCEGPNI CCURTLEC Grey LROVELT HSB CRICe ERSTE GGRCAAPGYCCSDD 

cs-provT-I ENS CEP GDRGRCREPNT CEGEGHGCYMGSPEMAGEVEENILEC REE AGERNG Ee MrRe rennin 

ns-proVT-I | CMSCGPGNRGLCFGPSICCGEGMGCYNGSPEAASCVEENYLTSPCEVGGRVCGSEEGHCAAPGVCCDAE 
ms-prolT-I | CMSCGPGDRGRCFGPNICCGEGMGCYVGSPEAAGCVEENYLPSPCEVGGRVCGSEEGRCAAPGICCDVE 

EE aCe CPR DDE DID IRE EE ET TETaE NOOR TNC ON POU TLOUR NTT NCON NC DOO TODO KPO DA eee oa 

esiprolel sii CHIE GIIGIING NCIC WL CEGMG CGS MAO LENE ECAGGR S222 uns aes Ok 

ESpToMa CLPCGPRNKGHCPCENTC EGRET EC ROTTETLECOPENRTIBS ECHS ERIE ERRCE TElteReaeen 
ve ke te “& sc “& sls Pid & se we se se se ss Pid sey nis se rid sje ve Pid ‘& se “& we we ss Pind Pind ss sb * se ss * se * Pid si le * ste we sk we sls 

h-proOT CLPCGPGGKGRCFGPNICCAEELGCFVGTAEALRCQEENY LPS PCQSGQKACG-SGGRCA-LGLCCSPD 

Copeptin aaa Var Sat nh te ae Cit ia ee ee: Gta hh. LiL 

h-proVP ct ee R ASD- Se Nr aur ae wei 

EEO VE TCVVDSSCLDEDSERR Rea Vanes EQNYTOMDGSASDLLLRLMEMANRQQQSKHQFY. 

EsiapEOVl—s “SCVEDED Cl ED SKS aR qSPSEQNAAINGCLAGDLL- “RAULEIS -ATSRGRPO 

ms-proVT-I SCLLDSDCLD-DSF-- R QPPSEQYSSLMEGLAGDLLQWML- ATRRERPQ 

ms-prolT-I GCSIDQSCTEEDE--- A EYISQSVSS~SHG--HDLLMKLLNMISHTPPHRVHK 
mln ata a le sc we Je sc ve sc Js se ss we ale ale nlenlanlanlantsatantants  alentantas als le mls ls ls ls ls wl he ls le ls ls ts wl ls wl lc wl ls 
aay cay AAA AAMAS ASAI TASCA SAY PAM AMAM AMAA AMAA AM AMAIA AMAIA IAS A AIA SAY 

Espo ep ee A EYISQSVSS-SHG- -HDLLMKLLNMISHTPPHRVHK 

Esp roll, Se PAE OS -EQDSVES 

h-proOT GCHADPAC- -DAEATFSOR 

Fic. 3. Comparison of the amino acid sequences among the precursors of masu salmon VT-I and IT-I, chum salmon 

VT-I and IT-I, toad VT and MT, human VP and OT. Gaps indicated by hyphens have been introduced to 

maximize homology. Identical amino acids are indicated by asterisks. The conservative regions of neurophysins 

are enclosed by a frame. Note that the C-terminals of salmonid VT and IT neurophysins include a leucin-rich core 

segment. 
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highly homologous to those of amphibian and 

mammalian neurophysins, the C-terminal, like 

those in the chum salmon and the white sucker, 

extends approximately an additional 30 amino acid 

residues. As C-terminal of VI-NP, this elongated 

terminal lacks a glycosylation site but includes a 

leucin-rich core segment (Fig. 3). 

Southern and Norhtern bolt analyses 

Genomic DNA obtained from a single masu 

salmon liver was digested separately with EcoR I, 

1 EcoR:| 

a) Vasotocin 2: Hind Ill 

ms: | cs: | cs: Il 3) Pst | 
203 1e2e3 1 2 8 

I. on Tol 
gol ee ~ 

# Oo. 0) 

e e 
) ® +5 

?. c kb 

b) Vasotocin 
ms: | cs: | cs: Il 

2S 123s 1 23 

ww 
@ @ % 

. @ = 
or @ 

@ eS a -20 

@Q 

Oo) o =5 

S kb 

c) Isotocin 
ms: | esa cs: Il 

1 Bs) 128 i273 

sw ad 

¥ : we: "o 
i . F trs9320 

ad @ ® —5 

oo @ 
= = kb 

Fic. 4. Southern blot analysis of masu salmon proVT 

(a, b) and proIT (c) genes in a single masu salmon 

genome. Five micrograms of DNA from the liver 

was digested separately with restriction enzymes 

EcoR I (lane 1), Hind III (lane 2) and Pst I (lane 3) 

and electrophoresed. Probes used in hybridization 

are shown above the lane numbers. Filter washing 

was performed in 1 xSSC-0.1% SDS (a) and in 0.1 

x SSC-0.1% SDS (b, c). Positions of size markers, 

indicated in kb, were obtained by use of Hind III 

and EcoR I double digests of lambda DNA. 

Hind Ill and Pst I, and then hybridized with 

ms-proVT-I, cs-proVT-I, cs-proVT-II, ms-proIT- 

I, cs-proIT-I and cs-proIT-II probes. In the auto- 

radiogram of filters washed in 1 x SSC-0.1% SDS, 

the band length pattern yielded by ms-proVT-I 

cDNA probe was obviously different from that by 

cs-proVT-II probe but identical with that obtained 

by cs-proVT-I probe. However, the intensities of 

hybridization signals with ms-proVT-I probe were 

somewhat different from those with cs-proVT-I 

probe (Fig. 4a). After more stringent washing of 

the same filters in 0.1xSSC-0.1% SDS, the band 

pattern by cs-proVT-I probe was different from 

that by ms-proVT-I probe (Fig. 4b). On the other 

hand, such difference was not found between the 

patterns yielded by cs- and ms-proIT-I probes after 

1: Hypothalamus 
2: Liver 

a) Vasotocin 3: Kidney 

ms: | CSHl cs: ll 

eens | 28 |) 28 
-origin 

| mle 

kb 

b) Isotocin 

ms: | Cs: | CSz | 

LZ Ss 25S la2e3 ars 
—origin 

 ] @ =} 0) 

kb 

Fic. 5. Northern blot analysis for masu salmon proVT 

mRNAs (a) and proIT mRNAs (b). Twenty micro- 

grams of total RNAs from the hypothalamus (lane 

1), liver (lane 2) and kidney (lane 3) were elec- 

trophoresed and hybridized according to the proce- 

dure described in the text. Probes used in hybridiza- 

tion are shown above the lane numbers. 
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filter washing in 0.1xSSC-0.1% SDS, although 

cs-proIT-II probe detected completely different 

band pattern (Fig. 4c). These results strongly 

indicate that, in addition to genes for the analyzed 

proVT-I and proIT-I mRNAs, an individual masu 

salmon has proVT-II gene, proIT-II gene and 

another proVT-I gene which is considerably ho- 

mologous to cs-proVT-I gene. 

Tissue specific expression of ms-proVT and ms- 

proIT genes was investigated by Northern blot 

analysis. The ms-proVT-I and cs-proVT-I probes 

hybridized with a single RNA species of about 900 

bases in masu salmon hypothalami, while cs- 

proVT-II probe did not yield any hybridization 

signals (Fig. 5a). The proIT probes showed the 

same trend, i.e. only ms-proIT-I and cs-proIT-I 

probes detected one band approximately 800 bases 

in the lane for the hypothalamus (Fig. 5b). RNAs 

isolated from the kidney and liver of masu salmon 

did not hybridize with any proVT and prolT 

probes. These results may explain the fact that we 

were able to clone ms-proVT-I and ms-prolIT-I 

cDNAs, but unable to obtain ms-proVT-II and 

ms-proIT-II clones. 

Statistical analysis of nucleotide substitution 

On the basis of nucleotide substitution, we esti- 

mated evolutionary relationships among genes en- 

coding neurohypophysial hormone precursors. 

Between masu salmon proVT-I and prolIT-I 

cDNAs, the number of substitutions per synony- 

mous site (Ks) and the number of substitutions per 

nonsynonymous site (Kn) calculated for the cen- 

tral portion of neurophysin (region B) are con- 

siderably lower than those for the other regions 

(Table 1). 

Further, we compared proVT-I and prolIT-I 

cDNAs of masu salmon with homologous ones of 

chum salmon and white sucker, respectively, as is 

shown in Table 2. Between masu salmon and 

white sucker, evolutionary distance for proVT-I 

genes was almost the same as that for prolIT-I 

genes. Therefore, based on these values, we 

estimated that the mean rate of synonymous sub- 

stitutions per site per year for proVT and proIT 

genes was 8.410 ” in teleosts. Between masu 

salmon and chum salmon, evolutionary distance 

for proVT-I genes was about 6-fold larger than 

TABLE 1. The numbers of synonymous (K,) and 

nonsynonymous (K,,) substitutions per nucleotide 

site for coding region between masu salmon (ms) 
proVT-I and proIT-I cDNAs. Region A en- 

codes a signal peptide, hormone and N-terminal 

part of neurophysin; region B, the central portion 

of neurophysin; and region C, C-terminal part of 
neurophysin 

Sequence compared K, K, 

ms-proVT-I vs. ms-proIT-I 

Region A 0.829 0.343 

Region B 0.331 0.060 

Region C 0.720 0.528 

TABLE 2. Evolutionary distance (“K,) and diver- 

gence time (T). Interspecies comparison be- 

tween masu salmon (ms) and chum salmon (cs), 
and between masu salmon and white sucker (ws) 

Sequence compared TK T (myr) 

ms-proVT-I vs. cs-proVT-I 0.350 ZA 

ms-proIT-I vs. cs-proIT-I 0.058 35) 

ms-proVT-I vs. ws-proVT-I 1.75 
— 100° 

1.61 

* This value was estimated according to fossil record 

[18] and an isozyme study [19]. 

ms-proIT-I vs. ws-proIT-I 

that for proIT-I genes. Accordingly, divergence 

time between ms-proVT-I and cs-proVT-I genes 

was estimated as 21 myr ago, while that between 

ms-proIT-I and cs-proIT-I genes as 3.5 myr ago. 

DISCUSSION 

In the present study, the primary structures of 

masu salmon neurohypophysial hormone precur- 

sors, proVT-I and proIT-I, were deduced from the 

nucleotide sequences of cDNAs. These precursors 

consist of a signal peptide, hormone and 

neurophysin (NP). The VT-NP and IT-NP extend 

about 30 amino acid residues at the C-terminal 

beyond those described in mammals, so that they 

are almost of the same length. The central por- 

tions of the NPs are particularly similar to each 

other and the extended C-terminals contain a 

leucine-rich core segment. Overall high homology 

between ms-proVT-I and ms-proIT-I supports the 
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hypothesis that an ancestral molecule diverged 

into VT and IT, as is the case with neuro- 

hypophysial hormone precursors in the chum sal- 

mon and the white sucker [9, 12]. 

We were unable to obtain any clones of masu 

salmon proVT-II and proIT-II cDNAs. Northern 

blot analysis did not detect the presence of proVT- 

II and proIT-II mRNAs. However, Southern blot 

analysis indicated the presence of proVT-II and 

proIT-II genes in the masu salmon, as well as in 

the chum salmon [9, 12] and the white sucker [8, 

10]. 

It is not clear why proVT-II and prolIT-II genes 

were not expressed in the masu salmon, but there 

are several plausible explanations. Expressions of 

proVT-II and proIT-II genes may be physiological- 

ly repressed in the masu salmon. Alternatively, an 

occurrence of mutation in 5’-upstream region and/ 

or the coding region may result in the lack of 

expression. The latter case is supported by the 

following reports. The gene for vasopressin pre- 

cursor (proVP) suffered deletion of a single G 

residue in exon B in the Brattleboro rat [24]. This 

mutant proVP gene was expressed at a markedly 

reduced level in the hypothalamus [25]. Furhter, 

the chum salmon has proVT-II mRNA in which a 

codon for cystein in proVT-I mRNA is altered to a 

stop one. The expression level of this mutant 

proVT-II mRNA in the hypothalamus was con- 

siderably low [12]. 

The comparison of masu salmon proVT-I and 

proIT-I cDNAs in terms of evolutionary rela- 

tionship showed that, in region B encoding the 

highly conserved portion of NP, the number of 

substitutions per nonsynonymous site (Kn) is con- 

siderably smaller than those in the other regions. 

Furthermore, the number of substitutions per 

synonymous site (Ks) in region B is much smaller 

than those in the other regions. These results 

suggest an occurrence of a gene conversion event 

encompassing region B of masu salmon proVT-I 

and proIT-I genes. The possibility of similar gene 

conversion events was pointed out in the chum 

salmon and mammals [12, 26, 27]. The exon 

encoding the central portion of NP may incline to 

suffer gene conversion irrespective of species. 

In this study, we estimated that ms-proVT-I and 

cs-proVT-I genes diverged about 21 myr ago, 

although ms-proIT-I and cs-proIT-I genes di- 

verged about 3.5 myr ago (Table 2). An isozyme 

study suggested that divergence time between 

masu salmon and chum salmon was about 3.0 myr 

ago [28]. This divergence time is consistent with 

that between ms-proIT-I and cs-proIT-I genes, but 

not with ms-proVT-I and cs-proVT-I genes. It is 

almost impossible to assume that the rate of 

molecular evolution of proVT-I genes is very rapid 

in salmonid, because between masu salmon and 

white sucker, evolutionary distance for proVT-I 

genes is comparable to that for proIT-I genes. A 

possible explanation for the above temporal dis- 

crepancy is that proVT-I gene duplicated in a 

common ancestor of masu salmon and chum 

salmon. Southern blot analysis showed the pre- 

sence of two types of proVT-I genes in the masu 

salmon genome, i.e. the present ms-proVT-I gene 

and another proVT-I gene which is highly homolo- 

gous to cs-proVT-I gene. The latter untranscribed 

proVT-I gene and cs-proVT-I gene may have 

diverged when the masu salmon and the chum 

salmon diverged. 

In conclusion, the present study suggested that 

the masu salmon has at least five genes encoding 

neurohypophysial hormone precursors, among 

which some regulatory differentiation occurred 

between proVT-I and II genes, and between 

proIT-I and II genes. These regulatory differentia- 

tion resulted in the lack of expression of proVT-II 

and proIT-II genes. 
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ABSTRACT— In order to obtain information about the enzyme system(s) catalyzing the formation of 

phosphoesters of ecdysteroids, ovarian or fat body extracts of the Bombyx silkworm were incubated 

with free ecdysteroids (ecdysone, 2-deoxyecdysone or 2,22-dideoxy-20-hydroxyecdysone) and [y- 
2p] ATP. It was demonstrated by autoradiography that the reaction products are ecdysteroid 

phosphoconjugates and that the enzymic activity was localized in the 100,000 x g supernatant fraction of 

both tissues. Furthermore, stoichiometric analyses of the reaction products, which were synthesized by 

incubating the ovarian extract with [*>H]ecdysone and [y-**P]ATP, revealed that the reaction product is 

phosphomonoester of ecdysone. From these results, one of the enzymes involved could be defined to be 
ATP: ecdysone phosphotransferase. 

INTRODUCTION 

In insect eggs and ovaries, the bulk of the 

ecdysteroids exists as conjugates [1-3]. It has been 

suggested that the conjugates are the storage forms 

and that the free forms may exert key roles in 

oogenesis or embryogenesis [4, 5]. Thus, biosynth- 

esis and hydrolysis of the conjugates might be 

critical steps in the regulation of ovarian and 

embryonic development. However, efforts of 

many investigators have been directed mostly to- 

wards the elucidation of the chemical structures of 

the conjugates, and relatively little attention has 

been paid to the enzyme systems involved in the 

synthesis and degradation of the conjugates [6]. 

In ovaries of the silkworm Bombyx mori, six 

ecdysteroids accumulate in the free and conju- 

gated forms [7, 8]. The chemical structures of the 

conjugated forms have been clarified and shown to 

be as follows: ecdysone-22-phosphate, 20-hydroxy- 
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ecdysone-22-phosphate, 2-deoxyecdysone-22-pho- 

sphate, 2-deoxy-20-hydroxyecdysone-22-phospha- 

te, 2,22-dideoxy-20-hydroxyecdysone-3-phosphate 

and bombycosterol-3-phosphate [7, 8]. The levels 

of the conjugates as well as their free forms change 

during ovarian development and embryogenesis 

[9, 10], indicating that the conjugates are actively 

metabolized and might play a singnificant role in 

the development of the silkworm. 

To understand the biological role of the conju- 

gates, we investigated the occurrence of the en- 

zymic activity involved in the synthesis of the 

conjugates using crude preparations of ovaries and 

fat body tissues from silkworm pupae. 

MATERIALS AND METHODS 

Animals 

Mature pupae of hybrid commercial strains 

(Kinshu-showa) were used throughout the experi- 

ments. They were purchased from a local farmer 

(Ato-cho, Yamaguchi Prefecture, Japan). The 
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pupal-adult ecdysis took place 12 days ayo the 

larval-pupal ecdysis at 25°C. 

Chemicals 

Ecdysteroid conjugates were isolated from ma- 

ture ovaries of Bombyx mori as described pre- 

viously [5]. a-[23,24-7H(N)] Ecdysone (specific 

activity, 89Ci/mmol) was purchased from New 

England Nuclear (Boston, MA, USA). [y-*’P] 
ATP (specific activity, 4500Ci/ mol) was the pro- 

duct of ICN Radiochemicals (Irvine, CA, USA). 

Alkaline phosphatase (calf intestine) was obtained 

from Boehringer Mannheim (Mannheim, Ger- 

many). 

Preparation of tissue extracts 

Ovaries or fat body tissues from mature pupae 

were homogenized with 10 volumes of 10mM 

sodium phosphate buffer (pH 7.5) containing 0.32 

M sucrose, 1 mM EDTA, 1mM EGTA and 10 

mM 2-mercaptoethanol. The homogenate was 

centrifuged at 100,000xg for 90min. Both the 

homogenate and 100,000g supernatant were 

used for the experiments. The 100,000 x g super- 

natant was used as the “tissue extract”. 

Assay of enzyme activity 

The reaction mixture for the conjugate synthesis 

is as follows: ecdysteroids (10 ug) or 10 yg of 

[>H]ecdysone (5 ~Ci), 10 nmol of [y--*P] ATP (10 

pCi), 20 mM MgCh, tissue homogenate or extract 

(100-200 yg of protein) in 100 1 of 10 mM sodim 

phosphate buffer (pH 7.5). The reaction mixture 

was incubated at 25°C for 5 to 15 min, and the 

reaction was stopped by the addition of 4 volumes 

of ethanol. The mixture was centrifuged 10,000 x g 

for 10 min at 4°C, and the supernatant was col- 

lected. The pellet was washed twice with 0.2 ml of 

80% ethanol and the supernatant and washings 

were combined and evaporated to dryness under 

vacuum. The residue was dissolved in 1 ml of 

distilled water and applied to Sep-Pak Cig car- 

tridges (Waters, MS, USA) or Bond Elut Cig 

cartridges (Varian, CA, USA). After washing 

with 10 ml of distilled water to remove ATP and 

any salts, the conjugates were eluted with 3 ml of 

40% methanol. Unreacted ecdysteroids remaining 

in the cartridge could be eluted with 60% metha- 
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nol. The conjugate fraction was concentrated 

under reduced pressure and subjected to high 

performance thin layer chromatography (HPTLC) 

on a precoated silica gel plate (Merck HPTLC 

plate, 60 Fys4, Art. 5628). The radioactive com- 

pounds were developed by one of the following 

solvent systems (chloroform: 96% ethanol=4:1, 

v/v or ethylacetate : ethanol : water=4:8:1, v/v). 

Spots were visualized under an ultraviolet lamp 

(254 nm). After drying, autoradiograms were pre- 

pared from the plates by exposing them at —70°C 

to Fuji X-ray RX film with an intensifying screen 

(DuPont Lightning Plus). In some cases, after 

developing the films, the located radioactive spots 

were scraped from the plates and materials were 

extracted with 80% ethanol and counted in a liquid 

scintillation counter. 

Hydrolysis of an ecdysone conjugate by alkaline 

phosphatase 

After incubation of the ovarian extract with [°H] 

ecdysone and [y-*P] ATP, the reaction product 

was partially purified by HPTLC as previously 

described. The conjugate was eluted from the 

HPTLC plate with 80% ethanol and evaporated . 

under the reduced pressure. The remaining matter 

was incubated with alkaline phosphatase (1 unit) 

for 15 min at 30°C. The reaction was stopped by 
the addition of 4 volumes of ethanol and the 

mixture was evaporated under reduced pressure. 

The residual material was analyzed by HPTLC as 

already described. 

High performance liquid chromatography (HPLC) 

of free ecdysteroids 

The HPLC system (Toyo Soda, Shin-Nanyo, 

Japan) consisted of two models of CCPE pumps, a 

model UV 8011 absorbance detector and a model 

Sic Chromoatocorder 12 data analyzer. Chromato- 

graphy of a reversed phase Cig column (ODS 

120T, Tosoh, 1005 mm, 10 um particle size) was 

performed using a solvent system of 50% aqueous 

methanol at a flow rate of 1 ml per min (at 25°C). 

Other methods 

Ecdysone titer in the ovarian extract was deter- 

mined by radioimmunoassay as described by Borst 

and O’Connor [11]. Proteins were determined 
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according to the methods of Lowry et al [12]. ATP 

in the ovarian extract was quantified by the 

methods of Jaworek et al [13]. 

RESULTS AND DISCUSSION 

When the reaction mixtures consisted of the 

homogenate or extract of the ovaries or fat body 

tissues from mature female pupae, [y-*°P] ATP 

and ecdysteroids (2-deoxyecdysone and 2,22- 

dideoxy-20-hydroxyecdysone), rather conspicuous 

radiolabeled spots corresponding to the ecdyster- 

oid conjugates, were detected on the HPTLC 

plates (Fig. 1, A to C). Phosphate was effectively 

incorporated into both of the ecdysteroid conju- 

gates. When the ecdysteroids were omitted from 

the reaction mixture, the spots corresponding to 

the radiolabeled conjugates were not detected 

(Fig. 1, lane 1 in A to C). The spots disappeared 

when the products were treated with alkaline 

phosphatase prior to the application on HPTLC 

(data not shown). These facts seem to present 

strong evidence that the ovary and fat body have 

an enzyme system synthesizing the ecdysteroid 

conjugates. Since the enzymic activity was found 

in 100,000 x g supernatant fractions comparable to 

the corresponding homogenates (Fig. 1, lane 3 in 

A-C), the enzyme system seemed to be present 

mainly in cytosol. 

When the reaction was allowed to incubate with 

[°H] ecdysone, a spot corresponding to the ecdy- 

sone conjugate could be detected on the HPTLC 

plate (Fig. 2A). Furthermoer, when the reaction 

product was hydrolyzed with alkaline phosphatase, 

the only spot corresponding to free phosphate 

appeared on the HPTLC plate (Fig. 2B). In order 

to detect tritium labeled materials, silica gel was 

scraped from the plate in 5mm width and the 

radioactive materials were eluted from the gels 

using 80% ethanol. Radioactivity of the position 

corresponding to ecdysone was detected (Fig. 2C). 

The identity of the liberated ecdysteroid with 

ecdysone was further confirmed with the aid of 

HPLC analysis. The result is shown in Fig. 3. The 

retention time of the radioactive peak was com- 

pletely identical with that of the authentic ecdy- 

sone. These results show that the terminal phos- 

phate group of ATP was directly transferred to 

ecdysone. 

Next, the stoichiometry of the reaction was 

examined. In this experiment, the ovarian extract 

was incubated with [°H] ecdysone and [y-*’P] ATP 

as described in the Materials and Methods section. 

We assumed that the content of free ecdysteroids 

in the ovarian extract is not so high as to affect 

practically the specific activity of [*H] ecdysone; 
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Fic. 1. Autoradiograms showing the incorporation of 

phosphate into ecdysteroid conjugates. Tissue ex- 

tracts or homogenates were incubated in the reac- 

tion mixture with ecdysteroids and [y-*°P] ATP (10 
Ci) for 10 min at 30°C. After termination of the 

reaction with an addition of ethanol, the super- 

natants were processed as described in Materials and 

Methods. The fractions eluted from Cj, cartridges 

with 40% methanol were applied to HPTLC plates 

and developed with a solvent system (ethylacetate : 

ethanol: water=4:8:1 v/v). After drying the 

plates, autoradiograms were prepared. In (A), 

homogenate or supernatant of ovaries was incubated 

with 2-deoxyecdysone. Lane 1, homogenate was 

incubated without 2-deoxyecdysone; lane 2, 

homogenate was incubated with 2-deoxyecdysone; 

lane 3, 100, 000 Xx g supernatant of the homogenate 

was incubated with 2-deoxyecdysone. (B), 

homogenate or supernatant of fat body tissues was 

incubated with 2-deoxyecdysone. Lane 1 homogen- 

ate was incubated without 2-deoxyecdysone; lane 2, 

homogenate was incubated with 2-deoxyecdysone; 

lane 3, 100,000 x g supernatant of the homogenate 

was incubated with 2-deoxyecdysone. (C), 
homogenate or supernatant of ovaries was incubated 

with 2,22-dideoxy-20-hydroxyecdysone. Lane 1, 

homogenate was incubated without 2,22-dideoxy- 

20-hydroxyecdysone; lane 2, homogenate was incu- 

bated with 2,22-dideoxy-20-hydroxyecdysone; lane 

3, 100,000 x g supernatant of the homogenate was 

incubated with 2,22-dideoxy-20-hydroxyecdysone. 

O and F denote origin and front, respectively. E 

and P represent the position of free ecdysteroids and 

those of ATP and phosphoric acid, respectively. 
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Fic. 2. Autoradiograms showing the incorporation of 

[°?P] into the conjugate and the effect of alkaline 
phosphatase treatment on the conjugate. Ovaries (1 

g) were homogenized with 10 mM phosphate buffer, 

pH7.5, containing 0.32M sucrose, with 1mM 

EDTA and 10 mM 2-mercaptoethanol, and centri- 

fuged at 100,000 x g for 90 min and the supernatant 

was incubated with [y-**P] ATP in the presence of 
[PH] ecdysone at 30°C for 10min. The conjugate 

formed was partially purified by Cis cartridges as 

described in the text. A part of the partially purified 

conjugate was applied to HPTLC (A), and the 
remainder was treated with alkaline phosphatase 

and the hydrolysate was submitted to HPTLC (B). 

In HPTLC, radioactive compounds were developed 

with a solvent system (chloroform :96% ethanol= 

4:1, v/v), and located by autoradiography (A, B). 

After developing the autoradiogram, the HPTLC 

plate was sectioned in 0.5 mm width, and the mate- 

rials in the gel were eluted with 80% ethanol. 

Radioactivity in the eluate was counted in a liquid 

scintillation counter (C). Abscissa: distance from 

origin in cm. Ordinate: radioactivity, in cpm. i, 

cpm [°H]; =), cpm [*P]. 

whereas, the amount of ATP in the extract might 

be enough to affect the specific activity of the 

radioactive ATP. Therefore, we first determined 

the level of ATP and ecdysone in the crude ovarian 

extract. The amount of ecdysone was determined 

by radioimmunoassay after ecdysone was sepa- 

rated from other ecdysteroids by reverse-phase 

HPLC [14]. The amount of ecdysone in the 

ovarian extract, used for the phosphorylation reac- 

tion mixture, was calculated to be 0.16 pmole 
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Fic. 3. HPLC profiles of the free ecdysteroid liberated 

by enzymatic hydrolysis from the conjugate. The 

material localized on the HPTLC plate correspond- 

ing to the conjugate (Fig. 2A) was eluted from the 

plate and was hydrolyzed by alkaline phosphatase as 

already described. After evaporation, the residue 

was dissolved in 50% methanol and subjected to 

HPLC. Before application to HPLC, authentic 

ecdysteroids (5 wg each) were added to the sample 

solution as markers. One ml fractions were col- 

lected in counting vials and the radioactivity was 

counted in a liquid scintillation counter. Condi- 

tions for HPLC were: reverse phase Toyo Soda, ° 

TSKgel ODS-120T (0.4625 cm), solvent system 
55% aqueous methanol, pressure 120 kg/cm, flow 

rate | ml/min. Elution points of marker ecdyster- 

oids are shown by arrows. ce, conjugated ecdyster- 

oids; e, 20-hydroxy ecdysone; ec, ecdysone; de, 

2-deoxy-20-hydroxy ecdysone. 

ecdysone equivalent, and that of ATP was calcu- 

lated to be 0.079 umole. The results clearly show 

that the content of ecdysone in the extract was 

negligible. The specific activity of [y--°-P] ATP in 

the reaction mixture could be calculated from the 

above value. After the conjugate was separated 

from unreacted [°H] ecdysone and ATP by 

HPTLC, the amounts of ecdysone and phosphate 

in the conjugate were determined from their 

radioactivity and specific activities (7H for ecdy- 

sone and *’P for phosphate). The relative ratio of 

phosphate to ecdysone was calculated to be 1.27+ 

0.06 (n=3), indicating that one mole of phosphate 

might be transferred to one mole of ecdysone. 

The enzyme involved in the formation of ecdy- 

steroid conjugates required ATP and Mg**. From 
the stoichiometry of the reaction, it was shown that 
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the enzyme catalyzes the transfer of one mole of 

phosphate to a mole of ecdysone and that the 

gamma _ phosphate group of ATP was directly 

transferred to ecdysone. These facts suggest that 

the enzyme involved in the formation of ecdyster- 

oid conjugates can be tentatively characterized as 

ATP: ecdysteroid phosphotransferase. 

Ecdysteroids have hydroxyl groups on the C-2, 

C-3, C-22 and C-25 positions which might be 

involved in the phosphate ester formation [15, 16]. 

In Bombyx silkworm, it has been demonstrated 

that all six conjugated ecdysteroids in the ovary are 

phosphorylated at C-3 or C-22 [5, 7, 8]. Thus, in 

order to examine whether the ATP: ecdysteroid 

phosphotransferase activity found in our present 

experiments shows a substrate specificity in the in 

vitro system, 2-deoxyecdysone and 2,22-dideoxy- 

20-hydroxyecdysone were employed as the subs- 

trate, since natural conjugates of these ecdyster- 

oids have their phosphate at different positions 

(the former at C-22 and the latter at C-3). As can 

be seen in Figure 1, the phosphate group was 

transferred to both ecdysteroids quite efficiently. 

Thus ovarian extract has the ability to phosphory- 

late the hydroxyl group at both sites. Although we 

cannot exclude the possibility that a single enzyme 

can catalyze the phosphate transfer at both sites, 

we are inclined to think that two separate enzymes 

are involved in these reactions. The reasoning for 

this idea comes from the fact that we found in the 

ovaries of Bombyx only C-22 phosphomonoesters 

of ecdysone, 20-hydroxyecdysone, 2-deoxyecdy- 

sone and 2-deoxy-20-hydroxyecdysone but no C-3 

phosphoesters of these ecdysteroids [8]. There- 

fore, an enzyme specific to the phosphate transfer 

at C-22 seems to be responsible for the synthesis of 

these conjugates. Recently, Kobbouh and Rees 

demonstrated in the locust, Schisocerca gregaria, 

that follicle cells contain ATP: 2-deoxyecdysone 

22-phosphotransferase activity [17]. It is not clear 

at present whether ATP: ecdysteroid phosphot- 

ransferase found in Schisocerca gregaria and Bom- 

byx mori are homologous enzymes. To understand 

the characterization of these enzymes, including 

the substrate specificity and regulatory mecha- 

nism, isolation of these enzymes will be necessary. 
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Development and Application of Time-resolved Fluoroimmunoassay 

for Gonadotropin of a Wide Range of Amphibian Species 
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‘Hormone Assay Center, *Department of Morphology and *Department of 
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ABSTRACT—A highly sensitive time-resolved fluoroimmunoassay (TR-FIA) was developed to 
measure bullfrog lutropin (LH). This non-competitive (sandwich) immunoassay uses two kinds of 

antibodies, one anti-bullfrog LH (monoclonal) immobilized in microtiter wells, the other anti-bullfrog 

LH (polyclonal) labeled with europium (a non-radioisotopic element). The standard curve was almost 

linear from 0.031 to 64 ng/ml. The sensitivity (18 pg/ml) was about 10 times better than that of in-house 

radioimmunoassay (RIA). The intra- and inter-assay variations were less than 4.3 and 4.6%, 

respectively. The recovery of standard bullfrog LH added to bullfrog sera ranged from 101.8 to 118.6%. 

The correlation coefficient between LH concentrations in bullfrog sera measured by TR-FIA and RIA 

was 0.96 with the regression equation of Y(TR-FIA)=0.93X(RIA)—1.93. 

Pituitary extracts of amphibians in Rana, Bufo, Xenopus, Cynops, Hynobius and Onychodactylus 

groups, most of which could not be measured by the RIA for bullfrog LH with the same polyclonal 

antibody, cross-reacted with the TR-FIA system. This wide cross-reactivity suggests the presence of an 

antibody population which recognizes the gonadotropin of a wide range of amphibian species and 

becomes fully available by employing sandwich immunoassays. 

The isoelectric focusing profile of the pituitary homogenate of the adult male frogs of Xenopus laevis 

measured by TR-FIA closely resembled the profile obtained by Xenopus radioreceptor assay which is 

thought to be specific for LH-like gonadotropin. Synthetic mammalian gonadotropin-releasing 

hormone injected into the adult male frogs increased the serum hormone level measurable by TR-FIA 

more than a hundred-fold. 

hence not suited for measuring GTH of a wide 

range of amphibian species [12]. Radioreceptor 

assays (RRA) are known to have low species 

specificity in general. For example, RRAs with 

INTRODUCTION 

To measure gonadotropin (GTH) levels in blood 

and pituitary gland by immunoassays is indispens- 

able for understanding the endocrine regulation of 

reproduction. In amphibians, purification of GTH 

has been attained in four species; bullfrog (Rana 

catesbeiana) [1-7], leopard frog (R. pipiens) [8], 

Japanese toad (Bufo japonicus) [9] and tiger sala- 

mander (Ambystoma tigrinum) [10], for two of 

which, bullfrog [3, 11, 12] and Japanese toad [9], 

competitive radioimmunoassay (RIA) systems 

have been established. However, the RIA is 

characterized by its high species specificity, and 
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testicular homogenates of Xenopus laevis (Xeno- 

pus RRA, [13]) and Anolis carolinensis (Anolis 

RRA, [14]) as the receptor preparation react with 

GTH in pituitaries of various amphibian species 

[15, 16]. RRAs are, however, not suitable for 

measuring GTH levels in blood, since their sensiti- 

vities are inadequate and they are easily affected 

by the presence of serum components. For the 

same reason, bioassays are also not suited for 

measuring GTH levels in blood. 

In this paper, we report the development of a 

highly sensitive immunoassay for bullfrog LH 

based on a non-competitive binding of antigens 

and antibodies. We succeeded, with this assay 
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system, in measuring GTH in a wide range of 

amphibian species which showed no significant 

cross-reactions in the conventional RIA for bull- 

frog LH. Furthermore, we employed europium 

(Eu, a lanthanide element) as the tracer instead of 

radioisotopes. This assay method, called time- 

resolved fluoroimmunoassay (TR-FIA), was estab- 

lished in the early 1980s [17-20] and is now used 

mainly in laboratory diagnosis with assay kits for 

hormones and tumor markers. We intended to 

introduce this technique into the measurement of 

hormones of various animal species. Advantages 

in using non-competitive and non-radioisotopic 

immunoassays in the field of comparative endocri- 

nology will be briefly discussed. 

MATERIALS AND METHODS 

Antigens and antibodies 

Bullfrog LH-IV (pI 9.3) [4, 5], FSH-III (pI 6.2) 

[6], and their a- and f-subunits [6] used in this 

study were purified and characterized previously. 

Rat pituitary hormone preparations, NIDDK- 

trLH-RP-2, rFSH-RP-2, rFSH-I-7 and rTSH-RP-3 

were kindly provided by Dr. A. F. Parlow and the 

National Hormone and Pituitary Program, U.S.A. 

Polyclonal anti-bullfrog LH (MOR-BF27- 

01RBP83) [12] and monoclonal anti-bullfrog LH 

(MOR-BF27[B]-01MSM87, BL4B11 of Park et al. 

[21]) were previously raised and characterized. 

Europium-labeling procedure 

Eu-labeling of anti-bullfrog LH was performed 

by reacting antibody with Eu-labeling reagent (Eu- 

chelate of N'-[p-isothiocyanatobenzyl]-diethyl- 

enetriamine-N!, N*, N*, N°-tetraacetic acid, Phar- 

macia LKB, Uppsala, Sweden). A one mg IgG 

fraction of polyclonal anti-bullfrog LH purified on 

a Protein A-Sepharose CL-4B (Pharmacia) col- 

umn was dissolved in 0.05 M sodium carbonate- 

bicarbonate buffer, pH 9.8. Then, to the solution 

was added 0.3 ~mol Eu-labeling reagent dissolved 

in distilled water, and the mixture was allowed to 

stand for 16 hr at room temperature. The separa- 

tion of Eu-labeled antibody was done by gel filtra- 

tion on a glass column (1.6cm inner diameter) 

packed with 10cm Sephadex G-50 (Pharmacia) 

piled on 24cm Sepharose 6B (Pharmacia). The 

latter was used to separate aggregated reaction 

products from the monomer. The absorption of 

the effluent was recorded at 280 nm. In addition, 

Eu fluorescence of the labeled antibody was mea- 

sured with a time-resolved fluorometer (Arcus 

1230, Pharmacia) and compared with the fluoresc- 

ence of a 1nM EuCl, solution to calculate the 

specific activity (Eu/IgG). The labeled antibody 

was stored at 4°C. 

Immobilization of antibody 

A crude IgG fraction of the monoclonal anti- 

body to bullfrog LH was obtained by ammonium 

sulfate (33% saturation) fractionation from mice 

ascites, followed by dialysis against saline. The 

fraction was immobilized by physical adsorption 

onto the interior surface of 96-well polystyrene 

microtiter plates (Microstrip, Labsystem, Hel- 

sinki, Finland) according to the method described 

in a previous report [19]. 

Assay procedure 

The assay is based on a “sandwich-binding” 

principle. Fifty «1 of standards or unknown sam- — 

ples and 150 yl of assay buffer (0.05 M Tris-HCl, 

pH 7.75, containing 0.5% BSA) were added to the 

antibody-coated wells and incubated for 1.5 hr at 

room temperature under shaking. Then the plates 

were washed with saline containing 0.02% Tween 

20 to remove free antigens. For the next step, 200 

wl of Eu-labeled antibody diluted to 250 ng/ml 

with the assay buffer was added to each well and 

incubated for 1.5 hr at room temperature under 

shaking. Then the plates were washed to remove 

free labeled antibodies and, to enhance Eu 

fluorescence, 200 ul of enhancement solution (0.1 

M Acetate-phthalate buffer, pH 3.2, containing 

0.1% Triton X-100, 15 ~M 2-naphthoyltrifluoro- 

acetone and 50 uM tri-n-octylphosphine oxide, 

Pharmacia) was added to each well. The plates 

were further shaken for 5 min, and then the 

fluorescence was measured with the time-resolved 

fluorometer. 

Species specificity 

To examine the species specificity of the assay, 

fresh-collected pituitaries of eight species of adult 
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amphibians, Rana catesbeiana, Rana japonica, 

Rana porosa porosa, Bufo japonicus formosus, 

Xenopus laevis, Cynops pyrrhogaster, Hynobius 

nigrescens and Onychodactylus japonicus, were 

homogenized in saline and frozen at —20°C. Then 

the homogenates were thawed and centrifuged at 

15,000 rpm for 30min. The supernatants were 

serially diluted with the assay buffer and assayed 

by TR-FIA. 

Isoelectric focusing (IEF) analysis 

Pituitary glands freshly collected from 25 adult 

male frogs of Xenopus laevis were homogenized 

with distilled water, followed by freezing and 

thawing treatment and centrifugation at 15,000 

rpm for 30 min. The supernatant was subjected to 

an IEF analysis. The IEF was carried out as 

previously described [15] and the focused fractions 

were diluted with Tris-MgCl.-BSA (40mM 

tris[hydroxymethyl|aminomethane-HCl, 5mM 

MgCh, pH 7.5, containing 1% BSA) and stored at 

—20°C until assayed by TR-FIA and RRA. 

GnRH injection studies 

Xenopus laevis maintained in our temperature- 

controlled (25°C water) facility received gonado- 

tropin-releasing hormone (GnRH) or saline injec- 

tions as follows: In a dose-response study, which 

was performed in January, into the dorsal lymph 

sac of adult male frogs weighing 34.4+5.8 g (mean 

+SD) was injected saline or one of various doses 

(0.002, 0.01, 0.05, 0.25 and 1.25 ug per g body 

weight) of synthetic mammalian GnRH (p- 

Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,-: 

2AcOH:4H;0, Peptide Institute, Osaka) dis- 

solved in saline. After 15 min, blood was collected 

by cardiac puncture. In a time-course study, which 

was performed in October, into the dorsal lymph 

sac of adult male frogs weighing 44.9+6.9 g (mean 

+SD) was injected saline or synthetic mammalian 

GnRH (0.25 ug per g body weight) dissolved in 

saline. After 5, 15, 30, and 60 min, blood was 

collected by cardiac puncture. In both experi- 

ments serum samples were stored at —20°C until 

assayed by TR-FIA. Injections were given be- 

tween 2 p.m. and 4 p.m. Five animals were used in 

each experimental group, and the data were com- 

pared by one-sided Mann-Whitney’s U-tests. 

Radioreceptor assay and radioimmunoassay 

Radioreceptor assay (Xenopus RRA) was car- 

ried out to measure the GTH activity of the IEF 

fractions, with testicular homogenate of Xenopus 

laevis as the receptor preparation. The radioligand 

was prepared by '*°I radioiodination of NIDDK- 

tFSH-I-7 with lactoperoxidase (Boehringer Mann- 

heim GmbH, Mannheim, Germany) according to 

the method of Miyachi et al. [22]. Bullfrog LH-IV 

was used as the reference standard. Details of the 

RRA procedure have been reported by Tanaka et 

al. [15]. Radioimmunoassay for bullfrog LH was 

performed as previously described [12]. 

RESULTS 

Europium-labeling 

Figure 1 shows the pattern of elution of the 

Eu-labeled antibody from the gel filtration col- 

umn. Eu-labeled IgG (peak B) appeared after 

peak A which was considered to be aggregated 

reaction products. Free Eu-labeling reagent 

appeared as the third peak (C). The number of Eu 

ions incorporated into an IgG molecule of the 

fraction B was calculated to be 3.31. 
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Fic. 1. Gel filtration of the Eu-labeled antibody. Af- 

ter the Eu-labeling the reaction mixture was applied 

to a gel filtration column packed with Sephadex 

G-50 and Sepharose 6B, which had been equili- 

brated with 50mM tris-HCl, pH7.75 containing 

0.1% NaCl. Elution was then performed with the 

same buffer at a flow rate of 0.56 ml/min. 

Standard curve, sensitivity and dilution test 

Figure 2 shows a typical standard curve, which is 
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Bullfrog serum 
ater! 

1:64 1:32 1:16 1:8 1:4 1:2 1:1 

Eu intensity (cps) 

01 4 1 10 100 1000 
Bullfrog LH-IV (ng/ml) 

Fic. 2. Representative data from TR-FIA for bullfrog 

LH. Bullfrog LH-IV standard (open circles, the 

mean of 6 replicates) was compared with serum 

(closed circles, the mean of 3 replicates) from 

GnRH-stimulated bullfrog. The serum sample was 

diluted serially with the assay buffer. LH concentra- 

tion of the sample was estimated to be 51.3 ng/ml. 

almost linear in the range of 0.03125-64 ng/ml. 

The assay has a detection limit of 18 pg/ml (0.9 

pg/well), defined as the hormone concentration 

which corresponds to the mean +2 SD of the 

response in the absence of hormone (standard 

zero) when interpolated from the standard curve. 

To test the parallelism of the curves obtained from 

the standard and bullfrog serum samples, we 

serially diluted GnRH-stimulated bullfrog serum 

with the assay buffer. As shown in Fig. 2, the 

slope produced by the serum samples was parallel 

to that of the standard. 

Precision, reproducibility, recovery and correlation 

to RIA 

The precision and reproducibility of the assay 

system were examined with control bullfrog sera at 

four different LH concentrations. As shown in 

Table 1, the intra-assay coefficients of variation 

(CV) for LH concentrations of 0.34, 0.95, 2.59 and 

15.28 ng/ml were 4.26, 2.83, 3.16 and 3.01%, 

respectively. The inter-assay CVs for the same 

controls were 4.54, 2.77, 2.97 and 1.52%, respec- 

tively. To assess the recovery of the assay, analyte- 

supplemented serum samples were prepared as 

shown in Table 2. Analytical recovery of bullfrog 

LH ranged from 101.8 to 118.6%. Assay results 

for 68 serum samples by TR-FIA were compared 

to the results obtained with the conventional RIA, 

TABLE 1. Intra- and inter-assay coefficients of variation (CV) in the TR-FIA 

for control bullfrog sera having four different LH concentrations 

Mean value 
Sample (ng/ml) 

1 0.34 

2, 0.95 

g Meas) 

4 15.28 

Intra-assay Inter-assay 
CV (%) CV (%) 

4.26 (6)° 4.54 (5)? 
2.83 (6) 2.77 (5) 
3.16 (6) 2.97 (5) 
3.01 (6) 1.52 (5) 

“ Numbers in parentheses are the number of assays or replicates. 

TABLE 2. Recovery test of standard bullfrog LH from pooled serum of bullfrogs 

Hormone, added Assay results Hormone, recovered Recovery rate 

(ng/ml) (%) (ng/ml) (ng/ml) 

0 0.7867 + 0.0243" 

0.0625 0.8608 + 0.0081 

0.25 1.0440 + 0.0210 

1.0 1.8048 + 0.0617 

4.0 5.1046 + 0.2612 

“ Mean+SD. 

> Mean recovery+standard deviation percentage. 

Number of tubes is 6 for each concentration. 

0.0741 + 0.0256 

Oa 780203711 

1.0181 +0.0663 

4.3180 +0.2623 

118.56+40.92° 

102.92 + 12.84 

101.81+ 6.63 

107 O53 1656 
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by. means of first order regression (Fig. 3). The 

regression equation was: Y(TR-FIA)= 

0.93X(RIA)—1.93, r=0.96. 
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Fic. 3. Correlation between RIA and TR-FIA of 68 

bullfrog serum samples. 

Hormone and species specificity 

To evaluate the hormone specificity of the assay, 

various hormones at high concentrations were 

assayed by TR-FIA as shown in Table3. The 

TABLE 3. 

frog LH 

Hormone specificity of TR-FIA for bull- 

Hormone, added LH equivalent, Cross-reactivity 
(ng/ml) observed (ng/ml) (%) 

fFSH 32 0.001 0.003 

128 0.029 0.022 

fFSHB 25 0.154 0.616 

100 0.711 0.711 

fLHa as 0.044 0.176 

100 0.243 0.243 

fhe 25 0.003 0.012 

100 0.075 0.075 

nln ESE SE 

128 0 0 

Abbreviations: f, bullfrog; r, rat. 

Number of tubes is 6 for each concentration. 

Onychodactylus japonicus*, 

Xenopus laevis* 
1:4096 

Hynobius nigrescens* 

1:4096 1:1024 1:256 1:64 1:16 1:4 1:1 x4 

1:1024 1:256 1:64 1:16 1:4 1:1 x43 

1:1024 1:256 1:64 1:16 1:4 1:1 x42 

Cynops EOE EGR 
1:1024 1:256 1:64 1:16 1:4 11 

Bufo japonicus formosus* 
1:256 1:64 1:16 1:4 1:1 x44 

Rana japonica 
1:1024 1:256 1:64 1:16 1:4 1:1 x46 

Rana porosa porosa- 6 1:1024 1:256 1:64 1:16 1:4 1:1 x4 

Rana catesbeiana 8 
1:1024 1:256 1:64 1:16 1:4 1:1 x4 

10° 

10° 

Eu intensity (cps) 
104 

10° 
O25 10. 34.0 

Bullfrog LH-IV (ng/ml) 

Fic. 4. Cross-reaction of the pituitary extracts of various species of amphibians to the TR-FIA. Asterisks indicate 

species where no significant cross-reaction was observed with the RIA for bullfrog LH. Samples were assayed in 

0.063 16.0 

triplicate. Each value is the mean+SE. 

64.0 
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cross-reactivity of these hormones was 0.711% or 

less. Figure 4 shows the assay results for serially 

diluted pituitary homogenates of eight amphibian 

species including bullfrog. Samples from five spe- 

cies, Bufo japonicus formosus, Xenopus laevis, 

Cynops pyrrhogaster, Hynobius nigrescens, and 

Onychodactylus japonicus, which could not be 

measured by the conventional RIA for bullfrog 

LH [12], were shown to be measurable by this 

assay, although the dilution curves were not para- 

llel to the standard curve and relatively flat at the 

high concentrations. 

Isoelectric focusing 

IEF profiles of pituitary homogenates of Xeno- 

pus laevis assayed by TR-FIA and Xenopus RRA 

are shown in Figures 5A and B. Seven compo- 

100 

Bullfrog LH-IV equivalent (ng/tube/gland) 

Bullfrog LH-IV equivalent (u1g/tube/gland) 

Fraction number 

nents were observed: the major component (A) 

appeared at pI 9.3 in TR-FIA and 9.7 in RRA, 

with the medium peak (F) at pI 5.6. Minor compo- 

nents were at pI values of 8.6(B), 7.8 (C), 7.0 (D), 

5.8 by TR-FIA and 5.9 by RRA (E), 5.4 by RRA 

(G) and 5.0 by TR-FIA (H). 

GnRH injection studies 

Figure 6 shows the serum hormone levels mea- 

sured by TR-FIA at 15 min after injecting various 

doses of mammalian GnRH to Xenopus laevis. 

The responses were weak between 0.002 and 0.01 

yg GnRH injection per g body weight but statisti- 

cally significant compared to the control group 

injected with saline. The hormone level increased 

markedly following injections of more than 0.01 

yg and peaked following a 0.25 yg injection. This 

concentration was chosen for the time-course 

study. In the time-course study (Fig. 7), 0.25 ug 

Bullfrog LH-IV equivalent (ng/ml) 

1.25 0 0.002 0.01 0.05 0.25 

GnRH injected (ug/g body weight) 

Fic. 6. Serum GTH levels in adult male frogs of Xeno- 

pus laevis at 15 min after the injection of various 

doses of synthetic mammalian GnRH. N=5 for 

each point. Each value is the mean+SE. * p< 

0.05, ** p<0.01 vs control. 

Fic. 5. Isoelectric focusing profiles of the pituitary ex- 

tract from 25 adult male frogs of Xenopus laevis 

assayed by TR-FIA (A) and Xenopus RRA (B). 

Closed circles represent the GTH levels and open 

circles the pH values of the fractions. The focusing 

and assays were carried out twice. 
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3.0 

N o 

Bullfrog LH-IV equivalent (ng/ml) 

ro) 

0 20 40 60 

Time after LHRH injection (min) 

Fic. 7. Serum GTH levels in adult male frogs of Xeno- 

pus laevis injected with synthetic mammalian GnRH 

(0.25 ug/g body weight, closed circles) or saline 

(open circles). N=5 foreach point. Each value is 
the mean+SE. * p<0.01 vs controls. 

GnRH injection per g body weight increased 

serum hormone levels markedly at 5 min (2.14+ 

0.28 ng/ml, expressed in terms of bullfrog LH-IV, 

mean+SE). The level peaked at 15 min (2.7+ 

0.28 ng/ml) and still remained high (2.07+0.28 

ng/ml) at 60 min, while serum levels in the control 

groups injected with saline were low (about 0.02 

ng/ml). 

DISCUSSION 

We developed a highly sensitive TR-FIA for 

bullfrog LH based on a non-competitive binding. 

TR-FIA is known to have several advantages over 

radioisotope-labeled immunoassays [19, 20, 23]: it 

is free of limitations associated with the use of 

radioisotopes; Eu-labeled compounds are stable 

for a relatively long period (more than a year in 

Our experience), and although the counting time 

per sample is one second, counting sensitivity is as 

good as, or better than that for radioisotopes. 

Compared to enzyme labeling, the labeling proce- 

dure is simpler, and steric hindrance due to the 

label seems less apparent since the molecular 

weight of the Eu-chelate (630) is much smaller. 

The sensitivity of the present TR-FIA (18 pg/ 

ml) is about 10 times better than that of the 

competitive RIA for bullfrog LH [12], though the 

incubation time of TR-FIA is less than 4 hr in total 

which is much shorter than the overnight incuba- 

tion in RIA. Furthermore, the present assay was 

about three times more sensitive than a solid-phase 

immunoradiometric assay for bullfrog LH, which 

we tried as a preliminary experiment, using the 

same pair of antibodies as in TR-FIA. Dilution 

test of bullfrog serum (Fig. 2) and recovery test 

(Table 2) indicated that disturbance by serum 

components was practically negligible in this assay 

system. Results of the precision and reproducibil- 

ity studies (Table 1) and correlation to RIA (Fig. 

3) were also satisfactory. 

The present TR-FIA, though it uses the same 

polyclonal antibody as in RIA, could detect im- 

munoreactive GTH in pituitary homogenates of 

various amphibians, which was not measurable by 

RIA (Fig. 4). A possible explanation for this 

result lies in the difference between the mode of 

antigen-antibody reaction in competitive (RIA) 

and that in non-competitive (sandwich TR-FIA) 

immunoassays. The polyclonal antibody to bull- 

frog LH may contain populations which cross-react 

with GTH of a wide range of amphibian species. 

In competitive RIA, labeled antigen (bullfrog LH) 

and GTH in other amphibians would compete only 

for the “cross-reacting antibodies”. If the percen- 

tage of such antibody populations were very low, 

the apparent cross-reaction would become so low 

that the GTH in the animals would appear to be 

not measurable by RIA. On the other hand, in 

sandwich immunoassay, which is based on non- 

competitive binding, the use of an excess amount 

of antibody would enable us to detect the GTH 

even if the “cross-reacting antibody” populations 

are a very low percentage. The monoclonal anti- 

body (anti-LHf) used in the present assay may 

also recognize epitopes common to amphibian 

GTH. 

Actually, both monoclonal [24, unpublished for 

Onychodactylus japonicus] and polyclonal (unpub- 

lished findings) antibodies used in TR-FIA can 

immunostain pituitaries of the amphibian species 

studied herein. Just as with sandwich immunoas- 

say, immunohistochemistry is based on a non- 
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competitive binding of antigens in tissues and 

antibodies applied to the tissues [25]. Thus, to find 

out whether an antigen in the animal species of 

interest can be measured by a sandwich assay with 

a pair of antibodies, the checking of immuno- 

stainability with those antibodies would be useful. 

To characterize the immunoreactive GTH 

measurable by TR-FIA, we chose Xenopus laevis 

for IEF and GnRH injection studies. The IEF 

profile of the pituitary homogenate of the adult 

male frogs assayed by TR-FIA closely resembled 

the profile obtained with Xenopus RRA (Figs. 5A 

and B), which is reported to be highly sensitive to 

bullfrog LH but not very sensitive to FSH [14, 16]. 

It is therefore suggested that TR-FIA recognizes 

bullfrog LH-like GTH in the Xenopus pituitary 

gland. Further studies will be necessary to deter- 

mine the gonadotropic nature of each IEF compo- 

nent in Xenopus itself. 

Previous immunological [26, 27] and chromatog- 

raphic [27] studies have suggested that Xenopus 
GnRH is identical to that of the mammal. The 

present GnRH stimulation experiment demon- 

strated that Xenopus GTH measurable by TR-FIA 

responded to extrinsic mammalian GnRH (Figs. 6 

and 7). In the time-course study (Fig. 7), the GTH 

level reached its maximum at 15 min after the 

GnRH injection, which result is in accordance with 

that in bullfrog reported by Daniels et al. [11]. The 

difference between the maximal GTH levels in the 

two experiments (Figs. 6 and 7) is possibly due to 

the difference in the degree of sexual maturation 

of the animals used. 

In conclusion, the authors would like to empha- 

size the advantages of employing non-competitive 

and non-radioisotopic immunoassays in compara- 

tive studies in endocrinology. When there is no 

immunoassay system for a hormone of an animal 

and existing competitive immunoassays cross-react 

only poorly, it would be worthwhile to try sand- 

wich immunoassays before setting about a purifica- 

tion of the hormone. The present sandwich TR- 

FIA will contribute to the understanding of repro- 

ductive endocrinology in a wide range of amphi- 

bian species. 
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Entrainability of Diphasic Circadian Activity of the Mosquito, 

Culex pipiens molestus to 24-hour Light-Dark Cycles: a 

Physiological Significance of Critical Light-to-Dark Ratio 

YOSHIHIKO CHIBA and KENJI TOMIOKA 

Environmental Laboratory, Biological Institute, Yamaguchi 

University, Yamaguchi, 753 Japan 

ABSTRACT— Diphasic circadian flight or locomotor activity of the female mosquito, Culex pipiens 
molestus, was recorded in 24h cycles with various ratios of light and darkness. A critical ratio for 

entrainment was LD 22:2, in which two rhythmic processes were dissociated. That is, the activity shows 

the freerunning diphasic circadian rhythm, on one hand, and is inhibited twice a day, on the other, 

synchronously with the LD. As the result, a unique temporal pattern is manifested. 

INTRODUCTION 

Entrainment of circadian rhythm to a 24-hour 

cycle of light and darkness depends on properties 

of the cycle including the ratio of light hours to 

dark ones (LD ratio), which may exert two kinds 

of effect, parametric and nonparametric [1, 2]. On 

the other hand, characteristics of the rhythm, 

synchronizing or freerunning, are altered by exter- 

nal stimuli especially by zeitgebers or by other 

endogenous rhythms: the alteration referred to as 

external or internal masking [3, 4]. Furthermore, 

when properties of the light and darkness cycle are 

out of the range of entrainment, the rhythm is 

often modulated for the period by the signals of 

zeitgeber, through which it crosses. This phe- 

nomenon is called relative coordination, reflecting 

periodically changing sensitivity of the organisms 

to the cyclic stimulus [5]. 

Many animals show the diphasic circadian 

rhythm comprising two peaks in one cycle, which 

usually correspond to the morning and the evening 

peaks in the synchronizing rhythm [6-14]. Howev- 

er, relatively prominent peak alone of the two has 

been observed in most of entrainment studies. 

Only studies dealing with the two peaks may be 

those done by Beeston and Morgan [12] and Jones 
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[14] using the population of snail, Melanoides 

tuberculata and the mosquito, Culex pipiens quin- 

quefasciatus, respectively. The both papers in- 

clude a postulation that the peaks are controlled by 

separate circadian oscillations. 

The present study investigated how the diphasic 

acitivty of the mosquito, C. p. molestus responds 

to changing LD ratio in 24h cycle. Distinctions 

from the published studies are i) to use the photo- 

phile mosquito, molestus, which is active in both 

light and dark periods [15] and, thereby, more 

adequate for this kind of study than scotophile 

quinquefasciatus, 11) to change the LD ratio at 

smaller increment, and iii) to measure individual 

animals separately. A noteworthy finding was 

that, in a critical LD ratio (a limit of entrainment 

range), the activity showed two rhythmic compo- 

nents, freerunning and entrained, simultaneously. 

A hypothetical view will be proposed for this 

phenomenon. 

MATERIALS AND METHODS 

Adult female mosquitoes, Culex pipiens moles- 

tus, of four or five days old were used. They were 

provided from a laboratory colonization kept in 

LD 16:8 and 25°C, hereafter called the standard 

environmental condition. The activity recording 

system was of photoelectrical principle as de- 

scribed previously [16]. 
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C. p. molestus is autogenous; the first egg 

maturation is attained without blood-feeding. In 

25°C, eggs are matured 3 to 4 days after emergence 

and are all laid at a time the next day if she is 

already inseminated. But virgin females oviposit 

at an unpredictable time or do not oviposit. Our 

materials were virgin and were not provided with 

an adequate water pool for oviposition, carrying 

mature eggs probably over the whole experimental 

span. 

The experiment was carried out to see effects of 

the light-to-darkness (LD) ratio in a 24-hour cycle 

(Fig. 1). Nine ratios were adopted, ranging from 

“zero-hour light to 24-hour darkness” (constant 

darkness abbreviated as DD or LD 0:24) to the 

reciprocal ratio (constant light abbreviated as LL 

or LD 24:0). Seven to fifteen mosquitoes were 

used for each ratio. On the first day of recording, 

the mosquito was held in LD 16:8, which was 

followed by one of the nine experimental LD ratio 

continuing for at least six days. The experimental 

ratio was made by changing the time of light-on so 

that the light was always turned off at the definite 

Y. CHIBA AND K. TOMIOKA 

clock hour (20) throughout the recording span. 
A fluorescent lamp used did not illuminate 

equally over the whole environment-controlled 
cabinet with activity chambers within, furnishing, 
however, on the average 170 lux in the light frac- 
tion of the LD cycle. Temperature was kept at 
about 25°C. Sugar solution (3%) was always 
provided by a siphon through the ceiling so that 
the mosquito may feed ad libitum. The solution 
probably made the relative humidity in the activity 
chamber almost saturated. 

Rhythmometry was based on a so-called chrono- 
biological window (least squares spectrum [17]) 
which, simply stated, involves the least Squares fit 
of cosine models to the time series under study and 
detects the best fitting cosine function. The win- 
dow covered trial periods from 10 to 35h. 

RESULTS 

1. Free-running activity under DD and LL. 

Eleven of fourteen mosquitoes under constant 
darkness (DD) exhibited significant circadian 

—— 
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Circadian activity of the mosquito Culex pipiens molestus under 24-h cycles with various ratios of light (open 

area) to darkness (shaded area). LD 16:8 was given on the first day which is followed by the experimental LD 
ratios. Curves are averages from 7 to 15 females. For further explanation, see text. 
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rhythm showing the average free-running period 

(tau) of 22.5+0.23(SE) h. The remaining three 

also were rhythmic but with ultradian periods of 

18.8, 14.8 and 10.9h, respectively. In some circa- 

dian mosquitoes, the earliest circadian cycles after 

the transition from LD to DD apparently wore the 

diphasic character which, however, became 

obscure or even disappeared in the ensuing cycles. 

A characteristic feature of rhythm under DD is a 

noisiness; circadian peaks are sometimes hardly 

visible in an incessant activity and are not always 

detectable even by the statistical way. That the 

rhythmicity becomes quite obscure in DD with the 

passage of days in the mean curve is due to the 

individual variation of free-running period and the 

high noisiness (Fig. 1). 

Ten out of 12 mosquitoes held in LL showed a 

conspicuous rhythm with the average tau of 15.57 

+1.20(SD)h (Figs. 1, 2, 4). Tau was on the level 

of 14 to 15 h in seven mosquitoes, but 16 to 17 hin 

the other three. The maximum value (17.9 h) 

could not be excluded (Smirnov’s rejection test, 

Ty=1.978, p>0.05). The individual activity con- 

verges on the peak time to yield a rhythm with a 

relatively low noise. This makes the grouped data 

(mean curve) more rhythmic than in DD. 

2. Activity under the intermediate LD ratio be- 

tween DD and LL. 

Under the standard environmental condition, 

Time of 

12 24 12 

LD 16:8, where all mosquitoes were held at least 

on the first day of recording, activity synchronizes 

well with the LD, forming the diphasic pattern 

with the evening and morning peaks. The evening 

peak (diagonally striped, Fig. 1) starts rising a few 

hours before cresting at light-off, which is followed 

immediately by night phase of very low activity. 

The activity augments abruptly at light-on to form 

the morning peak (vertically striped), which is 

much higher than the evening one, and expands 

the foot over a few hours toward midday. There is 

a totally inactive midday phase lasting for five 

hours. Thus, the daily pattern is diphasic, recur- 

ring as long as LD 16:8 continues. It looks that 

LD ratio which entrains insects ranges from LD 

4:20 to 21:3; the entrained diphasic rhythms keep 

the stable relation to LD cycles throughout the 

experimental days. The least squares spectrum 

showed a simple pattern with conspicuous peaks at 

trial periods of 12 h and/or 24 h as typically seen in 

LD 16:8 (Fig. 4). 

The temporal activity pattern depends on LD 

ratio in three ways. One pertains to the phase 

relation of activity rhythm to the light cycle. With 

reference, for example, to the onset of darkness, 

the evening and the morning peaks both are ad- 

vanced at different rates with increasing LD ratio; 

the former is faster. The slope coefficient in the 

linear regression, obtained for the activity crest 

day 

24 12 

______ _—$<_TE——— 
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LD 
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LL 

Ton -14.2 h 

aim 

LL 

Fic. 2. Double plotted activity records of two representative females held in LL following LD 16:8. 
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hour (reference point: light-off) against light 

period per day, is significant both in the evening 

peak (b=—0.24, t=2.800, p<0.05) and in the 

morning one (b= —0.09, t=3.600, p<0.05) (Fig. 

3); the slope coefficients mean the degree of peak 

advance in response to one-hour lenghtening 

(shortening) of light (dark) period. The difference 

between these two coefficients was demonstrated 

by that the regression line for the morning peak 

crests shows a significant slope coefficient (b= 

0.16, t=7.31, p<0.01) against the regression line 

for the evening peak. 

The second way of the modification involves the 

size of peak. When getting out of the dark fraction 

in the higher LD ratio, the both peaks become 

much larger; this is clear when one compares, for 

example, the evening peak in LD 4:20 with that in 

LD 21:3. The third way is related to an activity 

peak dotted in Fig. 1, which is formed in addition 

to the evening and morning peaks probably as a 

direct response to the light steps. This exogenous 

peak is discernible more easily at light-on than at 

light-off, becoming lower as LD ratio deviates 

from 16:8, in which, however, the morning peak 

timed just at light-on probably veils the exogenous 

one. 

Light-period per day(hr) 

nD 

Oa Aiea O-—Iee 

In LD 22:2 which may be outside the entrain- 

able range, activity showed some unique tenden- 

cies; the linearity of peak advance in response to 

increasing LD ratio (Fig. 3) may not simply be 

extended over this particular lighting condition. 

The activity peak does not always occur so regular- 

ly as have been seen in the entrainable range and 

LL, weakening or almost disakppearing around 

the experimental hours 96 or 152. It is sometimes 

hard, therefore, to know how the two peaks occur 

in temporal relation to the LD cycle; in other 

words, the observable peaks look neither being 

fully entrained nor fully free-running. These ten- 

dencies were clearly observed in 13 of 15 mos- 

quitoes, which showed the least square spectrum 

peaking twice at trial periods of 12 h and 14 or 15h 

(Fig. 4). 

To see if the rhythmic components of these 

periods really exist in the original time series, 

average activities were obtained against time axes 

twice as long as the detected periods for each of 

the 13 individuals. As the results, in all indi- 

viduals, the activity peaked twice clearly against 

each of the two time axes (Fig. 5). 

16 20 24 28 32 36 40 44 48 

Hours 
Fic. 3. Timing of evening or morning peak in 24-h LD cycles with varying LD ratios. Timing of peak represented 

by activity crest is the average for the last three cycles (Fig. 1), in which the entrainment appears to be fully 

attained. Linear regression functions were obtained between the crests against the light-off line. 
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4. Least squares spectra for each female in three 

kinds of 24-h LD cycle with different LD ratios. 

Numerals on the left side (16, 22, and 24) show the 

length of light period (L) in hour. Those on the 

right side, animal number and, in parenthesis, num- 

ber of samples (N). Since sampling was done every 

hour, N shows, on the other hand, the length of span 

analyzed in hour. Uppermost spectrum, for exam- 

ple, was obtained from No. 154 mosquito recorded 

for the consecutive 192 hours. 

5. Results of statistical analyses are shown for two 

mosquitoes, A and B. Uppermost panel: double- 

plotted activity record for 13 days while lighting 

condition was changed from LD 16:8 to LD 22:2. 

Dark period is framed. LSS: Least squares spec- 

trum obtained from activity record under LD 22:2. 

Lower two panels: Average temporal pattern of 

activity under LD 22:2 obtained on time axes, 

which are twice as long as length of periods detected 

significantly in the LSS. 
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DISCUSSION 

The visual judgment that the entrainable range 

of LD ratio covers from 4:20 to 21:3 may be 

consistent with the rhythmometric analyses. When 

LD ratio became larger than this upper limit to be 

22:2, it looks that activity peaks are not synchro- 

nized with the LD cycle, and the least squares 

spectrum assumes the special feature suggesting 

that the original time series involves two rhythmic 

components. One is of 12h detected also in the 

entrained rhythm and the other is of 14 or 15h 

characteristic in the freerunning rhythm under LL. 

There would be almost no doubt, also from raw 

data (Fig. 1 and the uppermost panel, Fig. 5), that 

the original time series in LD 22:2 involves the 

freerunning component. 

Judging from the activity record, it appears that 

the evening and the morning peaks each freerun in 

parallel and the detected period of about 14 or 15h 

corresponds to the interval of these peaks. In 

other words, the circadian period in this case is 

twice as long as the detected period. However, the 

correspondence of the freerunning peaks to the 

entrained ones is not simple. One may realize in 

Fig. 1 that, on the second day (24 to 48h on 

abscissa) when the first experimental LD cycle was 

given, the morning peak is advanced to approach 

the evening one as the dark period becomes shor- 

ter to 2h. But, with no dark period (lowest row), 

these two peaks were no longer distinguishable; 

the activity rising as usual anticipating the 

approach of light-off was not followed by the usual 

light-off raise but followed by an activity con- 

tinuing for a few hours to make a gently-sloping 

peak altogether. If looking at the actual activity 

record of individual mosquito (Fig. 2), one may 

realize that the anticipating activity and the subse- 

quent one are separated by an inactive span (indi- 

cated by arrow), which is obscured in average (Fig. 

1). As to what the subsequent activity is, there 

would be three posibilities. One is that it may be a 

continuation of the evening peak which has been 

suppressed temporarily for some reason. The 

second is that it may correspond to the morning 

peak, which is advanced in response to shortening 

the dark period to such an extreme length. Finally, 

the two peaks may be merged to one which 

freeruns at the period around 14 or 15h. Although 

the first possibility was regarded above as being 

more likely, further investigations are necessary 

for final conclusion. 

Concerning the significance of the other peak at 

12h, careful considerations may be required. 

Theoretically, the detection of significant trial 

periods of 12 and 24h in a spectrum does not 

always prove that the corresponding rhythmic 

components exist in the original time series as 

having biological significance. One possibility is 

mathematical that the 12 h component is simply a 

harmonic of the fundamental function of 24 h and 

with no biological significance. If this possibility 

comes true, the 24h peak should have been more 

prominent than 12h one. The other possibility is 

empirical but may meet our case, that the 12 

h-peaked spectrum is obtained from fully en- 

trained diphasic circadian rhythm, in which one 

activity peak occurs adequate hours behind the 

other. One may see that the interval from the 

evening to the morning peak varies from 8 to 10 

hours, as the LD ratio increases from 4 : 20 to 21:3 

(Figs. 1 and 3), yielding in many cases the spec- 

trum with the 12 h peak more prominent than the — 

other significant peak at 24h. It is thus likely that 

the original time series in LD 22:2 includes a 

synchronizing diphasic component in addition to 

the freerunning. This was validated by average 

activities peaking twice very clearly against 24 and 

28 or 30h time axes (Fig. 5). 

As to the mode of interaction of the two kinds of 

rhythms, it would be plausible from the activity 

records (Fig. 5) to postulate that the freerunning 

diphasic activity is inhibited twice at definite times 

of a day, at mid-day and after (or also in) darkness. 

In the entrainable range of LD ratio, this inhibi- 

tion seems to strengthen the diphasic nature of the 

rhythm. Our results include the additional third 

rhythm that is the sensitivity rhythm to the step- 

wise change of light. Are all the three rhythms 

under circadian control? What is the physiological 

relation between them? These issues also deserve 

future study. 

A controversial issue concerning the diphase is 

whether the two peaks are underlain by separate 

circadian oscillations. While one oscillation is 

thought to be sufficient for controlling the diphase 
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(the cockroach Periplaneta americana [13]), some 

researchers have insisted the involvement of two 

oscillations each controlling one of the peaks (the 

silkmoth Hyalophora cecropia [10], the hamster 

Mesocricetus auratus {11] and the snail Melanoides 

tuberculate [12]). Also in the case of mosquito, the 

diphase has attracted researcher’s attention; for 

example in the culicine mosquitoes, the two peaks 

are supposed to be controlled by separated oscilla- 

tions [14] or to be of physiologically different 

nature [18], on the basis of dependency on lighting 

condition or on temperature, respectively. 

Aschoff [1] grouped insects into three, each 

responding to the change of LD ratio in one of the 

following three ways; phase angle difference stays 

in parallel to light-off, -on, or the middle of light 

time. He suggests that, in a nonparametric view- 

point that only discrete signals affects the rhythm, 

the light-off and -on seem to be the main (or only) 

phase determining signal in the first and second 

groups, but in the third, both steps in light intensi- 

ty have equal weight in determining the phase 

angle difference. Drosophila eclosion may follow 

more complicated mechanism involving also a pa- 

rametric (continuous) effect of lighting condition 

which accerelates the oscillation’s angular velocity 

at some phases and decerelates it at others [2]. 

The possible mixture of the two mechanisms, 

parametric and nonparametric, were postulated 

from experiment using skeleton photoperiods in 

addition to complete ones. C. pipiens molestus 

may belong roughly to the Aschoff’s third group, 

though the evening and the morning peaks move at 

slightly different rates with changing LD ratio (Fig. 

3): 

In eclosion rhythm of Drosophila akurelia, the 

moving rate of a circadian peak in response to LD 

ratio varies with the ratio of free-running period to 

the length of LD cycle [18]. If this applies to the 

mosquito, the two peaks may be underlain by 

separate circadian oscillations with different 

periods (Fig. 3). But at present, it would be still 

safe to say that the two peaks are of physiologically 

different nature, as is said previously on the basis 

of differences in the temperature dependency [19]. 

In general, freerunning rhythm under DD or LL 

provides important informations to understand the 

internal mechanism. But, in C. p. molestus, this 

condition is not fully met; the rhythm under DD is 

very noisy, hindering a profound discussion. This 

is an issue to be solved in future study. 
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ABSTRACT— -Allozyme data are used to examine the genetic relationships among two samples of 

Hynobius retardatus from Obihiro, and a geographically discrete sample from Chitose. The two samples 

from Obihiro are morphologically distinct from each other, but are found to be electrophoretically 

closely related, together forming a group distinct from the Chitose sample. The degree of genetic 

differentiation as measured by the F statistics is also low between the two Obihiro samples. The 

morphological differentiation seen between these two samples does not seem to be attributable directly 

to their genetic differentiation, but to the ecological divergence that is yet to be surveyed. 

INTRODUCTION 

Hynobius retardatus is endemic to Hokkaido of 

northern Japan and is abundant, widely ranging 

over much of the island [1]. This species is noted 

for a significantly smaller number of chromosomes 

(2n=40) [2] than found in all other congeneric 

species (2n=56 or 58) [3]. Thus, many studies on 

this species have hitherto been made mainly from 

karyological analyses (e.g., [4]), and studies from 

other fields of biology are relatively few (see [5] for 

literature review). 

Because the geographic range of this species is 

larger than those of many other congeneric spe- 

cies, the presence of some degree of local popula- 

tion differentiation, both in morphology and gene- 

tic structure, is expected, but almost no studies 

have been made on intraspecific variation within 

this species. 
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Sato and Nakabayashi [6] and Sato [7] found the 

occurrence of a unique population of H. retardatus 

within a narrow range of Obihiro-shi, Tokachi 

Plain, eastern Hokkaido. Salamanders from this 

population are distinguishable from individuals of 

neighbouring populations of H. retardatus in their 

unusually larger adult body size [population mean 

+2SE of total length (TOTL) >175 mm in males 

and>170mm in females (Sato, unpublished 

data)], and probably related to this, in the larger 

size of egg sac and larger egg diameter. Thus, they 

are tentatively named the “large” type, in contrast 

to the Hynobius retardatus “common” type 

(population mean+2SE of TOTL<170mm in 

males and< 165 mm in females). Although further 

morphological investigation is required to eluci- 

date the relationships of these two types, it is 

interesting to study them from a genetic viewpoint. 

In studying genetic relatiohships among local 

populations of caudate amphibians, the technique 

of electrophoresis has been widely used (e.g., [8- 

10]), and successfully applied to the Japanese 

species [11, 12]. Herein, we present analyses of 
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allozyme data to clarify the relationships of these 

two types, with another geographically discrete 

population as a reference. 

MATERIALS AND METHODS 

For electrophoretic examination, three samples 

were employed. These included 19 males of the 

large type and 11 males of the common type from 

Obihiro-shi (42°44’40" N, 142°5115” E, and 

42°42’30” N, 142°5715” E, respectively), and for 

comparisons, five males of the common type from 

Shikotsu-ko, Chitose-shi (42°46'20” N, 141°24°30° 

E). The localities of the two Obihiro samples are 

8.5 km apart, whereas Shikotsu-ko is 140 km away 

from Obihiro-shi and is clearly split from the latter 

locality by the Hidaka mountains and Ishikari 

plain. 

Liver tissues, removed from freshly killed anim- 

als and frozen ( —84°C), were used throughout the 

analysis. Woucher specimens were fixed in 10% 

formalin, later preserved in 70% ethanol and 

stored in the Biological Laboratory, Kyoto Uni- 

versity. Horizontal starch gel electrophoresis was 

employed using 11.5% potato starch (Connaught) 

to resolve allozyme products [13]. The allozymes 

examined, locus designations, and buffer system 

used are listed in Table 1. Genetic interpretations 

of allozyme data were based on criteria developed 

by Selander et al. [13]. Enzyme nomenclature and 

E. C. numbers followed the recommendations of 

the Nomenclature Committee of the International 

Union of Biochemistry [14], and the notation of 

loci, electromorphs and genotypes followed princi- 

pally Murphy and Crabtree [15]. Electromorphs 

were designated by letters with “a” representing 

the most rapidly migrating anodal variant. 

The BIOSYS-1 computer program [16] was used 

to calculate all statistics. Standard estimates of 

genetic variability, i.e., mean heterozygosity by 

direct count (H), proportion of polymorphic loci 

(P), and the mean number of electromorphs per 

locus (A), were computed for each sample. Vari- 

able loci were checked by Chi-square goodness-of- 

fit tests to determine whether observed genotype 

frequencies were in Hardy-Weinberg equilibrium 

in each sample. The expected numbers of each 

genotype were calculated using Levene’s formulae 

for small samples [17] and pooling. A contingency 

Chi-square test [18] was performed for inter- 

sample electromorph frequency heterogeneity. F- 

statistics were also calculated for all variable loci 

according to Wright [19]. 

Overall genetic differentiation among the three 

samples was estimated using coefficients of Nei’s 

unbiassed genetic distance [20] and modified Ro- 

gers’ genetic distance [21]. Genetic relationship 

among samples were estimated from the pairwise 

matrix of Nei’s distance, clustered according to the 

UPGMA algorithm [22]. This method assumes 

equal rates of molecular evolution along all bran- 

ches, but the validity of this assumption is am- 

biguous. We adopt this method to describe amounts 

of genetic divergence in this species and to allow 

comparison to literature accounts of variability in 

other caudate species. Alternatively, an unrooted 

Distance Wagner tree [23] was constructed using 

BIOSYS-1 optimized with the multiple addition 

criterion of Swofford and Selander [16] with metric 

measures of. modified Rogers’ genetic distance 

coefficients [21]. | 

RESULTS 

We studied the variability of 25 presumptive 

loci. Of these, eight were monomorphic in our 

sample (Table 1). These included mAat-A, 

sAcon-A, mMdhp-A, Est-1, Est-2, Pep-C, sSod-1, 

and sSod-2. Of the remaining 17 polymorphic loci, 

mAcon-A, Acp-A, Gpi-A, Ldh-B, and Pgm-C 

were the most variable loci, each with three alleles. 

In all the polymorphic loci, except for the mMdhp- 

A locus, the predominant electromorph, occurring 

at frequencies of 50% or more, was identical in the 

three samples. In the mMdhp-A locus, the Chitose 

sample had a predominant electromorph that was 

absent in the other two samples from Obihiro. 

In the three samples, the mean number of 

electromorphs per locus (A) varied from 1.24— 

1.68, the percentage of polymorphic loci (P) from 

24.0-44.0, and the mean heterozygosity (H) values 

from 0.029-0.068. The highest polymorphism and 

heterozygosity were found in the Obihiro-large 

sample, while the Obihiro-common sample ex- 

hibited the lowest variability. Statistically significant 

(p<0.05) deviation from Hardy-Weinberg equilib- 
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TABLE 1. 

Mitochondrial and supernatant loci are denoted by “m” and “s” prefixes, respectively 

Enzymes (commission number) 

Acid phosphatase (3.1.3.2) 

Acid phosphatase (3.1.3.2) 

Aconitate hydratase (4.2.1.3) 

Aconitate hydratase (4.2.1.3) 

Aspartate aminotransferase (2.6.1.1) 

Aspartate aminotransferase (2.6.1.1) 

Creatine kinase (2.7.3.2) 

Dipeptidase (3.4.13.11) 

Dipeptidase (3.4.13.11) 

Esterase (—) 
Esterase (—) 
Glucose-6-phosphate isomerase (5.3.1.9) 

L-iditol dehydrogenase (1.1.1.14) 

Isocitrate dehydrogenase (1.1.1.42) 

L-lactate dehydrogenase (1.1.1.27) 

L-lactate dehydrogenase (1.1.1.27) 

Malte dehydrogenase (1.1.1.37) 

Malate dehydrogenase (1.1.1.37) 

“Malic Enzyme”** (1.1.1.40) 

“Malic Enzyme”** (1.1.1.40) 

Phosphoglucomutase (5.4.2.2) 

Phosphoglucomutase (5.4.2.2) 

Phosphogluconate dehydrogenase (1.1.1.44) 

Superoxide dismutase (1.15.1.1) 

Superoxide dismutase (1.15.1.1) 

Locus 

Acp-A 

Acp-B 

mAcon-A 

sAcon-A 

mAat-A 

sAat-A 

Ck-A 

Pep-B 

Pep-C 

Est-1 

Est-2 

Gpi-A 

Iddh-A 

sIcdh-A 

Ldh-A 

Ldh-B 

mMdh-A 

sMdh-A 

mMdhp-A 

sMdhp-A 

Pgm-A 

Pgm-C 

Pgdh-A 

sSod-1 

sSod-2 

Buffer 
condition* 

B 

> Pro @ 

Pa es pe Oe SO 

Pe LP ee 

ee eae 4 ee ES eS 

D 

D 

Obihiro 
large 

0.08 

0.87 

0.05 

0.92 

0.08 

0.29 

0.58 

0.13 

1.00 

1.00 

0.63 

0.37 

0.39 

0.61 

1.00 coonrionrnoaoenpenddqogrbdgosmsag ® 

1.00 

1.00 

1.00 

0.03 

0.95 

0.03 

1.00 »aOa¢CnD D wm Pp 

0.08 

0.92 

0.05 

0.95 

0.03 

0.84 

0.13 

1.00 Toor ern Fm 

oy 1.00 

oy 1.00 

1.00 

0.03 

0.97 

0.11 

0.84 

0.05 

0.11 

0.89 

1.00 

1.00 eo —) Cer i) @ Cr) Cr) [ 

Obihiro 
common 

a 

b 

0.23 

0.77 

1.00 

0.45 

b 0.55 

Tren o7nrorr oer ® & 

1.00 

1.00 

0.68 

0.32 

0.09 

0.91 

0.14 

0.86 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 
a 1.00 

* Buffer system: A=Tris-citrate, pH7.0. B=Tris-citrate, pH6.0. C=Tris-citrate, 

borate-EDTA, pH 8.0. 

** NADP-dependent malate dehydrogenase. 

pH 8.0. 
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Electromorph frequencies for 25 loci resolved in three samples of Hynobius retardatus. 

Chitose 

b 0.90 

c 0.10 

a 1.00 

b 0.80 

c 0.20 

a 1.00 

a 1.00 

a 1.00 

b 1.00 

0.40 

0.60 

1.00 

1.00 

1.00 

1.00 ef ™) &) els 

a 0.70 

b 0.30 

b 1.00 

b 1.00 

b 1.00 

0.40 

0.60 

0.40 

0.60 

0.80 

0.20 

1.00 

1.00 Teor ort Fm 

a 0.50 

b 0.50 

a 0.30 

b 0.70 

a 1.00 

a 1.00 

D=Tris- 
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Obihiro-large 

Obihiro-common 

Chitose 

0.1 0.075 0.05 0.025 0 

Nei's Unbiased Genetic Distance 

Fic. 1. UPGMA tree constructed from Nei’s (1978) 

unbiased genetic distance for three samples of 

Hynobius retardatus. The percent standard devia- 

tion=3.324 and the cophenetic correlation=0.998. 

The Distance-Wagner method using modified Ro- 

gers’ D (Wright, 1978) and rooted at the midpoint of 

the longest path produces the same tree topology. 

rium was observed for several loci in all the three 

samples: mAcon-A, Acp-A, Acp-B, Ck-A, sIcdh- 

A, Ldh-A, Ldh-B, and Pgdh-A in the Obihiro- 

large sample; mAcon-A, Acp-A, CK-A, and Pgm- 

C in the Obihiro-common sample; and mAcon-A, 

sMdh-A, and mMdh-A in the Chitose sample. All 

of these deviations were heterozygote deficiencies. 

TABLE 2. Summary of Fez values calculated from 

17 polymorphic loci for all samples of Hynobius 

retardatus and for Obihiro-large and Obihiro- 

common types 

Obihiro-large 
Locus All samples Aad COMion 

Acp-A 0.050 0.028 

Acp-B 0.053 0.040 

sAcon-A 0.105 0.020 

sAat-A 0.151 0.003 

Ck-A 0.205 0.122 

Pep-B 0.118 0.073 

Gpi-A 0.027 0.020 

Iddh-A O22 — 

mIcdh-A 0.054 0.041 

Ldh-A 0.036 0.027 

Ldh-B 0.095 0.073 

mMdh-A 0.308 — 

sMdh-A 0.308 ~ 

mMdhp-A ON/27 ~ 

Pgm-A 0.018 0.013 

Pgm-C 0.207 0.144 

Pgdh-A 0.132 0.056 

Mean 0.226 0.060 

Contingency Chi-square tests for heterogeneity 

of electromorph frequencies at variable loci be- 

tween the two samples from Obihiro were not 

significant (p >0.01) except for one case (Pgm-C: 

y°=15.24, p<0.01). In order to quantify this 

spatial homogeneity, F-statistics were calculated 

among these two samples, and again for all three 

samples (Table 2). In the two samples from Obi- 

hiro, the Fs; varied from 0.003 for the sAat-A 

locus to 0.144 for the Pgm-C locus and averaged 

0.060. This value was appreciably lower than the 

Fsy of 0.226 calculated for all three samples. 

Figure 1 shows genetic groups clustered by the 

UPGMA algorithm on the basis of Nei’s genetic 

distance [20]. The two samples from Obihiro 

formed a cluster (D+SE=0.010+0.006) that is 

separated from the Chitose sample with an average 

D of 0.072 (D+SE=0.074 +0.033 in the large and 

0.070 + 0.033 in the common type). The topology 

of the Distance-Wagner tree constructed using 

modified Rogers’ D and rooted at the midpoint of 

the longest path is identical with the UPGMA tree. 

DISCUSSION 

The two samples of H. retardatus from Obihiro 

examined here have breeding sites of only 8.5 km 

apart and seem not to be geographically isolated 

by any evident barriers. However, the two sam- 

ples have been reported to be fairly divergent 

chiefly in adult and egg-sac morphology and, less 

significantly, in breeding season [6, 7]. Males of 

the large type have a mean TOTL of 180mm, 

while the common type has a TOTL usually less 

than 159mm. The common type from Chitose is 

morphologically indistinguishable from the Obi- 

hiro common type. Thus, we first expected the 

smaples of common-type from Obihiro and Chi- 

tose to be genetically more similar to each other 

than to the Obihiro large type. 

The present results, however, do not support 

this assumption. The values of percentage poly- 

morphic loci (P) and mean heterozygosity (H) 

found in the three samples of H. retardatus (24.0- 

44.0 and 0.029-0.068) are within the intrapopula- 

tional range reported for many urodele species 

[24], and indicate that this species is almost as 

variable as other widely ranging Japanese urodeles 
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such as Cynops pyrrhogaster (20.0-53.3 and 

0.031-0.147, respectively: [11, 12]) or Hynobius 

nigrescens (9.1-45.5 and 0.015-0.077, respective- 

ly: Matsui et al., in preparation). The value of Fsr 

for the three samples (0.226) is even larger than 

that recorded in the widely spread populations of 

Cynops pyrrhogaster from Tohoku region (0.167: 

[12]), and indicates the presence of moderately 

great interpopulational difference in H. retardatus. 

However, on the basis of the contingency Chi 

Square test, the two samples from Obihiro were 

judged not to be spatially significant in electro- 

morph frequency differences at most of the vari- 

able loci. This conclusion is also supported by the 

low Fsy value calculated for the two populations 

from Obihiro (0.060). Therefore, notable inter- 

sample differentiation is judged to be mainly due 

to the differentiation between the Chitose sample 

and the two samples from Obihiro, and morpholo- 

gical and related ecological differentiation found 

between the latter two samples is hardly attribut- 

able to their genetic differentiation as far as the 

present results have shown. 

Actually, genetic groups clustered by both the 

UPGMA algorithm using Nei’s D and by the 

Distance-Wagner method using modified Rogers’ 

D resulted in a cluster of the two samples from 

Obihiro that is distinct from the Chitose sample. 

The distance value of 0.070, found between the 

two common types, is much larger than that of 

0.010 obtained between the two samples from 

Obihiro. Thus, the two morphologically dissimilar 

types from Obihiro are judged to be more closely 

related to each other than either is to the Chitose 

sample, which is morphologically indistinguishable 

from the Obihiro common type. The obvious 

differences in morphology as examplified by the 

adult body length in the two Obihiro types might, 

therefore, be largely a result of the probable life 

history differences of the two types, including food 

availability, age composition, individual growth 

speed, time of sexual maturity, and life-span [25, 

26]. 

Turning to overall genetic similarity, the 

greatest genetic distance value (0.074) obtained 

among the three populations of H. retardatus is 

much lower than the values generally reported to 

occur among sister species or even subspecies pairs 

of Japanese salamanders and newts [11, 27]. 

Therefore, although the three samples of H. retar- 

datus are judged to be genetically somewhat differ- 

entiated, they cannot be split at any taxonomic 

rank genetically. 

Using the correlation between D values and 

time of separation claimed to be unique to 

urodeles (1D=14 MY [28]), and the greatest dif- 

ference (Nei’s D [20]=0.074) between Obihiro- 

large sample and Chitose sample, the two were 

considered to have separated approximately 1x 

10° years B. P. This coincides approximately with 

the middle of lower Pleistocene. On the other 

hand, the two samples from Obihiro (D=0.010) 

are assumed to have separated approximately 1.4 

10° years B. P., during the Ris-Wurm intergla- 

cial period in the middle Pleistocene. 
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Rhynchocinetes striatus, a New Species (Decapoda, Caridea, 

Rhynchocinetidae) from Southern Japan 

Kencut Nomura and KeEn-Icut Hayasut 

Kushimoto Marine Park Center, Kushimoto, Wakayama 649-35 and 

'Shimonoseki University of Fisheries, Nagatahonmachi, 

Shimonoseki, Yamaguchi 759-65, Japan 

ABSTRACT—A new rhynchocinetid shrimp, Rhynchocinetes striatus sp. nov., is described and 

illustrated. It is characterized by a unique color pattern of alternate white-and-red bands around the 

body, as well as by the very slender, elongate rostrum bearing numerous ventral teeth, the antennal 

scale bearing a very short distolateral spine never reaching the end of the lamella, and the relatively 

slender posterior three pereopods bearing three ventral spinules on the dactylus. Its affinities to the 

related species are discussed. 

INTRODUCTION 

In several recent popular publications, beautiful 

color photographs of shallow water decapod 

crustaceans, including some shrimps of the genus 

Rhynchocinetes, were presented [1, 2, 6]. Among 

these crustaceans is a rather large rhynchocinetid 

which is characterized by obliquely or transversely 

arranged, alternate white-and-red bands on the 

carapace and abdomen, the color pattern being 

apparently different from those of the known 

species in this genus. In addition to the material 

reported earlier by one of us [6], several specimens 

referable to this species have been collected from 

the Ryukyu Islands, southern Japan. Close ex- 

amination discloses that the species is closely re- 

lated to R. hiatti Holthuis and Hayashi, R. hender- 

soni Kemp, or R. rigens Gordon, but undoubtedly 

is referred to a new species described below. 

The holotype will be deposited in the National 

Science Museum, Tokyo (NSMT) and the para- 

types are in the Shimonoseki University of Fisher- 

ies (SUF) and Sabiura Marine Park Research 

Station (YMP). Carapace length (CL) and ros- 

trum length (RL) are used for measurements. 

Accepted July 22, 1991 
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DESCRIPTION 

Rhynchocinetes striatus sp. nov. 

(Figs. 1-4) 

Rhynchocinetes sp. Debelius, 1983, p. 68, with 

fig. [1]. 

Rhynchocinetes sp. Debelius, 1984, p. 68, with 

fig. [2]. 

Rhynchocinetes sp. Kamezaki, Nomura, Hama- 

no and Misaki, 1988, p. 74, with fig. [6]. 

Material.—Holotype: Ovigerous ? (NSMT, 

18.1 mm in CL, 29.8mm in RL), Kadena Port, 

Okinawa Island, 1-10 m deep, April 5, 1989, H. 

Masuda leg. 

Paratypes: 18 (SUF 530-2-1360, 17.2 mm in 

CL), 12 (SUF 530-2-1361, 19.1 mm in CL), 2¢ 

(YMP-550, 16.0 mm in CL, YMP-553, 9.5 mm in 

CL): Hori, Kuroshima Island, Yaeyama Group, 3 

m deep, June 27-28, 1987, K. Nomura leg; 2¢ 

(YMP-611A, 15.9mm in CL, YMP-613B, 12.9 

mm in CL): Hori, Kuroshima Island, Aug. 2, 1987, 

K. Nomura leg: 1 juv. (SUF 530-3-1362, 7.3 mm in 

CL): Hori, Kuroshima Island, November 27, 1987, 

K. Nomura leg. 

Description.—Shell rather hard, with many 

transverse striae on carapace. Rostrum 1.3-2.2 

times as long as carapace, overreaching antennal 

scale by nearly distal half of its length; longer in 

larger male (Figs. 1, 2a). Three teeth on carapace 



200 K. NOMURA AND K. HAYASHI 

Sea 
pe uae NX, 

= 

Res 

Fic. 1. Rhynchocinetes striatus sp. nov. Male paratype (YMP-550), showing color pattern; dotted parts are red. 

directly behind rostral articulation. Dorsal margin 

of rostrum with 2 rather large teeth on proximal 

part, distal part unarmed except for 2 small sub- 

apical teeth. Ventral margin with 11-13 teeth, 12 

teeth in 4 specimens including holoytpe, 11 teeth in 

1 specimen and 13 teeth in 2 specimens. Antennal 

spine well developed. Pterygostomial angle largely 

rounded (Fig. 2a). 

Abdomen also with fine striae, oblique in first 2 

somites, nearly longitudinal in third somite, and 

transverse in last 3 somites. Pleura of first 3 

somites rounded. Fourth somite with strong, post- 

eriorly directed spine on posterior margin just 

above base of pleuron, posterolateral angle of 

pleuron with or without small spine in male. Three 

males (9.5, 12.9, 17.2 mm in CL) bearing this small 

spine on both sides but 2 males (15.9, 16.0 mm in 

CL) lacking it on either side. In females including 

holotype, pleuron produced posteriorly but not 

sharply pointed, lacking spine. Pleuron of fifth 

somite with stronger spine near base and well 

developed one on posterolateral agle in both sexes 

(Fig. 2b). Sixth somite about 1.5-1.8 times as long 

as fifth somite. Telson 1.1-1.3 times as long as 

sixth somite, with 3 pairs of dorsal spines on 

posterior half of its length; posterior margin end- 

ing in triangular median point, with 3 pairs of 

spines; lateral pair short, median pair longest (Fig. 

Dey 

Eyes very large. Cornea broad and rounded, 

with semicircular ocellus. Stylocerite sharply 

pointed at distal end, with anteriorly directed 

dorsal tooth at base, falling slightly short of end of 

antennular peduncle. First antennular segment 

with small spine at anterolateral angle. Second 

and third segments unarmed and subequal in 

length (Fig. 2d). 

Large male paratype, 17.2mm in CL, with 

nearly intact antennular and antennal flagella; 

upper antennular flagellum relatively long, about 4 

times as long as its peduncle, basal part slightly 

overreaching rostral apex, more or less enlarged, 

bearing setae ventrally; lower flagellum longer 

than upper, about 5.5 times as long as peduncle. 

Antennal flagellum much longer, about 9 times 

length of carapace. 
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Fic. 2. Rhynchocinetes striatus sp. nov. Male paratypes (a, c-g: YMP-550; b: YMP-553). a, carapace, b, fourth and 

fifth abdominal somites, c, telson, d, antennular peduncle, e, antennal scale, f, endopod of first pleopod, g, 

endopod of second pleopod. 

Antennal scale 2.6 times as long as broad, 

distolateral tooth not reaching end of lamella (Fig. 

2e). Basicerite with sharply pointed large lateral 

spine and rounded dorsal lobe, small spiniform 

process on membranous articulation with antennal 

scale. 

Mouthparts (Fig. 4) and branchial formula 

typical of genus. Mandibular palp _ three- 

segmented (Fig. 4a). Palp of first maxilliped also 

three-segmented, distal segment very small (Fig. 

4d). Third maxilliped and first 3 pereopods with 

pleurobranch and arthrobranch, posterior 2 

pereopods with pleurobranch only. Epipods dis- 

tinct on all maxillipeds (Fig. 4d-f) and first 3 

pereopods; exopods on all maxillipeds. Third 

maxilliped reaching nearly to distal end of 

antennular peduncle in both sexes; distal segment 

with about 10 dark spinules distally; basal segment 

with slender spine on anterolateral end and 2 or 3 

movable spines on anteroventral corner; exopod 
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Fic. 3. Rhynchocinetes striatus sp. nov. Male paratype (YMP-550). a, first pereopod, b, second pereopod, c, third 

pereopod, d, fourth pereopod, e, fifth pereopod, f, dactylus of third pereopod, g, proximal part of propodus of 

fourth pereopod. 
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Fic. 4. Rhynchocinetes striatus sp. nov. Female paratype (SUF 530-2-1361). a, mandible, b, maxillule, c, maxilla, 

d, first maxilliped, e, second maxilliped, f, third maxilliped. 

relatively long, extending beyond distal end of 

basal segment (Fig. 4f). 

First pereopod reaching distal end of carpocerite 

of antennal peduncle in both sexes. Dactylus with 

8-10 dark claws distally, fixed finger with 3 similar 

claws. Palm twice as long as dactylus in female, 

but more longer in male. Carpus equally long as 

merus or palm in female, and as long as merus but 

shorter than palm in male (Fig. 3a). Second 

pereopod reaching in female or slightly over- 

reaching in male distal end of first pereopod. 

Chela slightly longer than merus. Dactylus with 14 

black claws, fixed finger with 3 similar claws. Palm 

2.4—3.0 times as long as dactylus. Carpus 2.0—2.4 

times as long as palm. Ischium shorter than merus 

(Fig. 3b). 

Posterior 3 pereopods slender. Third pereopod 

overreaching antennal scale by dactylus and part of 

propodus. Dactylus short, bearing 3 black spinules 

excluding strong terminal claw (Fig. 3f). Prop- 

odus 5-8 times as long as dactylus, with about 10 

posterior marginal spinules. Carpus shorter than 

propodus, lateral surface with 2 or 3 spinules. 

Merus longer than propodus, with 5-8 lateral and 
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3-4 posterior spinules. Ischium with 2 spinules, 1 

lateral and 1 posterior (Fig. 3c). Fourth pereopod 

overreaching antennal scale by dactylus. Dactylus 

short, with 3 claws as in third pereopod. Propodus 

6-9 times as long as dactylus, posterior margin 

with 6-14 spinules; proximal 4 or 5 of them 

bearing several setae. Carpus about 2/3 length of 

propodus, with 2 or 3 lateral spinules. Propodus 

and carpus of fourth pereopod slightly longer than 

respective segments of third pereopod. Merus of 

fourth pereopod slightly shorter than that of third 

pereopod, as long as or shorter than propodus of 

fourth pereopod, lateral margin with 5-9 spinules, 

posterior margin with 3-7 spinules. Ischium with 1 

lateral and 1 posterior spinule (Fig. 3d, g). Fifth 

pereopod reaching dista! end of antennal scale. 

Dactylus with same armature as in 2 preceding 

pereopods. Propodus as long as that of fourth 

pereopod, with about 10 spinules on posterior 

margin, lacking proximal setose spinules as in 

fourth pereopod. Carpus as in fourth pereopod. 

Merus apparently shorter than propodus, as well 

as those of 2 preceding pereopods, bearing 5—6 

lateral and 1 or 2 posterior spinules. Ischium with 

1 lateral spinule, posterior spinule occasionally 

absent (Fig. 3e). 

In male, 17.2mm in CL, endopod of first 

pleopod broad leaf-shaped, distally bearing two- 

lobed appendix interna arising from midpoint of 

mesial margin of endopod. Lateral and distal 

margins of endopd lacking setae or hairs, but 

mesial margin with short simple setae, mesial 

margin of appendix interna with rather long simple 

setae (Fig. 2f). In females, endopod of first 

pleopod similar to, but larger than exopod covered 

with long plumose marginal setae; appendix inter- 

na absent. Appendices interna and masculina on 

endopod of male second pleopod short rod- 

shaped. Appendix masculina as long as or slightly 

shorter than appendix interna, with numerous long 

setae (Fig. 2g). 

Color in life. —Body with transversely arranged 

alternate bands of red and white (Fig. 1) [1, 2, 6]. 

Rostrum with 3-5 red bands and white apex. 

Carapace with 4 red bands running obliquely back- 

ward on lateral surface, anterior bands short, 

usually disappearing dorsolaterally. Abdomen 

with 8 transverse red bands; anterior 2 bands 

narrow, situated on anterior margins of first and 

second somites; third band present along posterior 

margin of second somite; fourth band broad, 

placed on midtransverse portion of third somite; 

fifth band broad dorsally, covering posteromedial 

cap of third somite and entire dorsal surface of 

fourth somite, extending downward along post- 

erior margin of fourth somite; sixth band along 

posterior articulation of fifth somite; seventh band 

present on posterior margin of sixth somite, ex- 

tending onto base of tail fan; last band placed on 

posterior part of tail fan. Sixth somite with oblong 

red patch on central dorsal portion. 

Pereopods yellowish white dorsally and reddish 

laterally. Meri of last 3 pereopods with red band 

near distal articulation, chela of first pereopod 

with similar red band at base. Antennal flagellum 

reddish. 

The above-mentioned pattern is rather stable 

and nearly the same in both young and adult. 

Etymology.—The Latin — striatus (striated) 

alludes to the unique color pattern of the species. 

DISCUSSION 

The new species belongs to the species group 

characterized by having three teeth on the cara- 

pace behind the articulation with the rostrum [4], 

in which close relative Rhynchocinetes hiatti, R. 

hendersoni and R. rigens are included. They are 

known from nearly the same tropical area as the 

new species [3]. The type specimens of the new 

species were compared with the original and subse- 

quent descriptions of the related species [3-5, 7], 

as well as with the following reference material 

collected from the Japanese waters. 

R. hiatti: 1 ovigerous $, 13.2 mm in CL, from 

Iriomote Island. 

R. hendersoni: 1 broken @ , from Suruga Bay; 1¢, 

12.9 mm in CL from Okinawa Island; 6 ¢ , 10.5- 

11.8 mm in CL, 32, 6.5—9.0 mm in CL, 2 ovig. 

2 | 7.3-8.8 mm in CL from Kuroshima Island. 

R. rigens: 19, 13.0mm in CL from Okinawa 

Island. 

The color pattern is the most distinctive charac- 

ter to recognize this new species, because it is 

constant and does not change by sex and growth. 

R. rigens has a spotted pattern [3, 6] and R. 
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hendersoni has a mottled one [6]. The new species 

and R. hiatti show a banded pattern of alternate 

white-and-red bands, but their details are clearly 

different from each other. In R. hiatti, the ground 

color is red, the abdomen bears two to four narrow 

white transverse bands, the carapace has two or 

three oblique or longitudinal bands, and the ros- 

trum is whitish apically and reddish elsewhere [5, 

6]. In the new species the white-and-red bands are 

conspicuous, especially in dorsal view. There are 

three to five oblique red bands on the carapace, 

eight red bands on the abdomen including the tail 

fan and three to five bands on the rostrum [1, 2, 6]. 

The differences that help to separate the new 

species from the three related species are given in 

Table 1. The pterygostomial angle is rounded in 

R. striatus and R. rigens, while pointed in R. hiatti 

and R. hendersoni. The stylocerite is much longer 

in R. hiatti, exceeding beyond the distal end of 

antennular peduncle. The three known species 

have a short stylocerite, just reaching or slightly 

overreaching the end of the antennular peduncle. 

TABLE 1. 
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The fifth pereopod is relatively long in R. 

striatus, extending as far forward as the distal end 

of the antennal scale, instead of reaching to the 

base of it as in the other three species. In the 

largest male of R. striatus, the third maxilliped is 

not extremely long as the one shown in R. kuiteri 

[1, 2, 8]. Unusually long first pereopods are 

sometimes seen in the male of R. hendersoni [6] 

but such examples have not been reported for the 

other three species including the new species. 

The lower rostral teeth of the new species are 

more numerous than those of the other species. R. 

striatus bears always more than 10 lower rostral 

teeth, this number is usually less than 11 in the 

other three species. The dactyli of the last three 

pereopods bear three spinules in R. striatus and R. 

hendersoni but two spinules in R. hiatti and R. 

rigens. The merus of the third pereopod bears 

three or four spinules in R. striatus and R. hender- 

soni, two spinules in R. rigens and only one spinule 

in R. hiatti. The distolateral spine of the antennal 

scale in R. striatus is short, never reaching the end 

Comparison of characters among Rhynchocinetes striatus sp. nov. and three related species 

Color pattern 
Rostrum 
Tail fan 

Pterygostomial angle 

Stylocerite 

Distolateral spine of 
antennal scale 

Third maxilliped in 
large male 

First pereopod in 
large male 

Fifth pereopod 

Number of lower 
rostral teeth 

Number of spinules 
on dactyli of last 
three pereopods 

Number of posterior 
spinules on merus 
of third pereopod 

R. striatus sp. nov. R. hiatti 

banded 
about 5 bands 
2 transverse bands 

rounded 

reaching distal end of 
antennular peduncle 

falling short of 
distal end of lamella 

falling short of 
distal end of 
antennal scale 

normal 

overreaching 
antennal scale 

eS 

3 

3 or 4 

banded 
white rostral apex 
without band 

pointed 

exceeding beyond 
distal end of 
antennular peduncle 

overreaching lamella 

overreaching antennal 
scale 

normal 

reaching base of 
antennal scale 

8-11 

2 

R. rigens 

spotted 

rounded 

extending to or 
a little beyond 
end of antennular 
peduncle 

feebly overreaching 
lamella 

falling short of 
distal end of 
antennal scale 

normal 

overreaching 
antennular peduncle 

8-12 

2 

R. hendersoni 

mottled 

pointed 

not reaching 
distal end of 
antennular 
peduncle 

reaching to or 
slightly over- 
reaching lamella 

overreaching 
antennal scale 

unusually long 

overreaching 
antennular 
peduncle 

8-10 

3 

3 On 4) 
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of the lamella, while it fully overreaching in the 

three known species. | 

As mentioned above, the present species was 

briefly introduced as Rhynchocinetes sp. in earlier 

papers by living color photographs [1, 2, 6]. 

This is a shallow water species, usually found on 

coral reefs. The type-series were collected from 

the Ryukyu Island. Debelius’ specimen was re- 

ported from the Great Barrier Reef, Australia [1, 

2]. 
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ABSTRACT—Results have been obtained to refute a 

previous report [1] that ascidian blood cells incorporate 
anions of vanadium in the +5 oxidation state (vanadate) 

via anion channels and reduce them rapidly to vanadium 

in the +4 oxidation state (vanadyl), with subsequent 

further reduction to the +3 oxidation state. Using 

*8V-labeled vanadium compounds, we demonstrated 

previously that incorporation of vanadium into ascidian 

blood cells occurs slowly and with biphasic kinetics [2]. 
In an attempt to determine whether the reduction of 

vanadium in the +5 oxidation state occurs as quickly as 
postulated [1], we performed an electron spin resonance 
study and found that vanadium in the +5 oxidation state 

is not reduced immediately to vanadium in the +4 

oxidation state after its addition to a suspension of blood 

cells. 

INTRODUCTION 

Ascidians accumulate large amounts of vana- 

dium ion from seawater in specialized blood cells 

that are called vanadocytes [3, 4]. Although the 

vanadium dissolved in seawater seems to be 

present as vanadate anions in the +5 oxidation 

state, almost all the vanadium that accumulates in 

ascidian blood cells is reduced to vanadyl cations in 

the +3 oxidation state [1, 5-12]. 

Dingley et al. [1] observed by ESR (electron spin 

resonance) spectrometry that a rapid reduction of 

vanadium in the +5 oxidation state (vanadate 

Accepted October 9, 1991 
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species) to vanadium in the +4 oxidation state 

(vanadyl species, VO**) occurred within blood 

cells of Ascidia nigra after the addition of exoge- 

nous vanadium in the +5 oxidation state, and that 

subsequently the ESR signal due to the vanadyl 

species decreased dramatically, an indication that 

this chemical species was further reduced to 

vanadium in the +3 oxidation state, which does 

not generate an ESR signal. 

Using “*V-labeled vanadium compounds, we 

demonstrated previously that incorporation of 

vanadium into ascidian blood cells occurs slowly 

and with biphasic kinetics [2], in striking contrast 

to the results of Dingley et al. [1]. Therefore, the 

present experiments were designed to reexamine, 

by ESR spectrometry, whether the reduction of 

vanadium in the +5 oxidation state does actually 

occur very rapidly. 

MATERIALS AND METHODS 

Ascidians, Ascidia gemmata, were collected at 

the Asamushi Marine Biological Station of Toho- 

ku University, Aomori, Japan. Blood, withdrawn 

by cardiac puncture at 4°C, was suspended in 

isotonic HEPES (N-2-hydroxyethylpiperazine-N’- 

2-ethanesulfonic acid)/NaCl buffer solution (50 

mM HEPES/0.5M NaCl, pH8.0). So-called 

washed cells were obtained by centrifugation of 

the blood for 10 min at 130g. One ml of the 

suspension of washed cells contained 2.5 x 10’ to 5 

x10’ cells. 
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Ortho-Na3VO, (Wako Pure Chemical Industries 

Ltd., Osaka, Japan), dissolved in double-distilled 

water at a concentration of 100 mM, was diluted 

with the above mentioned buffer solution to a 

concentration of 5.5mM. Ten wl of a 5.5mM 

solution of o-Na3VQ, solution were added to 200 

ul of the suspension of washed cells of which had 

been placed in a ESR quartz tube for ESR 

measurements. Each such tube was frozen, to stop 

any reaction, at 77 K at regular time intervals and 

submitted to ESR spectrometry. The conditions 

for ESR measurements and the procedures for 

quantification of vanadium in the +4 oxidation 

state can be found in a previous paper [12]. 

RESULTS AND DISCUSSION 

The ESR signals due to vanadyl species (VO7T , 
the +4 oxidation state of vanadium) were re- 

380 420 260 300 340 

mT 

Fic. 1. The ESR spectra of vanadium at 77 K. 

(a) ESR spectrometry of vanadyl (+4) species de- 

rived from living washed blood cells (g ,, 1.935; A ,, 

206.3 g). 

(b) ESR spectrometry, 2 min after the addition of an 

exogenous solution of vanadium in the +5 oxidation 

state to the suspension of washed blood cells. Little 

change in the intensity or the pattern of ESR signals 
was recorded. 

Vanadium, a multivalent metal, is present in living 

organisms in the +5, +4, and +3 oxidation states. 

Among them, vanadium in the +3 and +5 oxida- 

tion states are ESR silent but the chemical species of 

vanadium in the +4 oxidation state are detectable. 

Therefore, if the exogenous vanadium in the +5 

oxidation state were reduced to vanadyl (+4) spe- 

cies, a temporary and dramatic increase in the 

intensity of ESR signals should be observed. 

corded from washed cells as shown in Figure 1a, 

and the results were in accord with those in the 

previous report [12]. Only 2.4% of the total 

vanadium included in the vanadocytes of A. 

gemmata is present as the vanadyl species and the 

remainder is in the +3 oxidation state [12]. 

ESR spectrometry, 2 min after the addition of 

an exogenous solution of vanadium in the +5 

oxidation state to the suspension of blood cells, 

revealed that no increase of intensity of the signal 

due to the vanadyl species occurred (Fig. 1b). 

Subsequently, little change in the intensity or the 

pattern of ESR signals was recorded over the 

course of 5 min (Fig. 2). 
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Fic. 2. Changes in the intensity of ESR signals due to 

the vanadyl species after addition of exogenous 

solution of vanadium in the +5 oxidation state to 

the suspension of washed blood cells over the course 

of 5 min. 

No increase of intensity of the signal, which was 

calculated based on signal height at the highest line 

of ESR signals, was recorded in the present ex- 

perimental conditions. 

Dingley et al. [1] reported that the intensity of 

ESR signals due to vanadyl species increased to 

about 120% of the initial value within 1 min after 

the addition of exogenous vanadium in the +5 

oxidation state and then decreased to the initial 

value 5 min later. They interpreted these changes 

as indications that the incorporated vanadium (the 

+5 oxidation state) was reduced immediately to 

the vanadyl species (the +4 oxidation state) and, 

subsequently, the vanadyl species was further 

reduced to the +3 oxidation state. 

If exogenous vanadium (in the +5 oxidation 

state) incorporated to the blood cells is reduced to 

the vanadyl species within a short time, as Dingley 

et al. suggested [1], a temporary and dramatic 
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increase in the ratio of vanadyl ions to total 

vanadium should be observed immediately after 

the addition of the exogenous vanadium to the 

suspension of blood cells. However, in the present 

experiments, not only was little change observed in 

the intensity of ESR signals due to the vanadyl 

species (VOT, the +4 oxidation state), but also 

no temporary increase in the ratio of the vanadyl 

species to the total vanadium content nor any 

change in the pattern of ESR signals was observed 

(Figs. 1 and 2). 

What differs is the fact that Dingley et al. [1] 

measured the ESR signals after pouring the 

reaction mixture of vanadium solution and the cell 

Suspension into a quartz ESR tube but we re- 

corded the ESR signals after addition of exoge- 

nous vanadium to the cell suspension which had 

been placed in a ESR tube. We can not, however, 

conclude hastily that these different procedures 

are linked with obvious discrepancies between 

their and our results. 

Using **V-labeled vanadium, we demonstrated 

previously that the blood cells of A. gemmata 

incorporate vanadium in oxidation states +4 and 

+5, with biphasic kinetics and at a very low rate of 

bout 2 107° ng/10° cell/min [2], in striking con- 

trast with previously reported results [1]. We can 

conclude, therefore, that since exogenous vana- 

dium in the +5 oxidation state is not incorporated 

quickly to the blood cells, it is not reduced rapidly 

to vanadyl species but such reaction occur slowly 

after the addition of vanadium in the +5 oxidation 

state to blood cells of A. gemmata. 

Recently, we demonstrated that a vanadium- 

binding substances, extracted from the vanado- 

cytes of ascidians and named vanadobin, can 

reduce exogenous vanadate (V) [13]. Experiments 

with vanadobin will help us elucidate the mechan- 

ism of the reduction-oxidation reaction of vana- 

dium in vitro and in vivo. 
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ABSTRACT— In metacephalopods (Dibranchia) such as 

squid and octopus, vision is maintained by the photoreac- 

tion of a pair of photopigments, rhodopsin and ret- 

inochrome. The present work was aimed at elucidating 

whether or not the same process is applicable to the 

lensless eye of protocephalopods (Tetrabranchia) which 

may still preserve many ancestral functions. The retina 

of Nautilus pompilius was used for experiments. The 

nautilus retina is mainly composed of two kinkds of cells, 

visual and supporting cells. The former can easily be 

distinguished from the latter by a spherical myeloid body 

present in the cell body. The distal process of the visual 

cell is surrounded by brushes of microvilli to yield 

rhabdomeres, and the supporting cell has long microvilli 

which extend forward beyond the level of the distal end 

of the visual cell to form the sufrace layer of the retina. 

The myeloid body of this animal appears to be a compact 

mass of lamellated membrane structures, located in the 

perinuclear region far away from the rhabdomeres. 

According to epifluorescence microscopy, rhodopsin is 

contained in the rhabdomes, while retinochrome is 

concentrated in the myeloid bodies. Tetrabrachia retinas 

are thus provided with the same dual system of photopig- 
ments found in Dibranchia. 

INTRODUCTION 

For studies on vision in invertebrates, meta- 

Accepted October 11, 1991 
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cephalopods (Dibranchia) such as squid and octo- 

pus have been used as widely as insects, and they 

have provided much of the knowledge concerning 

fine structure and photoreceptive mechanisms of 

the retina. The cephalopod visual cells possess two 

kinds of photopigment systems, each containing 

rhodopsin and retinochrome. The rhodopsin sys- 

tem is located in the rhabdomal microvilli of the 

outer segments of visual cells, while the ret- 

inochrome system is associated with lamellated 

bundles of membranes (called myeloid bodies) 

mainly present in the inner segments. When 

retinochrome absorbs light, its retinal chro- 

mophore is isomerized from all-trans to the 11-cis 

form [1, 2]. As this change is just the reverse of 

what occurs in the photoisomerization of rhodop- 

sin, the 11-cis photoproduct of retinochrome 

(metaretinochrome) acts as a supplier of the 

11-cis-retinal required for rhodopsin formation [3, 

4]. As recently shown, these two photopigment 

systems are functionally linked by a retinal-binding 

protein (RALBP), which serves to transport the 

11-cis-retinal to the rhodopsin system and to carry 

away the all-trans-retinal toward the retinochrome 

system [5, 6]. Consequently, in such a rhodopsin- 

retinochrome conjugate system, metarhodopsin 

and metaretinochrome can interchange their reti- 
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nal chromophores through the mediation of 

RALBP to return to their original photopigments, 

rhodopsin and retinochrome. This conjugate sys- 

tem in cephalopods is noted to be an essential 

mechanism for visual phtoreception and its con- 

tinuation [7-9]. 

When retinochrome was discovered in the 

Japanese common squid, Todarodes pacificus [10], 

we were deeply interested in whether or not 

retinochrome was also contained along with rho- 

dopsin in the lensless eyes of protocephalopods 

(Tetrabranchia) which are considered to be ances- 

tors of the present-day dibranchiate cephalopods. 

An anatomical report on the myeloid body that 

was observed as a compact mass by Barber and 

Wright [11] has strongly motivated us to investi- 

gate the photopigments in the nautilus retina. The 

50th Anniversary Research Project of Osaka 

University (an expedition to the South Pacific 

Region) afforded us an opportunity to study the 

nautilus retina in cooperation with the University 

of the South Pacific. The present experiments 

were carried out with a group under the tutelage of 

the late Professor Masao Yoshida of Okayama 

University, who shared a common interest with us 

for many years. With the aid of earlier research 

[11-13], we here describe the fine structure and 

related photopigments of the nautilus retina with 

special refence to the presence of retinochrome. 

Some of the results were presented at the 7th 

International Congress of Eye Research held in 

Nagoya in September 1986 and at the 8th Annual 

Meeting of the Japan Society for General and 

Comparative Physiology held in Hiroshima in 

November 1986 [14]. 

MATERIALS AND METHODS 

Nautilus pompilius were decoyed into a baited 

trap left at a depth of about 500 m outside the main 

reef at Suva on the island of Fiji in October, 1985. 

Some of the animals were kept alive in cold 

seawater, transported directly to Osaka by air, and 

were used for microanatomy studies of the retina. 

Some of the animals were adapted overnight to 

darkness after capture, and isolated retinas were 

transferred into an embedding compound for 

epifluorescence microscopy, kept on dry ice and 

brought to Osaka from Fiji. Most of the animals 

were similarly dark-adapted, and their heads, kept 

in the dark on dry ice, were also sent to Osaka by 

air for biochemical analyses. 

For electron microscopy, pieces of the retina 

were fixed in 2.5% glutaraldehyde in 0.1% cacody- 

late buffer (pH 7.4) containing 0.4 M sucrose for 2 

hr, washed with buffer, and postfixed in 1% 

osmium tetroxide in the same buffer for 1 hr. 

After fixation they were dehydrated through a 

graded series of ethanol, transferred into propyl- 

ene oxide, and embedded in epoxy resin. Thin 

sections were stained with alcoholic uranyl acetate 

followed by lead citrate, and examined in a Hitachi 

model H-500H electron microscope [15]. For light 

microscopy, the material prepared for electron 

microscopy was sectioned at 0.5 um, and stained 

with toluidine blue. 

Retinochrome is readily reduced by sodium 

borohydride (NaBH,) into an N-retinyl protein, 

which emits a characteristic yellow-green fluores- 

cence under near-ultraviolet (NUV) light [2]. 

Rhodopsin is also converted to a similar fluores- 

cent product, but only when denatured before 

reduction. Based on this difference, the location 

of retinal-bearing photopigments in the retina was 

determined by means of epifluorescence micros- 

copy [16, 17]. The dark-adapted retina embedded 

in Bright Cryo-M-Bed embedding compound was 

sectioned at 10 u~m with a Bright model 5030/ 

WDE rotary microtome set up in a cryostat 

adjusted to —25°C, mounted on glass slides, and 

air-dried for about 4 hr at room temperature. One 

specimen was immersed in a 0.2% aqueous solu- 

tion of NaBH, for 1 sec at 4°C, rinsed gently with 

water, excited by a 334-nm beam and photo- 

graphed to locate the yellow-green fluorescence of 

reduced retinochrome using an Olympus BHA- 

RF-A epifluorescence microscope. Another speci- 

men was treated with 20% formaldehyde (HCOH) 

for 1 min and 100% methanol (CH3OH) for 2 min 

at 20°C to denature rhodopsin, washed with water, 

immersed in 0.2% NaBH, for 5 sec, rinsed with 

water and photographed. In this case, the speci- 

men gave a micrograph of the fluorescence due to 

reduced products of both retinochrome and rho- 

dopsin. 
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RESULTS 

Structure of nautilus retina 

Under the light microscope, the nautilus retina 

(about 500 um thick) is seen to consist of four 

layers, the rhabdome, black pigment, nucleated 

cell bodies and the nerve plexus (Fig. 1), though it 

consists mainly of two kinds of cells, visual and 

supporting cells. These microscopic features are 

similar to those observed in Dibranchia such as 

squid and octopus [2], but the cells of nautilus and 

dibranchiate cephalopods differ greatly in fine 

structure, as shown later by electron micrographs 

(cf. Fig. 2). Both cells are longitudinally arranged 

parallel to each other. The rhabdome layer is 

composed of processes of visual cells and long 

Fic. 1. Light micrograph of a longitudinal section of the 

central part of the Nautilus retina. A 0.5 wm epoxy 

resin section stained with toluidine blue. R, rhab- 

dome layer; B, black pigment layer; N, nucleated 

cell body layer; P, nerve plexus layer; «, a surface 

layer consisting of the tips of the long microvilli of 

supporting cells. Scale bar=100 um. 

microvilli of supporting cells, but is largely occu- 

pied by numerous rhabdomeric microvilli that 

emanate from the visual cell processes. Especially, 

the tips of the long microvilli of supporting cells 

form an additional layer to cover the rhabdome 

layer, as indicated by an asterisk in Figure 1. In 

the distal parts of both visual and supporting cell 

bodies, pigment granules are densely packed to 

form the black pigment layer. 

In relation to the above observations, electron 

micrographs of longitudinal sections of the nucle- 

ated cell body layer are presented in Figure 2. This 

layer is mainly constituted of somata of visual and 

supporting cells. Both cell bodies contain a great 

number of the black pigment granules, but the 

former possesses a ball-shaped organelle close to 

the nucleus, easily distinguishable from the latter 

(Fig. 2A). As previously shown by Muntz and 

Wentworth [13], such a spherical organelle is a 

myeloid body, which exhibits a variety of complex 

appearances depending on the plane of section 

(Figs. 2A and B). The superficial shape of the 

myeloid body is quite dissimilar to the lamellated 

bundles that are so familiar in other cephalopods. 

However, it is a compact mass which consists 

principally of basic piles of wavy membranes, as 

seen in Figure 2C. 

Localization of retinal phtopigments 

In order to detect the retinal-bearing photopig- 

ments (rhodopsin and retinochrome) contained in 

the nautilus retina, the following experiments were 

carried out using our routine histochemical techni- 

ques [16, 17]. Figure 3A presents a frozen section 

of the retina. It scarcely showed any fluorescence 

under NUV light, suggesting the absence of retinol 

and retinylester. When this nonfluorescent speci- 

men was treated with NaBH, and placed again 

under NUV light, many bright spots of yellow- 

green fluorescence were observed behind the black 

pigment layer, proving the presence of ret- 

inochrome. When the same specimen was dena- 

tured with HCOH and CH30OH and treated with 

NaBHy, the characteristic yellow-green fluores- 

cence of reduced photopigments appeared on both 

sides of the black pigment layer (Fig. 3B). Outside 

of this layer, a broad band of fluorescence covered 

the rhabdome layer, indicating the presence of 
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Fic. 2. Transmission electron micrographs of the nucleated cell bodies of the Nautilus retina. A) Longitudinal 

section showing the presence of two types of cells, a visual and a supporting cell. Vn, nucleus of visual cell: Sn, 

nucleus of supporting cell; Mb, myeloid body. Scale bar=5 um. B) Myeloid bodies at higher magnification. V, 

visual cell; S, supporing celll. Scale bar=2 ~m. C) Lamellated membranes of myeloid body. Scale bar=0.5 um. 

rhodopsin in the rhabdomeres. On the opposite 

side, many fluorescent spots were scattered in the 

nucleated cell body layer, whose pattern was the 

same as observed previously with the undenatured 

specimen. These spots seemed to correspond to 

organella probably carrying retinochrome. 

Further experiments were designed in order to 

elucidate whether the location of retinochrome is 

restricted to within the myeloid bodies present in 

the nucleated cell body layer. The retina was 

peeled off from the dark-adapted frozen eye, and 

stirred in neutral phosphate buffer to obtain tissue 

fragments. A small amount of the suspension was 

pipetted onto a slide glass so as to form a thin layer 

and air-dried overnight at room temperature. This 

specimen was immersed in a 0.2% solution of 

NaBH, for 1 sec at 4°C, washed with water, and 

photographed under NUV light. Figures 4A and B 

show the tissue fragment and the corresponding 

fluorogram, respectively. As can be readily under- 

stood by comparison between pictures A and B, 

the yellow-green fluorescence appeared only on 

the ball-shaped myeloid bodies, and not on the 

nuclei. Since the specimen in this experiment had 

not been subjected to any denaturation prior to 

reduction with NaBHgs, this fluorescence was 

undoubtedly due to reduced retinochrome. Even 

if rhodopsin were present, it could not give off any 

fluorescence at this stage, as rhodopsin changes to 

a fluorescent product only when denatured before 

reduction. In fact, when the same specimen was 

reduced again after treatment with the denatur- 
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EIG.3" 

section. 

(rhodopsin and retinochrome) reduced by NaBHsg. 

cell body layer. Scale bar=100 um. 

ants, an additional yellow-green fluorescence of 

reduced rhodopsin appeared on the opposite side 

of the black pigment layer, i.e., in the rhabdomal 

area. It was thus revealed that in the nautilus 

retina, retinochrome is concentrated in the spher- 

ical myeloid bodies of the visual cells. 

DISCUSSION 

In the photoreceptors of various molluscs, the 

two photopigments, rhodopsin and retinochrome, 

cooperate with each other in their mutual regen- 

eration for maintaining visual photoreception [9]. 

Retinochrome is located in the somata away from 

Detection of photopigments in the dark-adapted Nautilus retina. 

ee 
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A) Light micrograph of a 10-4m frozen 

B) Fluorescence micrograph of the same specimen showing the location of the photopigments 

R, rhabdome layer; B, black pigment layer; N, nucleated 

the rhodopsin-carrying rhabdomes, especially 

associated with the myeloid bodies in squid [9] and 

octopus [4], and with the photic vesicles [18] in slug 

[16] and conch [17]. The present study has 

demonstrated that the nautilus visual cell also 

possesses both the rhodopsin system in the rhabdo- 

meres and the retinochrome system in the myeloid 

body. However, in this phylogenetically old 

animal, the myeloid body differs greatly not only 

in structure but also in abundance from those 

known in squid and octopus. In the nautilus, the 

visual cell usually contains only one spherical 

myeloid body near the nucleus, whereas in other 

cephalopods, many myeloid bodies, each of which 
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Fic. 4. Identification of retinochrome in the myeloid bodies. A) Light micrograph of a tissue fragment obtained by 

stirring an isolated retina. B) Fluorescence micrograph of the same specimen showing the localization of 

retinochrome in ball-shaped myeloid bodies. Rh, rhabdomes; B, black pigment; Mb, myeloid bodies. Scale bar 

=50 um. 

takes the form of lamellated bundles of mem- 

branes, are widely distributed in the cell body with 

intracellular migration [9, 19]. Consequently, 

nautilus retinochrome is restricted to very narrow 

regions in the retina, carried by the ball-shaped 

myeloid bodies. From the extent of the fluorescent 

areas shown in Figure 3B, it was also inferred that 

the retina contains far less retinochrome than 

rhodopsin. 

We further examined the fine structures of the 

retina, as previously done by Muntz and his 

colleagues using the same species, and have now 

confirmed most of their observations [12, 13]. The 

visual cell of the squid and octopus is usually 

constricted in the middle to form the inner and 

outer segments, the boundary of them forming the 

basement membrane parallel to the retinal surface. 

The supporting cell bodies are situated only on the 

distal side of this basement membrane. In the 

nautilus, however, the visual cell does not form 

such a distinct constriction, and is arranged side by 

side together with the supporting cell, similar to 

gastropods. The distal process of the visual cell is 

surrounded by brushes of microvilli forming the 

rhabdomeres different in type from those in squid 

and octopus. The supporting cell extends long 

microvilli forward beyond the front level of the 

rhabdomes to construct the surface layer of the 

retina (Fig. 1). This feature was confirmed again 

by the results of experiments shown in Figure 3. 

As can be understood when pictures A and B (Fig. 

3) are placed exactly upon one another, the surface 

of the retina in A does not coincide with the 

contour of the fluorescent pattern showing the 

rhodopsin-carrying rhabdomes in B, leaving a 

nonfluorescent layer just inside the retinal surface. 
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This narrow region is occupied by the tips of the 

long microvilli of supporting cells, and entirely 

overlies the rhabdome layer, probably protecting 

the visual cells in the pin-hole lensless eye. 

Based on the present study, extraction experi- 

ments on rhodopsin from the microvilli and ret- 

inochrome from the myeloid bodies were per- 

formed to determine their chemical properties 

[20]. Like the squid, the nautilus also contained 

much rhodopsin and little matarhodopsin in the 

dark-adapted retina. According to chromatog- 

raphic analysis of the retinal homogenate, the 

molar ratio of 11-cis to all-trans retinal was about 

96:4, indicating a scarcity of retinochrome which 

would be expected upon inspection of Figure 3. 

The absorption maxima of rhodopsin and ret- 

inochrome were at 465nm (467 nm, by Muntz 

[21]) and 510 nm, respectively. Further details will 

be described separately. 
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Immunoblot Detection of Vertebrate-type of Connectin (Titin) 

in Ascidian Bodywall Muscle and Tadpole 
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University, Chiba 260, Japan 

ABSTRACT—Immunoblot tests detected the presence 

of approximately 2000 and 2500 kDa connectin in asci- 

dian bodywall muscle and its tadpole larva, respectively, 

using a monoclonal antibody against chicken breast 

muscle connectin (3B9). The size of ascidian connectin 

was slightly smaller than that of chicken breast muscle 

one (~3000kDa), but much larger than the values 

reported for nematode (668 kDa) and arthropod (1200 

kDa) muscle. 

INTRODUCTION 

Connectin (titin), an elastic protein of verte- 

brate striated muscle is the largest protein yet 

described: MM, 3000 kDa [1] (for a review, see 

[2]). Twitchin of nematode C. elegans bodywall 

muscle is a 668.5 kDa protein [3] and projectin of 

insect and crayfish muscle has a molecular mass of 

1200 kDa [4]. Both twitchin and projectin share 

repetitive 100 amino acid sequences (motifs I and 

II) [3, 5] with rabbit skeletal muscle connectin [6]. 

Furthermore, monoclonal antibodies against 

chicken skeletal muscle crossreacted with twitchin 

[7] and projectin [4]. Thus, twitchin and projectin 

are regarded to be invertebrate connectin. 

In view of the diversity in molecular size of 

invertebrate connectin it is of interest to examine 

the size of connectin in the urochordates, one of 

the closest relatives among the invertebrates to the 

vertebrates. The present study showed that there 

exists connectin in ascidian bodywall muscle with 

MM similar to those of vertebrate proteins. 
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MATERIALS AND METHODS 

Materials 

Bodywall muscle was dissected from an ascidian, 

Halocynthia roretzi obtained from a local market 

in Chiba. First, test was cut off, and bodywall 

muscle was taken out of mantle. Artificially 

fertilized eggs were allowed to develop for 48 h at 

13 °C in Asamusi Marine Biological Laboratory, 

Tohoku University. Swimming tadpoles were 

collected by pipetting and sedimented by a hand 

centrifuge. 

Gel electrophoresis 

Approximately 0.1 g of bodywall muscle and 0.1 

ml of sedimented tadpoles were separately 

homogenized gently in 0.5 ml of an SDS solution 

(10% SDS, 50 mM dithiothreitol, 5 mM EDTA, 1 

mM diisopropyl fluorophosphate, 1 mM leupeptin 

and 0.1 M Tris-HCl buffer, pH 8.0). The suspen- 

sion was boiled for 1 min at 90°C, clarified by 

centrifugation, and aliquots of the supernatant 

were subjected to SDS gel electrophoresis accord- 

ing to Laemmli (1970) [8] using 2—6% polyacryl- 

amide gels. 

Immunoblots 

Electrophoretically transferred nitrocellulose 

sheets were treated with monoclonal antibodies 

against chicken connectin 3B9 and SMI [9] fol- 

lowed by the treatment with horseradish per- 

oxidase-linked anti-mouse IgG (DAKOPATTS, 

Copenhagen). 
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RESULTS 

SDS gel electrophoresis patterns of ascidian 

bodywall muscle and whole tadpoles are shown in 

Fig. 1B and Fig. 1C respectively in comparison 

with that of chicken breast muscle (Fig. 1A). 

There was a faint but distinct high molecular 

weight band in both bodywall muscle and tadpole, 

as shown by the arrowheads marked as C. The 

mobility of bodywall muscle band was comparable 

with that of chicken @-connectin (~2000 kDa) and 

the tadpole band moved slightly faster than that of 

A B C 
123 123 123 

Fic. 1. Immunoblot detection of connectin in ascidian 

bodywall muscle and tadpole, using monoclonal 

antibodies against chicken breast muscle /- 

connectin. A, chicken breast muscle; B, ascidian 

bodywall muscle; C, ascidian tadpole. lane 1, 

Commassie Brilliant Blue stain; lane 2, treated with 

3B9; lane 3, treated with SM1. C, connectin; N, 

nebulin; M, myosin heavy chain. 

chicken a-connectin (~3000kDa) [1]. These 

bands of ascidian bodywall muscle and tadpole 

crossreacted with a monoclonal antibody against 

8-connectin, 3B9 (Fig. 1B and C). However, the 

two bands did not react with the other monoclonal 

antibody SMI (Fig. 1B and Fig. 1C). Both 3B9 and 

SMI bound to the a- and f-connectin bands of 

chicken breast muscle, although SMI hardly 

reacted with @-connectin due to its small amount 

(Fig. 1A) (cf. [9]). 

There are several faint bands that moved faster 

than the nebulin band (800 kDa) of chicken muscle 

in bodywall muscle (Fig. 1B), but none of them 

reacted with anti-nebulin polyclonal antibodies 

(data not shown). These bands were not recog- 

nized in tadpole extracts (Fig. 1C). 

It is to be pointed that SMI strongly reacted with 

a band below myosin heavy chain (approximately 

150 kDa) in the tadpole extract (Fig. 1C), but not 

at all in the bodywall muscle extract (Fig. 1B). 

Matsumura et al. [10] reported that SMI reacted 

with H subunit (~200kDa) of neurofilament 

protein of several vertebrate nerve tissues. There- 

fore, it is very probable that tadpole neurofilament 

subunit reacted with SMI. 

DISCUSSION 

Invertebrate connectin greatly varies in molecu- 

lar size: 600 kDa (scallop adductor muscle; Hu, D. 

H., 1990; unpublished), 668 kDa (bodywall muscle 

of C. elegans; {3]), and 1200 kDa (insect flight and 

leg muscles, and crayfish claw muscle; [4] cf. [5, 

11]). These values are much smaller than those of 

vertebrate striated muscle connectin. Thus, the 

invertebrate connectin has been called “mini-titin” 

[11]. 

The present work strongly suggests that there 

exist connectins in the ascidian bodywall muscle 

and the tadpole comparable in size with vertebrate 

skeletal muscle connectin. On the basis of the 

mobility on SDS gel electrophoresis, the molecular 

mass of bodywall protein was estimated to be 

approximately 2000 kDa (= #-connectin) and that 

of tadpole connectin about 2500kDa slightly 

smaller than a-connectin (~3000kDa). An 

attempt to isolate connectin from ascidian body- 

wall muscle was unsuccessful, because the connec- 
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tin. was only partially solubilized with 0.2M 

sodium phosphate buffer (pH 7.0). 

Immunofluorescence observations showed that 

the monoclonal antibody 3B9 weakly stained 

muscle tissue in an ascidian tadpole tail, whereas 

SMI strongly bound to its notochord tissue 

(Nakauchi, 1990, unpublished; cf. [12]). There- 

fore, it is reasonable to regard that 3B9 detected 

muscle connectin, while SMI reacted with 

neurofilament protein in the present study. 

It is not surprising that there is a vertebrate 

skeletal muscle type of connectin in ascidian 

bodywall muscle, because troponin which is spe- 

cific to vertebrate striated muscle is present also in 

the ascidian muscle [13]. In this connection it 

should be pointed out that ~3000 kDa band was 

demonstrated in amphioxus striated muscle [14]. 

The slight difference in size between ascidian 

bodywall muscle and tadpole connectin is also not 

Surprising: a similar change in size of muscle 

connectin occurs during embryonic and neonatal 

development of the chicken [15]. 
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ABSTRACT—The effect of unilateral hypothalamic 

lesion on serum gonadotropin during the development of 

ovarian compensatory hypertrophy (OCH) in hemiovar- 

iectomized rats was investigated. A sharp rise in serum 

follicle stimulating hormone (FSH) concentration was 

observed at 6 hr after hemiovariectomy in both controls 

and the animals with a left-side anterior hypothalamic 

lesion in which the development of OCH were recog- 

nized. However, this sharp rise was not found in the 

animals with a right-side anterior hypothalamic lesion in 

which OCH was suppressed. This result suggests that the 

right-side anterior hypothalamus plays a critical role in 

regulating the release of FSH at the initial stage of the 

development of OCH. 

INTRODUCTION 

Evidence has been accumulated suggesting the 

functional or constructive asymmetry in animal 

brains. Recently, we have reported that the 

unilateral lesion placed in the right-side medial 

anterior hypothalamus effectively suppressed ova- 

rian compensatory hypertrophy (OCH), whereas 

the lesion made in the left side failed to suppress it 

regardless of the side of hemiovariectomy [1, 2]. 

According to Gerendai et al. [3], the content of 

gonadotoropin-releasing hormone on the right side 
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of the medial basal hypothalamus is significantly 

higher than on the left side in adult female rats. 

Furthermore, the amount of LH-RH in the right 

medial hypothalamus decreased significantly when 

compared to that in the left side by removal of 

both ovaries [4]. These results suggest the pre- 

sence of a hypothalamic laterality in regulating 

gonadotropin secretion. The development of 

OCH is generally assumed to result from an 

increase in gonadotropin, primarily follicle stimu- 

lating hormone (FSH) following a decrease of 

estrogen level by unilateral ovariectomy [5-7]. 

Therefore, a question arises as to how these 

gonadotropins are affected by unilateral destruc- 

tion of the hypothalamus. In the present study, the 

effect of unilateral hypothalamic lesion on serum 

gonadotropins during the development of OCH in 

hemiovariectomized rats was investigated. 

MATERIALS AND METHODS 

Sixty-five female Wistar rats (200-290 g) housed 

under a controlled photoperiod (14:10h, L:D) 

and temperature (24+1°C) were used in the 

experiment. Vaginal smear was taken to detect 

estrous cycle in each animal. In 24 female rats 

which had at least 3 consecutive 4-day estrous 

cycles, the silicon catheter was inserted through 

the external jugular vein and fixed in the right 
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atrium and filled with saline containing heparin 

under ether anesthesia at a stage of estrus in order 

to draw blood samples. In the next day (at stage of 

diestrus 1), 15 females were subjected to brain 

surgery. A unilateral lesion was made stereotax- 

ically on either the right (RAHL, 10 rats) or left 

(LAHL, 5 rats) side of the anterior hypothalamus 

under ether anesthesia by means of a radiofre- 

quency lesion generator (Radionics Inc., Burling- 

ton, MA, U.S.A.). At incisor bar having been set 

at 5mm below the interaural line, an electrode 

(0.7 mm) was lowered to 9.5 mm from the bregma 

level at a point 1.5 mm posterior to the bregma on 

1.0mm right (RAHL) or 1.0mm left (LAHL) 

from the midline. To produce radiofrequency 

lesions, current was applied and temperature at 

the electrode tip was kept at 57—-60°C for 1 min. In 
addition, 9 females with catheter received no brain 

surgery, as control. At the same time, the 

unilateral (left side) ovary was removed and 

weighted in all females. 

Blood was drawn from the catheter under light 

ether anesthesia prior to, at 6, 12, 24 and 30 hr 

after the surgery in each rat. In addition, just 

before autopsy, blood was taken out by needle 

from the heart at 2 weeks after surgery. The serum 

was separated by centrifugation and stored at 

—20°C until assayes. 

Two weeks after the surgery, fresh weights of 

the remaining ovary and uterus were recorded for 

each rat. All ovarian weights were expressed as 

mg/100 g b. wt. Each brain was removed and fixed 

in 10% formalin solution. Then, frozen sections 

stained with cresylechtviolet were made in order to 

determine the precise location of the lesion. 

Concentrations of follicle stimulating hormone 

(FSH) and luteininzing hormone (LH) in serum 

were measured by double antibody radioimmu- 

noassays using RIA-kit supplied by NIAMDD. 

Serum FSH and LH were expressed in terms of 

NIH-FSH-SI and NIH-LH-SI, respectively. 

The statistical analysis of the results was carried 

out by Studen’s t-test. 

RESULTS 

The mean weight of the remaining ovary was 

20.2+0.6 mg/100 g b.wt and 19.8+1.4 mg/100 g 

b.wt in control and LAHL group, respectively. In 

the animals receiving RAHL, however, the mean 

weight of the remaining ovary (16.6+0.7 mg/100 g 

b.wt) was significantly low when compared to that 

of control (p<0.05). Thus, RAHL kproduced a 

suppression of the development of OCH. 

Serum FSH levels are shown in Figure 1. Serum 

FSH levels before the operation in control, LAHL 

and RAHL groups were 553.2+111, 568.8+191 

and 501.2+143 ng/ml serum, respectively. Signi- 

ficant rise in serum FSH levels was observed at 6 hr 

after surgery in both control and LAHL groups in 

which the development of OCH was recognized, 

amount being 926.2+102.7 and 830.8+143 ng, 

respectively. These levels returned to pre- 

operative levels at 24 hr after operation. In RAHL 

group in which OCH was suppressed, however, 

the sharp rise in FSH concentration observed in 

control and LAHL groups was not seen. The 

mean content of FSH was 500.9+65.5 ng, being 

lower than other groups (p<.0.05). Results of LH 

are shown in Figure 2. Serum LH level after 

surgery remained unchanged in time course in 

each group regardless of suppression of OCH or 

not. 

In the histological examinations, RAHL and 

LAHL were located in the medial anterior 

hypothalamus including the anterior hypothalamic 

nucleus. In the most cases, the periventricular 

© Control (9) 

@ RAHL (10) 

ALAHL (5) 

FSH 

500 ES 
0 6 12 24 30hr 

Time after operation 

2 wks 

Fic. 1. Changes in serum FSH levels (mean+S.E.) at 

various times following right- or left-side anterior 

hypothalamic lesion (RAHL or LAHL) and 

hemiovariectomy. The number in parentheses is 

the number of rats examined. 

* P<0.005 vs control and P<0.05 vs LAHL. 
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© Control (9) 

@ RAHL (10) 

A LAHL (5) 

Se = 
0 Se Se 
0 6 12 24 30hr 2 wks 

Time after operation 

LH 

Fic. 2. Changes in serum LH levels (mean+S.E.) at 

various times following right- or left-side anterior 

hypothalamic lesion (RAHL or LAHL) and 

hemiovariectomy. The number in parentheses is 

the number of rats examined. 

gray of the anterior hypothalamus was left intact, 

but frequently, the suprachiasmatic nucleus and/ 

or paraventricular nucleus were partially damaged. 

The lesions were found to invade the posterior part 

of the medial preoptic area in some RAHL and 

LAHL animals. No damage was seen in the 

ventromedial-arcuate region. The animals with 

the lesion extending to the contralateral side across 

the third ventricle were not included in this study. 

DISCUSSION 

It is generally believed that halving of estrogen 

titers [5-7] and/or of a non-steroidal ovarian 

factor, inhibin, [8] causes increased FSH release 

following unilateral ovariectomy. This hormonal 

environment is thought to be responsible for the 

OCH. In the present study, a sharp rise in serum 

FSH concentration was observed at 6hr after 

surgery in both control and LAHL groups in which 

the development of OCH was recognized. These 

levels returned to pre-operative values at 24 hours 

after surgery. There is a report indicating a 

significant rise in FSH levels already at 5 hr after 

unilateral ovariectomy regardless of whether uni- 

lateral ovariectomy was performed at estrus or at 

stage of diestrus 2 [9]. Hypothalamic hemi-island 

was found to suppress the serum FSH level 5 hr 

following unilateral ovariectomy in prepubertal 

female rat [10]. Similar results were also reported 

on hemicastrated male rats [11]. Therefore, it may 

be reasonable to consider that compensatory 

follicular growth is initiated by a rapid increase of 

serum FSH levels after unilateral ovariectomy. 

However, since estradiol benzoate-treatment start- 

ing after the rise of FSH has been reported to 

inhibit OCH in adult females [12], subsequent 

hormonal conditions may also be important to 

maintain OCH. 

In this experiment, the left-right difference is 

clearly detected, because, unlike control and 

LAHL groups, a sharp FSH rise following uni- 

lateral ovariectomy was not found in RAHL group 

in which OCH was suppressed. This suggest that 

the right-side anterior hypothalamus may play a 

critical role in regulating the release of FSH at the 

initial stage of the development of OCH. Pre- 

viously we reported that RAHL effectively inhi- 

bited the development of OCH regardless of the 

side of hemiovariectomy, whereas no inhibition of 

OCH was seen in LAHL females [1, 2]. Present 

result confirmed our previous report. According 

to Gerendai, LH-RH contents on the right side of 

the medial basal hypothalamus (MBH) were high- 

er than on the left side in female rats [3] and 

LH-RH release in response to ovariectomy was 

different between right and left side, the release of 

LH-RH from right MBH being higher, compared 

to that from left MBH [4]. These results suggest 

possibility that right hypothalamus is dominant in 

regulation of gonadotropin secretion, especially 

FSH. 
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ABSTRACT—At 25°C, Boleophthalmus boddaerti be- 
came inert in the ‘closed chamber’ approximately 30 min 

after all the O, within the chamber had been exhausted 

although it exhibited a LTs9 of 1 hr 50 min when acutely 

exposed to anoxia. Results obtained indicated that 

environmental hypercapnia and the accompanied lower- 

ing of the ambient pH were the parameters that the 

mudskipper could not tolerate in the ‘closed chamber’. It 

excreted more CO, to the enclosed seawater (SW) than 

the amount of ambient O, consumed with a distinct 

increase in the respiratory quotient as the O, content of 
the SW decreased below 0.085 ~mol/ml. The tolerance 

of B. boddaerti to a lack of O»5 was discussed in 

conjuction with those of other mudskippers reported 

elsewhere. 

INTRODUCTION 

Mudskippers are gobioid fishes usually found in 

mangrove swamps in the estuaries of rivers. One 

species of mudskippers, B. boddaerti, inhabits the 

intertidal zone of the mud flats along the Pasir Ris 

estuary in Singapore. At low tide, they move on 

the mud flats and enter the water occasionally. 

When the tide rises, they retreat into the muddy 

burrows at the lower region of the mud flats and 

remain submerged until the tide ebbs. Another 

mudskipper, Periophthalmus chrysospilos, in- 

habits the littoral zone of the beach near the mud 

flat. Usually, they can be found resting on land 

close to the water’s edge at high and low tides. 

However, every year between May and June, P. 
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chrysospilos becomes scarce; presumably staying 

in the burrows during this breeding period. Water 

within the burrows has a low dissolved O> content 

[1]. Working on the Chinese mudskipper, 

Periophthalmus cantonensis, Gordon et al. [1] 

reported that the mudskipper became completely 

inert at dissolved Oy, levels averaging 0.8 ml/1 

when it was allowed to respire in ‘closed jars’ of 

SW. Similar results were obtained for the local 

mudskipper P. chrysospilos [2]. Considering the 

differences in behavior of B. boddaerti and P. 

chrysospilos in their natural habitats, one would 

expect the former mudskipper to have a higher 

tolerance to hypoxia than the latter one. Since the 

gills of B. boddaerti are not well-adapted for 

terrestrial respiration [3, 4], it has a lower affinity 

to land than P. chrysospilos and is naturally 

exposed to hypoxic water twice everyday during 

high tides. Hence, this study was undertaken to 

examine the tolerance of B. boddaerti to a lack of 

O>. 

MATERIALS AND METHODS 

B. boddaerti (6-22 g body weight) were col- 

lected along the estuarine canal at Pasir Ris, 

Singapore. No attempt was made to separate the 

sexes. They were maintained in 50% SW (15%c 

salinity), in small aquaria (22 cm x 12 cm x 14 cm) 

at 25°C. The aquaria were tilted slightly, so that 

the water covered only approximately half of the 

bottom surface of each tank. Water was changed 

daily and the fish were fed a manufactured 

preparation (Goldfish & Staple Flake, Everyday 
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Co., Singapore) daily. 

B. boddaerti weighing 11.9 g (n=7, ranged from 

10.2-14.8 g) were individually put into a respira- 

tory chamber containing 50% SW at 25°C with 

continuous aeration 24hr before measurements 

began. The respiratory chamber was constructed 

according to Chew et al. [2]. At the start of the 

experiment, the aeration was stopped and the 

respiratory chamber sealed. Water within the 

chamber was stirred at optimal speed to minimize 

disturbance to the fish, which usually lay calmly at 

the bottom of the chamber without any noticeable 

fin movements, to allow for the measurement of 

the routine Oz consumption rate (1 O2/min per g 

fish). Dissolved O, content was continuously 

monitored with a YSI Model 53 Biological Oxygen 

Monitor (YSi, Ohio, U.S.A.), connected to a 

potentiometric recorder (Rikadenki Kogyo Co., 

Tokyo, Japan), with clark-type O > electrodes and 

standard plungers until the fish ceased all move- 

ment and was unable to balance itself. The 

concentration of O, in 50% SW equilibrated with 

air at 25°C was taken to be 0.26 umol/ml [5]. Total 

CO, contents in 10 ul of 50% SW obtained from 

the respiratory chamber at various intervals were 

immediately determined enzymatically using the 

Sigma Diagnostic Kit 130-A following Procedure 

No. 130-UV. Ethanol was determined using a 

Boehringer Ethanol Assay Kit No. 176290. The 

pH was measured with an Orion 501 digital 

ionalyzer and a combination pH electrode. 

Two groups of 10 B. boddaerti each were 

introduced individually into Erlenmeyer flasks 

containing 250ml of 50% SW pre-equilibrated 

with either pure N> or 5% CO, in N> for 30 min. 

After the introduction of the fish, the flow rate of 

the specific gas was adjusted to 50 1/hr. The time 

taken for the individual fish to become inert and 

unable to balance itself was recorded. The LTs 

values were extrapolated from plotting the results 

on graph paper. 

Results were presented as means+standard 

error (S.E.). Differences in means were analyzed 

by analyses of variance (ANOVA) followed by 

multiple comparisons of means by the Student- 

Newman-Kuele procedure. Differences with p< 

0.05 were regarded as statistically significant. 

RESULTS 

At the start of the experiment (n=7), the air 

saturated 50% SW in the sealed respiratory cham- 

ber had a pH of 8.5+0.05, a dissolved O, level of 

0.26 wzmol/ml and a total CO, content of 1.60+ 

0.08 ~mol/ml. Changes in O, concentration were 

non-linear with respect to time as a result of the 

consumption of O; by the contained B. boddaerti. 

A typical trace is presented in Fig. 1. The fish 

became completely inert 2.94+0.17 hr after the 

closing of the chamber or 21.3+2.4 min after the 

oxygen monitor registered zero dissolved O> con- 

centration. At this point, the total CO, in the 

ambient SW increased significantly to 2.4+0.11 

pmol/ml and the pH was 7.1+0.02. 

N 
fo} 
1S) 

100 e 
a 

t N 

5 g 8 
£ , had Eamets ? 
= $ ° a i 

[o) rc) 

s SO nS 3 oO £ 
= o E = C) 
S) x = S 
= y E S . 
= © = : 
8 cs o - 
x Y © s 

0 Y y 

| eee Hamann nee 

0) 60 120 180 

min 

Fic. 1. A typical record of the pattern of O, consump- 

tion by B. boddaerti in the ‘closed respiratory cham- 

ber’ containing fully aerated 50% sea water at 25°C. 

Total amount of O, present in the box at 100% 

saturation was 77 umol. 

At specific levels of air saturation (67%, 33%, 

10%, 0%) in the enclosed SW, the amount of O, 

consumed were 25 mol, 50 zmol, 70 wmol and 77 

pmol, respectively. The corresponding amount of 

CO, produced were 30.2+2.4 wmol, 65.7+4.6 

pmol, 120.145.2 “mol and 185.6+7.8 umol 

which were significantly different from each other. 

The respective ratios of CO, produced to O» 

consumed were calculated to be 1.10+0.08, 1.25+ 

0.09, 1.69+0.07 and 2.40+0.09. No ethanol was 

detected in the SW at the end of the experiment 
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(detection limit=0.19 wmol/ml). All the seven 

fish recovered 10 min after being transferred back 

to the normoxic control condition. 

The LTs59 for B. boddaerti exposed to SW 

continuously bubbled with N2 was observed to be 1 

hr 52 min (Fig. 2). In SW continuously bubbled 

with 5% CO, in No, the dissolved CO, concentra- 

tion was determined to be 2.91+0.07 »mol/ml 

(n=5). The pH of the SW was lowered from 8.5 + 

0.07 to 6.1+0.06. Under such a condition, the 

observed LTs) for B. boddaerti was 23 min (Fig. 

Dy 

@ Oo 

number of inert fish 

i60 

Fic. 2. Survival of B. boddaerti on exposure to 50% sea 

water saturated with either pure N> at 25°C (0) or 

5% CO, in Nz (@) at 25°C. 

DISCUSSION 

In the present studies, B. boddaerti became inert 

in the ‘closed chamber’ approximately 30 min after 

all the O, within the cahmber had been exhausted. 

Such a tolerance to a lack of O, exhibited by this 

fish in the ‘closed chamber’ ts definitely higher than 

those reported for P. chrysospilos and P. can- 

tonensis which become inert at 0.75 yl/ml [2] and 

0.8 «l/ml [1] of dissolved O>, respectively, under 

similar conditions. The differences in the toler- 

ance of these mudskipper to hypoxia may be 

related to their differences in behavior in their 

natural habitat as described in the Introduction. 

Working on two species of mudskipper, P. can- 

tonensis and Boleophthalmus chinensis, Tamura et 

al. [6] reported that their oxygen consumption 

rates at 20°C were 236 and 110 ml/kg per hr, 

respectively, when they were able freely to select 

either an aquatic or terrestrial habitat. However, 

when confined in water, their oxygen consumption 

rates decreased to 196 and 72 ml/kg per hr, 

respectively. It was observed that P. cantonensis 

was more active than B. chinensis under both 

conditions [6]. Hence it would appear that 

Boleophthalmus is capable of reducing its metabo- 

lic rate to a greater extent than Periophthalmus, 

leading to a greater tolerance of the former fish to 

a lack of oxygen. 

Gordon [7] reported that Periophthalmus vul- 

garis, the Australian mudskipper, exposed acutely 

to anoxic SW collapsed within 5-10 min. How- 

ever, B. boddaerti was able to survive for more 

than one hour in anoxia with a LTs9 of 1 hr 50 min 

at 25°C. Such a LTs 9 value is comparable to that of 

Oreochromis mossambicus [8] and higher than that 

of Cyprinus carpio [9], but lower than those of 

Carassius carassius [10] and Carassius auratus [8). 

Hence, the general statement of Gordon et al. [1] 

that ‘tolerance of mudskipper for hypoxia was 

limited’ may not be correct. It is important to 

point out here that although the water deep inside 

the burrows in the mudskippers’ natural habitat is 

possibly anoxic, the fish may not orientate itself in 

these lethal regions of the burrows for too long a 

period of time compared to the less hypoxic ones. 

Naturally, if a fish has a choice, its first response to 

anoxic water is to leave [11]. 

Since B. boddaerti was able to survive in anoxia 

for more than an hour, it might have succumbed in 

the ‘closed chamber’ to parameters other than the 

low QO, tension. In the closed chamber, the 

decrease in the ambient dissolved O> content was 

accompanied by an increase in the ambient total 

CO, concentration. Therefore, the fish was ex- 

posed not only to environmental hypoxia but also 

to environmental hypercapnia simultaneously. 

The situation was further complicated by the fact 

that B. boddaerti excreted more CO, to the 

enclosed SW than the amount of ambient O, 

consumed. The ratio of CO, excreted to Op 

consumed distinctly increased as the O> content of 

the SW decreased below 0.085 umol/ml. The 

source of this extra amount of CO, was not 

elucidated in the present studies. Since ethanol 

was not detected in the SW or the blood and 

muscle of this fish (Chew and Ip, unpublished 

data), the pathway responsible for metabolic CO» 

production in goldfish and crucian carp [12] may 

not exist in this mudskipper. B. boddaerti became 

wa 
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inert after being exposed to SW continuously 

bubbled with 5% CQO, in N> for 15-30 min. 

Therefore, it would appear that environmental 

hypercapnia and the accompanied lowering of the 

ambient pH were the parameters that the muds- 

kipper could not tolerate in the ‘closed chamber’. 
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ABSTRACT— Eucheilota intermedia Kubota, 1984 is a 

distinct taxon since the mature medusa from the two 

known localities in Japan always possesses oval gonads, 

and has a potential to develop into a mature medusa that 

is indistinguishable from the medusa of the southern 

form of Eutima japonica Uchida, 1925. The wide 

morphological variation of the medusa of Eucheilota 

intermedia forms a series linking the two. Based on this 

knowledge, that of a high crossability between Eucheilo- 

ta intermedia and Eutima japonica, and the known 

distribution of the two forms, it is concluded that they are 

conspecific. Eucheilota intermedia is henceforth treated 

as Eutima japonica f. intermedia. 

INTRODUCTION 

Eucheilota intermedia Kubota, 1984 is a bivalve- 

inhabiting hydrozoan found in only two localities, 

both in Japan [1, 2, Kubota, unpubl.]. It seems to 

have unique characters in the newly-matured 

medusa. However, its validity is questionable 

when its ontogeny is compared with that of Eutima 

japonica [2, 3]. To settle the question, the 

development of the medusa was re-examined and 

crossing experiments between the two forms were 

conducted. As a result, a small number of 

medusae of Eucheilota intermedia appeared as 

more complicated than either the typical or the 

extraordinary ones that had been described before 

[1-3]. These medusae are described here, together 

with typical forms from the second locality. 

Accepted December 1, 1990 
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Ontogeny and other biological evidence so far 

obtained [1-3, Kubota, unpubl.] are evaluated to 

resolve the taxonomic question. 

MATERIALS AND METHODS 

A total of 166 mature medusae liberated from 47 

host bivalve specimens of the two nominal species 

were obtained in the laboratory by culture. All the 

hosts were collected intertidally. The hosts con- 

sisted of four specimens of Mytilus edulis gallopro- 

vincialis Lamarck and four of Barbatia virescens 

(Reeve), and came from Takeshiki in Asou Bay, 

Tsushima Island, Nagasaki Prefecture, on August 

9-11, 1988, and 26 specimens of M. e. galloprovin- 

cialis and 13 of B. virescens from Zagashima Island 

in Ago Bay, Mie Prefecture, collected on April 5, 

1987 and February 8, 1988. Both the hosts 

harboring the hydroids and the released medusae 

from these hydroids were cultured in filtered 

seawater from Oshoro Bay, Hokkaido, using 60 

and 80 ml polystyrene vessels at 21+1°C. They 

were daily fed with Artemia nauplii. The measure- 

ments of medusae were taken from living speci- 

mens with an empty stomach after narcotization in 

a MgCl, solution. 

RESULTS AND DISCUSSION 

Among the 142 medusae of Eucheilota interme- 

dia originating from seven specimens of Mytilus 

edulis galloprovincialis and from eight Barbatia 
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virescens, 135 possessed two tentacles, two had 

three tentacles and five had four. All 166 medusae 

monitored from release, with usually two tentacles 

and vestigial gonads, developed into typical dwarf 

mature medusae with four tentacles and oval 

gonads (Fig. 1A) [1-3]. The most rapidly matured 

medusae of both sexes achieved maturity on the 

third day after liberation. 

Among these mature medusae, at least nine 

(Nos. 12-20 in Table 1) conspicuously meta- 

morphosed after maturation, and the peduncle 

which is not found in Eucheilota was formed. In all 

nine specimens, the peduncle was longer than that 

of the formerly recorded [2] (* in Table 1), but it 

usually became shorter when the medusa was 

spent (Nos. 14, 18-20). Another distinct morpho- 

logical change was observed in the oral lips. In two 

specimens (Nos. 13, 16) the oral lips were not 

cruciform but frilled. The manubrium itself was 

usually short and did not protrude from the 

Fic. 1. The morphology of laboratory-reared Eucheilota intermedia medusae photographed in living state. A: A 

5-day-old dwarf male medusa from Zagashima Island, with oval gonads, four tentacles, many cirri, and many 

exumbrellar nematocysts. Note the absence of peduncle. B: A 73-day-old spent female medusa from Zagashima 

Island (No. 18), with a peduncle and eight tentacles. 
umbrellar aperture and the thick apical jelly. C, D (aboral view): A 34-day-old female medusa from Tsushima 

Island (No. 13), with a distinct peduncle, eight tentacles, elongated gonads produced on most parts of the radial 

canals and many cirri. 

Note that the manubrium is not protruded from the 
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TABLE 1. Measurements of laboratory-reared mature and spent medusae of Eucheilota intermedia from two 

localities in Japan (see text) 

Speci- Specimen Age | Dia- Lean Ne gy Lote Neyo NO o No. Ob Wo, 9 eas : j no. of stato- of 

me owt days a mm <PGuMCLe “Sieg” marginal Tysry ithe) ithe cri 20085, 
Tsushima Island, Nagasaki Pref. 

A) Typical form, without peduncle 

1 Meg 7 8 S 1.9 0 4 15 8 2-3 DS) 49* 0.4 

2 Meg 6 10 2 2.4 0 4 19 8 4-5 36 20 0.5 

3 Meg 6 8 & Dall 0 4 20 5)" 5-7 29 24 0.6 

4 By 5 Ti 2 Del) 0 4 22 8 4-6 41 35) 0.6 

5 By 2 6 $ 2.8 0 4 21 8 3 24 54* 0.5 

6 Meg7 11 AS 2.8 0 4 24 8 3-5 30 41 0.5 

0 By) 10 2 2.8 0 4 on) 8 4-6 42. many — 

8 Meg 2 9 & Dye) 0 4 MAA 8 3-6 SOu Manyea 0:5) 

9 By 4 9 a all 0 4 24 9 3-7 48 48* 0.6 

10 By 6 5) $ 3.9 0 4 22 8 3-5 DY 34 0.6 

it By 2 6 & ony) 0 4 24 os 3-5 58} 55)" ital 

B) Intermediate form, with peduncle 

WY By 5 13 © al 0.20 4 38 8 — — many — 

Il = 65 0.48 4 45 8 9-11 79 40 Dede 

STE = Toye is 8 48 8 — — many  3.0* 

C) The form indistinguishable from the mature medusa of Eutima japonica 

13 Byes 34 & Shite = 250r 8 58 MUL IU oe) 3.28 

Zagashima Island, Mie Pref. 

D) Intermediate form, with peduncle 

14 Meg 15-20 a 5.4 ORO 5m 4 41 8 — — many — 

3 5.4 — 4 3) — — — many — 

15 BylON 122 = Sol) 0.79* 4 59 8 — — many — 

16 Byl0., 16 Q Su 0.79* 4 49 8 = — many 

17 By 34 44 & 58) 0.7 5 48 8 — — many 

18 Biv 34" 31 @ 5.6 0.95* 7 42 — — — many —~ 

73 Dw) 0.48 8 48 il — — many — 

19 VO Al ay 6.2 O71 7 30 — — — many — 

24 5.6 0.48 7 30 — — — many — 

20 240 19 ay 6.0 0263; + 29 — _ — many — 

25 6.3 0.95* 8 38 8 — — many — 

28 6.3 0.63* 8 33 — — — many — 

* Previously undescribed character states. p: Manubrium protrudes from umbrellar aperture. f: With frilled 

oral lips. 

1) Meg: Mytilus edulis galloprovincialis. Bv: Barbatia virescens. 

2) Measured from aboral side. —: Not measured. 

umbrellar aperture except in three specimens longest peduncle and gonads but also had the most 

(Nos. 12, 13, 15). Number 13 became the largest numerous cirri, statoliths, marginal swellings and 
medusa in diameter and possessed not only the tentacles (Fig. 1C, D). This specimen was indis- 



234 S. KUBOTA 

tinguishable from mature medusae of the southern 

form of Eutima japonica Uchida [4-6]. However, 

it was not the most developed form of Eucheilota 

intermedia in three other characters, thickness of 

jelly, umbrellar height and length of manubrium. 

In this specimen the jelly was 2.9 mm thick at the 

apex, umbrellar height was 4.8mm, and manu- 

brium length 2.1mm (0.3mm shorter than the 

maximum value) on the 34th day. Number 18 had 

the thickest apical jelly, measuring 3.7 mm on the 

73rd day (Fig. 1B). But it was not the tallest 

medusa and its umbrellar height was 5.6 mm (0.1 

mm lower than the maximum value) on that day. 

Measurements of the typical medusae from 

Tsushima Island are also shown in Table 1 (Nos. 

1-11, Fig. 1A). Five of them (Nos. 1, 3, 5, 9, 11) 

show previously unreported character states 

(asterisked). Medusae having five or 12 statocysts 

were regarded as atypical. 

Formerly accepted morphological variation of 

Eucheilota intermedia medusae [2] can be arranged 

in a series with the new data, from the dwarf 

mature medusae originally described [1] to the 

largest one reported here. The growth seemed 

tend to be allometric. Indeed, Eucheilota interme- 

dia seemed a valid taxon since the earliest-matured 

medusa always has oval gonads. But the present 

study shows that the medusa has a potential to 

develop into the above-mentioned form of Eutima 

Japonica, passing through the intermediate stages 

already described [2, 3]. In other words, Eucheilo- 

ta intermedia s. str. rarely develop into mature 

medusae of Eutima japonica as formerly under- 

stood. 

In addition, crossing experiments conducted 

between Eucheilota intermedia and Eutima japoni- 

ca show that they are certainly closely related, 

both producing characteristic free-swimming pla- 

nulae rich in nematocysts [2, Kubota, unpubl.]. 

Further, from Hokkaido to Kytsht and nearby 

islands these two species have never been collected 

from the same locality [1-7, Kubota, unpubl. ]. 

All this biological evidence suggests that 

Eucheilota intermedia is conspecific with Eutima 

Japonica, and the former can be considered a 

variety of the latter. So far three specific names 

have been assigned to the species Eutima japonica. 

Variation in this species has been discussed else- 

where and all references before 1983 in the 

following synonymy were cited therein [4, 7]. 

Eutima japonica Uchida, 1925 

Eutima japonica Uchida, 1925, p.93, fig. 17; 

Yamazi, 1958, p. 136; Kramp; 196i) ps ae7- 

Kramp, 1965, p. 85; Kramp, 1968, p. 96, fig. 

260; Kubota, 1983, p. 296, figs. 1-25, pl. X; 

Kubota, 1985, p. 144, figs. 1-2; Kubota, 1990, 

p. 104. 

Ostreohydra japonica Yamada, 1950, p. 117, fig. 1. 

Eugymnanthea japonica: Crowell, 1957, p. 1; 

Yamada, 1959, p. 30; Rees, 190745222 

Eugymnanthea cirrhifera Kakinuma, 1964, p. 51, 

figs. 1-4; Uchida, 1964, p. 103, fig. 4; Rees, 

L967epe 2c 

Eutima cirrhifera: Kubota, 1978, p. 125, figs. 1- 

11; Kubota, 1979, p. 225, figs. 1-4. 

Eucheilota intermedia Kubota, 1984, p. 454, figs. 

1-3; Kubota, 1985, p. 122, figs. 1-5, pl. I. (syn. 

nov.) 

Remarks. Mature medusae obtained in culture 

exhibit a wide range of morphological variation. 

Umbrella 1.3-14.6mm in diameter, with 2-21 

tentacles, 4-21 statocysts, 2-20 statoliths per 

statocyst, 0-98 cirri, 8-103 marginal swellings 

including tentacular bulbs, 0-7.1 mm long pedun- 

cle, cruciform to folded oral lips and oval to 

elongated gonads. 

Since Eucheilota intermedia is regarded as con- 

specific with Eutima japonica, the definition of the 

genus Eutima and the family Eirenidae [8] may 

need to be changed to accommodate whole or part 

of the definition of the family Eucheilotidae which 

comprises only the genus Eucheilota [8]. 
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REVIEW 

Olfactory Processing Pathways of the Insect Brain 

RYOHEI KANZAKI and TATSUAKI SHIBUYA 

Institute of Biological Sciences University of Tsukuba 1-1-1 Tennodai, 

Tsukuba-shi Ibaraki 305, Japan 

INTRODUCTION 

In insects, olfaction plays a major role in such 

behaviors as mating, feeding, and oviposition, 

which are all essential for maintaining the species. 

For many insects, including moths, conspecific sex 

pheromones are important stimuli for reproductive 

behaviors. Like males of many other species of 

moths, the male Sphinx moth Manduca sexta re- 

sponds to the sex-pheromone blend released by 

conspecific females with a characteristic sequence 

of behaviors, including upwind flying with a zig-zag 

pattern [1, 2]. These pheromones stimulate highly 

sensitive and selective receptor cells associated 

with particular classes of male specific sensilla on 

the antennal flagellum [3-8]. 

These receptor cells [6], in the form of patterned 

firing of impulses, transmit information about 

pheromones along the axons of the receptor cells 

to the primary order olfactory center, the antennal 

lobes (ALs) of the brain [9-17]. In the central 

nervous system (CNS), this olfactory information 

passes through several stages of synaptic proces- 

sing in the ALs and higher centers in the pro- 

tocerebrum (PC), where it is integrated with sen- 

sory information of other modalities; e.g., visual 

and mechanosensory [18]. Then, via “descending” 

premotor neurons, the integrated multimodal out- 

put of brain circuits may act on thoracic motor 

circuitry to affect behavior [19]. 

This review focuses on some of our findings and 

describes the functional organization of olfactory 

pathways throughout the brain, especially in the 

Received November 26, 1991 

higher olfactory center in the protocerebrum, of 

M. sexta males. 

OLFACTORY RECEPTORS ON THE ANTENNA 

Sex-attractant pheromones stimulate receptor 

cells in a class of male-specific sensilla, the sensilla 

trichodea, on the antennal flagellum [3-6]. The 

male flagellum has about 2.6 x 10° sensory neurons 

associated with about 10° recognized sensilla. 

About 40% of these are male-specific and phero- 

mone-sensitive sensilla trichodea [3-6]. Each 

pheromone-sensitive sensillum comprises two 

olfactory receptor cells in M. sexta [3-6]: One is 

sensitive to (E,Z)-10,12-hexadecadienal (E10, 

Z12-16: AL or bombykal), the major component 

of the pheromones, and the other is insensitive to 

physiological concentrations of bombykal, but is 

stimulated by one of two other components of the 

pheromones, either (EF, EF, Z)-10,12,14-hexadeca- 

trienal (E10,E12,Z14-16: AL) or (E,E,E)-10,12, 

14-hexadecatrienal (E10,E12,E14-16: AL) [6, 7]. 

(E, Z)-11,13-pentadecadienal (E11,Z13-15:AL), 

which is not present in the natural pheromone 

blend, is a relatively stable and specific mimic of 

E10,E12,Z14-16: AL for stimulation of the “EEZ” 

subpopulation of these latter cells [6, 7]. 

Numerous other olfactory receptor cells popu- 

late the antennal flagella, including receptors 

sensitive to plant volatiles such as the leaf aldehyde 

(£)-2-hexenal (E2-6: AL) [8-10], as well as recep- 

tors of other modalities, including hygroreceptors, 

mechanoreceptors, and thermoreceptors [11]. 
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Fic. 1. The brain of the male Bombyx mori stained by Bodian’s methods. (A) A fronto-horizontal section of the 

right brain. CA calyces of the mushroom body; CB central body; KC cell bodies of Kenyon cells; LCG lateral cell 

group; MAGL (=MGC) macroglomerular complex; TOG (=inner antenno cerebral tract; IACT) tractus 

olfactorio-globularis. Thick arrow: a small bundle separated from the TOG in the lateral part of the central body. 

*: microglomerulus (ordinary glomerulus) Scale bar=100 4m (B) Transversal section of the right deutocer- 

ebrum. Each hemisphere of the deutocerebrum contains one MGC in the dorsal and about 60 ordinary glomeruli 

in the ventral region. Females lack the MGC. Scale bar=100 wm. (Kanzaki and Shibuya [27]). 

DEUTOCEREBRAL NEURONS 

The deutocerebrum consists of two distinct 

neuropils: the antennal lobe (AL) and the anten- 

nal mechanosensory and motor center (AMMC) 

(Fig. 2A). Antennal olfactory receptor cells pro- 

ject axons into the brain via the antennal nerve, 

and these fibers terminate in the ipsilateral AL, the 

primary olfactory center in the brain [9]. Each AL 

of the male contains a prominent, sexually dimor- 

phic macroglomerular complex (MGC, 300-400 

ym in diameter) innervated by axons of phero- 

mone-specific receptors (Figs. 1-3). ALs of both 

male and female moths also contain 64+1 sphe- 

roidal ‘ordinary’ glomeruli [12] (50-100 um in 

diameter) which receive innervation from the ax- 

ons of receptors sensitive to other odors (Figs. 1, 

2,5, 6) [9, 12, 13]. On the other hand, the AMMC 

receives axons from mechanosensory neurons in 

the two basal antennal segments, the scape and 

pedicel; i.e., bristles; B6hm’s organ [20], chordo- 

tonal organs; Johnston’s organ [21] and Janet’s 

organ [22]. The AMMC is furthermore innervated 

by dendrites of antennal-muscle motor neurons. 

Bordering the AL are three groups of AL neuronal 

somata (local, medial, and anterior) totalling 1200 

cells [9, 23, 24]. 

The AL has been studied in certain Lepido- 

ptera, including M. sexta, Bombyx mori (Fig. 1) 

[25-29] and Antheraea polyphemus [30], in several 

species of cockroaches, most prominently Peri- 

planeta americana [31-34], and in honey bees [35- 

37], ants [38, 39] and flies [40-44]. 

In M. sexta, olfactory information is processed 
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Fic. 2. Diagrams of neuropils in the mid-brain of Manduca sexta. (A) Dorsal view, (B) Frontal view. aL alpha-lobe; 

AL antennal lobe; AMMC antennal mechanosensory and motor center; AN antennal nerve; AOTu anterior optic 

tubercle; Bu buttress; bL beta-lobe; Ca calyces of the mushroom body; D dorsal; L lateral; LAL lateral accessory 

lobe; Oe oesophagus; P posterior; PB protocerebral bridge; SOG suboesophageal ganglion; YL Y-lobe. 

in the AL by two morphologically distinct classes 

of neurons: those confined to the AL (local inter- 

neurons; LNs) and those with axons projecting 

from the AL to other regions of the brain (projec- 

tion or output neurons; PNs) [9, 10, 23, 24, 45-47]. 

Several types of AL projection neurons (PNs) 

have been identified in M. sexta, distinguished by 

uni- (Figs.3, 5) or multi- glomerular (Fig. 6) 

arborizations within the AL and axons projecting 

through one of five different tracts (inner, middle, 

outer, dorsal, and dorso-medial antennocerebral 

tracts) to the protocerebrum (Figs. 3, 5, 6) [10, 23, 

24, 46, 47]. 

The AL PNs fall into two categories according to 
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their responses to olfactory stimuli: (1) neurons 

excited or inhibited by pheromones and (2) those 

showing no preference for pheromonal stimuli. In 

general, morphological differences between these 

two groups reinforce the physiological categoriza- 

tion. PNs of the first class have major dendritic 

arborization in the MGC (MGC PNs) and none in 

the ordinary glomeruli (Fig. 3) [10, 45, 48]. PNs of 

the second class have major arborizations in ordin- 

ary glomeruli (Gs) but not in the MGC (G PNs) 

(Fig. 5) [10]. Similar functional organization in 

AL has been demonstrated in Bombyx [25-29], 

Antheraea [30] and Periplaneta [31-34]. 

(1) Macroglomerular complex projection neurons 

(MGC PNs) 

Pheromones delivered to the antenna elicit ex- 

citatory or inhibitory responses in ipsilateral MGC 

PNs (Fig. 4) [10, 45, 48]. Some MGC PNs of M. 

sexta respond to antennal stimulation with E2- 

6:AL. In most cases, the response elicited is an 

inhibition of ongoing background activity (Fig. 4) 

[10]. Certain central olfactory neurons in P. 

americana have similar response characteristics; 

that is, they are excited by a major pheromone 

(Periplanone B), but inhibited by plant odors [34]. 

Odor quality appears to be represented in the 

sign of the responses in some MGC PNs; Le., 

excitation for E10,Z12-16: AL or female extract 

and inhibition for plant odor (E2-6: AL) (Fig. 4). 

Recordings during delivery of different concentra- 

tions of odorants to the antenna suggest that 

changes in the impulse frequency and the latency 

of the response reflect concentration changes (Fig. 

4) [10, 45]. Similar properties appear to encode 

odorant concentration in other insect olfactory 

systems tested [27, 30, 34]. 

In P. americana, MGC PNs that are excited by 

Fic. 3. Reconstruction of a MGC projection neuron of M. sexta. (A-G) Photomicrographs of 25-m frontal sections 

exhibiting Lucifer- Yellow stained neurites of the injected neuron. Reconstructions were made from color slides 

of such sections. (A, B) Processes in the inferior lateral protocerebrum (JLPR). (C, D) Branches in the principal 

calyces of the mushroom body (Ca). Scale bar in (D) (for A-G)=100 um. (E) Neurite projecting in the inner. 

antenno-cerebral tract (JACT). (F, G) Branches innervating putative partitions within the macroglomerular 

complex (MGC). (H) Exploded frontal view of the injected neuron reconstructed from serial sections including 

those shown in (A-G). Dashed lines link processes that were separated to reveal the structures of branches that 

overlapped in situ. Arrowheads mark 5 distinct ‘partitions’ of the MGC arborization, possibly corresponding to 

functionally significant partitions of the MGC itself. 

horizontal view of the ipsilateral hemisphere and projection areas occupied by the injected neuron. 

Scale bar=100 um. (I) Inset shows a diagrammatic 

Other 

abbreviations: AL antennal lobe; G ordinary glomerulus; cb neuronal cell body; P posterior; L lateral. (Kanzaki 

et al. {10}. 
Fic. 4. Intracellular recordings from an MGC projection neuron of M. sexta. (A) Responses to olfactory stimulation 

of the ipsilateral antenna. (a, b) Female extract excited the cell as did E10,Z12-16:AL. (c, d) E2-6:AL or 

iso-5 : OAc inhibited background firing. Breakes in the records in (c) and (d) each represent 1 sec during which 

no action potentials were generated. No responses were observed to olfactory stimulation of the contralateral 

antenna. Scales=1 sec, 20 mV. (B) Impulse-frequency histograms (number of impulses per 0.25 sec ‘bin’) of this 

neuron’s responses to stimulation with different concentrations of odorants. Asterisks (*) mark responses shown 

in (A). (C) Dose-response relationships of 5 pheromone-sensitive neurons with antennal stimulation by 

E10,Z12-16: AL. Two of these neurons, marked with asterisks (*), were not characterized morphologically; the 

others had arborizations in the MGC. Dashed line indicates background activity. (Kanzaki et al. [10]). 

Fic. 5. Reconstruction of an ordinary uniglomerular projection neuron of M. sexta. This neuron was inhibited by 

stimulation of the ipsilateral antenna with E2-6:AL or iso-5:OAc. (A-H) Photomicrographs of 25 um 

fronto-horizontal sections exhibiting Lucifer Yellow-stained neurites of the injected neuron. (A) Branches in the 

LH. Scale bar for (A-E)=100 ~m. (B-D) Innervation of the principal calyces of the ipsilateral mushroom body. 

(E) Neurite projecting in the [ACT. (F-H) Major dendritic arborization occupying a single ordinary glomerulus. 

Fine collaterals were observed that may have extended to neighboring ordinary glomeruli (shown at arrowhead in 

(1)). Scale bar in (F) for (F-H)=100 um. (1) Drawing of the injected neuron reconstructed from serial sections 

(in fronto-horizontal view) including those shown in (A-H). The neurite entering the ordinary glomerulus is 

drawn at an optical plane showing that the thick neurite invaded the glomerulus and branched into a few stout 

processes that gave rise to many fine, tufted branches. The same projection is drawn at a more superficial optical 

plane in the inset. Scale bar=100 um. (J) Schematic horizontal view of the mid-brain showing projection areas 

occupied by this nouron. (Kanzaki et al. [10]). 
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pheromones as well as plant odors have been 

found [34]. One example of this type of neuron 

has been demonstrated in M. sexta: a cell excited 

both by female extract and by E2-6: AL [10]. 

(2) Ordinary glomerular projection neurons (G 

PNs) 

Uniglomerular PNs_ innervating ordinary 

glomeruli are either excited or inhibited when 

E2-6:AL or iso-amyl acetate (iso-5:OAc) is ap- 

plied to the ipsilateral antenna, but do not respond 

detectably to pheromones [9, 10]. Some of these 

uniglomerular PNs also respond to mecha- 

nosensory as well as olfactory stimuli [10]. Uni- 

glomerular PNs showing olfactory and mecha- 

nosensory responsiveness have been demonstrated 

in B. mori (Fig. 3) [25, 27, 49], P. americana |31, 

50], Apis mellifera [51], and Achaeta domesticus 

[52]. 

(3) Morphology of uniglomerular PNs 

MGC PNs are so categorized because of the 

restriction of their dendritic arborizations to the 

MGC (Fig. 3). As suggested by some anatomical 

preparations, including Golgi- and ethyl gallate- 

stained sections as well as intracellularly stained 

cells, however, the MGC may comprise five or 

more distinct partitions [N. J. Strausfeld personal 

communication]. Some MGC projection neurons 

apparently have dendritic branches throughout the 

MGC [10, 27, 45, 48], while other MGC PNs 

exhibit arborizations restricted to some of the 

suggested divisions of the MGC (Fig. 3) [10]. 

Similarly partitioned MGC arborizations have 

been observed previously in P. americana [34], and 

B. mori [27]. 

In the first study of AL neurons of M. sexta, 

Matsumoto and Hildebrand [9] classified ordinary 

glomerular PNs on the basis of the appearance of 

their arborizations in the glomeruli. The arboriza- 

tion of a ‘type-I output neuron’ was described as 

largely confined to the outer part of the glomerulus 

and the arborization of a ‘type-II output neuron’, 

as filling its glomerulus. Such ordinary glomerular 

PNs are now thought to represent extremes of a 

variety of patterns of intraglomerular arborization 

exhibited by ordinary glomerular PNs [10, 23]. It 

was recently reported by Hansson et al. that MGC 

may be classified further into structural and func- 

tional categories based on responsiveness to phero- 

mone components and branching in a doughnut- 

shaped neuropil structure, the “toroid” and a 

globular structure, the “cumulus” regions of the 

MGC [48]. 

Axons of both MGC and G PNs project to the 

lateral protocerebrum through the inner antenno- 

cerebral tract (IACT) [23], which runs under the 

calyces of the mushroom body (Figs. 3, 5). The 

calyces receive innervation from all uniglomerular 

MGC PNs and G PNs. Although these neurons 

have extensive branches within the principal 

calyces, the patterns of branching of G PNs are 

widespread in comparison with those of MGC 

PNs, which appear to terminate in specific zones of 

calycal neuropil (Figs. 3, 5) [10, 23]. In other 

insects, such as A. mellifera [37] and Sphinx ligustri 

[53], the branching of Kenyon cells within the 

calyces has been shown to be quite restricted. This 

might also be the case in M. sexta, a relative of S. 

ligustri, with the consequence that Kenyon cells 

receiving synaptic inputs from MGC PNs and G 

PNs may be members of two distinct populations. 

Just as the branching patterns of the axon col- 

laterals of MGC PNs and G PNs within the prin- 

cipal calyces differed, so also do the axon terminals 

of these neurons within the lateral protocerebrum. 

Axons of MGC PNs terminate in the inferior 

lateral protocerebrum (ILPR) and are spatially 

Fic. 6. Reconstruction of several types of multiglomerular projection neurons of M. sexta. (A) Antennal lobe (AL) 

branches were evenly distributed among the ordinary glomeruli. Overlapping arborization in the lateral horn 

(LH) are drawn separately in two parts. The right drawing shows a view of the LH branches more ventral than 

the left drawing. The two parts overlap at the arrowheads. No branches were observed within the calyces of the 

mushroom body. Fronto-horizontal view. (B) Major dendritic branches occupy many or all of the ordinary 

glomeruli of the AL as well as branches that entered the ventral MGC. Some branches of the axon of this neuron 

penetrated the principal calyces of the ipsilateral mushroom body, while others projected to the superior 

protocerebrum (SPC) anterior to the calyces. Frontal view. (C) Substantial dendrites invaded at least 2 ordinary 

glomeruli. Branches of the axon clearly innervated the principal calyces of the ipsilateral mushroom body, and 
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the axon projected to the LH. Frontal view. (D) Bilaterally uniglomerular projection neuron. The cell body, 

located in the suboesophageal ganglion (SOG), sent out one branch that projected to a single ordinary glomerulus 

in the AL ipsilateral to the cell body and a second, long branch that extended to the AL contralateral to the cell 

body. A prominent dendritic arborization occupied a single ordinary glomerulus in that contralateral AL. What 

appeared to be the axon of this neuron was restricted this contralateral side of the brain and projected into the 

protocerebrum via the dorsomedial antenno-cerebral tract (DMACT), where the axon sent out collaterals that 

heavily innervated the principal calyces of the mushroom body and terminated with complex ramifications in the 

LH. Fronto-horizontal view. Inset: Diagrammatic horizontal view of mid-brain showing projection area of this 
bilaterally uniglomerular projection neuron (D). The relationship between the SOG and the brain is displaced to 

illustrate schematically the areas occupied. Scale bars (A-D)=100 um. (Modified after Kanzaki et al. [10]). 
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separated from the termination sites of G PNs 

axons (Fig. 3). The latter are situated more later- 

ally and posteriorly in the lateral horn (LH) (Fig. 

5). These findings suggest that the ILPR is an 

important site for higher-order processing of pher- 

omonal information from the AL [10, 23]. 

(4) Multiglomerular PNs 

Although uniglomerular PNs have been studied 

extensively in a number of insect species [9, 23, 31, 

45, 48, 49, 51, 54, 55], multiglomerular PNs have 

been encountered less frequently [23, 56]. In M. 

sexta, some multiglomerular PNs branch sparsely 

throughout most of the ordinary glomeruli. Other 

multiglomerular PNs innervate only a few ordinary 

glomeruli, but branch densely within them (Fig. 

6C) [10, 23]. The arborizations of the former PNs 

within their glomeruli resemble those of certain 

LNs (“type I” or L(G)) [9, 24]. Although their 

dendritic branching patterns within innervated 

glomeruli appear to be similar, the responsiveness 

of the LNs and PNs is quite different [9, 10]. PNs 

that have dendritic arborizations both in multiple 

Gs and the MGC, a projection pattern similar to 

that of certain LNs (“Type II” or L(MGC/G)) 

(Fig. 6B) [9, 24], are excited both by pheromones 

and E2-6:AL. This pattern of responsiveness is 

similar to that reported for a subset of LNs with 

similar morphology (“Type Ha”) [9]. Another 

type of multiglomerular PN has an axon in the 

dorsal antenno-cerebral tract (DACT), a tract 

shared by only about 45 other axons (Fig. 6A) [10, 

23]. Similar to other PNs, it projects to the LH but 

not the calyces. This neuron also has a rather 

unusual feature in that its soma is located near the 

medial cell group of the AL contralateral to the 

cell’s arborizations and projections. A multiglom- 

erular neuron with a soma contralateral to its 

major AL branching has been recently found in B. 

mori (R. Kanzaki and T. Shibuya, unpublished 

observations). This neuron has no branches in the 

MGC eS ibut iss excited as by, (eZ) 10 mI2- 

hexadecadienol (E10,Z12-16:OH or bombykol), 

the major sex pheromone of B. mori. 

(5) Bilaterally uniglomerular PNs 

Most central olfactory neurons characterized 

both morphologically and physiologically in pre- 

vious studies have their major arborizations re- 

stricted to one side of the brain and show re- 

sponses only to stimulation of the antenna ipsi- 

lateral to those arborizations. Nevertheless, in- 

tegration of bilateral olfactory information may be 

important for the insect. It is thus necessary to 

determine at what level contralateral or bilateral 

information may enter the olfactory pathway in 

each half of the brain. 

One bilaterally uniglomerular PN has been de- 

monstrated in M. sexta, which is unique among AL 

PNs observed to date in having dense arborizations 

in a single ordinary glomerulus on each side of the 

brain (Fig. 6D). The axon of this PN is located in 

the dorsal medial antenno-cerebral tract 

(DMACT) [10, 23]. Evidence for the presence of 

such neurons was previously obtained in a mor- 

phological study by Kent [57]. The single neuron 

characterized here is inhibited by olfactory stimu- 

lation of the antenna contralateral to the soma 

(ipsilateral to its major arborizations) and is un- 

affected by olfactory stimulation ipsilateral to the 

soma [10]. By contrast, gentle mechanosensory 

stimulation of either antenna influences the firing. 

of this neuron; contralateral stimulation is excita- 

tory and ipsilateral stimulation, inhibitory [10]. 

These results indicate that convergence of modali- 

ties as well as bilateral information can enter the 

antennal-sensory pathway at the level of AL PNs 

[10]. 

(6) Olfactory processing in the AL PNs 

Kanzaki et al. [10] proposed that several types of 

information may be processed by AL projection 

neurons in M. sexta: 

1) Pure olfactory information. Information 

about pheromones appears to be selectively trans- 

mitted by MGC PNs (Figs. 3, 4) [10, 45]. 

Excitatory or inhibitory olfactory responses are 

elicited by non-pheromonal odors (e.g., E2-6: AL 

or iso-5:OAc) in ordinary glomerular projection 

neurons (Fig. 5). Many neurons of this type are 

insensitive to stimuli of other modalities (e.g., 

visual, mechanosensory stimulation to the anten- 

na). Others belong to the next category. 

2) Mechanosensory-modulated olfactory (or 

olfactory-modulated mechanosensory) informa- 

tion. This type of information seems, at present, 
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to be restricted largely to ordinary glomerular 

projection neurons. One neuron investigated was 

found to innervate multiple ordinary glomeruli 

(Fig.6C) and responded to mechanosensory 

stimulation of the antenna but not to any odors 

tested. It is conceivable that this neuron transmits 

only pure mechanosensory information from the 

AL to the protocerebrum, but it seems more likely 

that olfactory responses would have been recorded 

from such a cell if other odors had been tested. 

Convergence of modalities as well as bilaterally 

mechanosensory information can enter the anten- 

nal-sensory pathway at the level of AL PNs (Fig. 

6D) [10]. 

3) Odor concentrations. Response latencies 

and impulse frequencies during excitatory re- 

sponses, as well as the durations of periods of 

imulse suppression during inhibitory responses 

(the latter probably reflecting increased activation 

of one or more inhibitory interneurons), appear to 

encode quantitative information about olfactory 

stimuli for transmssion to the protocerebrum (Fig. 

4). 

PROTOCEREBRAL NEURONS 

Many olfactory protocerebral (PC) neurons in- 

nervate a neuropil region lateral to the central 

body on each side of the PC, the lateral accessory 

lobe (LAL; Figs. 2, 7). Some PC neurons provide 

the anatomical substrate for linking the LAL to the 

lateral PC, a region receiving axons of antennal 

lobe projection neurons (e.g., Figs. 3, 5, 6). The 

LAL appears to be an important region of con- 

vergence of olfactory neurons from other regions 

othe Fe 10518; 19): 

(1) Physiology of PC neurons 

In M. sexta, PC neurons responding to olfactory 

stimulation of the antenna fell into two physiologi- 

cal classes: (1) those showing long-lasting excita- 

tion (LLE) (Fig. 8) and (2) those showing brief 

excitation (BE) in response to odor stimuli (Fig. 

13). We define LLE as any odor-mediated in- 

crease in firing that persists within 30% of peak 

level for >1 sec beyond the period of delivery of 

the olfactory stimulus. BE refers to increased 

firing which recovers to background firing levels 

<1sec after the stimulation. BE is similar to 

responses observed in antennal lobe neurons of M. 

sexta [10, 45, 48] and other species (e.g., B. 

mori-[49]), while LLE is apparently a property of 

some PC neurons but not antennal lobe neurons. 

The sex-pheromone blend induced LLE robustly 

in preparations in which other odors, including 

individual pheromone components, fail to do so 

(Fig. 8). 

(2) LLE responses in PC neurons 

Where does LLE arise within the olfactory 

pathway? LLE has not yet been encountered in 

intrinsic neurons or projection neurons of the 

antennal lobe in reported samples, exceeding 500 

local neurons and 130 projection neurons studied 

in M. sexta (e.g., Fig. 4A) [9, 10, 45, 48]. Pro- 

longed increases of firing rate have occasionally 

been recorded in antennal lobe neurons of other 

moths (B. mori-[27], Fig. 4; Holiothis zea-[58], 

Fig. 6), but those responses did not remain near 

the peak firing level for >1 sec. Of neurons in M. 

sexta that appear to receive input within the lateral 

PC, a prominent target area for axons of antennal 

lobe projection neurons [10, 23, 45], none has 

been shown to exhibit LLE [18]. We found LLE to 

be associated with neurons that innervate the 

LALs (Fig. 7) and MBs, and as described later, 

LLE in neurons appeared to be synaptically down- 

stream from these areas (Fig. 9) [19]. Although we 

cannot, at present, exclude the possibility that 

LLE was consequence of ascending influences in 

our experiments, similar LLE-like responses have 

been recorded in preparations of B. mori in which 

the ventral nerve cord was severed ([59], Kanzaki- 

unpublished observations). Thus, it is likely that 

LLE is a response arising at the level of the MBs 

and/or the LALs in the protocerebrum. 

LLE responses similar to those for M. sexta have 

also been observed in some MB extrinsic neurons 

and other PC neurons of Apis mellifera [51, 60], 

Acheta domestica [52], and B. mori [29, 49]. Pre- 

vious workers have speculated that prolonged ex- 

citation might be produced by reciprocal synapses 

among intrinsic neurons of the MB [61] or by 

feedback loops from the lobes to the calyces of the 

MB by extrinsic MB neurons [52]. Among other 

mechanisms that must also be considered are: (1) 
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the possibility of plateau properties, similar to 

those demonstrated to cause prolonged firing in 

other types of neurons in invertebrates and verte- 

brates [e.g., 62-68], intrinsic to neurons at the 

source of LLE, and (2) other long-lasting synaptic 

or modulatory mechanism that increase excitabil- 

ity [e.g., 67, 68]. It is possible that LLE originates 

within the MB and is induced synaptically in 

subsequent neurons within the LALs or vice versa, 

or that it is independently generated at both sites. 

Moreover, the possibility exists that LLE is gener- 

ated in some other region of the CNS and transmit- 

ted to both the MB and the LAL. Findings to date 

do not permit the elimination of any of these 

possibilities. 

(3) Integration of bilateral olfactory information 

at LALs in PC 

Only stimulation of the antenna ipsilateral to the 

soma of a bilateral LAL neuron (Fig. 7) elicits 

excitation [18]. This is consistent with the observa- 

tion that antennal-lobe projection neurons respo- 

sive to pheromonal stimuli also respond only to 

ipsilateral stimulation (Fig. 4) [10, 45] and suggests 

that pheromonal information is integrated un- 

ilaterally within the brain and may not cross the 

midline before at the level of the LALs [18]. This 

contrasts with processing of other types of in- 

formation. For example, bilateral mecha- 

nosensory information enters the pathway at the 

level of certain antennal-lobe projection neurons 

(Fig. 6D) [10]. Bilaterally uniglomerular antennal- 

lobe neurons (Fig. 6D) have been described which 

could provide the substrate for integration of bi- 

lateral information [10]. One such cell was found, 

however, to be sensitive to olfactory stimulation of 

only one antenna even though it was bilaterally 

mechanosensory [10]. 

The structure of the bilateral LAL neurons (Fig. 

7) supports the idea of polarized information flow 

from the side ipsilateral to the soma to the contra- 

lateral side. Ipsilateral branches typically exhi- 

bited smooth profiles, while contralateral branches 

were distinctly different in bearing numerous vari- 

cosities (Fig. 7) [18]. Similar differences in struc- 

ture have been observed in other brain neurons of 

M. sexta [46]. Although the notion requires 

verification with electron microscopy, it is possible 

that this polarity of structure is similar to that 

observed in crayfish neurons, where smooth pro- 

files were shown to be exclusively post-synaptic 

(i.e., the input side of the neuron) and the blebby, 

vericose profiles presynaptic (i.e., the output side 

of the neuron) [69]. In further support of the idea 

that pheromonal information from both antennal 

lobes is collected at the level of the LALs is the 

observation that descending neurons, which have 

branches within the LAL and are probably down- 

stream in the path of information flow, are sensi- 

tive to stimulation of either antenna and do not 

Fic. 7. Morphology of a bilateral LAL protocerebral neuron of M. sexta. (A) (a-f) Photomicrographs of 25-~m 

frontal sections exhibiting Lucifer Yellow-stained neurites of the injected neuron. Reconstructions were made 

from color slides of such sections. (a, c, e) Processes ipsilateral to the cell body has smooth profiles. (b, d, f) 

Branches contralateral to the cell body exhibited numerous varicosities. (B) Reconstruction of the stained 

neuron. The bilateral arbors lay anterior to but did not penetrate the calyces (Ca) of the MBs (stippled). P 

peduncle; VMP ventro-medial protocerebrum. Scale bars=100 wm. (Kanzaki et al. [18]). 

Fic. 8. (A) Intracellular recordings from a bilateral LAL protocerebral neuron that responded with LLE. Clean air 

(a) or odorants (b-f) were delivered to the antenna as 1-sec puff stimuli, indicated by a solid line below each trace. 

(a) Clean air (i.e., gentle mechanical stimulation) appeared to cause a brief inhibition of firing. (b) A puff of 

pheromone blend (0.20 FE) elicited LLE that persisted for over 8 sec (the two traces represent a continuous 

record). (c, d) Individual pheromone components delivered at rather high concentrations produced much weaker 

responses, while tobacco-leaf odor caused brief inhibition similar to the apparent mechanosensory component 

revealed by blank stimulation (e). Stimulation of the antenna even with very high concentrations of E2-6: AL 

failed to elicit LLE similar to that produced by pheromone blend and produced only a BE (f). Scales in (Ab) (for 

all traces) =1 sec, 20 mV. (B) Plots of the firing frequency, measured in 250-msec bins, of the neuron recorded in 

(A), including additional trials. In this and all subsequent plots, where only one concentration is specified, 
different symbols indicate separate trials at that concentration. Where different concentrations were tested, they 

are specified along with the corresponding symbol on the figure. The sequence of stimulus trials always proceeded 

from the lowest concentration to the highest. The time of delivery of the odor is indicated by a solid line beneath 

the traces or plots. (Kanzaki et al. [18]). 
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Fic. 9. Physiology and morphology of a descending neuron that responded to pheromonal stimuli with LLE. (A) 

Antennal stimulation with female extract elicited LLE lasting >20 sec (traces continuous). Scales=1 sec, 40 mV. 

(B) Plot of the firing frequency of the neuron shown in (A) measured in 250-msec bins. (C) Reconstruction of the 

Lucifer Yellow-stained DN (in frontal view) from which the recordings shown in (A) were obtained. Bilateral 

processes of this neuron penetrated LALs on both sides of the brain and were linked by a large neurite that 

crossed the midline in the LAL commissure. The appearance of sparse branching of this neuron is probably a 

consequence of incomplete staining. The axon left the SOG in the connective contralateral to the soma (arrow) 

and could not be traced to the thoracic ganglia. The axon of this neuron had a diameter of about 8 wm and 
traveled in the dorsomedial quadrant of the contralateral VNC. Scale=100 ~m. (Kanzaki et al. [19]). 
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discriminate between the antennae if pheromonal 

stimuli are applied unilaterally (Figs. 9-11) [19]. 

(4) Excitatory responses of olfactory PC neurons 

The majority of responses recorded in PC 

neurons to olfactory stimulation are excitatory. 

Although brief inhibition is sometimes elicited 
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before LLE [18], sustained inhibition is rare. Re- 

cent immunocytochemical studies using antisera to 

GABA have revealed that numerous PC neurons, 

such as optic-lobe interneurons, negative feedback 

fibers of the MB, and fan-shaped neurons of the 

lower division of the central body, are GABA- 

immunoreactive [47]. Because GABA is believed 
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Fic. 10. LLE is elicited by pheromone blends but not by individual pheromone components. (A) LLE was elicited 

by stimulating with the complete wash of the female pheromone gland (b), or with blends of individual 

pheromone components (e), and it lasted much longer than the >15 sec shown in the two continuous traces in 

each trial. LLE could be elicited by stimulation of either antenna. Neither tobacco-leaf odor (f) nor individual 

pheromone components (c, d) activated the cell. Scales (for all traces)=1 sec, 40mV. (B) Plots of the firing 

frequency, measured in 250-msec bins, of the neuron recorded in (A), including additional trials. (Kanzaki et al. 

[19]). 
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to be the neurotransmitter at many inhibitory 

synapses in the insect CNS [70-72], these are likely 

to be inhibitory elements. None of the olfactory 

PC neurons characterized morphologically thus 

far, however, resemble neurons revealed by 

GABA immunoreactivity or innervate the corre- 

sponding neuropils. 

DESCENDING NEURONS 

As described in protocerebral neurons, many 

olfactory PC neurons innervate a particular neuro- 

pil region, the lateral accessary lobe (LAL) in PC. 

LALs and certain adjacent neuropil regions are 

also innervated by branches of neurons that re- 

spond to olfactory stimuli and have axons that 

descend in the ventral nerve cord. It appears that 

the LALs may be interposed in the pathway of 

olfactory information flow from the AL through 

the lateral PC to the descending neurons (DNs) 

(Fig. 14). The activity of these DNs is of particular 

interest because the information they carry repre- 

sents the integrated multimodal output of brain 

circuits that may act on thoracic motor circuitry to 

affect behavior. 

(1) Physiology of DNs 

Physioloigcal responses of olfactory DNs have 

several features in common with those of other 

neurons in the PC, but also have their own unique 

characteristics. As described for PC neurons, the 

responses of DNs to olfactory stimuli fall into two 

general classes, LLE and BE. The LLE-type 

responses are elicited preferentially in PC neurons 

by pheromonal stimuli, including individual phero- 

mone components (Fig. 8), whereas in DNs, only 

blends of pheromone components or the female 

extract elicit LLE (Fig. 10) [19]. Although the 

responses of both PC neurons and DNs fit our 

definition of LLE, the activity of DNs typically 

takes longer to reach the peak firing rate than do 

the responses of PC neurons (3-10 sec for DNs vs. 

1-3 sec for PC neurons) (Figs. 8-11). This slower 

rise to peak firing rates may be due to mixed 

excitatory and inhibitory drive during the early 

part of DN responses. DNs also typically continue 

to fire at high rates longer (>10 sec; Figs. 9-11) 

than PC neurons (<10sec; Fig. 8). Some DNs 

show conditional responses in which identical 

pheromone-blend stimuli have different effects 

depending upon the state of firing of the DN (Fig. 

11). Such conditional responses have not been 

encountered in olfactory neurons of either the AL 

or PCin M. sexta [9, 10, 18, 45, 48, 73] and B. mori 

[25-27, 49]. Conditional responses can be elicited 

in DNs by stimuli applied separately to either 

antenna [19]. PC neurons are sensitive only to 

stimuli applied to one of the antennae (Fig. 8) [18]. 

Integrated information about pheromone blends 

may be collected from circuitry on both sides of the 

brain by bilateral LAL neurons (Fig. 7). The 

arborizations of these bilateral neurons overlap 

with branches of DNs both within the LALs and in 

adjacent PC neuropils and may provide the ana- 

tomical substrate for synaptic interactions (Fig. 9). 

Neither direct structural contacts nor synaptic 

communications between these neurons have been 

demonstrated. However, we have not observed 

any neurons that might mediate the direct synaptic 

contacts between AL projection neurons and DNs, 

as has been suggested to occur in the lateral PC of 

cockroaches [31, 74]. 

(2) Multimodality of DNs 

None of the olfactory DNs showed consistent 

responses to mechanosensory stimuli applied to 

either antenna individually [19]. About 50% of 

pheromone-unresponsive AL projection neurons 

[10] and about 7% of PC neurons [18] that re- 

sponded to olfactory stimulation showed some 

responses to mechanosensory stimulation. Some 

DNs which carry mechanosensory information 

were characterized, but these neurons did not 

respond to any of the odorants tested (Kanzaki, 

unpublished data). By contrast, visual stimulation 

elicited excitatory or inhibitory responses in olfac- 

tory DNs. There were “on” or “off” responses in 

neurons showing LLE and reduction of spon- 

taneous firing with tonic increases in illumination 

(Fig. 12) [19]. Neurons responding to olfactory 

stimuli with BE also show excitatory responses to 

lights on or off (Fig. 13) [19]. It is suggested that 

there is a stronger linkage between visual and 

olfactory modalities than between  mecha- 

nosensory and olfactory modalities. The fact that 

sustained high illumination tended to inhibit back- 
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State-dependent responses of a DN exhibiting LLE. (A) Responses to puffed stimulation with pheromone 

blend ipsilateral to the recording site in the cervical nerve cord. When the neuron was firing at a relatively low 

rate near 4 Hz, stimulation of the antenna with pheromone blend elicited LLE (a). When the neuron was in a 

state of high background firing due to the LLE elicited in (a), a similar stimulus applied to the same antenna 

caused a marked reduction in the firing rate (b) rather than further excitation. This inhibition of firing lasted only 

several seconds, and firing gradually returned to the previous higher rate. Repeated application of pheromone 

blend against the higher background firing rate again caused an inhibition (c). Scales=1 sec, 40 mV. (B) Plot of 

the firing frequency of the neuron shown in (A). Bars above the plot indicate the segments corresponding to the 

traces in (A). Bars below the plot indicate times of stimulus application. (Kanzaki et al. [19]). 

ground firing of DNs that process pheromonal 

information might be relevant to the observation 

that M. sexta males are inactive and unresponsive 

to pheromone blend in the daytime. Of course, 

many other parameters in addition to ambient light 

level change in the course of a circadian rhythm, 

e.g., levels of octopamine in the hemolymph [75]. 

In Bombyx mori, visual stimuli were effective in 

changing the firing state of certain interneurons 

[59]. Moreover, some of these neurons responded 

to both mechanosensory stimuli applied to the 

antennae and directional visual stimuli [59]. Phero- 

monal stimuli were shown to activate or amplify 

visual responses in several DNs of gypsy moth 
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Fic. 12. Multimodal influences on a DN exhibiting LLE. (A) When this neuron was in a state of low background 

firing, turning a bright light on (upward arrow) and off (downward arrow) elicited brief on/off responses and led 

to suppression of tonic firing. (B) Moving a vertical black and white striped pattern horizontally in front of the 

moth with only dim illumination also elicited brief spiking responses that were directional. (Movement indicator 

trace below intracellular recording. Upward deflection=movement R to L, downward deflection=movement L 

to R). (C) Stimulation of the antenna with a blend of pheromone components (50 ng each of E10,Z12-16: AL 

and E11,Z13-15: AL) elicited LLE. (D) When the neuron was in a state of high background firing due to such 

LLE, increasing illumination (upward arrow) suppressed firing. Firing was not restored to the previous high rate 

even when illumination was reduced (downward arrow), although a brief “off” response was elicited. When the 

neuron was again firing at a high rate in a similar LLE activated by puffing the blend of pheromone components 

on the antenna (BE), increasing illumination reduced but did not completely suppress firing of the cell. Another 

puff of the odor blend (50 ng each of E10,Z12-16: AL and E11,Z13-15: AL, soild bar) against this background of 

reduced firing caused suppression of firing lasting several seconds, whereupon the neuron gradually increased its 
firing rate to the pre-stimulus level. This response is consistent with the state-dependent responses elicited against 

the backdrop of LLE, as described above. (F) Increasing illumination (upward arrow) when the neuron was again 

in a state of low background firing produced an “on” response consisting of one spike and subsequently silenced 

the cell. Under this condition of high illumination, an odor stimulus similar to the one that previously excited the 

cell (e.g., c, d) (solid bar) failed to elicit LLE. Scales=1 sec, 40 mV. (Kanzaki et al. [19]). 
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Fic. 13. Physiology and morphology of a unilateral descending neuron responding with BE. (A) Intracellularly 

recorded responses to odors and movement. This neuron exhibited an extremely low background level of 

activity. It gave only occasional signal action potentials when unstimulated or when clean air (a), plant odor (f), 

E2-6: AL (g), or pheromone components (d) were puffed onto the antenna. This neuron’s failure to respond to 

these air-puff stimuli suggests an absence of sensitivity to gentle mechanical stimulation. Brief increases in firing 

at short latency, and slight increases in the occurrence of impulses at longer latencies, seemed to be elicited by 

female extract (b) and E10,Z12-16: AL (c, e). No responses were elicited by stimuli applied to the contralateral 

antenna. This neuron gave brief on/off responses consisting of one or two impulses when illumination was 

increased (h), and it gave a more vigorous response to movement of a pattern of vertical black and white stripes 

horizontally in front of the moth (i). Scales=1 sec, 40 mV. (B) Reconstruction (in frontal view) of the neuron 

whose responses are illustrated in (A). This neuron projected several stout branches to a region just ventral to the 

AMMC. The main neurite projected through the SOG ipsilaterally to the soma and sent off a fine branch there 

shortly before entering the ipsilateral cervical connnective (arrow). Inset: Cross section of the cervical connective 

showing the lateral position of the axon. Scale bars=100 um. (Kanzaki et al. [19]). 
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Lymantria dispar [76]. 

(3) Morphology of DNs 

Some DNs that show LLE or BE have branches 

in the LALs on either side (Fig. 9) [19]. Many 

pheromone-processing PC neurons innervate the 

LALs, and that some of these neurons provide the 

anatomical substrate for linking the LAL to the 

lateral PC [18], a region receiving axons of AL 

projection neurons. The LALs on the two sides of 

the brain are linked by bilateral PC neurons with 

arborizations in each LAL (Fig. 7) [18]. It appears 

that the LALs may be interposed in the pathway of 

olfactory information flow from the AL through 

the lateral PC to the DNs (Fig. 14). 

Some DNs that show BE in response to phero- 

monal stimuli do not have neurites in the LALs 

(Fig. 13) [19]. Instead, their branches innervate a 

variety of regions within the ventral PC of the 

brain. Even in the bilateral neurons with dense 

arborizations in the LALs, some branches project 

out of the LALs to adjacent neuropil regions and 

could, in principle, provide a linkage to DNs that 

reside entirely outside of the LALs [19]. Alterna- 

tively, olfactory information may be delivered to 

these DNs by pathways that do not include LAL 

neurons (Fig. 13). 

In general, LLE has been associated with 

neurons which contain branches within the LALs, 

while many cells exhibiting BE lack projections 

within these neuropil areas (Fig. 13) [19]. When 

tested with pheromonal stimuli applied to either 

antenna individually, the former neurons respond 

to stimuli applied to either side, while the latter are 

excited only by stimulation of the ipsilateral anten- 

na (Fig. 13) [19]. Thus, it could be that multiple, 

higher-order pathways exist by which olfactory 

information reaches DNs. Some pathways may 

carry information confined to one side of the brain 

and may elicit BE in DNs that do not invade the 

LALs with their arborizations. Other pathways 

may lead to the LALs, where olfactory informa- 

tion from both sides of the brain is collected, and 

may elicit LLE in DNs with neurites in this neuro- 

pil area (Fig. 14) [19]. 

(4) LLE responses in DNs 

Long-lasting increases in firing elicited by phero- 

mone components have been described in a class 

of axons termed “flip-flopping” interneurons in 

male B. mori [59]. These neurons exhibited con- 

ditional responses, in that stimuli applied when a 

neuron was in a State of low-frequency firing 

elicited accelerated firing, while identical stimuli 

applied when the neuron was in a state of high- 

frequency firing caused decelerated firing (hence 

the term flip-flop). The conditional responses of 

M. sexta DNs differ from the flip-flopping of DN in 

B. mori in several ways. In B. mori, long-lasting 

increases in firing could be activated in flip- 

flopping neurons by the primary component of the 

pheromone blend, bombykol, which also activates 

the entire sequence of zig-zag walking by which 

males approach signalling females [59]. In M. 

sexta individual pheromone components fail to 

elicit LLE, but blends of the major pheromone 

components or female extract are effective (Fig. 

10) [19]. In B. mori, both high and low states of 

firing elicited by pheromone components were 

stable and lasted as long as 4min. In M. sexta, 

LLE elicited by pheromone blends can last several 

tens of seconds, but the conditional reduction of 

firing elicited by subsequent pheromone-blend 

stimuli spontaneously reverts to the state of high 

frequency firing after several seconds (Fig. 11) 

[19]. 

The activity states of flip-flopping neurons of B. 

mori were correlated with changes in antennal 

posture that occur in association with turns during 

the olfactory-mediated zig-zag walking [59]. 

Another group of DNs has been identified in B. 

mori that showed LLE responses to stimulation of 

antenna by bombykol but did not give conditional 

responses similar to flip-flopping [77]. The dose- 

response relationship between bombykol stimuli 

and prolonged firing of these DNs closely resem- 

bled a similar relationship between pheromonal 

stimuli and production of wing fluttering. Kanzaki 

and Shibuya [77] suggested that these neurons may 

have a role in initiation and maintenance of the 

“mating dance” of B. mori. The morphology of 

these neurons was shown by dye injection to be 

very similar to that of the M. sexta neurons illus- 

trated in Fig. 9C [77]. 

The responses recorded in DNs may play a role 

in central processing of olfactory information or in 
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Fic. 14. Schematic summary of higher-order olfactory pathways in the brain of male moth Manduca sexta. This 

diagram summarizes functional pathways for flow of olfactory information through the brain derived from the 

morphologies of pheromone-sensitive interneurons that were revealed by Lucifer Yellow injection. Frontal view. 

Output neurons (AL PNs) of the antennal lobes (AL), the primary olfactory neuropil, are depicted by lines with a 

letter “a”. Lines with a latter “p” depict olfactory neurons intrinsic to the protocerebrum. Descending neurons 

are represented in lines with a letter “d”. Boxes outlined by lines depict prominent target neuropil areas in the 

protocerebrum defined by the projection patterns of olfactory neurons. LP; lateral protocerebrum, SP; superior 

protocerebrum, VP; ventral protocerebrum. 

generating or controlling olfactory mediated be- 

havior. The LLE and state dependent activity 

changes are particularly intriguing, because they 

seem to represent an essential link towards be- 

havior. These neurons are premotor DNs to the 

motor circuits of the thorax and their responses are 

elicited by complex and behaviorally relevant 

stimuli, i.e., the pheromone blend rather than 

individual pheromone components [19]. 

Analysis of upwind and casting flight behavior in 

several moth species by Baker’s group has led to a 

recent proposal that the goal-oriented upwind 

flight is mediated by the complementary action of a 

dual flight control system [78-81]. In this system, 

contact with pheromone-laden parcels of air in the 

turbulent plume would produce (1) rapidly acti- 

vated surges of upwind flight that would also be 

rapidly terminated upon the next encounter with 

clean air, and (2) long-lasting activation of a 

counterturning program which would continue to 

produce turns that comprise the “casting flight” 

that persists for seconds when the moth loses 

contact with the pheromone plume. Our finding 

that the responses of higher-order olfactory 

neurons, including descending neurons, fall into 

the general categories of phasic (BE) or tonic 

(LLE) activity invites the suggestion that these 

classes of neurons may separately drive the phasic 

(upwind surges) and tonic (counterturning) com- 

ponents of the dual flight control system [73-81]. 
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Primary Structure and Function of a Dynein Motor Molecule 
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Department of Cell Biology, National Institute for Basic Biology, 

Okazaki 444, Japan 

INTRODUCTION 

Gibbons and Rowe [1] were the first to describe 

the microtubule-associated motor protein known 

as dynein, which they found when they isolated an 

ATPase from Tetrahymena cilia. The axonemal 

dyneins are contained in the outer and inner arms 

that project from the peripheral doublet microtu- 

bules, and they form cross bridges between adja- 

cent doublet microtubules. The ATP-driven cross- 

bridge cycles generate the sliding between micro- 

tubules that gives rise to both flagellar and ciliary 

movements [2]. The outer and inner arm dyneins 

are different in terms of their peptide composi- 

tions. Both the dyneins are multimeric proteins 

and are composed of heavy chains with ATPase 

activity, which are assumed to be motor peptides, 

and several accessory peptides. The molecular 

mass of the heavy chains in the dyneins (~500 

kDa) is 2.5-fold larger than that of the myosin 

heavy chain and 4.5-fold larger than that of the 

kinesin heavy chain, the other well-known motor 

molecules. Progress in analyzing the structure and 

function of dynein heavy chains was hindered by 

the lack of primary sequence information, which 

was due to the difficulties encountered in attempts 

to clone a cDNA that encodes such a large pep- 

tide. Nevertheless, the sequence was avidly pur- 

sued by many groups for quite sometime. Finally, 

Gibbons ef al. [3] and Ogawa [4] simultaneously 

determined the complete amino-acid sequence of a 

dynein motor molecule: the well-characterized 

heavy chain of sea-urchin axonemal dynein. The 

Received January 29, 1992 

present review will be limited to a description of 

the “brave new world” of the sea-urchin axonemal 

dynein motor molecule, as revealed by molecular 

cloning. 

THE DYNEIN MOTOR MOLECULE 

When demembranated sea-urchin sperm are ex- 

tracted with high salt, the flagellar beat frequency 

of extracted sperm is only about half that of 

control sperm that have not been exposed to high 

salt [5]. Examination by electron microscopy 

revealed that extraction with high salt removes 

most of the outer arms from the doublet microtu- 

bules, leaving the inner arms apparently intact. 

The outer arms can be purified as ATPase- 

containing particles with as S value of 21 (referred 

to an the outer-arm dynein or-21S dynein) by 

centrifugation through a sucrose density gradient. 

SDS-polyacrylamide gel electrophoresis (SDS- 

PAGE) resolved the outer-arm dynein into at least 

nine different peptides: a and f£ heavy chains 

(DaHC and DfHC); three intermediate chains 

(IC1-3); and at least four light chains (LCs) [6]. 

Exposure to a low-salt medium converts 21S dy- 

nein into three smaller factions: one containing the 

DfHC/ICI1 complex; one containing aggregates of 

DaHC; and one containing IC2 and IC3 [7]. 

Sale et al. [8] were able to examine isolated 

outer-arm dynein by the quick-freeze, deep-etch 

technique. Replicas revealed that the 21S particles 

were composed of two globular heads jointed by 

two irregularly shaped stems that made contact 

along their length. One head was pear-shaped and 

the other was spherical. The stems were decorated 
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with a complex of bead-like particles. The DBHC/ 

IC1 complex, obtained as described above, con- 

tained only single-headed molecules with single 

stems. These heads were predominantly pear- 

shaped. Sale et al. concluded that each head is 

formed by a heavy chain, that the pear-shaped 

head contains the DSHC, and that the spherical 

head contains the DaHC. Three intermediate 

chains might decorate the stem that is joined to 

each head. The position in situ of LCs in the outer 

arm has not been described. Sale et al. also 

observed in situ the outer-arm dynein of demem- 

branated sptem. When frozen in reactivation 

buffer in the absence of ATP, each arm consists of 

a large globular head that is attached to the 

A-subfibers of doublet microtubules via distally 

skewed subunits and is attached to the B-subfibers 

by a slender stalk. In the presence of ATP, this 

head shifts its orientation such that it can be seen 

to be constructed from two globular domains. One 

interpretation of these observations is that these 

structural changes represent distinct states of a 

cyclic cross-bridge cycle. The subfractionated sam- 

ples of the outer-arm dynein were assessed by a 

translocation assay in vitro, in which putaitve 

motor protein was allowed to adsorb to a glass 

coverslip, and microtubules were then applied 

together with ATP. The “gliding” movement of 

microtubules under such conditions can be ex- 

amined by video-enhanced contrast-differential in- 

terference contrast (VEC-DIC) microscopy [9]. 

This system was originally introduced to monitor 

the activity of microtubule-associated motor pro- 

tein in cytosolic extracts of squid giant axons, with 

the resultant discovery of kinesin [10, 11]. The 

motor proteins, when properly oriented on a 

fragment A 

coverslip, can interact with a microtubule in such a 

way that they generate force along it, causing the 

microtubule to glide along the glass surface. 

Motors that are not properly oriented, rather than 

retarding the microtubule, seem unable to interact 

with it and have no apparent effect on the net 

production of force. Sale and Fox [12] observed 

that microtubules also glide on coverslips coated 

with just the DSHC/IC1 fraction. Neither the 

DaHC nor IC2/IC3 fractions were associated with 

gliding of microtubules. 

PROTEOLYTIC AND PHOTOLYTIC 

ANALYSES 

The functional substructure (site of hydrolysis of 

ATP within the molecule) of DBHC was revealed 

by a classical approach rather than by molecular 

cloning. Ogawa [13] first obtained a tryptic frag- 

ment with ATPase activity from a low-salt extract 

of dynein and named it fragment A. Fragment A is 

a molecule of about 360-400 kDa in its native form 

and it can be separated into two peptides, desig- 

nated f2 (190 kDa) and f3 (135 kDa), by SDS- 

PAGE [14]. Since f2 and f3 remain associated 
with each other during native PAGE, it is possible 

that the corresponding two regions of DGHC could 

be folded back on each other via intramolecular 

interactions. Ow et al. [15] established the princi- 

pal pathway for tryptic cleavage of DSHC in a 

low-salt buffer, as shown in Figure 1. They iso- 

lated fragment B (also known as f1 peptide, 130 

kDa) which is detached from fragment A during 

digestion. DaHC did not generate a stable tryptic 

fragment. This result suggests that the two heavy 

chains that make up the outer arms are structurally 

{3 (135 kDa) 
as | 

(hydrolysis of ATP, 

DBHC —U binding to B-subfibers) f2 (190 kDa) 

fragment B ————~_ f1 (130 kDa) 
(binding to A-subfibers) 

Fic. slr 

subsequent cleavage. 

Principal pathway of tryptic cleavage of DBHC. T1 indicates the early cleavage and T2 indicates the 
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different from one another. 

The outer-arm dynein has two microtubule- 

binding sites. The ability of isolated dynein to 

rebind to the extracted axonemes was reported by 

Ogawa and Mohri [16]. Functional recombination 

of isolated outer arms revealed that the outer arms 

bind to the A-subfibers in a salt-dependent manner 

[17]. This type of binding ability of the outer arms 

was not associated with fragment A [13]. Frag- 

ment B may contain the binding site for A- 

subfibers [15]. However, the ability of fragment B 

to rebind to the extracted axonemes has not yet 

been demonstrated. The outer arms can associate 

with the adjacent B-subfibers in an ATP- 

dependent manner, as described above [8]. Since 

fragment A has ATPase activity and is slightly 

activated by the B-subfiber fraction [13], outer- 

arm dynein may interact with the B-subfibers 

through the fragment A moiety of DSHC in a 

ATP-dependent manner. 

Irradiation at 365 nm of D@HC in the presence 

of Mg-ATP and a low concentration of vanadate 

(V;) cleaved DBHC at a single site termed the V1 

site and ATPase activity decayed in a biphasic 

manner [18]. Because vanadate can potently sup- 

press the activity of dynein ATPase, probably via 

occupation of a site that is normally reserved for 

the y-phosphate of ATP, the V1 site probably lies 

in the hydrolytic domain of the D@HC. Irradiation 

in the presence of Mn’ ions and of a higher 

concentration of V; resulted in cleavage of DBHC 

at a single site, designated V2, but this cleavage at 

the V2 site was not correlated with any direct 

effect on ATPase activity [19]. The peptides 

produced by sequential cleavage at the V2 site and 

then the V1 site indicated that the two sites are 

separated by a region of 100 kDa along the length 

of the DBHC. The ATP-hydrolysis pocket of the 

central domain might be composed of the y-P;- 

binding V1 site and the purine-binding V2 site. 

The D@HC can be covalently modified by reaction 

with the hydrolyzable photoaffinity analog of 

ATP, 8-azido adenosine 5-triphosphate (8- 

N3ATP), which is hydrolyzed by fragment A at 

about 10% of the rate of hydrolysis of ATP [15]. 

The V2 site was found to be close to the locus of 

attachment of 8-N3;ATP, which may correspond to 

the purine-binding region of the ATP-hydrolytic 

site on the D@HC. Mocz et al. [20] proposed a 

map of the sites of tryptic and photolytic cleavage 

on the D@HC, as shown in Figure 2. 

HUNTING FOR A GENUINE CLONE 

A much more direct approach to the analysis of 

the functional site is provided by the molecular 

cloning of the gene for D@HC. Garber et al. [22] 

claimed initially that they had isolated cDNAs for 

the dynein heavy chain from trout testis that 

predicted an extensive, carboxy-terminal, a-helical 

coiled-coil domain. Because of incomplete charac- 

terization, it is unknown which. of the several 

QQVAPLQANEVAI TITLAN?7LVGGLA?E?V 

fragment B fragment A 
Rpm eed es ee reset eri seofragmenteAie ve sr COOH 

Fic. 2. Tryptic (T) and photolytic (V) sites within D@HC. The original map proposed by Mocz et al. [20] has been 

revised [21]. Numbers below the top map represent molecular masses in kDa, as determined by SDS-PAGE. 

The second map shows the positions of three tryptic fragments in the molecule. The amino-acid sequences of the 

f2 and f3 peptides are also shown. The bottom map shows that fragment A is located on the carboxy-terminal side 

of the molecule adjacent to fragment B. 
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heavy chains of trout dynein [23-25] these clones 

might encode. Mitchell [26] isolated genomic 

clones of a and ~ heavy chains from Chlamydomo- 

nas. However, none of these clones have yet been 

sequenced. Foltz and Asai [27] characterized a 

cDNA that encodes a portion of sea-urchin ciliary 

DGHC. Although four independent criteria sug- 

gest that their clone encodes a portion of DBHC, 

their identificaiton of immunoreactive clones from 

expression libraries cannot be taken as proof that 

the cDNA clone of interest has been isolated. 

Hisanaga et al. [28] isolated “cytoplasmic dy- 

nein” with a molecular mass and immunogenicity 

similar to those of axonemal D@HC from unferti- 

lized eggs of the sea urchin. The substructure [29] 

was also indistinguishable from that of the ax- 

onemal DBHC [8]. Ogawa et al. [30] showed that 

DGHCs from sperm and egg cilia may be similar to 

one another. There is no evidence to suggest that 

sea-urchin “cytoplasmic dynein” is different from 

ciliary or sperm DBHC. Recently, Ogawa [31] 

screened a cDNA library that corresponded to the 

poly(A)* RNA of unferilized eggs using an anti- 

body directed against sperm axonemal dynein 

heavy chains. The cDNA clones (AJ292, 4J296, 

AA101, AA102, AA103, and AA104) obtained may 

encode ciliary D@HC. Fingerprints of fusion pro- 

tein produced by lysogenic AJ296 were similar to 

those of authentic 21S dynein from sperm. The 

Northern blot of poly(A)* RNA revealed that 

0 5 

Mm WS 

A103 

A055 

Fic. 3. 

only two clones (AJ296 and AA103) could hybri- 

dize with an RNA of ~16kb in length. Since 

DBHC has an estimated mass of 480 kDa, it could 

be encoded by poly(A)* RNA of at least 14 kb in 

length. Thus, the two clones appear to be strong 

candidates. Finally, the amino-acid sequence de- 

duced from the nucleotide sequence of AA103 

contains one of the ATP-binding motifs (GKT site, 

see below) and the amino-terminal sequence of the 

f2 peptide [21]. Thus, these two clones appear to 

be the first genuine partial clones of cDNA that 

encodes DGHC. 

CONSTRUCTION OF FULL-SIZE 

COMPLEMENTARY DNA 

The AJ296 and AA103 clones encode the car- 

boxy-terminal and central regions of D@HC, re- 

spectively. The missing segments of cDNA can be 

isolated by making mini cDNA libraries primed 

with oligonucleotides that are complementary to 

the 5’-portion of these clones, with subsequent 

screening with radiolabelled DNA probes. Ogawa 

[4] has sequenced additional three clones (AF1113, 

XA055, and AMO062). Full-size cDNA was con- 

structed by the overlapping of five clones, as 

shown in Figure 3. The long reading frame can 

encode a protein of 4,466 amino-acid residues with 

an unmodified molecular mass of 512 kDa. The 

deduced complete amino-acid sequence of DGHC 

10 15 

i 

AMO062 

AJ296 

Five overlapping clones that encode DBHC. The long open reading frame (thick line), flanked by 

non-conding sequences (thin lines), is shown at the top. Because of multiple allelic variation, the nucleotide 

sequences of two clones in the overlapping region are different from one another with frequency of one altered 

base per 100 bases. For overlapping of clones, weight was given to the nucleotide sequences of AJ296 in the case 

of AJ296 and AM062, AM062 in the case of AM062 and AAOSS, AA103 in the case of AANS5 and AA103, and AA103 

in the case of AA103 and AFI113. 



is shown in Figure 4. The sequence was confirmed 
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trout and by Foltz and Asai [27] for the sea urchin. 

by the finding of the two amino-terminal sequences 

of the f2 and f3 peptides of fragment A in the 

The former sequence was 

found at amino-acid residues, 1,192-1,204 and the 

latter at residues 3,324-3,340. 

quence shows no significant similarity to the partial 

sequences reported by Garber et al. [22] for the 

deduced sequence. 

1081 

ala y/ak 

1261 

Usy5zb 

1441 

i5)3}IL 

1621 

seals 

1801 

1891 

1981 

2071 

2161 

BAISAL 

2341 

2431 

2521 

2611 

2701 

ai Sal 

2881 

Ziel 

3061 

SiIL5ib 

3241 

S388! 

3421 

SLL 

3601 

3691 

3781 

3871 

3961 

4051 

4141 

4231 

4321 

4411 

Fic. 4. Deduced amino-acid sequence of 

MGDVVDARLD 
DNIKTNLVYG 
KDDSYDRSLV 
TERDVEAALT 
LEPEESLEKV 
LSQQVEKIHE 
CKYPIVLMLY 
EMLNLLNKYE 
DLTVAWYNKV 
KELKKESLLA 
LFEARLELQV 
SFDNYAYLYV 
LIKKWSFMFK 
TQLQELPEQW 
AGLFEVNMPD 
SLRAVSELQN 
ISLLKSNEEL 
DFKELAAEME 
LKFKQDDEGN 
TEVNISFARL 
KHCYANICDA 
YKGLAQTGAW 
DFELICEIML 
VFMGLIGDLF 
DLNPKAVTND 
SHLKTATPAT 
ENTPADCPKE 
AVLVHTNETT 
LVYFIDDMNM 
ILSQHLANIA 
INDQDIEAFE 
NRILESPRGN 
ASGEIPDLFA 
SVSKRFLDEV 
QQVDDLKAKL 
NLTELKSFGS 
AAGGLCSWVV 
LVGGLASENV 
EGLPSDRMST 
KKGRYIKIGD 
DNLLSRLSSA 
SLSIARAEPC 
IKSLSAMEDF 
EETDPATPVF 
GSHESYRVYM 
GWNRSYPFNT 
YHQYIDEILP 
YVVVAFQECE 
PNVVWLGGFF 
FIKAIPVDKQ 

FISEYILKSY 

DLSYTPLEQL 

HAIESVIIDW 

EAQDINIHLK 

RGALTVLKNW 

EFQECAKVFT 

DQELDQOSKET 

QKVFENWTKG 

RKTVLEVEFP 

LDDRQDRLKK 

PDMIFNPSLD 

DDRKEFMROF 

QHLIDHVTNS 

NNTKKIAITI 

YKOLKACRRE 

PATRERHWQQ 

IETLEDNOVQ 

KTPNVVEATN 

DTKLALGMYS 

EEGHENSMKD 

QOFKYSYEYLG 

GCFDEFNRIS 

VAEGFLEARL 

PALDVPRRRD 

ELFGIINPAT 

VSRAGILYIN 

LYELYFVFAS 

RVRF'FMDLLM 

PEVDTYGTVQ 

VSNALQKLSP 

KLVFEYAKKF 

ALLVGVGGSG 

DDEVENT 

ELLKGDIKNS 

ASQEVELAQK 

PPSAVLKVAA 

NIVKFYNVYC 

RWGEAVANFK 

ENATILSNCQ 

KEVEYNPEFR 

EGNFLGDTAL 

EDVKERVVNL 

RNLDRDIEGS 

FILSPGVDPL 

SAEPAGSPES 

GDLTISVNVL 

PESPYLYGLH 

RMNTLTSEIR 

NPOSFLTAIM 

DTRNIYECPV 

KLKPDKWTKC 
SALVDEVLVP 
THQIRDVLKR 
PLVYQIESMD 
RELYDEHRAK 
ERPYDGLDPT 
YDEHMRVEEA 
VDEVCKTNLD 
LIEGQLADLD 
RYAEITTAGE 
YGIADGFYDL 
LLYNHVLTTE 
LSELQEFIKV 
KQQVAPLOAN 
VRLLKGLWDL 
LMAATKVKFT 
LONLMTSKHI 
KARLFDRLEA 
KEGEYVDFDK 
YNKKQILOLN 
NTPRLVITPL 
VEVLSVVAVQ 
LARKFITLYT 
LDFEKVVKQS 
REWKDGLFSV 
PSDLGWNPIV 
IWAFGGSMFQ 
ERGRPVMLVG 
PHTLIRQ 
TVVSATLDLH 
FEDVDEEALK 
KOSLARLASY 
VRNEVKGMGL 
TAEFMAYVHV 
NEDADKLIOQV 
AVMVLLAPNG 
DVEPKRIALQ 
IQEKTLPGDV 
RWPLMIDPQL 
LILQTKLANP 
VENLETTKRT 
IDCITYSVFI 
AKRWKKFVES 
KDVEALGKKL 
HIIPQGILES 
YNYLEANSKV 
PNAEIGFLTT 
RSLKELDLGL 
QSMARKNEWP 
YKTKORGPTF 

The entire se- 

INVEENKILM 

LLANPRNHEQ 

DSAQPLLEGL 

ELEFSDLTPR 

LKDYFKDGKE 

COQEFLEDYEE 

NGNAPLNKNM 

QSLITRDDAS 

TRLRQAEADL 

KIHSLMKENL 

VEMLISDTYK 

EITEAHAEDGV 

GNSGLTKTVE 

EVAIIRRKCT 

IMVVRTSIED 

MDKETTLSDL 

AHFLEEVSGW 

IQGSLVVCEK 

ECECTGOVEV 

TLIGLLIGKL 

TDRCYITLTO 

VKCVQDATRD 

LCKELLSKQD 

TLDLKLQAED 

IMRDMSNITH 

TSWIDTREVQ 

DOLVDYRVEF 

NAGLGKSVLV 
@ 6060 

YKHWYDRAKL 

KKVAQSFLPT 

AKPNIHCHFA 

ISSLEVFQIT 

QDTRENCWKF 

SVNESSKOYL 

VGVETEKVSK 

KIPKDRSWKA 

KANDELKAAQ 

LLITAFVSYI 

QGIKWIKOKY 

HYKPEMOAQT 

AAEISVKVEE 

YTTRGLFEAD 

ECPEKEKF'PQ 

GFTFDNNNFH 

SIKITNEPPT 

PWODLRYLF'G 

ESDNLFKVVL 

KGELTITPDM 

LDKMCLOCDV 

VWTFNLKSKE 

ATP-BINDING SITES 

Fragment A corresponds to amino-acid residues 

1,192—4,466. In view of the ability of fragment A 

to hydrolyze ATP, a search was made in this 

region for the consensus ATP-binding motif 

LEFLEKADNP 

WPVVVSQDVL 

NPGPMVEINFE 

LAPILHTVCL 

VKEWEFASPL 

FEKKVFDLDR 

PDVAGOLKWS 

KLIMVNF'DPK 

NWTSDSVWEY 

DLFKAERASSD 

MASLVNRLAE 

PECPPTLDOF 

DGDYNGLVDC 

SFDVRQHEFR 

WKTTPWLEIN 

LALNLHNFED 

QKKLSTTDSV 

ALAEYLETKR 

WLNRVMDTMR 

TKGDROKIMT 

SLHLVMSGAP 

KKERF'NFMGE 

HYDWGLRAIK 

SFVLKVVOLE 

DGPKWIVLDG 

SERANLTILF 

SKWWITEFKT 

GDKLSNLGED 

TLKETHKCOY 

ATKFHYVFNL 

TGIGDPKYMP 

LRKGYGIPDL 

FIDRLRROLK 

TNERRYNYTT 

EKATVDDEEK 

AKVVMNKVDA 

DKLALIKAKT 

GCFTKNYRVD 

GDELRVIRIG 

TLINFTVTRD 

AKVTEVKINE 

KLIFTTOVAF 

EWKNKSALOK 

NVSLGQGOET 

GMFANLHKAL 

EIMYGGHITD 

ELQPRDAGGG 

EDLSNALFLD 

TKKNKEDF'SS 

KAAKWTLAGV 

QLVFTVNPAG 

RHVHNLKSSV 

WKAKCENLDC 

IWSNSDYYNT 

VETRMDNFIR 

RLGSILCQGF 

AQLRDRISKP 

LVSVLREVKY 

IQETRDQVRD 

IWKAYVDYVD 

HNGQEHYQAD 

KEQVDTYEKI 

MGHLMAVKER 

ERFRKEAPFI 

VEQMEMDCKK 

EVRNIVDKAV 

ITIWFEVORT 

LAFPRFYFVS 

STVRSOFADA 

ICTIDVHARD 

AGPACTCKTE 

EISLIPSVGI 

SVLVVAGSLK 

ELLAVRHSVF 

DIDPMWIESL 

DKYLPTLLDT 

IKFPNOGTVF 

SMVANVPFNY 

VSCMNPTSGS 

RDLSNVF'OGL 

CATWPELNKTI 

KLDLATVCMK 

TVLCFSPVGT 

PKSFLEQTKL 

KVAIINEEVS 

FLDSLINYDE 

AELDANLAEL 

LODRMWLPFL 

QRGYLDTIEN 

GLEDOQLLANV 

ARELYRPAAA 

QVLLMKKETA 

LCMMRALRAD 

VAEQCMDLAA 

YNFNODTLEM 

DWDRRLCRTY 

GGGGSSREEK 

QTPASWVKRA 

APREGSYVHG 

ALLLOV 

LITPSYEFPS 

YVVAGOVKGK 

IFQQOLRDPKV 

APRVIVLLQE 

RIETIQSLFE 

DDCCGLEAAF 

MGSLKHMEHP 

LOIRGEETIP 

LEKRVQOTKD 

DMVIDGFFNC 

LEGMDDLSDV 

YSEADETEPE 

QAATDEMF'EP 

FLFDGPYQCL 

FAKDIRSLDK 

KEMGMEKVLK 

WSHLESIFIG 

SADLLDILSQ 

VVSYEEKPRE 

VVAMMVLKKV 

TTKDLGRALG 

FITMNPGYAG 

RGDPQRPEDOQ 

VIGNAGTGKS 

NTVMD KVL 

LRIRFKKIIP 

DYY IDQESKK 

YTTSEMLORV 

FTINSRLQRH 

LYSGSDLLKS 

LVEALDTYNE 

AGLKNIGTVF 

TLRVRSRKFP 

YESLLAMKSK 

KKAKDCSEDL 

ENIHENCQOKA 

TAQFEKATSD 

KSQKDPIPIT 

AISSGDTVLI 

VAQERPDLEK 

RASLLYFILN 

QNELDF'LLRF 

RMSYAVRNF I 

KEGHWVILON 

CAREAEFKVI 

LEEYMAPEML 

IKSLLDEIVE 

YPSLFGLSAW 

LFMEGARWDT 

ALKNTKATYF 

TLLPLPVGSE 

RKMKELLERT 

ICNLLIDLCR 

TNVEFSKLEK 

KMLDCYGPLL 

TGVRRILESE 

ESAASTYEKH 

NVDRIKKIMA 

IHCTLTYLLE 

RNDLMDRVOT 

QVFDAWFRVD 

IKOTIELLKT 

DKCHSETYEM 

EMRAWDAYNG 

ELNTTWSSMD 

SEDIRNQLPE 

GNNPTQOVQRH 

QWLYDY PAOQV 

DSAQAFQWLS 

IMVYVFNCSE 

RTELPENLKA 

VLMRALRDFN 

QVLKVLNKTY 

TLASNERIPL 

IPEQSMVOML 

FLPWSEKVPT 

LEKPLEKKAG 

FCVFALSF PG 

PIDFARLWMH 

INAVMNLVLF 

LMTDAQVSDE 

AVVNCTSIDW 

ELTAKMERLE 

AKAEPALLAA 

IKEYLNDPEF 

KLKCQOEAEA 

EGLDVLSMLT 

ENMEEST DPV 

LKSDLTKQON 

DLNKINPLYO 

PIQVGLTSPV 

EEKLGSKYVE 

THLVAKWLST 

LFALCYFHAV 

DGDLYLAPGF 

KLPEEFNMME 

YADLLORIKE 

QTNMIADARL 

IKKGREPVGK 

KVETAAGSEE 

QSSYLPSFNN 

TFLDPSEIFK 

TEMGSMKGRM 

DRPVIRNDFE 

DAKVIFQOKYE 

ETLRKYVANL 

EWTKQPLFER 

NTDPRHCAAP 

IMTKAQEYRN 

SKPFKAALLN 

YDQEMSEEVH 

EEHMAKLQES 

LDATVKNMLT 

FDYEPHSRTG 

DSKRFDGIDT 

LSKLFDNMAK 

ALATTQVWWT 

QLRHRWADDD 

QMDYKSCGNI 

LFRPCAMVVP 

VPKIVSDDTP 

SNMKRKPVF I 

TPSMRLLFET 

CYLLECLLTP 

FELDPETIPMQ 

RNYGPPGTKK 

QDALSTTYNS 

ECQRVYGDKM 

EDAMQHVCRI 

KFLVLINDLL 

FHEWPQEALV 

NGLTKLOSTA 

QEALNTLNKN 

EPEYIKGKSL 

TSRTLTLANR 
DDADIAVWNN 

LDPVLGRNTI 

DFKIILKELE 

FSLKAFNTVF 

DFLTNSAWGA 

GROVEFAKSY 

LEKKLEQYSI 

VCERQKFGPQ 

PVPPNSDYKG 

IMGKVEDRTP 

LEQWTADFAL 

KELAPNMPVI 

sea-urchin Anthocidaris crassispina axonemal DBHC. The amino-acid 

residues that have been confirmed by direct sequencing are underlined and putative-ATP-binding motifs are 

indicated by filled circles. Amino acids marked with filled squares define the sites of trypsin cleavage. 
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GXXXXGK(T/S), where X is any amino acid. 

This motif was found at three positions in the f2 

peptide as follows, between residues 1,192 to 

3,323: beginning at Gly 1,852 (termed the GKT 

site); at Gly 2,133 (the GKS1 site); and at Gly 

2,460 (the GKS2 site). The sequence GXXXSGK 

is also accepted as an ATP-binding sequence of 

adenylate kinases [32], and this sequence was also 

found in the f2 region, beginning at Gly 2,805 (the 

SGK site). Therefore, molecular cloning of DBHC 

has revealed the presence of four putative ATP- 

binding sites in the middle region of the molecule. 

Since the amino-terminal sequence of the {2 

peptide begins at residue 1,192, the T1 site can be 

identified on the carboxy side of Lys 1,191. 

According to the map of DSHC (Fig. 2), the 

y-P;-binding site (V1 site) is separated by a region 

of 70 kDa from the T1 site in the carboxy-terminal 

direction. There are 660 amino-acid residues be- 

tween Gln 1,192 of the T1 site and Gly 1,852 of the 

GKT site, and this distance is equivalent to a 

peptide of 73kDa. Thus, the GKT site corre- 

sponds to the V1 site revealed by photocleavage of 

DBHC and may be able to catalyze the hydrolysis 

of ATP. The binding site for 8-N;ATP (V2 site) is 

separated by a region of 170 kDa from the T1 site 

in the carboxy-terminal direction. There are 1,603 

amino-acid residues between Gln 1,192 of the T1 

site and Gly 2,805 of the SGK site, and this 

distance is equivalent to a peptide of 177 kDa. 

Thus, the SGK site corresponds to the V2 site. 

Since fragment A can hydrolyze 8-N3ATP at about 

10% of the rate of hydrolysis of ATP, the SGK site 

may also be able to catalyze the hydrolysis of ATP. 

The presence of two GKS sites was not predicted 

by the photocleavage of DBHC. The sites have 

sequences that are very similar to one another. 

The ATP-dependent C/pA protease of E. coli has 

also two ATP-binding motifs which are very simi- 

lar to one another [33]. Thus, the sequence 

similarity between the two GKS sites in the mole- 

cule may not be a coincidence, but may represent 

proof of two functional sites for hydrolysis of ATP. 

Fragment B does not have any ATPase activity 

[15]. The sequence AXXXXGKT, beginning at 

Ala 154, appears to be a modified nucleotide- 

binding motif, as found in the GTPase superfamily 

[34]. At the present time, however, it is uncertain 

whether fragment B has the ability to bind GTP 

and catalyze its hydrolysis. 

The position of the ATP-binding motif on a 

motor molecule may be related to the directional- 

ity of movement along a microtubule. Both dynein 

and kinesin are microtubule-motor proteins and 

they move in opposite directions along a microtu- 

bule. The striking difference between the amino- 

acid sequences of both motor proteins is reflected 

in differences between the positions of the ATP- 

binding motifs on their heavy chains; the motif is 

located at the amino terminus of the kinesin heavy 

chain [35] and in the midregion of DGHC. The 

product of the claret (or ncd) gene belongs to the 

kinesin superfamily. It is noteworthy that the 

ATP-binding motif is located at the midregion of 

this gene product [36, 37] and the molecule moves . 

toward the microtubule’s minus end [38, 39], a 

direction characteristic of dynein [40]. 

POLYMORPHISM 

The nucleotide sequence shows two types of 

polymorphism (Fig. 5). When AF1113 was iso- 

lated, 14 additional shorter cDNAs were also 

obtained. Two clones, AF1106 and AF1114, were 

sequenced and their cDNAs overlapped the se- 

quence of AF1113. Fifteen bases common to both 

AF1106 and AF1113, which encode five amino 

acids, were absent in the sequence of AF1114 

(possibly as a result of alternative splicing). Fur- 

thermore, the underlined nucleotide sequence in 

Residue number 

AF1113 
AF 1106 
AF 1114 

Fic. 5. 

609 OHO 61116127613) O14 1615 OL6mOie7, 
H Bae eoe GeV RG Re ig L 

GAT ECG ACG GGT GTC AGG AGA ATT Tre 
CAT CCG ACC GGT GTC AGG AGG ATT TTG 
CAT) CCG ssa pees cca tebe = ART EeETe 

Polymorphism of cDNA clones that encode DSHC. 
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Figure 5 differed between AF1106 and AF1113 

(possibly as a result of multiple alleles). The latter 

type of polymorphism occurs at a rate of about one 

base per 100 bases in the two overlapping clones 

but, so far, no substitutions of amino acids have 

been found. Since the full-size cDNA was con- 

structed by overlapping of the present five clones, 

which include AF1113, the amino-acid sequence of 

DBHC described here is just one possible se- 

quence, and slightly longer and shorter versions 

may also be present in the sea urchin. 

SECONDARY STRUCTURE 

The secondary structure of DBHC was analyzed 

by Dr. Ken Nishikawa of the Protein Engineering 

Research Institute, Osaka, Japan (Fig. 6). There 

are two long a-helix-dominant regions (termed al 

and a2) in the sequence, suggesting that the DGHC 

is composed of three large (-structure-dominant 

domains (termed the N, M, and C domains) sepa- 

rated by these regions. The M domain is split by 

short a-helix-dominant regions into four smaller 

#-structure-dominant regions, and the C domain is 

similarly split into three smaller region. Although 

analysis of secondary structure predicts that the al 

region is rich in a@ helix, there are no long hy- 

drophobic heptad repeats without interruption, as 

Major domains N 

B structure 
dominant 

a 

a. helix 
dominant 

are found in the a-helical coiled-coil regions of 

filamentous motor proteins such as myosin and 

kinesin. The a2 region contains two heptad re- 

peats, which are predicted to be largely a-helical, 

at amino-acid residues 3,028-—3,153 and 3,234- 

3,338 with interruptions, as shown in Figure 7. In 

particular, two leucine heptad repeats at residues 

3,028-3,083 and 3,262-3,303 could favour the 

formation of a leucine zipper structure, with result- 

ant generation of a large globular structure from 

the M and C domains. This leucine zipper struc- 

ture may explain why f2 and f3 peptides remained 

together in fragment A during tryptic digestion of 

DBHC, while f1 was detached, as described above. 

MODEL OF THE STRUCTURE 

Figure 8 shows a model of structure of DBHC, 

as deduced from the predictions about secondary 

structure and the proteolytic analysis of the au- 

thentic protein. Quick-freze deep-etch electron 

microscopy of the DGHC/IC1 complex revealed 

that the complex is composed of a pear-shaped 

head and an irregularly shaped stem, while the 

base looks like a small globular bead [8]. Accord- 

ing to this structural model, the N domain may 

correspond to the base, the al region to the 

irregularly shaped stem, and the associated M and 

M Cc. 

a2 

Le ee ee ee! 

0 1,000 2,000 3,000 4,000 

Residue number 

Fic. 6. Predicted secondary structure of the DGHC. The four arrowheads in the M domain indicate the GKT, 

GKS1, GKS2, and SGK sites of the ATP-binding motifs, from the left. The arrowheads in the al and a2 regions 
indicate the Tl and T2 sites, respectively. 
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C domains to the pear-shaped head. As described 

above, it has also been documented that the outer 

arm in situ attaches to the B-subfibers of adjacent 

outer-doublet microtubules via a slender stalk. 

This slender stalk is seen neither in the isolated 

outer arms nor in the DGHC/IC1 complex. It is 

possible that the slender stalk corresponds to the 

a2 region of the present structural model. 

a. eC. fh, ¢..a, b.ecd 

37, O28 JERI GM SOME AAS IGG 

3,049 1 Ee NGG in Ks 

53,0708 INAS OMG NEG AE 

Se OQL V GVA eer 2 he Vi 

SS MLA VA le aN ee iE 

Sigal lgs is) AFPALLAA 

37334! Y fk G UR Si A 

WAS WS) PB Ve INAV Sen Ce) 3 Vi 

3 AO PRALINE IAAI IK AG 

Sy BQG A ley A tO). ke 

Sp Sibi 7 Wil <The 2 tl Rie Snel «Gea ual 

Fic. 7. Hydrophobic heptapeptide repeats in the a2 region. 

K. OGAWA 

A NEW FAMILY OF MICROTUBULE-BINDING 

MOTOR PROTEINS 

As described above, D@HC appears to have two 

types of microtubule-binding site in the molecule. 

It may form a stable complex with the A-subfibers 

of axonemal doublet microtubules in the fragment 

B region. MAP2 [41] and tau [42] proteins form 

stable complexes with microtubules; they have 

regions of homologous sequence at their carboxy 

termini, where there are three 18-residue repeats 

efgqgaib-c dve "nr Gtatbre 

A M KS KE. TA KeMeieage: 

O S,f A O20 VD Dla Aw 

By O_ KON ED A.D 3k Sie Oma 

SKE KAT Vi D1) ea emd 

SOK ik A KD CL. S Ea pacing 

OE A _ Gf NT. Na KN Nae et 

A’Gi G Lb C.S W VV WN Siar 

EOP K RE A, Gb 0. KAN aes 

AL EK A KIT ACB AG) Agni 

EKA. Tf S DD K i K Gaerne 

Ti AN RG. VG’ G ierAwseee 

The numbers on the left indicate the residue number 

from the deduced amino-acid sequence of DBHC. There is a disruption of the repeats from Glu 3,154 to Glu3233. 

Bold letters indicate hydrophobic amino acids. 

N domain 
(binding to B-subfibers) 

Fic. 8. 

1? 

aap > aig te 

A model of the structure of DBHC. T1 and T2 indicate the principal sites of trypsin cleavage. 

M domain 
(hydrolysis of ATP) 

T2 
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that have been proposed as the microtubule- 

binding site. These repeated sequences are not 

found in the N domain of the DBHC sequence. 

D PHC transiently associates with the B-subfibers 

of the adjacent doublet microtubules during the 

ATP-hydrolytic cycle. Members of the kinesin 

superfamily of microtubule motor proteins also 

associate transiently with microtubules during the 

ATP-hydrolytic cycle. They share a region of 

sequence homology that extends from the ATP- 

binding site towards the carboxy-terminal end of 

the molecule, and this sequence has been sug- 

gested to constitute the site of ATP-dependent 

binding to microtubules [35]. This sequence 

homology is not found in the C domain, which 

extends from the M domain (multiple ATP- 

binding sites) toward the carboxy-terminal end of 

the molecule, or anywhere else in the amino-acid 

sequence of DGHC. Thus, D@HC seems to be a 

member of a new family of microtubule-binding 

motor proteins with unique microtubule-binding 

sequences that are unlike those of MAP2, tau, or 

members of the kinesin superfamily. 

DYNEIN SUPERFAMILY 

It is natural to speculate that dynein may also be 

involved in motile functions associated with cyto- 

plasmic microtubules. Immunologocal studies, us- 

ing antibodies directed against axonemad dyneins, 

have shown that the segregation of chromosomes 

during mitosis [43-47] and meiosis [48], and the 

translocation of melanophore in fish [49] could 

involve dynein motor molecules. MAPIC is a 

member of a class of five extremely high- 

molecular-weight microtubule-associated proteins 

that co-purify with brain microtubules [50] and it is 

responsible for retrograde transport [51], a proper- 

ty of axonemal dynein. MAPIC has been now 

found to be a cytoplasmic form of ciliary and 

flagellar dynein [52]. Since microtubules have 

been shown to be responsible for the transport of 

membranous organelles within the cytoplasm and, 

thereby, to play a role in axonal transport, secre- 

tion, endocytosis and transcytosis, cytoplasmic dy- 

nein could have very general functional role in 

cells. Isolation of a clone for cytoplasmic dynein is 

now the goal of many gorups. 

Axonemal and cytoplasmic dyneins may consti- 

tute a superfamily of force-generating proteins, 

with each member possessing a conserved force- 

generating domain joined to a different “tail” that 

confers specific attachment properties. The outer- 

and inner-arm dyneins attach to different sites on 

axonemal doublet microtubules, while cytoplasmic 

dyneins interact with organelles and chromo- 

somes. Structural and enzymatic studies suggest 

that the motor domains of the dyneins are similar 

to one another [see ref. 53 for a review]. There- 

fore, it is likely that the members of the dynein 

superfamily share a common motor domain that is 

linked to a distinct tail with unique binding prop- 

erties in each case. 
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Previous Nutritional State and Glucose Modulate Glucagon-Mediated 

Hepatic Lipolysis in Rainbow Trout, Oncorhynchus mykiss 

JAMIE S. HARMON and Mark A. SHERIDAN! 

Department of Zoology, North Dakota State University 

Fargo, ND 58105, U.S.A. 

ABSTRACT— Rainbow trout were used to investigate the effects of previous nutritional state and 

glucose presence on glucagon-stimulated hepatic lipolysis. Experiments were conducted in vitro on liver 

removed from fed fish and from fish fasted for 4 or 6 weeks. Basal hepatic lipolysis was enhanced in liver 

removed from fasted fish compared to fed animals. Glucagon-stimulated lipolysis was more pronounced 

in liver removed from 4-week fasted fish than in liver isolated from fed fish. Glucagon failed to affect 

hepatic lipolysis in the liver of 6-week fasted animals. The effects of glucose presence and absence were 

also examined. Basal lipolysis in liver tissue incubated in the presence of glucose was more pronounced 

than rates observed in tissue cultured in the absence of glucose. Glucagon stimulated lipolysis in liver 

incubated in the presence of glucose to a greater extent than liver incubated in the absence of glucose. 

Insulin inhibited glucagon-stimulated lipolysis in liver from fed and fasted fish as well as in liver cultured 

in the presence and absence of glucose. These results indicate that glucagon-mediated lipolysis is 

modulated by previous nutritional state and by glucose. 

© 1992 Zoological Society of Japan 

INTRODUCTION 

Hepatic lipolysis in trout is mediated by a 

triacylglycerol lipase enzyme which hydrolyzes 

stored triacylglycerol (TG) to glycerol and fatty 

acids (FA) [1]. A number of hormones have been 

found to influence lipolysis in fish [2] and recently 

we have indicated a role of glucagon family pep- 

tide (glucagon, glucagon-like peptide)-mediated 

hepatic lipolysis [3]. Jn vivo administration of 

glucagon (GLU) or glucagon-like peptide (GLP) 

resulted in elevated plasma FA accompanied by 

enhanced hepatic TG lipase activity [3]. Recently, 

we have demonstrated that GLU acts directly on 

hepatic lipolysis. In rainbow trout liver incubated 

in vitro, glucagon stimulated tissue TG lipase 

activity as well as FA and glycerol release into 

culture medium [4]. 

Previous nutritional state has also been shown to 

profoundly influence the intermediary metabolism 

of fish. Coho salmon (Oncorhynchus kisutch) 

fasted for 3 weeks displayed elevated plasma FA 

concentrations accompanied by enhanced hepatic 
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TG lipase activity [5]. These fish also exhibited 

reduced titers of insulin (INS), GLU and GLP 

compared to their fed counterparts. A similar 

observation was found in rainbow trout fasted for 6 

weeks [6]. Hepatic lipolytic activity in liver re- 

moved from fasted (4 weeks) trout and cultured in 

vitro displayed enhanced activity over liver re- 

moved from fed animals and similarly cultured [4]. 

Glucose also influences hepatic lipolysis while 

altering the pattern of pancreatic hormones (in- 

sulin, glucagon, glucagon-like peptide and somato- 

statin-25). Glucose injection into rainbow trout 

resulted in elevated plasma FA levels attended by 

enhanced hepatic lipolysis [7]. The extent to which 

nutritional state and/or glucose interacts with hor- 

mones to modulate lipid mobilization in fish is not 

known. 

In the present study, we used rainbow trout to 

examine the effects of previous nutritional state 

and glucose presence on _ glucagon-stimulated 

hepatic lipolysis. The specific questions we ad- 

dressed were: 1) What are the effects of glucagon 

on lipolysis in liver removed from animals of 

varying nutritional states? and 2) What are the 

effects of glucagon on lipolysis in liver removed 

from fed fish and incubated in the presence or 
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absence of glucose? We also report the effects of 

insulin on lipolysis in liver removed from animals 

of varying nutritional states and in liver incubated 

in the presence or absence of glucose. 

MATERIALS AND METHODS 

Experimental animals 

Yearling rainbow trout (mean weight +SEM, 54 

+5 g) of both sexes were obtained from Garrison 

National Fish Hatchery near Riverdale, ND and 

maintained at North Dakota State University in 

dechlorinated municipal water (13°C) under 12L: 

12D photoperiod. Fish were fed ad libitum twice 

daily with Glencoe Mills Trout Chow (Glencoe, 

MN). 

Experiments were conducted in the fall of the 

year. Animals were divided into three groups of 

varying nutritional regimes: fed continuously (ex- 

cept 24-36 hr prior to experimentation), fasted 4 

weeks, and fasted 6 weeks. Immediately prior to 

experimentation, fish were anesthetized in buf- 

fered 0.01% (w/v) tricaine methanesulfonate (MS- 

222), bled from the severed caudal vessels, and the 

livers removed and prepared for organ culture. 

Organ culture and incubation conditions 

In vitro experiments were carried out on livers 

removed from several lots of fish (10-12 indi- 

viduals per lot) within each of the nutritional 

groups. Livers were carefully perfused by means 

of syringe and needle with cold (14°C) saline 

(0.75%, w/v) until cleared of blood. Livers were 

delicately cut into ca. 1-mm? pieces [8], placed into 

35-ml plastic centrifuge tubes containing glucose- 

free or glucose-containing Hanks solution (137 

mM NaCl, 5.4mM KCl, 4.0mM NaHCOs, 1.7 

mM CaCh, 0.8 mM MgSOg,, 0.5 mM KH>PO,, 0.3 

mM Na,HPO,, 10mM HEPES, pH 7.6, contain- 

ing 0.24% (w/v) bovine serum albumin and 5.55 

mM glucose, the normal level of plasma glucose), 

and preincubated in darkness with a gyratory 

shaker (150 rpm) under 100% Oy at 14°C to stabi- 

lize tissue pieces. After 15 min, the pieces were 

centrifuged (270 x g for 5 min at 14°C) and washed 

three times by resuspension-centrifugation. For 

nutritional state experiments, liver pieces (4-6 

pieces per well, ca. 15 mg fresh weight; represent- 

ing ca. 70 ug protein/mg fresh weight) from ani- 

mals of each nutritional regime were transferred to 

each well of 24-well plastic culture plates (Falcon 

3047) containing 1ml (per well) of glucose- 

containing Hanks medium, into which hormone 

was previously dissolved. Hormone treatments 

consisted of either GLU (bovine/porcine, Sigma 

G4250), INS (bovine, Sigma 15500), or a combina- 

tion of GLU and INS. Hormones were added to a 

final concentration of 10~° M; this concentration 

was found to be maximally effective at stimulating 

trout hepatic lipolysis [4]. Mammalian hormones 

were chosen because of the scarcity of salmonid 

peptides and because of the similarity in function 

between mammalian and salmon hormones in sal- 

monid systems [cf. 3]. In hormone combination 

treatments, INS was added alone for 5 min prior to 

addition of INS and GLU together; addition of 

INS plus GLU-containing medium initiated the 

incubation (time=0). Incubation (under gyration 

at 100 rpm) proceeded for a period of 5 hr under 

100% O, at 14°C. Preliminary studies indicated 

that maximum effects were observed at Shr of 

incubation. For glucose experiments, liver pieces 

(4 to 6 pieces, ca. 15mg fresh weight) from 

continuously fed animals were transferred to each 

well of multi-well plates containing 1 ml (per well) 

of Hanks glucose-containing or glucose-free 

medium. Treatments (control, single and com- 

bination hormone additions) and incubation were 

conducted as described for nutritional state experi- 

ments. In all experiments, tissue and medium 

samples were frozen and stored at —90°C for later 

analyses (usually within two weeks). 

Biochemical analyses 

Prior to fatty acid and glycerol analysis, samples 

were deproteinated by heat treatment (65 C for 10 

min) followed by centrifugation (16,000 x g for 10 

min). Medium fatty acid (FA) levels were meas- 

ured by the micromethod on Noma et al. [9]. 

Glycerol release was measured by the method of 

Worthington [10]. Protein was determined by the 

dye-binding method [11] using a Bio-Rad (Rich- 

mond, CA) microplate reader (cf., Bio-Rad Tech- 

nical Bulletin 1177). Lipolytic capacity was as- 

sessed by measuring the triacylglycerol (TG) lipase 
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scribed by Sheridan et al. [12]. 

Statistics 

Results are expressed as means+SEM. Statis- 

tical differences were estimated by analysis of 

variance; multiple comparisons among means were 

made by the Student-Newman-Keuls test; alpha 

was set at 0.05. 

Effects of nutritional state on hepatic lipolysis 

The effects of nutritional state on hepatic lipo- 

lysis were assessed by measuring the (TG) lipase 

activity of liver removed from fed and fasted (4 

and 6 weeks) fish and cultured for 5 hr (Fig. 1). 

RESULTS 

liver from 4-week fasted animals. 

Glucagon stimulated a significant (P<0.05) in- 

crease in lipase activity in liver isolated from fed 

fish and in liver removed from fish fasted for 4 

weeks. Glucagon-stimulated lipolysis was more 

pronounced in liver removed from 4-week fasted 

fish than in liver removed from fed animals (Fig. 

1). Glucagon failed to affect hepatic lipolysis in 

liver isolated from 6-week fasted animals. 

The presence of INS within the culture medium 

caused a decrease (P< 0.05) in hepatic lipase activ- 

ity in the 4-week fasted fish, whereas there 

appeared to be no affect of INS on liver removed 

from other groups (Fig. 1). 

With the combination of INS plus GLU, INS 

inhibited glucagon-stimulated lipolysis in liver iso- 

lated from fed fish as well as from fish fasted 4 

weeks (Fig. 1). 

Liver removed from fish that were fasted showed a 

significant (P< 0.05) increase in lipolytic activity as 

compared to that observed in liver removed from 

fed animals. Basal hepatic lipolysis in liver from 

6-week fasted fish was not as pronounced as that in 
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Effects of glucagon and insulin on triacylglycerol lipase activity in liver removed from rainbow trout of 

varying nutritional states and cultured in vitro for 5 hr in glucose-containing (5.5 mM) medium. Liver pieces were 

cultured in medium containing no hormones, insulin (10~°M), glucagon (10~°M), or insulin (10 ° M) plus 

glucagon (10 °M). Data presented as means+SEM (n=12). * Significantly different from control, P<0.05. 
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hepatic lipolysis, as assessed by measuring TG 

lipase activity, was enhanced (P<0.05) in liver 

incubated in glucose-containing medium over that 

in liver cultured in glucose-deficient medium. Glu- 

cagon significantly stimulated (P<0.05) hepatic 

lipolysis. Notably, glucagon-stimulated lipolysis 

was more pronounced in liver incubated in the 

presence of glucose (Table1). Insulin alone 

appeared to have no affect on basal hepatic lipo- 

lysis. In combination, INS inhibited glucagon- 

stimulated lipolysis in liver incubated both in the 

presence and absence of glucose (Table 1). 

Lipolysis was also reflected in the concentrations 

of medium metabolites. Liver was removed from 

fed fish and incubated for Shr in glucose- 

containing or glucose-deficient medium, and the 

concentrations of FA and glycerol were deter- 

mined (Fig. 2). Glucagon stimulated a significant 

increase (P<0.05) in FA and glycerol release. 

This increase was further enhanced by the pre- 

sence of glucose. The presence of INS or INS plus 

GLU indicated no significant differences in FA 
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TABLE 1. Effects of glucagon and insulin on 

triacylglycerol lipase activity in rainbow trout 

liver® 

Treatment Glucose + Glucose — 

Control 0.41 +0.07 0.24+0.05 

Glucagon 1.98 +0.08° 0.84+0.11° 

Insulin 0.32 +0.04 0.28+0.06 

Insulin + Glucagon 0.46+0.06 0.34+0.09 

“ Liver tissue removed from fed fish and cultured in 

modified Hanks medium for 5hr. Enzyme activity 

expressed as nmol fatty acid released/h/mg protein. 

Data presented as means+SEM (n=12). 

»-< Significantly different from respective control (P 

<0.05); b significantly different from c (P<0.05). 

and glycerol release between the  glucose- 

containing and glucose-deficient medium. 

DISCUSSION 

The results of the present study indicate that 

previous nutritional state and glucose presence 
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Effects of glucagon and insulin on fatty acid and glycerol release from rainbow trout liver removed from fed 

fish and cultured in vitro in the presence or absence of glucose (5.5 mM) for 5 hr. Liver pieces were cultured in 

medium containing no hormones (control, C), 10~° M insulin (I), 10~° M glucagon (G), or 10° M insulin plus 

10-°M glucagon (I+G). Data presented as means +SEM (n=12). * Significantly different from control, P< 
0.05. 
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influence both basal and GLU-mediated hepatic 

lipolysis in rainbow trout. 

Fasting resulted in elevated hepatic lipolytic 

activity. This observation is consistent with our 

previous finding that hepatic lipolysis is more 

pronounced in liver removed from fish fasted for 4 

weeks than in liver removed from fed fish [4]. In 

our present experiments, we found for the first 

time that an extended fast (6 weeks) did not result 

in lipolytic rates as high as those seen in tissue from 

shorter-term (4-week) fasted animals. This may 

result from exhaustion of lipid reserves during 

fasting. Lipids have been shown to be depleted 

from coho salmon liver during a 4-week fast [5] 

and during smoltification and seawater adaptation 

[13]. Alterations in lipase activity during fasting of 

coho salmon were correlated with decreases in 

INS/GLU and INS/GLP ratios in plasma [5]. 

Fasting-associated alterations in the profile of pan- 

creatic hormones were also reported in trout [6]. 

Such hormonal patterns may influence the acti- 

vation state of the lipase enzyme. Schwartz and 

Jungas [14] suggested that fasting-associated 

lipolysis results from inhibition of the lipase inacti- 

vating system. 

Glucagon stimulated lipolytic activity in liver 

removed from fed fish and from fish fasted 4 

weeks. While GLU is known to promote lipolysis 

in fed fish [4], we report for the first time that 

GLU-stimulated lipolysis is more pronounced in 

tissue removed from 4-week fasted fish than in 

tissue removed from fed animals. Fasting has also 

been reported to sensitize adipocytes to nor-— 

epinephrine-stimulated lipolysis in rats [15]. No- 

tably, GLU failed to enhance hepatic lipolysis in 

trout liver removed from animals fasted for 6 

weeks. The basis of this observation is not known, 

although it may result from the already advanced 

state of lipid depletion. Similar observations were 

made with hepatic glycogenolysis in chinook 

salmon [8]. In these experiments, GLU stimulated 

glycogenolysis in liver from fed animals but failed 

to promote glycogenolysis in liver from longer- 

term fasted fish. Other factors may also influence 

reduced GLU sensitivity. “Refractoriness” to se- 

quential lipolytic stimulus has been reported in rat 

adipose tissue [16] and in various tissues of salmon 

after smoltification [13]. During fasting, the rela- 

tive abundance of GLU in the plasma of fish was 

higher than in fed animals [5, 6]; these altered 

hormonal patterns may alter receptor characteris- 

tics. 

In our present experiments we observed that 

glucose appeared to stimulate hepatic lipolysis. 

This observation is consistent with our previous 

findings that basal hepatic lipolysis is enhanced in 

the presence of glucose [4]. Glucose has been 

reported to increase basal lipolysis in adipose 

tissue isolated from mammals as well [17]. It is 

interesting to note that lipolysis in trout liver 

incubated in the presence of glucose results in the 

release of FA and glycerol in less than the ex- 

pected 3:1 ratio. This suggests that while lipolysis 

is proceeding at higher rates, the extent of reesteri- 

fication is also elevated. A similar situation was 

observed in mammalian adipose tissue [17]. In 

vivo administration of glucose to trout results in 

elevated plasma FA supported by increased he- 

patic lipolysis [7]. These metabolic alterations 

were associated with reduced plasma levels of 

somatostatin and GLU—a pattern similar to that 

seen in diabetic humans [18]. In normal humans, 

glucose infusions lowered plasma FA via insulin- 

stimulated uptake [19] and resulted in increased 

rates of FA reesterification and reduced lipid 

mobilization from adipose tissue [20]. Wolfe and 

Peters [20] concluded, however, that glucose in- 

creased TG-FA cycling—a contention supported 

by our present experiments. 

We also report for the first time that GLU 

stimulates lipolysis in liver incubated in the pre- 

sence of glucose to a greater extent than liver 

incubated in the absence of glucose. This is 

evidenced by alterations in tissue lipase activity as 

well as by increased medium FA and glycerol 

release. Hormone-stimulated lipolysis, as indi- 

cated by glycerol release, also appeared to be 

enhanced in epinephrine- [17] and norepinephrine- 

treated [21] adipose tissue isolated from the rat. 

Insulin inhibited glucagon-stimulated lipolysis in 

liver from fed fish and in liver from fish fasted for 4 

weeks. Insulin appears to exert a net antilipolytic 

action in fish fasted for 4 weeks. The antilipolytic 

action of INS in mammals is well known [18]. We 

have also previously reported an antilipolytic ac- 

tion of INS in liver removed from fed trout [4]. 
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The relationship between the antilipolytic action of 

INS and nutritional state is complex and has not 

been well addressed in fish. Emdin [22] reported 

that INS injection did not result in a difference in 

lipid metabolism between fed and fasted hagfish. 

Insulin also inhibited glucagon-stimulated 

lipolysis in trout liver incubated in the presence 

and absence of glucose. The inhibitory action of 

INS on glucagon-stimulated lipolysis in the pre- 

sence of glucose confirms our previous observa- 

tions on INS action [4]. While glucose presence 

enhanced FA reesterification in trout liver, INS 

appeared not to appreciably affect this process. In 

rat adipose tissue, however, INS strongly in- 

creased the level of reesterification [17]. These 

authors also have shown that the combined effects 

on INS and epinephrine in the presence of glucose 

resulted in substantially more reesterification than 

in the absence of glucose [17]. Dominguez and 

Herrera [23] found that INS altered glycerol uti- 

lization in adipose tissue and suggested that these 

effects were altered by the presence of glucose. 

The precise manner by which INS affects lipolysis 

and reesterification remains to be determined. 

In summary, the results of this study advance 

our fundamental understanding of the control of 

lipid metabolism in fish in two ways: 1) the lipolytic 

action of GLU is enhanced during shorter-term 

fasting, and 2) the lipolytic action of GLU is 

enhanced in the presence of glucose. The role of 

GLU in regulating lipid metabolism in fish has 

been somewhat confusing, since some reports indi- 

cate that GLU has lipolytic effects while other 

reports maintain that GLU has no lipolytic action 

[2]. Recently, Sheridan suggested that the basis of 

this conflict may lie in differences in fish life history 

patterns [24]. This contention is supported by the 

report that the in vivo effects of GLU in salmon 

were seasonally dependent [3]. The present 

findings suggest that nutritional state and glucose 

charge, underlied by hormonal status, also must be 

considered when evaluating GLU action in fish. 
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Effects of Sex-Ratio (SR)-Spiroplasma Infection on Drosophila 

Primary Embryonic Cultured Cells and on Embryogenesis 

YUKIAKI Kuropa!, YUTAKA SHIMADA~, BUNGO SAKAGUCHI? 

and KuGao Otsu‘ 

‘Research Institute of Biosciences, Azabu University, Sagamihara, Kanagawa 229, 

Department of Anatomy, Chiba University School of Medicine, Chiba 260, 

>Laboratory of Sericultural Science, Faculty of Agriculture, 

Kyushu University, Fukuoka 812, and *Department of Biology, 

Faculty of Science, Kobe University, Kobe 657, Japan 

ABSTRACT—Effects of Sex-ratio(SR)-spiroplasma infection in Drosophila melanogaster were ex- 

amined in two experiments, in vitro and in vivo. The NSRO strain of the SR-spiroplasmas, 

transovarially transmitted microorganisms causing male-specific lethality in embryos, was collected from 

adult female hemolymph and inoculated into primary embryonic cell cultures prepared 2 or 5 days 

earlier. Within 1-2 days necrotic cell masses were detected in some neuroblastic and fibroblastic cells, 

but no detectable changes were observed in muscle cells, nerve cells, or in cellular spheres under a 

phase-contrast microscope. Spiroplasma-like structures were observed most abundantly in intercellular 

spaces of necrotic cells under the electron microscope. Similar experiments with NSRO-A, a non-male 

killing variant derived from NSRO, produced no such necrotic changes in neuroblastic and fibroblastic 

cells. Effects of NSRO on embryogenesis were examined under electron microscopy on embryos 

produced from NSRO-infected mothers. In about one-half the cases (presumably males) of embryos, 

7.5-8.5 hr after oviposition, extensive necrotic cell masses were observed at regular intervals along the 

ventral side. In the remaining one-half (presumably females) of the embryos and in embryos produced 

from non-infected mothers, necrotic cell masses at regular intervals were also observed, but in a very 

© 1992 Zoological Society of Japan 

much reduced scale, representing most probably the normal programmed cell death. 

INTRODUCTION 

The sex-ratio organisms (SROs), transovarially 

transmitted spiroplasmas (Order Mycoplasma- 

tales) [1] (originally referred to as the sex-ratio 

spirochetes), which infect Drosophila and cause 

male-specific lethality at the embryonic stages, 

have been studied rather extensively [review, 1]. 

The SROs were found initially to infect a fraction 

of natural populations of the four neotropical 

species, D. willistoni, D. nebulosa, D. equinoxialis 

and D. paulistorum. Since, however, these micro- 

organisms are found most abundantly in the 

hemolymph of adult females and can be transfer- 

red by microinjection into other Drosophila spe- 

cies where they establish permanent infection and 
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show male-specific lethality, most studies have 

been carried out using D. melanogaster as a new 

host where various mutations and techniques to 

manipulate chromosomes are available. 

Earlier studies have established that the infec- 

tion of SROs results in the lethality of only the 

single-X individuals regardless of their phenotypic 

sex [2, 3, 4, 5], and the single-X diploid cells but 

not polyploid or polynucleated cells in primary 

embryonic cell cultures prepared from SRO- 

infected mothers [6]. Analysis of gynandromorph 

survivors from the SRO-infected mothers sug- 

gested the primary site of the lethal action of SRO 

included most of the primordial nervous and 

mesodermal tissues [7]. Only recently, however, 

the transmission process of the SRO into oocytes 

during oogenesis was described at the ultrastruc- 

tural level [8], and morphological features of de- 

velopment in embryos infected with SRO were 
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given [9]. We report here (1) that the infection of 

the SRO (NSRO strain) to the primary embryonic 

cell cultures prepared from Oregon-R strain of D. 

melanogaster produced characteristic necrotic cell 

masses in neuroblastic and fibroblast-like cells, and 

(2) that during embryogenesis, in 7.5-8.5 hr- 

embryos derived from NSRO-infected mothers 

some characteristic necrotic masses which distri- 

buted at regular intervals along the ventral side 

were detected. 

MATERIALS AND METHODS 

SRO strains 

The NSRO (male-killing) and NSRO-A (non- 

male-killing) strains were used. The NSRO, de- 

rived originally from D. nebulosa, had been trans- 

ferred to and maintained in Oregon-R strain of D. 

melanogaster (ORNSRO). The NSRO-A is a 

variant which appeared spontaneously among 

progenies of ORNSRO [10]. Fly stocks were 

maintained as described previously [11]. 

Since NSRO and NSRO-A had not been culti- 

vated in vitro, samples containing each of these 

microorganisms were prepared as_ follows. 

ORNSRO or ORNSRO-A females aged 7-10 days 

were first injected with 0.15 M NaCl solution as 

much as possible, and within a few min the 

hemolymph (SRO is found most abundantly in the 

adult hemolymph) was collected by using glass 

microinjection pipettes. Two hundred yl each of 

such samples, each from 300-600 females, was 

then diluted with the same volume of 0.15 M NaCl 

solution, filtered through a Millipore filter (pore 

size, 0.45 wm), checked for the presence of the 

SRO under a dark-field microscope, and then used 

to infect the primary embryonic cell cultures. 

The hemolymph of non-infected Oregon-R simi- 

larly prepared and checked for the absence of the 

SRO was also used as a control. 

Embryonic cell culture 

The primary cultures of Drosophila embryonic 

cells were prepared as described previously [12, 

13]. Newly-laid eggs were collected from the 

wildtype Oregon-R strain of D. melanogaster. The 

eggs were dechorionated by treatment with 3% 

sodium hypochloride solution for 6 min, and then 

washed with distilled water, and transferred to 

physiological salt solution (0.7 g NaCl, 0.02 g KCI, 

0.002 g CaCl :2H,O, 0.01 g MgCl,-6H2O, 0.05 g 

NaHCOs, 0.02 g NaH,PO,:2H2O and 0.08 g glu- 

cose in 100 ml of distilled water) and allowed to 

develop at 25°C. The developmental stages of 

dechorionated eggs were readily determined 

through the transparent vitelline membrane under 

a binocular microscope. 

Embryos at the postgastrula stage were selected, 

sterilized in 70% ethyl alcohol for 10 min, and 

washed three times with the sterile physiological 

salt solution. One hundred embryos were transfer- 

red to culture medium in a hollow slide and torn 

into small fragments with a pair of fine needles 

under a binocular microscope. Then, small torn 

fragments of tissues and cells were transferred into 

culture medium on a carbon-coated coverslip in a 

T-5 culture flask. The flasks were closed with a 

stopper and incubated at 25°C. 

The culture medium consisted of medium K-17 

of Kuroda [12], supplemented with 0.1 mg/ ml 

fetuin (Grand Island Biol. Co., Deutsch Method) 

and 15% fetal bovine serum (Microbiol. Assoc. 

inves UL SAE 

Infection of SR-spiroplasmas 

The primary cultures of embryonic cells pre- 

pared as described above were incubated at 25°C. 

After incubation for 24 hr, almost all tissue frag- 

ments and cells were adhered on a glass surface of 

the culture flasks. Some characteristic types of 

cells were observed in cultures. 

Upon further cultivation for a few days, muscle 

cells, epithelial cells, fibroblastic cells, nerve cells 

and cellular spheres were identified by their char- 

acteristic morphology and movement under a 

binocular microscope [12, 13]. 

After incubation for 2 or 5 dyas at 25°C, the 

primary cultures of embryonic cells were infected 

with 100 ul of the sample of SR-spiroplasmas. The 

cultures were incubated for 2 days at 25°C and 

observed every day under a phase-contrast micro- 

scope and photographed. 

Electron microscopy 

Cultured cells on cover slips were prefixed in 
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2.5% glutaraldehyde in 0.1 M cacodylate buffer at 

pH 7.3. Whole embryos, collected at intervals and 

incubated for various periods of time, were de- 

chorionated and punctured with a fine tungsten 

needle in a prefix solution (3% glutaraldehyde, 1% 

paraformaldehyde, 1% DMSO in 0.1M cacody- 

late buffer at pH 7.2). Both materials were then 

postfixed in 1% OsO, in 0.1 M cacodylate buffer at 

pH 7.3, dehydrated in an ascending ethanol series, 

and embedded in Epon 812. Semi-thin sections cut 

with an LKB ultrotome were stained with 

Toluidine blue. Thin sections were stained with 

uranyl acetate and lead citrate and were examined 

with a Hitachi H-700 or a JEM 1200 EXII electron- 

microscope operated at 80-175 kV. 

RESULTS 

Effects of NSRO on embryonic cells in culture 

When cells obtained from Drosophila embryos 

at the post-gastrula stage were cultured at 25°C, 

various types of cells differentiated after a few 

days. Among them, spindle-shaped muscle cells, 

flat polygonal epithelial cells, fibroblastic cells, 

baloon-like cellular spheres and nerve cells with 

many stretching and branching nerve fibers were 

conspicuous in their specific morphology and 

movement [12, 13]. When cultures were infected 

with male-killing NSRO after cultivation for 2 or 5 

days and incubated for one or two more days, 

some brown and black necrotic cells appeared in 

nerve cell masses (Figs. la and 1b). Although 

these necrotic cells were not identified definitely, 

they had some characters of neuroblastic or fibro- 

blastic cells in the site of their presence and their 

morphology. Cellular spheres, many spindle 

shaped muscle cells and hemocytes, which were 

assumed to be derived from the same embryonic 

tissue fragments and observed around the nerve 

cell masses, were not affected by infection of 

NSROs and showed normal morphology (Figs. 1c 

and 1d). In the preparation of the cultures, cells 

from 100 embryos were co-cultured together in the 

same flask. Cells from male and female embryos 

thus contributed 50% each in culture. Many 

neuroblastic and fibroblastic cells showed normal 

morphology in the culture. It may be assumed that 

the normal cells are derived from female embryos, 

and the necrotic cells are derived from male 

embryos. 

When of Oregon-R 

embryonic cells were infected with non-male- 

killing mutant spiroplasmas, NSRO-A, necrotic 

cells such as those appeared in NSRO-infected 

cells were only very infrequenctly detected (Figs. 

lc and 1d). This indicates that NSRO-A spiroplas- 

ma had no deleterious effects on embryonic cells of 

Drosophila cultured in vitro. 

When hemolymph obtained from non-infected 

Oregon-R adult females was added to the primary 

cultures of embryonic cells, cells and tissues 

showed no detectable changes in their morphology 

upon further cultivation. 

The cell cultures were processed for electron 

microscopic examinations. Structures identical to 

the SRO as previously described [8] were detected 

in intercellular spaces of cells in the primary cul- 

tures infected with NSRO often in close proximity 

to necrotic cells (Fig. 2a). Similar structures were 

also detected in cultured cells infected with NSRO- 

A (Fig. 2b). It was noted that the density of 

NSRO in such intercellular spaces of cells infected 

with NSRO was always higher than that in cells 

infected with NSRO-A. It is suggested that these 

observations on the presence of SRO-like struc- 

tures may correspond to the presence of necrotic 

cells. 

the primary cultures 

Effects of NSRO on cells in embryogenesis 

NSRO-infected females from the stock cultures 

kept for many generations were mated to normal 

males and allowed to lay eggs. Eggs were collected 

at 60-min intervals and allowed to develop for 3.5— 

4.5, 7.5-8.5 and 12-13 hr, and processed for elec- 

tron microscopy. Embryos at the early stage of 

3.5—4.5 hr after oviposition showed no noticeable 

changes in cells and tissues compared with those in 

embryos produced from non-infected females. 

Some embryos, at the stage of 12-13 hr, produced 

badly-preserved features, while others at this stage 

were quite normal: the former seemed to be the 

NSRO-affected dying male embryos. Embryos at 

the stage of 7.5—-8.5 hr, on the other hand, showed 

some characteristic features. Three out of 8 

embryos at this stage examined showed the pre- 
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sence of many necrotic cell masses extensively 

spread along the ventral side at regular intervals 

(Fig. 3a). Three others showed similar but less 

extensive necrotic cell masses (Fig. 3b). In the 

remaining two embryos, necrotic cell masses were 

detected only scarecely. Since necrotic cell masses 

Fic. 1. 

detected with similar features of the second and 

the last classes were also observed in normal 

non-infected wild type embryos (Fig. 3c), they are 

considered to represent normal programmed cell 

death. Most probably, then, the first class of the 

necrotic cell masses may occur in NSRO-infected 

Phase-contrast photomicrographs of part of embryonic cells cultured for 1 day and then infected with the 

male-killing NSRO (a, b), and of those infected with non-male-killing NSRO-A (c, d). Arrows indicate necrotic 

cells in the nerve cell mass. A cellular sphere (CS) and muscle cells (M) are not affected. Scales indicate 50 um. 
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if; 

Electron micrographs of part of embryonic cells cultured for 1 day and then infected with NSRO (a), and of 

those infected with NSRO-A (b). SRO-like structures (arrowheads) are seen. Scales indicate 1 ~m. 

Fic. 2. 
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Fic. 3. Electron micrographs of thin sections and photomicrographs (inset) of semi-thin sections of embryos at stages 

of 7.5-8.5 hr after oviposition from an NSRO-infected mother fly (a, b), and from non-infected control mother fly 

(c). Necrotic cell masses appear dark in both light (arrowheads) and electron micrographs. Scales indicate 1 ~m 

in the electron micrographs and 10 «m in the light micrographs. 

male embryos, while the latter two classes of the 

necrotic cell masses may occur in the female 

embryos. Based on the positions and the morpho- 

logical features of these necrotic cells, it is sug- 

gested that they are neuroblastic cells. 

DISCUSSION 

It was previously established that SROs kill 

selectively only male embryos of Drosophila, but 

do not affect female embryos (for a review see [1]). 

However, it is not clear how the SR spiroplasma 

recognizes the difference in male and female 

embryos, and what types of cells or tissues of male 

embryos are affected and killed by the SR spiro- 

plasma. Study on the effects of SRO infection on 

the viability of gynandromorphs of D. melanogas- 

ter suggested that the primary site of action of SRO 

included the primordial nervous and mesodermal 

tissues [7]. 

In the electron microscopic study [8], it was 

found that, during oogenesis, SROs were transmit- 

ted into oocytes through a tunica propria, a non- 

cellular membrane surrounding the egg chamber, 

and moved toward oocytes passing through the 

follicle cell layer. They were incorporated into 

ooplasm by pinocytosis and infolded in intracellu- 

lar vesicles and yolk granules [8]. In the 

embryogenesis of the SRO-infected strain, it was 

found that abnormality occurred in the ventral 

nervous system [9]. The occurrence of necrotic, 

seemingly degenerating cells in cluster, was found 

in the ventral nervous system. 

In the cell cultures of single embryos obtained 

from SRO-infected females, it was observed, 

under a phase-contrast microscope, that neurons, 

imaginal disc cells and plasmatocyte-like cells 

barely differentiated [6]. In the present experi- 
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ment, more direct evidence that the primary target 

cells of SROs may be nerve cells was obtained 

using the primary cultures of embryonic cells in- 

fected in vitro with the SRO. The SRO-infected 

cells showed necrotic changes in fragments of the 

nervous tissue. Other cell types such as muscle 

cells, epithelial cells, hemocytes and cellular 

spheres derived from the same embryos, were not 

affected by infection with SRO. Electron micro- 

scopic examinations confirm these observations 

that necrotic cells are neuroblastic cells. In the 

primary culture cells infected with SRO in vitro. 

SRO-like structures were detected in intercellular 

spaces under the electron microscope. The accu- 

mulation of SRO-like structures in intercellular 

spaces suggested that the target cells of SRO may 

produce some attracting factor(s) to SRO. 

Another possibility, although not mutually exclu- 

sive, may be that SRO has a high activity to 

proliferate only in such spaces under the in vitro 

culture conditions. It was reported that SRO 

showed a transient proliferation more than 100 

times the initial concentration in primary Dro- 

sophila embryonic cell culture [14]. Accumulation 

of SRO in particular intercellular spaces may be 

one of the initial steps of in vitro proliferation of 

SRO. 

Another interesting finding in the present study 

is the presence of many necrotic cell masses exten- 

sively spread along the ventral side at regular 

intervals. These necrotic cells may be neuroblastic 

cells, on the basis of their position in the embryo 

and their morphology. Tsuchiyama-Omura et al. 

[9] reported the presence of necrotic cells in the 

NSRO-infected 5-6hr-old and older embryos. 

However, they did not observe extensive necrotic 

cell masses at regular intervals along the ventral 

side as described in this communication. The 

discrepancy between these observations remains to 

be clarified. They found necrotic cells in the 

disorganized mid-ventral portion of the midgut 

and also, in greater concentrations, inside the yolk 

mass of the NSRO-infected 10 hr-old embryos. It 

is possible that necrotic cell masses are “removed” 

rapidly from their original places and are “dis- 

carded” into the yolk mass. Slight changes in 

staging the embryonic age may then give quite 

different figures. In any case detalied electron 

SHIMADA et al. 

microscopic examinations are required and with 

warrant, especially since our observations also 

suggested the presence of normal programmed cell 

death. 
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Neonatal Rat Hypothalamus-Preoptic Area 

in Serum-free Media 
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Zoological Institute, Faculty of Science, University of Tokyo, 

Tokyo 113, Japan 

ABSTRACT— In primary culture of cells derived from neonatal rat hypothalamus-preoptic area, a great 

decrease in the survival of neurons following an increase in the number of non-neuronal cells was 

observed in serum-supplemented medium. However, the addition of cytosine arabinoside, a mitotic 

inhibitor, to serum-supplemented medium significantly enhanced the survival of neurons. In order to 

diminish the proliferation of non-neuronal cells, attempts were made to maintain dissociated cells in 

serum-free medium. The maintenance of neurons in healthy condition was very difficult in serum-free 

medium from the very beginning of cultivation. Culture in serum-supplemented medium followed by 

culture in serum-free medium was much superior to the culture in serum-free medium for the entire 

course of cultivation with regard to survival. In the next experiment, the effects of glass surface and 

poly-lysine-coated surface were compared. Cultured cells in serum-free medium on glass surface were 

better in morphology compared with those on poly-lysine-coated surface. In the latter, strange 

contraction of basal cell sheets disturbed long-term cultivation. The best culture condition established in 

the present study, i.e., preculture in serum-supplemented medium and then transfer to serum-free 

medium on glass surface substrate, was employed for the study on the effects of hydrocortisone. 

Survival rate of neurons was improved in cultures with hydrocortisone at the concentration of 10° ' M. 

© 1992 Zoological Society of Japan 

INTRODUCTION 

The serum contains various factors which gener- 

ally afford cultured cells a favorable condition. 

However, the composition of serum is variable, 

depending on the animals species, age and sex of 

its donor, and even on lots [1-3]. Moreover, in 

primary culture of the cells from the central nerv- 

ous system using serum-supplemented medium, 

the overgrowth of non-neuronal cells makes the 

interpretation of experimental results difficult [4, 

5]. To solve these problems, efforts have been 

exerted to replace serum by certain chemically 

defined agents [6, 7]. In the culture of neural cells, 

first breakthrough was made on the culture of 

clonal cell lines. Mather and Sato [8] tested effects 

of various factors on mouse melanoma M2R cul- 

tured in serum-free medium, and established 

favorable hormone supplements. Bottenstein and 

Accepted December 25, 1991 
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Sato [9] succeeded in culturing rat neuroblastoma 

line B104 in serum-free medium with supplements 

called “N2”. Since then, studies have been carried 

out on neural cell cultures in serum-free medium 

and many investigators have pointed out that 

serum-free medium is beneficial for neuronal sur- 

vival, but it is difficult to culture neural cells 

completely in serum-free medium [10, 11]. 

The aim of the present study was to examine the 

effect of inhibition of non-neuronal cell growth by 

the application of cytosine-(-p-arabinofuranoside 

(AraC), a mitotic inhbitior, on the survival of 

neurons, and to afford further evidence for the 

effects of serum, substrates and hydrocortisone 

supplementation for the primary culture of cells 

derived from neonatal rat hypothalamus-preoptic 

area (Hyp-POA) in order to establish a culture 

condition with serum-free medium. Cells derived 

from neonatal rat cerebral cortices were also used 

in some experiments for comparison. 



204 K. TAKAGI AND S. KAWASHIMA 

MATERIALS AND METHODS 

Cell dissociation 

Neonatal rats of the Wistar/Tw strain of both 

sexes were used. On the day of birth animals were 

decapitated, and the Hyp-POA and cerebral cor- 

tex were immediately taken out and pooled in a 

petri dish containing cold serum-supplemented 

medium. Tissue pieces were minced by fine scis- 

sors, and after discarding the medium, they were 

incubated with 1,500 PU/ml dispase (Gohdoh- 
shusei Co., Tokyo) in serum-supplemented 

medium for 15 min at 37°C. After incubation, they 
were rinsed twice with fresh cold serum- 

supplemented medium, followed by gentle pipet- 

ting in serum-supplemented medium to yield dis- 

sociated cell suspension. Remaining tissue pieces 

were then rinsed twice with Ca’*, Mg’*-free 

Dulbecco’s phosphate buffered saline (PBS(—)) 

that contained 0.5% bovine serum albumin and 

0.5% glucose (PBS(—)+BG). Then, they were 

incubated with 2mM_ glycoletherdiaminetetra- 

acetic acid (EGTA) in PBS(—)—BG for 15 min at 

37°C and after twice washing with PBS(—)+BG, 

they were subjected to gentle pipetting in PBS(— ) 

+BG to yield cell suspension. Both dispase and 

EGTA treatments were repeated for a few times. 

Smaller diameters of pipettes were used as the size 

of remaining tissue pieces became smaller. The 

cell suspension was passed through a nylon mesh 

(50 «um in pore size; NBC Industry Co., Tokyo) to 

remove large cell clumps, and centrifuged at 250 x 

g for 5 min at 4°C. Cell pellets were resuspended 

in a fresh serum-supplemented medium and viable 

cells were counted by trypan blue exclusion test 

using a hemocytometer. Initial cell viabilities of 

the Hyp-POA and cerebral cortical cell suspen- 

sions were about 80% and 90%, respectively. The 

number of viable cells obtained from one pup was 

4.5-6.0 10° for the Hyp-POA and 2.0-3.0x 10° 
for the cerebral cortex. After dilution, the cells 

were plated on a round coverslip (14 mm in dia- 

meter) in multiwell culture plate (Sumitomo Bake- 

lite Co., Tokyo). In some cases, the coverslip had 

been coated with certain substrates. Plating den- 

sity was 1.5 10° cells/well for the Hyp-POA and 

3.0 10° cells/well for the cerebral cortex. Unless 

otherwise stated, culture medium was renewed at 

3-day intervals. 

Culture media 

Two types of serum-supplemented media were 

used. The first type consisted of 85% Eagle’s 

minimum essential medium supplemented with 2 

mg/ml sodium bicarbonate, 9.67 mg/ml glucose, 

100 IU/ml penicillin, and 100 “g/ml streptomycin, 

and of 15% fetal bovine serum (FBS). This 

medium (MEM-S) was used for culture in serum- 

supplemented medium. 

Second type of serum-supplemented medium 

was used only for the preculture of serum-free 

culture. This medium (DME/F12-S) was com- 

posed of 15% FBS and 85% 1:1 mixture of 

Dulbecco’s modified Eagle’s medium and Ham’s 

nutrient mixture F-12 (EME/F12) supplemented 

with 5.4mg/ml_ glucose, 1.2mg/ml  N-2- 

hydoxyethylpiperazine-N’-2-ethensulfonic acid 

(HEPES), 1001U/ml penicillin and 100 ug/ml 

streptomycin. 

For serum-free medium, the N2-supplements of 

Bottenstein and Sato [9] without progesterone 

were used, where DME/F12 with above-— 

mentioned supplements without FBS was further 

added with 100 “g/ml human transferrin, 100 u.M 

putrescine, 30nM selenium (as NajSeQO3) and 5 

yug/ml insulin. This serum-free medium was desig- 

nated as DME/F12-F. 

Insulin, putrescine, human transferrin and 

DME/F12 mixture with HEPES were purchased 

from Sigma. MEM was purchased from Nissui 

Phamaceutical Co. (Tokyo), and FBS from Hazle- 

ton Research Products Inc. (St. Louis). 

Other chemicals 

AraC (Sigma) at the concentration of 10°°M 

was dissolved in MEM-S. 

Hydrocortisone (Sigma) was first dissolved in 

ethanol and diluted in DME/F12-F at the final 

concentrations of 10~’—10'* M in 0.007% ethanol. 

Substrates 

For poly-t-lysine coating, the method of Pett- 

mann et al. [12] was used with a slight modifica- 

tion. Poly-L-lysine solution (500 wl, 100 ug poly-L- 

lysine per 1 ml boric acid buffer, pH 8.4) was 
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added on a coverslip placed in each well of culture 

plate for overnight at room temperature. After 

discarding the solution, the coverslip was rinsed 

twice with PBS(—). Poly-.L-lysine (M.W. 52,000) 

was purchased from Sigma. 

For serum precoating, the method of Eccleston 

et al. [11] was used with a slight modification. A 

coverslip was incubated with DME/F12-S for 

overnight. Before use, it was rinsed twice with 

PBS(—). 

Cell counting 

Cultured cells on the coverslips were fixed for 2 

days in a fixative consisting of 70% ethanol, 5% 

neutral formaldehyde and 5% acetic acid. After 

about 1 week of washing in 99% ethanol, the cells 

were stained by a modified Bodian’s method [13]. 

The cells which statisfied all the three following 

criteria in Bodian preparations were regarded as 

neurons; (i) the cell with positively stained cell 

body, (ii) the cell with strongly stained processes, 

and (iii) the cell at least one of the process length 

was more than 3-fold longer than the diameter of 

No. of Neurons / Coverslip 

@) 

1,000 

500 

the cell body. The number of all the neurons on a 

coverslip or the number of neurons in randomly 

chosen 100 fields under a light microscope (one 

field equals to 0.19 mm”) was counted. 

RESULTS 

Survival of neurons in serum-supplemented 

medium and effects of AraC 

To examine the effects of non-neuronal cell 

population on neuronal survival in serum- 

supplemented medium, the Hyp-POA cells were 

cultured for the first 3 days in MEM-S on poly- 

lysine-coated surface, then the medium was re- 

placed by MEM-S supplemented with or without 

10-°M AraC. After culture for 3 days with or 

without AraC, the cultures were washed twice with 

Ca**, Mg**-containing Dulbecco’s phosphate 

buffered saline (PBS(+)), and the medium was 

replaced by MEM-S without AraC and the cells 

were continued to be cultured in MEM-S. 

Phase-contrast photomicrographs of control 

‘ AraC 

6 
Days of Culture 

Fic. 1. Effects of AraC on Hyp-POA cell cultures for 13 days in MEM-S. A: Photomicrograph of control culture 

without AraC. B: Photomicrograph of AraC-added culture. Bar=100 ~m. C: The number of neurons per 

coverslip at 3, 6, and 9 days of culture with (solid line) and without (broken line) AraC treatment. AraC 

treatment was performed between 3 to 6 days of culture. Vertical bars depict the standard errors of the means 
(n=2—4). 
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AraC-untreated cultures show that only few 

neurons were present, overlying the sheet of small- 

er cells on the substrate (Fig. 1A). Many glial 

cells, apparently dead cells (round brilliant cells) 

and few neurons were visible on the basal cell 

sheet. In AraC-treated cultures, non-neuronal cell 

proliferation was effectively inhibited and the bas- 

al surface was covered with larger flat cells. Many 

neurons survived on the basal sheet, and they 

extended prominent processes forming networks 

(Fig. 1B). Glial cells and apparently dead cells 

60 6 

Fic. 2. 

were less than the control AraC-untreated cul- 

tures. 

Figure 1C shows the number of neurons per 

coverslip. In control cultures, the number of 

neurons greatly decreased at 6 days, while in 

AraC-treated cultures, the number of neurons was 

almost constant for 9 days, indicating that the 

proliferation of non-neuronal cells greatly dis- 

turbed the survival of neurons in  serum- 

supplemented medium. 

SS 

Phase-contrast photomicrographs of cultured cells. A: Cells cultured for the first 2 days in DME/F12-S then 

2 days in DME/D12-F. B: Cells cultured for the first 2 days in DME/F12-F then 2 days in DME/F12-F. C: Cells 

cultured for the first 2 days in DME/F12-F containing 0.5% BSA then 2 days in DME/F12-F. D: Cells cultured 

for the first 2 days in DME/F12-F on serum precoated surface then 2 days in DME/F12-F. Bar=100 um. 
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Survival of neurons in serum-free medium and 

effects of substrate 

To maintain neuronal cells in serum-free 

medium throughout the culture period, some 

agents for cell protective and attachment- 

extension functions should be added to replace the 

serum components [14-16]. For this purpose the 

supplementation of 0.5% BSA to serum-free 

medium and serum precoating were separately 

tested. The cerebral cortical cells were used as test 

cells, and the fiber connections among aggregates 

were regarded as suitable indices for neuronal 

viability. After centrifugation of dissociated cell 

suspension, cell pellets were resuspended in 

DME/F12-S, DME/F12-F or DME/F12-F con- 

taining 0.5% BSA. The resuspensions in DME/ 

F12-S and DME/F12-F containing 0.5% BSA 

were cultivated on glass surface. The cell resus- 

pension in DME/F12-F was cultivated on glass 

surface or serum precoated surface. The medium 

of all the four groups was replaced by DME/F12-F 

after twice rinses with PBS(+ ) at 2 days of culture. 

Figure 2 shows phase-contrast photomicro- 

graphs of cultured cells. When cells had been 

cultured in DME/F12-S before transfer to DME/ 

F12-F, many cells survived and numerous fiber 

connections were formed (Fig. 2A). When they 

had been cultured in DME/F12-F from the very 

beginning of culture, there were few healthy aggre- 

gates, and fiber connections were not formed (Fig. 

2B). Supplementation of BSA increased the sur- 

vival of cells, while it had no appreciable effect on 

the formation of fiber connections (Fig. 2C). 

Serum precoating increased the formation of fiber 

connections, and it also had a slight beneficial 

effect on the survival of cells (Fig. 2D). When 

both supplementation of BSA and serum precoat- 

ing were carried out, serum-free culture from the 

very beginning was considerably improved. 

However, it was still inferior to the culture with 

preculture for 2 days in serum-supplemented 

medium. Therefore, preculture in DME/F12-S for 

2 days was used routinely for later experiments. 

To compare culture conditions in serum-free 

medium, the Hyp-POA and cerebral cortical cells 

were cultured on glass or poly-lysine-coated sur- 

face in DME/F12-S for 2 days. Following the 

preculture, the medium was replaced by DME/ 

F12-F. 

On glass surface, cultured Hyp-POA cells first 

formed aggregates (40-100 “m in diameter) within 

3-6h (Fig.3A). During preculture in serum- 

supplemented medium, the cells attached to glass 

surface and began to grow. Some neuron-like cells 

were present on extended non-neuronal cells or 

directly on glass surface, but most of them were 

observed to reside in the aggregates at 2 days of 

culture. Although non-neuronal cells continued to 

proliferate in serum-free medium, the growth was 

slower than that in serum-supplemented medium. 

As a consequence, basal sheet formation was 

delayed and the cells organizing basal sheet were 

larger and flatter than the cells in serum- 

supplemented medium. After reaching con- 

fluence, the overgrowth of non-neuronal cells was 

not so extensive and the translocation of glial cells 

from inside of the sheet to free surface was sup- 

pressed in serum-free medium. Neuron-like cells 

each possessing neurites, mostly bipolar, one clear 

ovoid nucleus and one or two nucleoli. Although 

moderate neural networks were observed before 

the completion of basal cell sheet formation, sub- 

stantial network formation proceeded after the 

completion of basal sheet (Figs. 3C and E). The 

number of neurons was counted at 5, 8, 11, 14 and 

17 days (Fig. 4). Because of numerous aggregates 

at 2 days of culture, the number of neurons was not 

counted. Basal cells became confluent between 8 

to 11 days of culture. The number of neurons 

decreased at 11 days, and after that it remained 

unchanged. The Hyp-POA neurons could be 

maintained for more than 3 weeks in DME/F12-F 

on glass surface. 

On poly-lysine-coated surface, individual cells 

adhered to the surface isolatedly (Fig. 3B). The 

developing pattern of the culture was generally 

similar to that of the culture on glass surface for 

several days. However, a drastic change began to 

occur during 8 to 14 days on poly-lysine-coated 

surface. Some basal cells began to detach from the 

surface and showed a change in morphology, from 

squamous to elongated shape. As a result of such 

transformation, many irregular-shaped uncovered 

surfaces appeared (Fig. 3D). Neural networks on 

this transforming basal sheet eventually dis- 
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appeared and some neuron-like cells left behind on 

the uncovered surface could not survive any long- 

er. Some basal cells remaining on the uncovered 

surface proliferated to cover the surface again. 

The cerebral cortical cells formed aggregates on 

glass surface, as the Hyp-POA cells did. At 2 days, 

fiber connections were formed among closely lo- 

cated aggregates. Although they had been culti- 

vated at 2-fold higher cell density than the Hyp- 

POA cells, fewer cells could survive and settle 

during preculture. The proliferation of basal cells 

was very slow in serum-free medium and basal 

sheet failed to reach confluence even at 11 days. 

Few cells spread out from the aggregates of the 

cerebral cortical cells. Fiber connections among 

the aggregates increased for several days in serum- 

700 

(38) 

600 

500 

No. of Neurons / 100 Fields 

S 8 

free medium, but they gradually degenerated 

(Figs. 3G and H). Most striking change in cerebral 

cortical cell culture was the appearance of non- 

neuronal cells bearing several processes with 

numerous branchings (Fig. 3F). This type of cells 

resembles differentiated astrocytes induced by 

glial maturation factor [26]. The appearance of 

differentiated astrocyte-like cells was less in Hyp- 

POA cultures than in cerebral cortical cell cultures 

in serum-free medium and was never observed 

neither in cerebral cortical nor Hyp-POA cultures 

in serum-supplemented medium. 

On poly-lysine-coated surface, individual cer- 

ebral cortical cells attached to the basal surface 

isolatedly like the Hyp-POA cells. Basal cell 

proliferation was very slow, similar to that on glass 

(4) 

| 
ele) 
(1) 

(2) 

11 14 17 

Days of Culture 
Fic. 4. The number of neurons in 100 microscopic fields of Hyp-POA cells cultured in serum-free medium on glass 

surface as a function of culture age. Vertical bars depict the standard errors of the means. The values in 

parentheses indicate the mean numbers of aggregates in 100 microscopic fields. Each value was obtained from 
triplicate cultures. 

Fic. 3. Phase-contrast photomicrographs (A-D, F-H) or Bodian-stained preparation (E) of cultured Hyp-POA or 

CC cells in serum-free medium. A: Hyp-POA cells on glass surface at 3h of culture. B: Hyp-POA cells on 

poly-lysine-coated surface at 3h of culture. C: Hyp-POA cells on grass surface at 14 days of culture. D: 

Hyp-POA cells on poly-lysine-coated surface at 14 days of culture. E: Bodian-stained preparation of Hyp-POA 

cells on glass surface at 17 days of culture. F: Cerebral cortical cells on glass surface at 11 days of culture, showing 

differentiated astrocyte-like cells. G: Cerebral cortical cell aggregates at 11 days of culture. H: Cerebral cortical 

cells on glass surface at 14 days of culture. Note the degeneration of fiber connections between two aggregates. 

Bar in H=100 «wm applies to A-D and F-H. Bar in E=50 um. 



300 K. TAKAGI AND S. KAWASHIMA 

surface. In some regions of a coverslip, surviving 

neuron-like cells developed very fine networks 

which were similar to those observed by Romjin et 

al. [17] in their fetal rat cerebral cortical cell 

cultures in serum-free medium. These neuron-like 

cells began to degenerate between 8 and 11 days of 

culture. Differentiated astrocyte-like cells were 

encountered as in the cultures on glass surface. 

Effects of hydrocortisone on neuronal survival in 

serum-free medium 

The Hyp-POA cells were precultured for 2 days 

in serum-supplemented medium (DME/F12-S) on 

glass surface. After the preculture, the medium 

was replaced by DME/F12-F containing hydrocor- 

tisone at the concentration of 0 (control), NOW 

105 Om 10m 10 or Om Mein 00072 
vehicle ethanol. Cultures were maintained for 14 

days and the cells on coverslips were fixed and 
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stained. As the concentration of hydrocortisone 

increased, the density of basal cells decreased, and 

basal cells became more fibrous in shape (Fig. 5C). 

At a concentration greater than 10”? M, strange 

cell clumps which were brilliant with smooth out- 

lines under the phase-contrast microscope, were 

observed at 8-14 days (Fig. 5B). These clumps 

were in most cases constricted and drifted out into 

the medium. Although such clumps were also 

encountered in control cultures without hydrocor- 

tisone, they were less in number and never drifted 

out. The number of neurons gradually increased 

by hydrocortisone treatment up to the concentra- 

tion of 107!" M (at 107 !° M, 134.5% of the control 
value). At a concentration greater than 10~°’ M, 

the number decreased (Fig. 5A). The concentra- 

tion that effectively decreased the number of 

neurons was the same as that where the formation 

of cell clumps gegan to increase. 

Effects of hydrocortisone on the number of neurons (A) and the morphology of Hyp-POA cells (B and C) at 

14 days of culture in serum-free medium. A: The number of neurons in 100 microscopic fields. Vertical bars 

depict the standard errors of the means (n=3). Significance of differences: (by analysis of variance) 

hydrocortisone-treated groups vs. control, * P<0.05, ** P<0.01, *** P<0.001. B: Phase-contrast photomicro- 

graph of floating clumps treated with 10’ M hydrocortisons at 11 days of culture. C: Bodian-stained preparation 

of cells treated with 10°’ M hydrocortisone at 14 days of culture. Note more numerous fibrous basal cells as 

compared to the cells in Fig. 3E. Bars=50 um. 
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DISCUSSION 

The increase of non-neuronal cell proliferation 

in serum-supplemented medium apparently dis- 

turbed the survival of neurons of the Hyp-POA. 

Godfrey et al. [4] reported that no electrical excit- 

ability or synaptic activity was elicited by brain cells 

in culture without treatment on non-neuronal cell 

proliferation. Such effect of non-neuronal cells 

appears to occur at relatively high plating density 

[18]. Most of the neurons which survived for 3 

days were well maintained for the rest of the 

culture period and formed fine networks if cul- 

tured in serum-supplemented medium with AraC, 

which acts to inhibit the proliferation of non- 

neuronal cells, in the present study. Recently, it 

was reported that AraC killed cultured neurons 

derived from sympathetic ganglia by evoking ac- 

tive death processes intrinsic to the neurons [19, 

21]. In addition, Brochovsky and Bradford [21] 

have studied whether or not AraC has any toxicity 

on postmitotic cells. They found that prolonged 

treatment with 10° M AraC prevented the surviv- 

al of either neurons or astrocytes in the culture of 

whole brain cells from fetal rats, and stated that 

tetanus toxin-labeled cells, GFAP-positive cells 

and dopamine release all vanished after 14 days of 

culture. Hayashi and Patel [22] also reported that 

prolonged exposure to 10-° M AraC was toxic to 

both the neurons and glial cells grown in chemical- 

ly-defined medium. However, in the present 

study, 3-day exposure to 10° M AraC caused no 

remarkable death of neurons at later periods of 

culture. In additon to a low survival rate of 

neurons, serum-supplemented medium has some 

other problems. Honn et al. [3] reported that FBS 

contained 53+19ng/dl (mean+S.D.) testoster- 

one and 9.6+2.7 ug/ml hydrocortisone, in addi- 

tion to some amounts of T,, GH and insulin. To 

exclude these effects of FBS, serum-free culture 

has been attempted by a number of investigators as 

in the present study. 

At first, the culture of cells in serum-free 

medium from the very beginning was examined. 

DME/F12-F alone was unable to maintain the 

cells. Supplementation of BSA and/or precoating 

coverslips with FBS considerably improved the 

survival in DME/F12-F. However, the improve- 

ment was still inferior to the culture with serum- 

free culture after preculture in  serum- 

supplemented medium. As regard to the role of 

BSA, Yamane [14, 15] has already indicated that it 

acts to protect the cells from exogenous and/or 

endogenous lytic factors, in addition to a role as a 

carrier of fatty acids and other metabolites. The 

present result that serum precoating helped both 

cell survival and fiber connection formation is in 

good accord with the finding of Faivre-Bauman et 

al. [23] that serum precoating was necessary for 

serum-free culture of the cells from mouse 

embryonic hypothalamus. Fibronectin has often 

been used as an attachment factor for neuronal cell 

cultures. However, Faivre-Bauman et al. [23] 

stated that so-called ‘cold-insoluble globulin’ 

(identical with fibronectin)-coating was less effec- 

tive than serum precoating, suggesting that there 

should be other attachment factors in FBS. Hay- 

man et al. [24] reported that the major attachment 

factor in FBS is vitronectin. Facilitation of cell 

attachment by serum procoating in the present 

study might be induced by vitronectin present in 

FBS. 

Effects of substrates were examined in the pre- 

sent study. On glass surface, the cells of the 

Hyp-POA during preculture in serum-supple- 

mented medium first formed aggregates. The 

aggregates gradually spread out in serum-free 

medium, as Faivre-Bauman et al. [23] found in cell 

culture of the fetal mouse hypothalamus. Non- 

neuronal cell proliferation was considerably sup- 

pressed and the number of neurons was almost 

constant during 11 to 17 days of culture. After 8 

days, neural networks were observed. The cells 

could be maintained on glass surface in serum-free 

medium for at least 3 weeks. On poly-lysine- 

coated surface, the cells attached to the surface 

isolatedly, and after about 8 days of culture once- 

formed basal cell sheet contracted. The contrac- 

tion might be induced if poly-lysine is degraded as 

time proceeds, because cell adhesiveness to the 

surface might become weaker than the inter- or 

intracellular tension, resulting in the detachment 

of the cells from the surface and induction of 

contraction. In fact, adhesiveness of the cells on 

poly-lysine-coated surface was very weak at 8 days, 

since basal cells were easily detached by pipettings. 
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Because of such basal cell contraction, poly-lysine- 

coated surface does not seem to be a suitable 

substrate for a long-term culture of the Hyp-POA 

cells in serum-free medium. 

The morphology of cultured cerebral cortical 

cells was much different from that of the Hyp- 

POA cells. In cerebral cortical cell cultures, 

ageregate formation during preculture period was 

more apparent, and spreading out of non-neuronal 

cells from the aggregates was less obvious. The 

difference in aggregate formation was probably 

due to the difference in the adhesiveness of cels 

between the cerebral cortical and Hyp-POA cells. 

Less obvious spreading out of non-neuronal cells 

in cerebral cortical cell cultures might be due to the 

difference in the composition of cells of the aggre- 

gates. Differentiated astrocyte-like cells were 

more numerous in cerebral cortical cell cultures 

than in Hyp-POA cell cultures, suggesting Hyp- 

POA cell cultures contained more numerous un- 

differentiated cells which had higher migration 

activity. The regional difference in the astrocyte 

maturation was also reported by other investiga- 

tors [25]. 

The cerebral cortical cells were not maintained 

for a long period either on glass or poly-lysine- 

coated surface. Some factors were probably insuf- 

ficient or lacking in DME/F12-F for cerebral cor- 

tical cell cultures. Romijn et al. [17] proposed a 

serum-free medium for the cerebral cortical cells, 

consisting of 3:1 mixture of DME and F12 sup- 

plemented with double cocktail dose of N2 supple- 

ments, 0.1% BSA, 20ng/ml T3 and 0.2 ug/ml 

corticosterone. Some colonies of differentiated 

astrocyte-like cells were observed after 8 days in 

the present study. The shape of these cells was 

similar to that induced by glial maturation factor 

[26] or with dibutyryl-cycic AMP [27]. 

The beneficial role of corticoids suggested by 

Romijn et al. [17] was tested in the culture condi- 

tion established in the present study. Hydrocorti- 

sone diminished proliferation of basal cells, and at 

higher doses (10-° and 10~’M) it induced mor- 

phological changes of the basal cells. It is well 

known that corticosteroids affect glial cells. Faroo- 

qui et al. [28] reported that hydrocortisone induced 

morphological changes of both rat glioma cell line 

C6 and normal hamster glial cell line NN cells and 

activated arylsulfatase and (-galactosidase, which 

are concerned with myelinogenesis at the concen- 

tration of 7.6X10-°M. Montiel et al. [29] re- 
ported that 50 nM dexamethazone inhibited prolif- 

eration of C6 cells and stimulated activities of 

glycerol phosphate dehydrogenase and lactate de- 

hydrogenase in C6 cells. Therefore, hydrocorti- 

sone might have acted on some aspects of glial 

differentiation. Strange clumps were formed by 

hydrocortisone, but the cellular constituent of such 

clumps was not examined in the present study. 

The number of neurons increased as the concen- 

tration of hydrocortisone increased up to 107 !° M, 

and at still higher concentrations it steadily de- 

creased. Since hydrocortisone apparently affected 

non-neuronal cells, further study is needed for the 

analysis of direct effects of hydrocortisone on the 

survival of neurons. At any rate, the culture 

condition established in the present study may be 

useful for the investigation of other hormonal 

effects on the Hyp-POA. 

Im summary, the culture in serum-free medium 

of the cells derived from the Hyp-POA in the 

present study showed that for the better survival of 

neurons preculture in  serum-supplemented 

medium was necessary and glass surface was a 

better substrate than poly-lysine-coated surface, 

and that hydrocortisone at certain concentrations 

was beneficial for neuronal survival. 
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Development of an in situ Hybridization Histochemistry for 

Choline Acetyltransferase mRNA with RNA Probes 
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ABSTRACT— An mn situ hybridization histochemistry (ISHH) for choline acetyltransferase (ChAT) in 

paraffin sections of the central nervous system of the rat was developed using *°S-labeled RNA probes 

by defining the technical parameters enabling optimal detection of ChAT mRNA. Fixation by perfusion 

with 4% paraformaldehyde and 0.4% glutaraldehyde provided the most intense signals. Slides for 

mounting paraffin sections were coated with 1% BSA and fixed with 25% glutaraldehyde. Proteinase K 

treatment of tissue sections after fixation increased intensity of signals. Decreasing probe length 

increased intensity of signals; truncation to approximately 75 nucleotides by alkaline hydrolysis provided 

the best result. Ribonuclease A treatment after hybridization appeared to be essential to reduce 

nonspecific background signals. Specificity of hybridization signals was confirmed by the selective 

localization of signals in motoneurons in the spinal cord with an antisense probe and no signal in them 

with a sense probe. Distribution patterns of perikarya of neurons in the forebrain, cranial nerve motor 

nuclei and cervical region of the spinal cord revealed by ISHH and immunohistochemistry (IHC) were 

almost superimposable, giving additional evidence for specificity of the present method. However, 

intensity of signals for ChAT mRNA detected by ISHH and cellular content of ChAT protein revealed 
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by IHC were not always parallel. 

INTRODUCTION 

Considerable progress has been made in eluci- 

dating the organization of the central cholinergic 

system by immunohistochemistry (IHC) using 

monoclonal antibodies to choline acetyltransferase 

(ChAT), the most specific marker for cholinergic 

neurons [1]. Compared to the abundance of 

information on cholinergic neurons in the adult 

brain, information on the developing cholinergic 

system is limited [2-5]. This may be due in part to 

the lack of monoclonal antibodies applicable to 

cryostat or paraffin sections and difficulties of 

working with free-floating sections of delicate 

embryonic and early postnatal brain tissues. By 

introduction of molecular biological techniques, 

two methods are available to overcome the dis- 

advantage of the monoclonal antibody. 

One method involves the expression of protein 

from a cloned gene introduced into Escherichia 
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coli and the production of antisera against the 

protein. We have succeeded in expressing large 

amounts of rat ChAT protein using rat ChAT 

cDNA ligated to a translation vector, and in 

producing an antiserum. This antiserum is highly 

specific to rat ChAT, immunochemically and im- 

munohistochemically, and stains not only peri- 

karya and dendrites but also axons and terminals 

of cholinergic neurons in cryostat sections [6]. 

The second method involves an in situ hybridiza- 

tion histochemistry (ISHH), which enables the 

precise localization and identification of individual 

cells in which a particular gene is transcribed. 

Among probes in current use, RNA probes offer a 

unique combination of advantages for ISHH: (1) 

antisense probes contain only the antisense strand 

and no sense strand to compete in solution for 

hybridization with target mRNAs, resulting in 

much higher signals, (2) control probes are easily 

prepared, (3) fragment length of probes can be 

reproducibly controlled by limited alkaline hy- 

drolysis [7], providing good penetration of probes 

into tissue, (4) RNA-RNA hybrids have higher 

stability compared to DNA-RNA hybrids, allow- 
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ing use of more stringent washing conditions to 

reduce nonspecific binding of probes to tissue, and 

(5) nonspecific background signals, in the form of 

probe sticking to tissue, can be reduced by post- 

hybridization digestion with ribonuclease (RNase) 

[7, 8]. 

In the present study, we have defined the tech- 

nical parameters and established procedure for 

ISHH for rat ChAT mRNA in paraffin sections 

with RNA probes. Further, distribution and way 

of labeling of perikarya of neurons in the fore- 

brain, cranial nerve motor nuclei and cervical 

region of the spinal cord of the rat revealed by 

ISHH and IHC were compared. A preliminary 

study of ISHH for rat ChAT mRNA with RNA 

probes has been reported [9]. 

MATERIALS AND METHODS 

Preparation of RNA probes ~ 

The cDNA encoding rat ChAT [9] was ligated 

into EcoRI site of plasmid Bluescript (Stratagene). 

Orientation was confirmed by restriction mapping. 

After linearization with restriction endonucleases, 

templates were treated with proteinase K (Boe- 

hringer-Mannheim) and extracted with phenol/ 

chloroform/isoamyl alcohol (25:24:1) (Phenol/ 

CIA). To produce antisense and sense RNA 

probes, they were transcribed by T7 and T3 RNA 

polymerases (Stratagene), respectively, using an 

[a-*°S]JUTP (400 Ci/mmole, Du Pont-New Eng- 

land Nuclear) to a specific activity of 4-5 x10’ 
dpm/g according to the manufacturer’s protocol. 

Templates were removed with deoxyribonuclease I 

(Promega), and RNA transcripts were extracted 

with Phenol/CIA and precipitated with ethanol in 

the presence of ammonium acetate twice. Both 

probes were truncated to approximately 75, 150 or 

300 nucleotides by limited alkaline hydrolysis [7]. 

Mass average size of the probe was checked by 

electrophoresis on a 2% agarose gel containing 

formaldehyde followed by autoradiography [10]. 

Tissure preparation 

Sixteen male Sprague-Dawley rats (200-300 g) 

were used. Two rats were decapitated without 

anesthesia and brains and spinal cords were rapidly 

dissected out, sliced at about 3 mm in thickness 

and immersed overnight in 4% paraformaldehyde 

(PA) in 0.1 M sodium phosphate (pH 7.4) (PB) at 

4°C. On the next day, tissues were transferred to 

70% ethanol and kept overnight at 4°C. Other rats 

were deeply anesthetized with sodium pentobar- 

bital and perfused through the aortic cone with 0.1 

M PB containing 0.9% NaCl at room temperature 

and at a flow rate of 20 ml/min for 4-6 min, 

followed by either 4% PA in 0.1 M PB (2 rats) or 

4% PA and 0.4% glutaraldehyde (GA) in 0.1M 

PB (12 rats) at 4°C and at the same flow rate for 8- 

12min. Brains and spinal cords were dissected 

out, sliced at about 3 mm in thickness, postfixed in 

the same fixative at 4°C for 2 hr and kept overnight 

in 70% ethanol at 4°C. Tissues were dehydrated 

through graded ethanol series and embedded in 

paraffin (melting point 51-53°C, Merck). Sections 

were cut serially at 10 ~m and mounted on the 

coated slides described below. An appropriate 

section was hybridized with the antisense probe 

and the next section with the sense probe. 

Slide preparation 

Clean slides were dipped in 1% BSA for 5 min 

and dried at 60°C. Then, they were fixed with 25% 
GA for 3 min, washed in autoclaved H,O twice 

and dried at 60°C. They were used within 2 weeks. 

In situ hybridization 

Deparaffinized sections were either treated with 

proteinase K (1 and 100 ug/ml in 0.1 M Tris-HCl, 

pH 7.5, containing 50 mM EDTA, at 37°C for 30 
min and at room temperature for 10 min, respec- 

tively) or only washed in 0.1 M Tris-HCl (pH 7.5), 

and dehydrated. Some sections treated with or 

without proteinase K were further subjected to 

acetic anhydride treatment [8], and dehydrated. 

°S-labeled probes were diluted to 1, 2 or 410° 
dpm/vl in a solution containing 20 mM Tris-HCl 

(pH 8.0), 0.3 M NaCl, 50% freshly deionized form- 

amide, 0.5mg/ml E. coli tRNA, 10 mM dithio- 

threitol, 2.5mM EDTA, 0.02% BSA, 0.02% 

Ficoll, 0.02% polyvinylpyrrolidone and 10% de- 

xtran sulfate, and pipetted directly onto tissue 

sections (5 wl/cm*). Sections were coverslipped 

and incubated at 50°C for 16 hr in a moist cham- 

ber. Hybridized slides were then washed in 2 
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SSC (1XSSC is 150mM NaCl, 15 mM sodium 

citrate, pH 7.0) containing 50% formamide and 

0.1% -mercaptoethanol (BME) at 50°C for 1 hr, 
treated with RNase A (20 #g/ml in 10 mM Tris- 

HCl, pH 8.0, containing 0.5 M NaCl, Boehringer- 

Mannheim) at 37 C for 30 min, rinsed sequentially 

in 2XSSC containing 50% formamide and 0.1% 

BME at 50°C for 1 hr, in 1x SSC containing 50% 

formamide and 0.1% BME at 50°C for 2 hr and 

finally in 1xSSC containing 50% formamide at 

room temperature for 15 min, and dehydrated. 

Some slides were not treated with RNase A. Slides 

were dipped in NR-M2 emulsion (Konica), ex- 

posed at 4°C for 7-14 days and developed in 

Konicadol X. Appropriate sections were counter- 

stained with hematoxylin. 

Immunohistochemistry 

Three male Sprague-Dawley rats (200-300 g) 

were used. Procedure for the tissue preparation 

was identical to that described earlier [11]. Brains 

and spinal cords were sectioned on a freezing 

microtome at 50 um in the transverse plane. The 

monoclonal antibody to rat ChAT has been char- 

acterized in detail elsewhere [12, 13]. Procedure 

for IHC using ABC Kit (Vector) was identical to 

those described previously [11, 14]. 

RESULTS 

Specificity of hybridization signals 

The antisense RNA probe revealed ChAT trans- 

cripts exclusively in motoneurons in the medial 

and lateral nuclei in the lamina IX of the cervical 

region of the spinal cord of the rat (Fig. 1A, C). 

No signal was observed in the section hybridized 

with the sense probe (Fig. 1B). Signals for ChAT 

mRNA were mostly restricted to perikarya of 

motoneurons (Fig. 1C). These results indicate that 

the present ISHH is highly specific. 

Fic. 1. ISHH of the cervical region of the spinal cord 

(11 days exposure). The tissue was fixed with 4% 

PA and 0.4% GA followed by proteinase K treat- 

ment. Probes were truncated to 75 nucleotides and 

applied at a concentration of 210° dpm/l. A and 
B. Dark-field photomicrographs of adjacent 10-~m 

paraffin sections hybridized with the antisense (A) 

and sense (B) probes (x30). C. Bright-field photo- 

micrograph of motoneurons in the section hybri- 

dized with the antisense probe. No counterstaining 

(x80). 
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Technical considerations 

The results obtained with the antisense probe in 

sections of the cervical spinal cord demonstrated 

the critical influence of the fixation procedure on 

Fic. 2. Effects of fixation procedure on ISHH (14 days 

exposure). All sections of the ventral horn of the 

cervical region of the spinal cord were hybridized 

with the antisense probe (truncated to 75 nuc- 

leotides and at a concentration of 210° dpm/yl). 

Dark-field photomicrographs (45). A. Fixed by 

perfusion with 4% PA and 0.4% GA followed by 

proteinase K treatment. B. Fixed by perfusion with 

4% PA without proteinase K treatment. C. Fixed 

by immersion in 4% PA without proteinase K 

treatment. 

intensity of signals (Fig. 2). The highest signals for 

ChAT mRNA were obtained with the tissue fixed 

by perfusion with 4% PA and 0.4% GA followed 

by proteinase K treatment (Fig. 2A). Under these 

conditions, background signals were very low. 

Weaker signals were also observed in the tissue 

fixed by perfusion with 4% PA without proteinase 

K treatment (Fig. 2B), but no signal was observed 

when the tissue was fixed by immersion in 4% PA 

with or without proteinase K treatment (Fig. 2C). 

Treatment of proteinase K at a concentration of 

100 ug/ml at room temperature for 10 min was 

better than that of 1 ~g/ml at 37°C for 30 min. 

When the fixative containing GA was used, pro- 

teinase K treatment appeared to be essential, but 

treatment of the enzyme to the tissue fixed only 

with 4% PA decreased intensity of signals signi- 

ficantly. Treatment with acetic anhydride did not 

reduce background signals. 

The results obtained with the antisense probe in 

sections of the basal forebrain indicated that de- 

creasing of. probe length increased intensity of 

signals. The highest intensity of signals was 

observed when the antisense probe was truncated 

to approximately 75 nucleotides. The probe at a 

concentration of 210° dpm/wl was the best in 

terms of signal-to-noise ratios among concentra- 

tions checked. 

The results obtained with the sense probe in 

sections of the neocortex and caudate-putamen 

exhibited that RNase A treatment after hybridiza- 

tion reduced nonspecific background signals dra- 

matically (Fig. 3). 

Hybridization signals were clearly detected after 

exposure for 7 days, and exposure for 11 days 

appeared to be optimal in terms of signal-to-noise 

ratios. 

Comparison of ISHH with IHC 

For ISHH, tissues were fixed by perfusion with 

4% PA and 0.4% GA. Sections were treated with 

proteinase K (100 4g/ml) at room temperature for 

10 min. Probes were truncated to approximately 

75 nucleotides and applied to sections at a concen- 

tration of 2x 10° dpm/l. Autoradiographic expo- 

sure was 11 days. Under these optimal conditions, 

distribution and intensity of signals of labeled 

neurons in the forebrain, cranial nerve motor 
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Fic. 3. Effect of RNase A treatment after hybridization 

on ISHH (11 days exposure). The tissue was fixed 

with 4% PA and 0.4% GA. Serial sections contain- 

ing the neocortex and caudate-putamen were hybri- 

dized with the sense probe (truncated to 75 nuc- 

leotides and at a concentration of 210° dpm/ vl), 
and untreated (A) or treated (B) with RNase A. 

Dark-field photomicrographs (x 100). 

nuclei and cervical region of the spinal cord did not 

differ appreciably in each region among 6 rats 

used. On the other hand, distribution of ChAT- 

immunoreactive neurons in these areas revealed 

by the present IHC was in agreement with those in 

previous immunohistochemical studies using mon- 

oclonal antibodies to rat ChAT [1, 11, 14, 15]. 

Immunoreactivity of labeled neurons in each re- 

gion was consistent among 3 rats used. These 

observations made it possible to compare distribu- 

Fic. 4. ISHH and IHC of the basal forebrain. A and B. 

Dark-field photomicrographs of adjacent 10-4m pa- 

raffin sections hybridized with the sense (A) and 

antisense (B) probes (x20). C. IHC of ChAT in 

50-m frozen section of the similar area to A and B 

(x20). Note compatible distributions of labeled 
neurons detected by both methods. No signal was 

observed in the section hybridized with the sense 

probe. ac, anterior commisure; cp, caudate-puta- 

men; db, diagonal band of Broca; ms, medial septal 

nucleus; na, nucleus accumbens; ot, olfactory 

tubercle. 



310 T. ICHIKAWA AND K. AJIKI 

tion and way of labeling of perikarya of neurons 

detected by ISHH and IHC in different rats. 

In the basal forebrain, labeled neurons by ISHH 

with the antisense probe were present in the 

olfactory tubercle (Fig. 4B), medial septal nucleus 

(Fig. 4B), diagonal band of Broca (Fig. 4B), sub- 

stantia innominata and magnocellular preoptic 

nucleus. No signal was observed in the adjacent 

section hybridized with the sense probe (Fig. 4A). 

In these areas, distribution pattern of ChAT- 

immunoreactive neurons was compatible with that 

of hybridization-positive neurons (Fig. 4B, C). 

Hybridization signals and immunoreactivity of 

neurons revealed by the two methods were both 

intense. 

In the neocortex, no cell was detected by ISHH, 

although weak ChAT-immunoreactive neurons 

B 
Fic.5. ISHH and IHC of the medial habenular nu- 

cleus. A. Dark-field photomicrograph of the section 

hybridized with the antisense probe (x20). B. IHC 

of ChAT (X20). 

were present in layers II-VI. In the caudate- 

putamen and nucleus accumbens, neurons de- 

tected by both methods showed similar topography 

(Fig. 4B, C). These neurons were strongly im- 

munoreactive, but showed weak hybridization sig- 

nals. In the globus pallidus, strongly ChAT- 

immunoreactive neurons were present, but no 

hybridization signal was observed. In the medial 

habenular nucleus, all neurons were positive by 

Fic. 6. ISHH and IHC of the motor nucleus of cranial 

nerve VII. A. Dark-field photomicrograph of the 

section hybridized with the antisense probe (x 30). 

B. IHC of ChAT (X30). Note that the smaller 

neurons near the nucleus (arrow) were also detected 

by both methods. 
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both methods (Fig.5). They exhibited intense 

hybridization signals while their immunoreactivity 

was weak. : 

In the brainstem, motoneurons in the motor 

nuclei of cranial nerves III-VI, VII (Fig. 6), X 

(Fig. 7) and XII (Fig. 7) were labeled by both 

methods. Hybridization signals and immunoreac- 

tivity of neurons in the motor nuclei of cranial 

nerves III, IV and VI revealed by both methods 

were moderate, while those in the motor nuclei of 

cranial nerves V, VII and XII were intense. In 

neurons in the motor nucleus of cranial nerve X, 

hybridization signals were intense, but im- 

Ae. mS : . 
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B 
Fic. 7. ISHH and IHC of the motor nuclei of cranial 

nerves X (X) and XII (XII). A. Dark-field photo- 

micrograph of the section hybridized with the anti- 

sense probe (X20). B. IHC of ChAT (x20). 
Note that neurons in the nucleus ambiguus were not 

detected by ISHH, but detected by IHC (arrow). 

munoreactivity was weak (Fig. 7). In the nucleus 

ambiguus, neurons were strongly immunoreactive, 

but they showed no hybridization signal (Fig. 7). 

In the cervical region of the spinal cord, 

motoneurons were labeled intensely by both 

methods (Fig. 1). Thus, distribution patterns of 

perikarya of neurons revealed by ISHH and IHC 

were almost superimposable, but intensity of hy- 

bridization signals did not necessarily correlate 

with that of immunoreactivity. 

DISCUSSION 

ISHH has recently become a widely used proce- 

dure for detection and localization of mRNAs in 

tissue sections [16, 17]. RNA probes have several 

advantages over other probes as described in In- 

troduction. Cryostat sections are widely used for 

ISHH and we have experienced that cryostat sec- 

tions gave slightly higher hybridization signals than 

paraffin sections. However, some problems inher- 

ent to such use have become progressively appar- 

ent. One of these is the difficulty in obtaining good 

details of tissue morphology, as a result of cryostat 

section thickness and quality. Another major 

difficulty is the progressive loss of mRNA 

within sections after prolonged storage [18]. Par- 

affin sections may be stored for up to 18 months 

without apparent loss of hybridization signals [19]. 

In the present study, therefore, we established 

ISHH for ChAT mRNA in paraffin sections using 

RNA probes. 

Specificity of the present method was confirmed 

by demonstrating that the antisense probe re- 

vealed ChAT transcripts in motoneurons in the 

spinal cord, while the sense probe exhibited no 

hybridization signals. In addition, compatible dis- 

tributions of neurons in most areas in the forebrain 

and cranial nerve motor nuclei revealed by ISHH 

and IHC indicated that the present method was 

highly specific. So far, there are two reports on 

ISHH for ChAT mRNA using *°S-labeled oligo- 
nucleotide probes in cryostat sections of the fore- 

brain of the rat [20] and of the brainstem of the rat 

and guinea pig [21]. We demonstrated that use of 

full iength of the RNA probe, which was truncated 

to approximately 75 nucleotides after labeling, 

gave much higher intensity of signals and lower 
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background signals than use of the oligonucleotide 

probe. Higher intensity of signals may be due to 

higher specific activity of the RNA probe. 

Efficiency of the present ISHH depended on the 

fixation procedure. Fixation by perfusion with 4% 

PA and 0.4% GA in combination with proteinase 

K treatment appeared to be the most favorable 

fixative. Using this protocol, we have succeeded in 

detecting mRNA for Ca** /calmodulin-dependent 

protein kinase II in the rat brain (T. Ichikawa, S. 

Ohsako and T. Yamauchi, unpublished). We have 

also detected mRNA _ for hydroxyindole O- 

methyltransferase in the bovine epithalamus fixed 

by immersion in 4% PA and 0.1% GA in combina- 

tion with proteinase K treatment [22]. It should be 

noted, however, that mRNA for arylamine N- 

acetyltransferase in the chicken kidney was de- 

tected by our protocol only when the tissue was 

fixed by immersion in 4% PA [23], indicating that 

the appropriate fixation procedure might differ 

among tissues used. | 

Considerable loss of sections or parts of sections 

from slides during the hybridization procedure was 

encountered using slides coated by a variety of 

procedures, including gelatin [24], egg white, “His- 

tostik” [25] or polylysine [26]. Using slides coated 

with 1% BSA and fixed with 25% GA, we have 

overcome this problem. 

Probes whose mass average size is about 150 

nucleotides are empirically used [8]. In the present 

study, more intense signals were observed when 

the probe was truncated to approximately 75 nu- 

cleotides. However, further truncation might 

cause a significant reduction in hybrid melting 

temperature (Tm), or much variation in Tm as a 

function of difference in fragment length. In 

addition, we have experienced that further trunca- 

tion decreased specificity and stability of probes. 

Intensity of hybridization signals for ChAT 

mRNA correlated with immunoreactivity for 

ChAT in neurons in the basal forebrain, motor 

nuclei of cranial nerves III-VII and XII and spinal 

cord. In contrast, neurons in the medial habenular 

nucleus and motor nucleus of cranial nerve X 

exhibited intense hybridization signals but weak 

immunoreactivity, while neurons in the caudate- 

putamen and nucleus accumbens showed weak 

hybridization signals but strong immunoreactivity. 

In addition, neurons in the neocortex, globus 

pallidus and nucleus ambiguus were not detected 

by ISHH, although ChAT-immunoreactive neu- 

rons were present there. Of necessity, comparison 

of intensity of hybridization signals and im- 

munoreactivity in neurons detected by ISHH and 

IHC was performed in different rats in the present 

study. The absence of a constant correlation 

between hybridization signal abundance and im- 

munoreactivity in the same neuron has been re- 

ported [27-29]. Discrepancies between amounts 

of mRNA and cellular contents of its translated 

protein could be due to a number of factors. 

Prominent among these is presence of endogenous 

factors that control translation or posttranslational 

events [30, 31]. Other possibilities include the 

relative sensitivities of ISHH and IHC. Amounts 

of mRNA in neurons in the neocortex, globus 

pallidus and nucleus ambiguus may be below the 

sensitivity of the present ISHH. 

Establishment of ISHH for ChAT mRNA in 

paraffin sections may be of particular use to study 

the embryonic and early postnatal development of 

cholinergic neurons. Because the time or site of 

synthesis of mRNA may differ from the time or 

site of accumulation of its translated protein [32], 

studies using ISHH in combination with IHC may 

provide more precise information on the develop- 

ing cholinergic neurons. 
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Hepatic Fatty Acids in Wild Rockhopper (Eudyptes crestatus) 

and Magellanic (Spheniscus magellanicus) Penguins 

before and after Moulting 
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ABSTRACT — Intra- and inter-species hepatic differences for wild rockhopper (Eudyptes crestatus) and 

magellanic (Spheniscus magellanicus) penguin fatty acids were compared both pre-and post-moult. 

Linoleic (18:2n-6) and arachidonic (20:4n-6) acid composition were significantly higher and palmitic 

(16:0) acid significantly lower in pre moult rockhopper penguins than in comparable magellanics. 

Post-moult magellanics had significantly more palmitoleic (16:1), gadoleic (20:1n-9) and erucic, 

(22:1n-9) and less arachidonic and eicosapentaenoic (20:5n-3) percent fatty acids than post-moult 

rockhoppers. In both species moulting resulted in a significant reduction in eicosapentaenoic and 

docosapentaenoic (22:5n-3), and a significant increase in linoleic acid (18:2n-6) percent. In 

rockhoppers, post moult was associated with an increase in the proportion of palmitic (16:0) and a 

decrease in palmitoleic (16:1) acid. In the post-moult magellanics, however, there was a decrease in 

© 1992 Zoological Society of Japan 

stearic (18:0) and an increase in gadoleic (20: 1n-9) and erucic (22: 1n-9) fatty acid composition. 

INTRODUCTION 

Successful breeding, migration, and moulting in 

birds are closely linked to nutritional factors [1-4]. 

Scarcity of food and thus poor nutrient deposition 

prior to these events can result in failure to breed, 

poor health and mortality [1-6], especially in 

species such as pengiuns which abstain from feed- 

ing while breeding and moulting. In penguins 

moulting lasts between two and five weeks depend- 

ing on species, during which time body weight 

losses of 23-60% have been recorded [7-11]. 

Before breeding and moulting penguins build up 

body reserves mainly in the form of lipid. These 

adaptive responses result in body weight increases 

of 5-33% depending on species and sex [10-12]. 

Lipids have diverse biological roles; neutral 
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lipids provide important energy reserves, whilst 

phospholipids have membrane structural functions 

[13-15]. The polyunsaturated fatty acid compo- 

nents of phospholipids provide substrates for the 

cell regulatory molecules the eicosanoids, [14] and 

are thought to provide structural integrity to cell 

membranes [16-19]. 

In view of the importance of lipids, we have 

investigated the fatty acid composition of hepatic 

tissue from wild rockhopper (Eudyptes crestatus) 

and magellanic (Spheniscus magellanicus) pen- 

guins both pre-and post-moult. 

MATERIALS AND METHODS 

Penguins 

Liver tissue samples were obtained at necropsy 

from adult healthy free-living rockhopper and 

magellanic penguins inhabiting the Falkland Is- 

lands during February 1987 after a post-breeding 

feeding period. This was undertaken as a result of 



316 

a penguin mortality investigation in the Falkland 

Islands in 1986 [20]. It was not possible to differ- 

entiate between adults and subadults even when 

taking into consideration the appearence of the 

gonads [11]. The period between the arrival on the 

mouiting area and the beginning of the old feather 

loss was classified as pre-moult. Whereas, the 

penguins that had replaced their old feathers with 

new plumage were considered to be post-moult. 

Lipid extraction 

Total lipids were extracted from liver samples by 

the method of Folch et al, [21]. Tissues were 

homogenised in chloroform: methanol (2:1 v/v) 

containing 0.01% 2,6-di-t-butyl-4-methylphenol 

(BHT) as an antioxidant and left for 24 hr at 4°C. 

The homogenate-solvent mixture was filtered and 

transferred to a separatory funnel and left over- 

night at 4°C following the addition of 25% saline 

(0.85% NaCl) by volume. The lower organic 

phase was evaporated in a Rotavap-R (Buchi) 

under reduced pressure at 37°C. Samples were 

kept under nitrogen during and after the extraction 

TABLE 1. 
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procedures and extracts stored at —20°C until 

required. 

Fatty acid separation and identification 

Total lipids were transmethylated under ni- 

trogen at 70°C for 3 hr with 5 ml of 5% sulphuric 

acid in methanol as an esterifying reagent. The 

fatty acid methyl ester derivatives were separated 

and identified as previously described [22] except 

that the chromatograph was a Varian modei 3700, 

and the column a CP Sil88 (SP 2340). 

Statistical analysis 

Data are expressed as means and standard de- 

viations with their maximum and minimum ranges. 

Interspecies mean differences and pre-and post- 

moult means were compared by Student’s un- 

paired t-test. 

RESULTS 

The hepatic fatty acid composition of rockhop- 

per and magellanic penguins pre-and post-moult 

Range and mean+SD percent liver fatty acids (16:0—22:6n-3) in wild pre-and post-moult 

rockhopper (Eudyptes crestatus) and magellanic (Spheniscus magellanicus) penguins. 

Rockhopper Magellanic 

Fatty acid Pre-moult Post-moult Pre-moult Post-moult 
(n=4) (n=4) (m3) (n=4) 

16:0 15.2-19.9 17.9 DARS=2 4a 22.8 DHEOEY Onl 24.8 202-24 22.9 
Se 2), Il ae Ili! Se 25) +1.8 

IG) 2 Al s= dll 2.8) On lee 9 Les 2,1 1.9 il J 33.2! 2.6 
se i.) se (2) se), 2 ae Iti 

18:0 1 ZA 20.4 18.0-23.6 20.8 18.6—22.8 20.6 1 2FAS Wine 15.8 
se Il {0 +2.9 322, SEL 4! 

18: 1n-9 I G=25)58) 21.4 165219" 18.1 18.0-22.4 AV.3) les 20.9 
SE 28) se Ili se D2 +3.0 

18 :2n-6 1 3= ZY 1.6 S.0= Cll il 0.9- 1.2 1.0 3.9- 4.4 4.0 
se(0),3 aE il2 a=) 2 Se (013) 

20 : 1n-9 = 2.7 7 0.9- 1.9 4 O.5= 1.0 O.7/ Ye 5). Il 4.1 
+0.9 (n=) SE()).5) 32 ()).3 +1.0 

20 : 4n-6 ase 8)e0) 8.6 6.8- 9.8 BS: A\ Al J/(0) 5.33 AY jl 753 6.3 
+0.8 a ILO se il 4 ales 

20 : 5n-3 8.6-10.6 9.3 SyW= We 4 8.5-— 8.9 8.8 2:9= 32h 3.4 
se Il) se 11.5) se ()).2 se ()).3) 

MP2 SSIES) die 3 I DES O/= 1.33 8 MV= 2.3 Dm t= 1.2 ie 
se ()).7/ +0.4 se (0).2 Se ()).1I 

22 :6n-3 Tay nie (io 2= MAS) 11.4 ODDS) ame) Lea i4) 3 12.9 
+3.0 SE LG ae i.7/ Se ilsil 

22 :1n-9 ()) 2b YES) 0.45 V-3= (0.7/ .49 02-026 0.33 0.8- 0.9 0.86 
(3) + (0.007 @e=3) ae ().i17/ +0.16 +0.07 
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are shown in table 1. Linoleic (18:2n-6) and 

arachidonic (20:4n-6) acids were significantly (P 

<0.05 and P<0.025, respectively) higher and 

palmitic (16:0) acid significantly lower in the pre- 

moult rockhoppers (P<0.025) than the corres- 

ponding magellanics. 

In both species of penguins moulting resulted in 

reduction in eicosapentaenoic (rockhoppers P< 

0.025, magellanics P<0.001) and _ doco- 

sapentaenoic (22:5n-3) (rockhoppers P<0.01, 

magellanics P<0.001) and an increase in linoleic 

acid percent (rockhoppers P<0.005, magellanics 

P< 0.001). 

There was lower (P<0.05) stearic (18:0), and 

higher gadoleic (20: 1n-9) (P<0.005) and erucic 

(22:1n-9) (P<0.05) acids in the post-moult 

magellanics compared to their pre-moult counter- 

parts. The post-moult rockhoppers, however, had 

increased palmitic (P<0.01) and decreased palmi- 

toleic (16:1) (P<0.05) acids compared to the 

corresponding pre-moult birds. 

Post-moult magellanics had significantly higher 

palmitoleic (P<0.025), gadoleic (20:1n-9) (P< 

0.01) and erucic (22:1n-9) (P<0.05) acids and 

significantly lower arachidonic (P<0.05), and 

eicosapentaenoic (20 : 5n-3) (P<0.025) acids com- 

pared to that of the post-moult rockhoppers. 

DISCUSSION 

In both the rockhopper and magellanic penguins 

the major hepatic fatty acids were palmitic (16:0), 

stearic (18:0), oleic (18:1), arachidonic (20: 4n- 

6), eicosapentaenoic (20:5n-3) and docosahex- 

aenoic (22:6n-3). These findings are in general 

agreement with the reported fatty acid profiles for 

total body fat in wild Adelie (Pygoscelis adeliae) 

penguins [23] and dermal tissue in Emperor pen- 

guins (Aptenodytes forsteri) [24]. 

Pre-moult differences in hepatic fatty acids be- 

tween rockhopper and magellanic penguins were 

likely to be due to differences in dietary habits. 

The rockhoppers including Eudyptes crestatus feed 

opportunistically on squid, crustaceans, euphau- 

sids, and small fish [11, 25, 26]. These foods would 

be rich in long chain n-3 fatty acids, with smaller 

amounts of the n-6 [27-30]. The magellanics’ 

lower hepatic n-6 fatty acids imply a greater diet- 

ary dependence on n-3 rich species. Diverse 

feeding ecologies have been reported for several 

penguin species [3, 31] and fatty acid compositions 

are known to be a reflection of both metabolism 

and diet [32-34]. Zar [24] suggested that the fatty 

acid differences between the adipose tissues of the 

Emperor (Aptenodytes forsteri) and of the Adelie 

(Pygoscelis adeliae) penguins were an effect of 

diet. In addition, Johnson and West [23] found 

that the proportions of fatty acids in Adelie pen- 

guin depot fat closely resembled the proportions of 

fatty acids in their normal diet of krill (Euphausia 

Sp). 

Both penguin species have relatively high pro- 

portions of liver arachidonic acid (n-6) despite 

living in a n-3 fatty acid rich environment. This 

may indicate a physiological requirement in pen- 

guins for arachidonic acid similar to that in 

mammalian species (33). Diet selection patterns 

or rates of desaturation and elongation could 

account for the relatively high arachidonic acid 

composition. Similarly we previously reported [35] 

significant proportions of n-6 fatty acids in the liver 

phosphoglycerides of wild dolphins feeding in n-3 

fatty acid-rich environments. 

The post-moult disparity in hepatic fatty acids 

between the rockhoppers and magellanics was 

likely to be the result of species differences in the 

metabolism of lipids. It could also be that the 

penguins were at different stages of moulting, 

utilising nutrients differently. Moulting is char- 

acterised by three distinct phases, I and II repre- 

senting essentially lipid catabolism, with >90% of 

energy expenditure stemming from lipids in phase 

II; in phase III any remaining lipid reserves, are 

catabolised and proteins are also utilised [36, 37]. 

The rockhoppers were perhaps in the final phase of 

moulting, utilising more proteins; and the magella- 

nics in the earlier phases, because of their greater 

fatty acid mobilisation. These findings are in 

agreement with our earlier observations [5]; that 

the post-moult rockhoppers had significantly lower 

plasma albumin and globulin compared to their 

magellanic counterparts indicating that the rock- 

hoppers were utilising higher amounts of protein. 

Stearic acid (18 :0) is quantitatively a major fatty 

acid in animal tissues, and is not preferentially 

oxidised as fuel in mammals [38]. The post-moult 
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decrease of stearic and concomitant increase in 

gadoleic (20: 1n-9) and erucic (22: 1n-9) acid per- 

cent in the magellanics but not in the rockhoppers, 

is therefore interesting. Increased elongation and 

desaturation of stearic acid in the magellanics to 

compensate for the relative post-moult loss in 

unsaturation, may explain these findings. Physio- 

logical adaptation to low environmental tempera- 

tures result in increase of unsaturation in the 

tissues of many species [39-42]. The post-moult 

drop in unsaturation in the magellanics, may have 

induced this adaptive elongation and desaturation 

mechanism. Preferential mobilisation and utilisa- 

tion of the specific long chain n-3 fatty acids 

eicosapentaenoic and docosapentaenoic (22 : 5n-3) 

during moulting was a consistent biochemical 

finding in both the rockhopper and magellanics. 

Because of the dietary abundance of n-3 fatty acids 

in marine ecosystems, it appears that these pen- 

guins have evolved metabolic mechanisms to pre- 

ferentially utilise these fatty acids. 

There was a significant increase in the propor- 

tion of hepatic linoleic acid (18 :2n-6) after moult- 

ing both in the magellanics and rockhoppers, 

together with a reduciton in the long chain n-3 

fatty acids, eicosapentaenoic (20 : Sn-3) and docosa- 

pentaenoic (22 :5n-3). This n-6 and n-3 interaction 

is consistent with the findings of Gudbjarnason and 

Oskarsdottir [43] and Harbige ef al. [22] in mam- 

mals. They found that increases in the proportion 

of long chain n-3 fatty acids was associated with a 

decrease in n-6 fatty acids, particularly linoleic 

acid. Linoleic acid is thought to have a role in the 

maintenance or formation of the epidermal water 

barrier [16]. It is conceivable that our observations 

of increased linoleic acid percent in the liver of 

both penguin species post-moult, may indicate 

specific mobilisation in relation to water barrier 

function during the vulnerable moulting period. 

Also there appears to be a differential sparing or 

conservation of the highly unsaturated docosahexa- 

enoic acid (22 :6n-3) and arachidonic acid in both 

species after moulting. Specific increases in mem- 

brane docosahexaenoic acid (22:6n-3) with cold 

adaptation have been reported [44, 45]; and may 

partly explain our findings as could the preferential 

retention of these fatty acids by hepatic cells. 

Conservation of docosahexaenoic acid, may also 

have contributed to the post-moult decrease in the 

proportions of eicosapentaenoic and docosa- 

pentaenoic acid composition through chain elonga- 

tion and or desaturation. 

In conclusion we suggest that pre-moult hepatic 

fatty acid status of the rockhopper and magellanic 

penguins are mainly of dietary origin. Whereas, 

the post-moult values are a reflection of the stage 

of moult, and mobilisation and utilisation of lipids 

which appear to be both species dependent and 

species independent. 
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Components in Acanthaster planci (Linnaeus) 

(Echinodermata: Asteroidea) 

Joun M. Lawrence! and PETER MoRAN 

Australian Institute of Marine Science, Townsville, 

Queensland 4810, Australia 

ABSTRACT—Protein was the major constituent by weight in all body components. The concentration 

of lipid was twice as great in the pyloric caeca as in the cardiac stomach and cardiac pouches. The body 

wall of an arm contained more organic material and energy (in kJ) than the pyloric caeca within the arm. 

The body wall of the arms is the greatest portion of the entire body, but is less important in terms of wet 

weight than in kJ. The ventral body-wall of the disc is massive, containind ca. 17% as many kJ as the 
ventral body-wall of all 16 arms. The type and amount of organic constituents allocated to the body 

components of Acanthaster planci indicate the functional requirements of the components. The greater 

amount of energy allocated to the body wall of an arm than to the pyloric caeca suggests that an increase 

in arm number is not adaptive unless it results in an increased capacity to obtain energy. 

INTRODUCTION 

The proximate composition of asteroids differs 

among the body components in a species and 

between the same components of different species 

[1-10]. The differences are particularly great for 

the body wall, associated with the great variation 

in the body-wall functional morphology [11]. The 

proximate composition indicates the requirements 

for organic classes in the body components in 

either gravimetric or energetic terms. The proxi- 

mate composition is expressed most often in rela- 

tive terms, but the absolute amounts of the proxi- 

mate constituents are of interest in considering 

production and allocation of material to body 

components. Production is best expressed in ener- 

gy terms [12] and knowledge of the proportional 

representation of the organic classes can be of 

value [13]. The allocation of energy should be 

balanced among the body components according 

to the principle of economization in metabolic 

expenditure [14]. With optimal design (sym- 
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morphosis) the allocation of resources to structural 

elements should meet but not exceed the require- 

ments of the functional system [15]. 

Studies of the allocation of proximate constitu- 

tents to the body components of asteroids have 

concerned five-armed species except for the mul- 

tiarmed Pycnopodia helianthoides [2, 5]. The 

relation between the relative amount of energy in 

the body components and body size has been 

established for the multiarmed Acanthaster planci 

[16]. The study of multiarmed species is important 

as a means of understanding the relationship be- 

tween size in terms of dimensions and biomass of a 

body and its components [17]. These studies are of 

particular interest as the multiarmed condition is 

relatively rare in asteroids despite its long fossil 

record and widespread occurrence in different 

families. The present study addresses this question 

through consideration of the allocation of proxi- 

mate constitutens and its energy equivalents to the 

body components of Acanthaster planci. 

MATERIALS AND METHODS 

Acanthaster planci were collected at Bowden 

Reef, Great Barrier Reef, Australia (147°56E, 

19°02’S) on 3 May 1989. At the date of collection 
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the perimeter of the reef had ca. 10-30% live coral 

cover and 1-10% dead coral cover [18]. The 

collected individuals were held in aquaria with 

running sea-water for 5—9 days before dissection. 

The major (R) and minor (r) radii and the disc 

radius were measured immediately after the indi- 

vidual had been removed from the aquarium. The 

disc was defined as that portion of the body 

containing the cardiac stomach [19]. The indi- 

viduals were dissected into their body components: 

dorsal and ventral body-walls of the arms and disc, 

cardiac stomach, cardiac pouches, and pyloric 

caeca. The cardiac pouches are extensions of the 

cardiac stomach in the proximal fused portion of 

the arms [20]. The arms were separated into the 

distal free portions and the proximal fused por- 

tions. Gonads were not analysed as the individuals 

were at the beginning of gonadal development 

[21]. Three arms were dissected from 6 individuals 

to ascertain variation in the wet weights of arm 

components. One arm was dissected from the 

remaining individuals. The entire disc was dis- 

sected from all individuals. 

Portions of each body component were weighed, 

lyophilized, reweighed, and homogenized. The 

proximate composition of the components and 

their energy equivalents were measured by the 

methods used by Lawrence [3] and the insoluble 

protein calculated by substraction. The amount of 

energy present in the components was calculated 

by multiplying (mg organic class/mg dry tissue) 

(mg dry tissue/mg wet tissue) (mg wet tissue of the 

body component) (kJ/mg organic class). The 

energy conversion factors for the organic classes 

were those of Kleiber [22]. These values were used 

to calculate the amount of energy allocated to the 

body components of individuals of a standard size. 

The mean major radius was used to designate a 

standard-sized individual. 

RESULTS 

The individuals varied little in size, with mean 

values (and SD) of 182+11, 93+13, and 45+8 

mm for R, r, and disc radius, respectively. The 

mean arm number was 16+2 (x+SD; range, 12 to 

20). The wet weights of the arm components 

differed among individuals and varied irregularly 

for different components within an individual 

(Table 1). The amount of variation was small. 

The mean weights of the components of three arms 

of an individual varied as much as the means of 

components from one arm from each of 26 indi- 

viduals. 

The proximate composition of the body wall of 

all parts of the body was similar (Table 2). The 

composition of the pyloric caeca differed from that 

of the cardiac stomach and pouches. The gravi- 

metric concentration of ash was higher in the body 

wall than in the viscera: Protein was the major 

organic constituent in all body components, and 

was present in highest concentration in the viscera. 

The concentration of lipid was twice as great in the 

pyloric caeca as in the cardiac stomach and 

pouches. 

The kJ per g dry weight of the body wall was less 

than half that of the viscera (Table 3). The kJ per 

g ash-free dry weight for the body wall and cardiac 

TABLE 1. Variation in g wet wt of arm components in individual Acanthaster planci (n=3 arms for each 

individual) and in 26 A. planci (one arm for each individual) from Bowden Reef in May 1989. Means + 

1 SD are given. 

Individual 1 D 4 5 6 1-26 

Free arm 

dorsal I4Ose0. -lSOaeZ3 IS. Aaeil.d WZ 0se ted 3 Ts I3.5se 340 

ventral Qed) ae ted) SOsEz3 IS Ase IZ VAG sta0kS Dae Ne) 4.0+ Mile syassad 

Fused arm 

dorsal sarily “NO aeei(0 wae AS) ~ NODA se0.5 425209 Sol ae 02 ORs 

ventral O.Ose i WAAae21 9.4+0.9 Weak es Sad) ae()),4! 4.8+1.6 NO Saes40) 

Pyloric caeca Yael WOLOseiO 4 Saeid UO~se0.7  - 4,@se00 SWJse0S) NS as Ses) 

Cardiac pouches 340 a2 1 2.0+0.4 3.4+0.8 e229. ZYaesd 2.3+0.6 Zed) ae) 
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stomach and pouches were similar and less than 

that for the pyloric caeca as a result of the differ- 

ence in lipid level. 

Protein was the major constituent of Acanthaster 

planci in either gravimetric or energetic units, but 

was less important in terms of the latter (76 vs 69% 

of the organic matter) (Table 4). The protein was 

equally distributed between soluble and insoluble 

protein. Lipid constituted 28% of the 3491 kJ in 

the body of a standard-sized individual, with 32% 

of this in the pyloric caeca. 

The wet or dry weights of the ventral and dorsal 

portions of the free and fused parts of the arm did 

not differ greatly (Table 4). The g organic material 

and kJ were slightly greater in the dorsal portion of 

the arm. The wet weight of the ventral body-wall 

TABLE 2. Per cent dry weight (in % total weight) and proximate composition (in % g dry weight and % kJ) 

of body components of Acanthaster planci from Bowden Reef in May 1989. A: ash, C: carbohydrate, 

L: lipid, SP: soluble protein, IP: insoluble protein. Means+1S.D. (n=10) are given for the % dry wt. 
The % kJ was calculated from the mean % dry wt values. 

epasotent a) pS C L SP IP 

% dry wt 

Body wall 

Ventral disc Dilated) 64+5 ae O.7 3.36 (0)5) 14 16+8 

Dorsal disc 745) SIE 49+6 1.9+0.2 Solace) 20 te A=) 

Ventral free-arm Dat 3 /a2© 1.6+0.3 3.6+0.4 195: 19+6 

Dorsal free-arm Ddyts 622-5 2203 7/ 3.3+0.4 Sse 18+3 

Ventral fused-arm Dict 58 +6 1.6+0.3 3.4+0.5 17/ se 18+8 

Dorsal fused-arm Bye 54+4 Ose) 4.1+0.5 7/ ae 24+4 

Pyloric caeca 24+4 Saez VOse 10) SM) se IU 34+ 5) 22 WY) 

Cardiac stomach 20EE3, OFS aeles So) ae 17 15+4 33 30+4 

Cardiac pouches Placed 8.7+1.4 Op leieale2 16+1 336 3444 

% kJ 

Body wall 

Ventral disc 2.6 WS 38 44 

Dorsal disc Mod) IS 36 45 

Ventral free-arm ed) 13 42 42 

Dorsal free-arm Doel) 14 38 46 

Ventral fused-arm 3.0 113} 40 44 

Dorsal fused-arm Dra 15 34 39 

Pyloric caeca 4.9 50 34 WZ 

Cardiac stomach 4.5 28 4] Dif 

Cardiac pouches 4.4 28 33 39 

TABLE 3. 

Bowden Reef in May 1989. 

Free arm Fused arm 

kJ per g dry weight and ash-free dry weight in body components of Acanthaster planci from 

DBW: dorsal body wall, VBW: ventral body wall. 

Disc 
Body Cardiac Cardiac  Pyloric 

Component DBW VBW DBW VBW DBW VBW stomach pouches’ caeca 

kJ per g 

dry wt 9.3 ill 11 10 13 8.6 23 23 WY 

kJ per g 

ash-free 

dry wt We) M5) 7) 24 26 24 26 25 31 
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TaBLE4. Calculated amounts (g and kJ) of total material and of proximate constituents in the body 

components of Acanthaster planci with 16 arms and a major radius of 182mm. The values for dry 

weight and proximate constituents were calculated from the values for the % proximate composition 
given in Table 2. C: carbohydrate, L: lipid, SP: soluble protein, IP: insoluble protein, TOM: total 

organic material. 

wet wt dry wt 

Grams 

Body wall 

Free arms 

Dorsal 216 55 

Ventral 181 42 

Fused arms 

Dorsal 147 34 

Ventral 168 35 

Disc 

Dorsal DG Os 7/ 

Ventral >y/ 15 

Total body-wall 796 188 

Viscera 

Cardiac stomach 41 8.5 

Cardiac pouches 36 7.6 

Total ie, 16 

Pyloric caeca 216 a2 

Total viscera 293 68 

Grand total 1089 256 

kJ 

Body wall 

Free arms 

Dorsal 

Ventral 

Fused arms 

Dorsal 

Ventral 

Disc 

Dorsal 

Ventral 

Total body-wall 

Viscera 

Cardiac stomach 

Cardiac pouches 

Total 

Pyloric caeca 

Total viscera 

Grand total 

ash C L 

34 0.8 1.8 

24 0.6 1.4 

18 0.5 1.4 

20 0.6 iil 

8).3) 0.1 0.3 

9.8 0.2 0.5 

109 2.8 6.5 

1.0 0.5 1.4 

0.6 0.5 2 

1.6 1.0 2.6 

3.8 365) 5) 

5.4 4.5 18 

114 WS) DS 

14 70 

11 S7/ 

8.2 Si 

ili 44 

DD 13} 

3.4 20 

50 261 

8.9 55 

8.1 51 

7) 106 

60 606 

Vi! VAD 

127 973 

SP 

8.2 

7.8 

5.6 

DY) 

13 

Doe | 

Sil 

3.4 

226 

6.0 

7) 

DS 

54 

193 

185 

132 

140 

3) 

51 

133 

79 

60 

139 

411 

550 

1283 

IP 

9.8 

7.8 

8.0 

6.4 

Le 

2.4 

36 

Ghd 

ied 

4.9 

£3 

18 

54 

230 

185 

189 

Syl 

49 

58 

862 

53 

64 

Luly 

142 

259 

A 

TOM 

Zs 

18 

16 

14 

3.4 

S77 

78 

7.5 

7.0 

14.5 

49 

64 

142 

506 

437 

386 

346 

87 

USE 

1893 

195 

183 

378 

1220 

1598 

3491 
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of the disc was twice that of the dorsal body-wall, 

and contained 131 kJ (17% of the 783 kJ of the 

entire ventral body-wall of all 16 arms of a stand- 

ard individual. The body wall was always the 

largest component of the arms regardless of the 

mode of measurement, but was more important 

when calculated in terms of dry weight (73% of the 

total) than in kJ (54% of the total). The viscera 

contained 1598 kJ (84% of the 1893 kJ of the entire 

body-wall). Almost 73% of the lipid was in the 

viscera. The pyloric caeca contained 85% of the 

viscera lipid. Protein comprised 84% of the kJ in 

the body wall, with slightly more insoluble than 

soluble protein. Protein comprised 51% of the kJ 

in the viscera, with more soluble than insoluble 

protein. The body wall contained only 66% of the 

total kJ due to protein as the total organic material 

in the viscera was so great. 

DISCUSSION 

The body wall and pyloric caeca of the arms of 

individual Acanthaster planci vary in size, and the 

amount of variation differs among individuals. 

Despite this, the amount of variation found is 

small and no greater than found with complete 

dissection of other asteroid species [3, 7, 9, 10]. 

The proximate composition of the body compo- 

nents of Acanthaster planci is in the range reported 

for other species [1-10]. The concentration of 

energy in the body wall and pyloric caeca in terms 

of kJ/dry wt is similar to those reported for other 

asteroid species [5-8, 10, 23, 24], and shows the 

great influence of the amount of ash on the concen- 

tration. The differences in the concentration of 

energy in terms of kJ/ash-free dry weight reflect 

better the difference in proximate organic com- 

position. Thus in these terms, the energy concen- 

tration of the body wall and stomach of A. planci 

are similar but less than that of the pyloric caeca. 

The allocation of material and energy to the 

components of an organism must be interpreted in 

terms of its biology. Acanthaster planci is disc- 

shaped, multiarmed, pliable, and prehensile, with 

a large central disc and stomach [21, 26, 27]. These 

features are associated with its predation on coral 

by extraoral feeding. Lucas [28] noted the massive 

development of the stomach of A. planci which is 

extruded over the coral in feeding. This develop- 

ment is so great that the disc does not contain the 

entire stomach, and extensions (the cardiac 

pouches) are found in the proximal portions of the 

fused arms. This may be a better solution to 

accomodating a large stomach than increasing the 

width of the disc. The great development of the 

ventral portion of the disc (the oral frame) sup- 

ports the retraction of the massive stomach. The 

slightly higher concentration of ash in the ventral 

body-wall is probably associated with require- 

ments for the supporting structures. Blake and 

Guensburg [29] listed a robust oral frame as one of 

a suite of characters for the “pycnopodaform” 

shape of multiarmed asteroids. They did not relate 

it to the mass of the stomach or include a massive 

stomach as one of the characters. The stomach has 

been ignored in studies of component parts of 

asteroids, but this may be a major error in the 

study of pycnopodaform species. 

Blake and Guensburg [29] also listed a robust, 

strongly articulated ambulacral column as a char- 

acter of pycnopodaform asteroids, although this is 

also true for other asteroid forms (Lawrence, 

unpub. obs.). However, the amount of material 

and energy allocated by Acanthaster planci to the 

ventral body-wall of the arms is similar to that 

allocated to the dorsal body-wall except for the 

disc. The dorsal body-wall is fragile, as pointed 

out by Kettle and Lucas [16], in keeping with the 

flexibility of the body noted above. Flexibility 

seems more important than having an armor to 

protect against predation as is more usual in tropi- 

cal asteroids [30]. The toxic dorsal spines of A. 

planci are few and represent a minor allocation of 

energy (Lawrence, unpub.). The high incidence of 

regenrating arms [31] indicates the susceptibility of 

A. planci to breakage or predation. This moderate 

allocation to protection would be predicted for a 

species with a competitive life-history strategy 

BZ 

The high amount of insoluble protein allocated 

to the body wall indicates the primarily structural 

role of the body wall, although the large amount of 

soluble protein shows considerable numbers of 

cells are present. The lack of difference in the 

proximate composition of the dorsal and ventral 

body-walls show the basic similarity in construc- 
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tion of the two. An increase in strength and 

support seems to involve an increase in size and 

not difference in composition although this might 

occur at the histological level. McClintock [5] 

noted a decrease in concentration of inorganic 

material in the body wall of Pycnopodia helian- 

thoides with an increase in body size, indicating a 

greater reliance on organic material for strength 

with an increase in size. Kettle and Lucas [16] 

reported a decrease in the relative amount of 

energy allocated to the body wall with an increase 

in body size in A. planci, but did not indicate the 

absolute amount of energy involved or separate 

the body wall into components. 

Giese (2) pointed out that large amounts of 

organic material in the body wall of asteroids could 

constitute a nutrient reserve, and Lawrence and 

Lane [25] suggested that the material might be 

used during body-wall resorption during starva- 

tion. The concentration of organic material in the 

body wall of Sclerasterias mollis decreases with 

starvation [10]. The importance of body size in 

regard to a role of the body wall in nutrient reserve 

is seen with scaling (the proportion of body wall 

decreases with size in Acanthaster planci {16]) and 

composition (the concentration of organic material 

in the body wall increases with size in Pycnopodia 

helianthoides [5}). 

The amount of material and energy allocated to 

the cardiac pouches is nearly as much as to the 

cardiac stomach within the disc. The greater 

amount of insoluble protein may be associated 

with the ligaments that retract the pouches. The 

absolute amount of lipid in the cardiac stomach 

and pouches is high. The gut of echinoids stores 

lipid [33], and the lipids in the cardiac stomach 

may function as reserves also. The amount of lipid 

allocated to the pyloric caeca is far greater. The 

nutrient-reserve function of the pyloric caeca is 

well known, but the caecum is a combination of 

digestive and reserve cells [34] that makes it dif- 

ficult to know the exact allocation to either [25]. 

The multiple arms of Acanthaster planci result in 

a proportionally greater allocation of material and 

energy to the arm components than in five-armed 

species. The greater allocation of material has 

been noted for Luidia senegalensis [35] and Pycno- 

podia helianthoides [5]. This greater allocation is 

probably associated with both an increased cost of 

development and maintenance. If so, a positive 

return should result for the multiarmed condition 

to be adaptive [17]. 

Blake and Guensburg [29] pointed out that it is 

uncertain whether or not multiple arms are adap- 

tively neutral. Multiarmed asteroids can be sepa- 

rated into two groups: those with 6 to 12 arms that 

are constant in number, and those that have 8 or 

many more that are variable in number [36]. It is 

possible the functioning of genera in the first group 

(Luidia, Asterina, Leptasterias) is not affected 

sufficiently for arm number to be a selective factor. 

Blake and Guensburg suggested that the similar 

morphologies of pycnopodaform asteroids of dis- 

parate geological ages and ancestry strongly imply 

not only the benefit based on predatory feeding 

advantages, but that the benefit has endured. 

Genera in the second group (Acanthaster, Crossas- 

ter, Heliaster, Pycnopodia, Solaster) are all active, 

voracious carnivores in which the additional arms 

probably increase feeding capacity. Just as 

homeothermy is advantageous, but only if the 

return is worth the cost, the development of the 

multiarmed condition should increase the capacity 

to obtain energy that meets the energy require- 

ment for the development and maintenance of the 

additional arms. 

In this regard, Calder [37] pointed out that it is 

the body mass (how much tissue must be sustained 

and regulated) rather than the mass of the con- 

stituent parts, topographical layout, or history of 

use that determines basic support costs, opportuni- 

ties, and homeostatic needs. Recognizing the role 

of body size in the functioning of an organism, he 

concluded that body mass is not only an expedient 

measure of size but the biologically appropriate 

one. The amout of energy rather than weight 

better represents biomass. This is clear in echi- 

noderms where so much of the mass may be 

inorganic. Acanthaster planci has a much larger 

biomass in terms of kJ than the few other species 

for which values have been reported (3, 6, 38). 
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ABSTRACT—Chromogranin A, an acidic, sulfated and heat-stable glycoprotein, is a major protein 

component in a variety of secretory granules of neuron and para-neuron cells. Widely phylogenetic 

occurrence of this protein from protozoa to mammals has been reported. In the present study, several 

immunoreactive proteins against bovine adrenal chromogranin A anti-serum were detected by 

immunoblotting of the heat-stable fraction obtained from sea urchin unfertilized eggs. Apparent 

molecular weights of the major components were about 166, 112, 105, 36 and 34 kDa, respectively. 

Content of the proteins was significantly decreased after fertilization, suggesting that these are released 

or decomposed at fertilization. At the pluteus stage, at which nervous system appears, the content of 

the immunoreactive proteins was markedly increased. Apparent molecular weights of the major 

component were about 214, 105, 89, 84, 36 and 34 kDa. No immunoreactive band was detected in the 

heat-stable fraction obtained from “washed” sperm, while the fraction from “dry” sperm contained 

several immunoreactive proteins. This suggests that not sperm but substances secreted with sperm 

contain these proteins. Although the role of the immunoreactive proteins on fertilization, embryonic 

development and sperm functions is unknown at present, they may take a part of the role on these 
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Processes. 

INTRODUCTION 

Chromogranin A, an acidic, sulfated and heat- 

stable glycoprotein, is a major protein component 

in a variety of secretory granules in neuron and 

paraneuron cells [for review see 1]. It has been 

well known that this protein is co-stored and 

co-released with secretory products such as 

catecholamines at exocytosis of the secretory gran- 

ules. Widespread phylogenetic occurrence of this 

protein including Tetrahymena [2], Paramecium 

[3], snail [4], lobster, carp, frog [5], lizard [6], bird 

[5] and mammals [1, 5] has been also reported. In 

these reports, polyclonal antibodies used for the 

detection of chromogranin A were derived by 
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immunizing rabbits with bovine adrenal chromo- 

granin A as an antigen and chromogranin A- 

related proteins from protozoa to mammals were 

all immunoreactive against these antibodies. 

Chromogranin A seems to be a very conservative 

protein among animal kingdom. 

The role of chromogranin A has been proposed 

to contribute to condensation of secretory pro- 

ducts by forming a macro-molecular complex with 

the secretory products and ATP resulting in lower- 

ing intra-granular osmolality [for review see 7]. In 

the previous report [8], a part of the present 

authors demonstrated that a macro-molecular 

complex of bovine adrenal chromogranin A, 

adrenaline and ATP was formed in a Ca’*- 

independent manner, when mixed together at pH 

5.9, physiological pH within the bovine adrenal 

chromaffin granules [9-11], catecholamine storing 

organelles. The optimum concentration ratio of 
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adrenaline to ATP for the formation was 4:1 [8], 

in accordance with the ratio within the granules 

RIS). 

In the present study we examined the presence 

of immunoreactive proteins against bovine adrenal 

chromogranin A anti-serum in sea urchin sperm, 

eggs and embryos. It has been established that a 

significant enrichment of chromogranin A results 

from boiling followed by centrifugation [14, 15], 

and that immunoreactivity is not abolished by 

boiling and in the presence of several protease 

inhibitors [16]. Therefore, the heat-stable fraction 

of sea urchin sperm, eggs and embryos, prepared 

in the presence of protease inhibitor, was used as 

the source for the detection of immunoreactive 

proteins. 

MATERIALS AND METHODS 

Culture of embryos: Eggs and sperm of Anthoci- 

daris classispina were obtained by intra-coelomic 

injection of 0.5 M KCl. Eggs were washed three 

times with artificial seawater and inseminated. 

Fertilized eggs were washed for three times with 

artificial seawater and cultured in artificial seawa- 

ter at 20°C with gentle agitation. Embryos were 

harvested at the 4-cell stage (3 hr after fertiliza- 

tion), the morula stage (6hr), the blastula stage 

(10 hr), the mesenchyme blastula stage (17 hr), the 

gastrula stage (24 hr) and the pluteus stage (48 hr). 

Preparation of the heat-stable fraction: Unferti- 

lized eggs and embryos were washed three times 

with artificial seawater and homogenized in the 

homogenizing medium consisted of 5 mM ethylene 

bis [oxyethylenenitrilo] tetraacetic acid (EGTA) 

and 1 mM phenylmethylsulfonyl fluoride (PMSF) 

using a Teflon pestle homogenizer in an ice bath. 

Sperm were washed twice with ice cold artificial 

seawater and homogenized as described above. In 

some experiments, “dry” sperm were used without 

washing. Protein concentration of the homogenate 

was adjusted to 5 mg protein/ml by dilution with 

the homogenizing medium. The homogenate was 

boiled in the test tube (16 mm in diameter, 100 mm 

in length) for 5 min, cooled to 4°C just after boiling 

and centrifuged at 10,000xg for 20min. The 

resultant supernatant was dialyzed against distilled 

water overnight at 4°C and lyophylized. The 

lyophylized sample was dissolved in a_ small 

amount of distilled water and used as the heat- 

stable fraction. 

Sodium dodecyl sulfate-polyacrylamide gel elec- 

trophoresis (SDS-PAGE): SDS-PAGE was per- 

formed by the method of Laemmli [17] using 10 to 

20% linear concentration gradient of acrylamide. 

After electrophoresis, proteins in the gel were 

electrophoretically transferred to a nitro-cellulose 

membrane by the method of Burnett [18]. Total 

proteins on the membrane were visualized using a 

commercially provided kit (Blotting detection kit- 

for total protein, Amersham, U.K.). In this 

method, proteins on the membrane were unspecif- 

ically biotinylated with the biotinylation reagent 

and the biotinylated proteins were then detected 

using a streptavidine-alkaline phosphatase conju- 

gate with the detection signal generated by using a 

combination of nitroblue tetrazolium and 5- 

bromo-4-chloro-3-indolyl phosphate. In some ex- 

periments protein bands were also visualized by 

Coomassie brilliant blue staining. Immunostaining 

was carried out using a commercially provided kit 

(ProtoBlot, Promega, WI, U.S.A.), Rabbit anti- 

bovine adrenal chromogranin A serum, prepared 

as described previously [8], was used in a 1:400 

dilution ratio. 

Protein determination: Protein concentration was 

measured by the method of Bradford [19] with 

bovine gamma globulin as a standard. 

Chemicals: EGTA and PMSF were purchased 

from Sigma Chem. Co., MO, U.S.A. Acrylamide, 

molecular weight markers for SDS-PAGE and the 

dye reagent for protein determination were from 

Bio-Rad, CA, U.S.A. Artificial sea water was the 

product of Jamarin Laboratory, Osaka, Japan. 

RESULTS 

Figure 1 indicates SDS-PAGE profiles of the 

heat-stable fraction prepared from the same pro- 

tein amount of unfertilized and fertilized egg 

homogenate. As shown in Figure la, lane 1, many 

protein bands were visualized in the fraction from 
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unfertilized eggs by protein staining with the 

biotinylation method described in Materials and 

Methods. As revealed by immunostaining, some 

of these proteins were immunoreactive ones 

against bovine adrenal chromogranin A anti-serum 

(Fig. la, lane 3). Apparent molecular weights of 

the major immunoreactive proteins were about 

166, 112, 105, 36 and 34 kDa. 

Table 1 shows the ratio of heat-stable protein in 

the total protein of the homogenate. The ratio 

decreased markedly after fertilization. As shown 

in Figure la, lanes 1 and 2, protein bands, detected 

by the biotinylation method, became slightly faint 

ones after fertilization. When protein bands were 

visualized by Coomassie brilliant blue staining, a 

slightly small number of protein bands in compari- 

son with that by the biotinylation method was 

developed (Fig. 1b, lane 1). These bands became 

significantly faint ones after fertilization (Fig. 1b, 

lanes 1 and 2) in accordance with the decrease in 

Atm 

14.4- 

Fia. 1. SDS-PAGE of the heat-stable fraction obtained from sea urchin unfertilized and fertilized eggs. 

a. Protein bands, blotted to the nitro-cellulose filter, were visualized by the biotinylation method as described in 

Materials and Methods (lanes 1 and 2) and immunoreactive proteins against bovine adrenal chromogranin A 

anti-serum were detected as also described in Materials and Methods (lanes 3 and 4). Lanes 1 and 3: the fraction 

derived from unfertilized eggs; lanes 2 and 4: the fraction from fertilized eggs. 
b. Protein bands, blotted to the nitro-cellulose filter, were visualized by Coomassie brilliant blue staininig. Lane 

1: the fraction derived from unfertilized eggs; lane 2: the fraction from fertilized eggs. 

The heat-stable proteins prepared from 280 yg protein of the homogenate were loaded. 
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TABLE 1. Recovery of protein from homogenates 

of sperm, unfertilized eggs and embryos to the 

heat-stable fractions. 

Recovery 
of protein 

(%) 

“Dry” sperm 1.08* 

“Washed” sperm 0.15 

Unfertilized eggs 28.5 

Fertilized eggs [Saul 

Embryos at 

the 4-cell stage 15.4 

the morula stage 1356 

the blastula stage MN 

the mesenchyme blastula stage ‘SJoo) 

the gastrula stage 8.6 

the pluteus stage MIL 

* The value indicates percentage of the heat-stable 

protein in the homogenate. Data are the mean of 

two separate experiments. 

the recovery of heat-stable proteins. The biotiny- 

lation method seems not to fully reflect the change 

in protein amount on the SDS-PAGE profiles. 

The content of the immunoreactive proteins also 

decreased at a significant extent after fertilization 

(Fig. la, lanes 3 and 4). 

In the heat-stable fraction derived from sea 

urchin “dry” sperm, many protein bands were 

detected and several protein bands were im- 

munoreactive ones (Fig. 2, lanes 1 and 3). Appar- 

ent molecular weights of the major immunoreac- 

tive proteins were about 132, 90, 51, 18.4 and 16.8 

kDa. The 18.4kDa protein was the most abun- 

dant one in the fraction. These values did not 

coincide with those obtained from unfertilized 

eggs. Although several protein bands were visual- 

ized in the fraction obtained from “washed” 

sperm, no immunoreactive band was detected 

(Fig. 2, lanes 2 and 4). As indicated in Table 1, the 

recovery of heat-stable proteins from “washed” 

sperm was significantly lower than that from “dry” 

sperm. 

When non-immunized rabbit serum was used in 

place of the anti-serum, no band was developed in 

the all fractions (Data not shown). 

Changes of the composition and content of the 

immunoreactive proteins against bovine chromo- 

K Daa’ arate] soi Xs ee 

Fic. 2. SDS-PAGE of the heat-stable fraction obtained 

from “dry” and “washed” sperm. 

Protein bands were visualized by the biotinylation 

method as described in Materials and Methods 

(lanes 1 and 2) and immunoreactive proteins against 

bovine adrenal chromogranin A anti-serum were 

detected as also described in Materials and Methods 

(lanes 3 and 4). Lanes 1 and 3: the heat-stable 

fraction derived from “dry” sperm; lanes 2 and 4: 

the fraction from “washed” sperm. The heat-stable 

proteins prepared from 4mg protein of the 

homogenate were loaded. 

granin A anti-serum were examined during early 

development. The heat-stable fractions, prepared 

from the same protein amount of embryo 

homogenate, were loaded to SDS-PAGE in order 

to compare the content of the immunoreactive 

proteins quantitatively. As described above, the 

content was significantly decreased after fertiliza- 

tion (Fig. 3, lanes 1 and 2). The content was kept 
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kay sasl 

Fic. 3. 

Pee 3 Qe CHAT B wo feorsG 

ss, 

Changes in the composition of immunoreactive proteins against chromogranin A anti-serum in the 

heat-stable fraction of the embryos during early development. 

Immunoreactive proteins against chromogranin A anti-serum in the heat-stable fraction were detected as 

described in Materials and Methods. Lane 1: unfertilized eggs; lane 2: fertilized eggs; lanes from 3 to 8: embryos 

at the 4-cell (3), the morula (4), the blastula (5), the mesenchyme blastula (6), the gastrula (7), and the pluteus 

stage (8), respectively. The heat-stable proteins prepared from 280 ug protein of the homogenate were loaded. 

at a low level from fertilization to the gastrulation 

(Fig. 3, lanes from 2 to 7). A 89 kDa immunoreac- 

tive protein was detected in the fracion from the 

4-cell stage embryos (Fig. 3, lane 3). The content 

of this protein increased at the morula stage at a 

some extent and markedly at the pluteus stage 

(Fig. 3, lanes 4 and 8). A 84 kDa immunoreactive 

protein, that was first detected at the mesenchyme 

blastula stage, was also increased at the pluteus 

stage. At this stage, immunoreactive proteins, 

apparent molecular weights, 214, 105, 36 and 34 

kDa, were also appeared, and these proteins as 

well as the 89 and 84kDa ones were the major 

immunoreactive components. 

DISCUSSION 

In the present study, immunoreactive proteins 

against bovine adrenal chromogranin A anti-serum 

were detected from the heat-stable fraction of 

unfertilized eggs as well as embryos at the various 

stages. No immunoreactive protein was detected 

in the fraction from “washed” sperm, while the 

fraction from “dry” sperm contained several im- 

munoreactive ones. The recovery of heat-stable 

protein from “washed” sperm was significantly 

lower than that from “dry” sperm. These suggest 

that not sperm but substances secreted with sperm 

contain the immunoreactive proteins. 

Apparent molecular weight of bovine adrenal 
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chromogranin A, determined by SDS-PAGE, has 

been shown to be about 75 kDa [20, 21]. It has 

been established that within secretory granules 

chromogranin A exists in multiple forms that are 

yielded from proteolytic processing by endogenous 

peptidases [for review see 1]. The presence of the 

peptidases within the granules has been reported 

[22, 23]. On the other hand, proteoglycan form of 

chromogranin A has been known [24, 25]. Appar- 

ent molecular weight of this form, determined by 

SDS-PAGE, is greater than that of chromogranin 

A [24]. In the present study, apparent molecular 

weights of the major immunoreactive proteins 

were ranging from 16.8 (“dry” sperm) to 214 kDa 

(plutei). Although molecular weight of sea urchin 

chromogranin A is unknown at present, a greater 

part of the immunoreactive proteins in the heat- 

stable fraction, prepared from “dry” sperm, unfer- 

tilized eggs and embryos, seems to be modified by 

the post-translational processing. 

In the present study, both of the content of 

heat-stable protein and the chromogranin A im- 

munoreactive proteins were significantly decreased 

after fertilization. Chromogranin A has been 

found exclusively within the secretory granules [for 

review see 1]. If these proteins are localized within 

the cortical granules, these may be released at 

fertilization, resulting in the diminished content in 

fertilized eggs. Alternatively these proteins may 

be degraded at a significant extent at fertilization. 

The content of the 89 kDa protein was increased 

during early development, especially at the pluteus 

stage. The 84kDa protein, first detected at the 

mesenchyme blastula stage, also increased 

markedly at this stage. The 214, 105, 36 and 34 

kDa protein was also present abundantly at this 

stage. It has been established that at the pluteus 

stage the nervous system appears [26-29]. These 

proteins detected at the pluteus stage may be 

correlated with the nervous system differentiation. 

This is the first report for the presence of 

chromogranin A immunoreactive proteins in “dry” 

sperm, unfertilized eggs and embryos. Although 

the role is unknown at present, these immunoreac- 

tive proteins may take a role in the condensation of 

secretory products within the granules such as 

cortical granules and neuro-secretory granules. 

10 

11 

12 

13 

REFERENCES 

Winkler, H., Apps, D. K. and Fischer-Colbrie, R. 

(1986) The molecular function of adrenal chro- 

maffin granules: established facts and unresolved 

topics. Neuroscience, 18: 261-290. 

Berelowitz, M., Le Roith, D., Schenk, H., New- 

gard, C., Szabo, M., Frohman, L. A., Shiloach, Y. 

and Roth, Y. (1982) Somatostatin-like im- 

munoreactivity and biological activity is present in 

Tetrahymena pyriformis, a ciliated protozoan. En- 

docrinology, 110: 1939-1944. ; 

Peterson, J. B., Nelson, D. L., Ling, E. and Hogue- 

Angeletti, R. (1987) Chromogranin A-like proteins 

in the secretory granules of a protozoan, Para- 

mecium tetraurelia. J. Biol. Chem., 262: 17264- 

17267. 

Schot, L. P. C., Boer, H. H., Swabb, D. F. and van 

Noorden, S. (1981) Immunocytochemical demon- 

stration of peptidergic neurons in the central nerv- 

ous system of the pond snail Lymnaea stagnalis with 

antisera raised to biologically active peptides of 

vertebrates. Cell Tissue Res., 216: 273-291. 

Rieker, S., Fischer-Colbrie, R., Eiden, L. and 

Winkler, H. (1988) Phylogenetic distribution of 
peptides related to chromogranins A and B. J. 

Neurochem., 50: 1066-1073. 

Arena, P. C., Richardson, K. C. and Yamada, J. 

(1990) An immunohistochemical study of endocrine 

cells of the alimentary tract of the Kings’ skink 

(Egernia kingii). J. Anat., 170: 73-85. 

Payne C. M. (1989) Phylogenetic considerations of 

neurosecretory granule contents: role of nucleotide 

and basic hormone/transmitter packaging mecha- 

nisms. Arch. Histol. Cytol., 52: suppl., 277-292. 

Fujino, Y. and Fujii, T. (1991) A macro-molecular 

complex of bovine adrenal chromogranin A, adrenal- 

ine and ATP in vitro. Biomed. Res., 12: 125-130. 

Johnson, R. G., Jr., Carlson, N. J. and Scarpa, A. 

(1978) ApH and catecholamine distribution in iso- 

lated chromaffin granules. J. Biol. Chem., 253: 

1512-1521. 

Pollard, H. B., Shindo, H., Creutz, C. E., Pazoles, 

C. J. and Cohen, J. S. (1979) Internal pH and state 

of ATP in adrenergic chromaffin granules deter- 

mined by *'P nuclear magnetic resonance spectro- 

scopy. J. Biol. Chem., 254: 1170-1177. 

Bulenda, D. and Gratzl, M. (1985) Matrix free 

Ca’* in isolated chromaffin vesicles. Biochemistry, 

24: 7760-7765. 

Winkler, H. and Carmichael, S. W. (1982) In “The 

Secretory Granule”. Ed. by A. M. Poisner and J. M. 

Trifaro, Elsevier Biomedical Press, Amsterdam, pp. 

3-79. 

Winkler, H. and Smith, A. D. (1975) In “Handbook 

of Physiology”, American Physiological Society, 



14 

15 

16 

7) 

18 

19 

20 

Zi 

Chromogranin A in Sea Urchin Gametes 

Washington, D. C., Section 7, pp. 321-339. 

Rosas EullessAweltec IRE Weiss Zanini A... De 

Camilli, P. and Huttner, W. B. (1985) Secretogra- 

nins I and II: two tyrosine-sulfated secretory pro- 

teins common to a variety of cells secreting peptides 

by the regulated pathway. J. Cell Biol., 101: 1999- 

2011. 

Schober, M., Fischer-Colbrie, R., Schmid, K. W., 

Busollati, G., O’Connor, D. T. and Winkler, H. 

(1987) Comparison of chromogranins A and B and 
secretogranin II in human adrenal medulla and 

phaeochromocytoma. Lab. Invest., 57: 385-391. 

O’Connor, D. T. (1983) Chromogranin: widespread 

immunoreactivity in polypeptide hormone produc- 

ing tissues and in serum. Regul. Pept., 6: 263-280. 

Laemmli, U. K. (1970) Cleavage of structural 
proteins during the assembly of the head of bacterio- 

phage. Nature, 227: 680-685. 

Burnett, W. W. (1981) “Western blotting”: Elec- 

trophoretic transfer of proteins from sodium dodecyl 
sulfate-polyacrylamide gels to unmodified ni- 

trocellulose and radiographic detection with anti- 

body and _ radioiodinated protein A. Anal. 

Biochem., 112: 195-203. 

Bradford, M. (1976) A rapid and sensitive method 

for the quantitation of microgram quantities of 

protein utilizing the principle of protein-dye bind- 

ing. Anal. Biochem., 72: 248-254. 

Iacangelo, A., Affolter, H.-U., Eiden, L. E., Her- 

bert, E. and Grimes, M. (1986) Bovine chromogra- 

nin A sequence and distribution of its messenger 

RNA in endocrine tissues. Nature, 323: 82-86. 

Reiffen, F. U. and Gratzl, M. (1986) Chromogra- 

22 

23 

24 

25 

26 

Za]) 

28 

29 

335) 

nins, widespread in endocrine and nervous tissue, 

bind Ca**. FEBS Lett., 195: 327-330. 
Mizuno, K., Miyata, A., Kangawa, K. and Matsuo, 

H. (1982) A unique proenkephalin-converting en- 

zyme purified from bovine adrenal chromaffin gran- 

ules. Biochem. Biophys. Res. Commun., 108: 1235- 

1242. 

Hook, V. Y. and Eiden, L. E. (1984) Two pepti- 

dases that convert '*°I-Lys-Arg-(Met)enkephalin 
and '*°I-(Met)enkephalin-Arg® respectively, to '*°I- 
(Met)enkephalin in bovine adrenal medullary chro- 

maffin granules. FEBS Lett., 172: 212-218. 

Falkensammer, G., Fischer-Colbrie, R. and Wink- 

ler, H. (1985) Biogenesis of chromaffin granules: 

incorporation of sulfate into chromogranin B and 

into a proteoglycan. J. Neurochem., 45: 1475-1480. 

Wohlfarter, T., Fischer-Colbrie, R., Hogue- 

Angeletti, R., Eiden, L. E. and Winkler, H. (1988) 

Processing of chromogranin A within chromaffin 

granules starts at C- and N-terminal cleavage sites. 

FEBS Lett., 231: 67-70. 

Gustafson, T., Lundgren, B. and Treufeldt, R. 

(1972) Serotonin and contractile activity in the 

echinopluteus. A study of the cellular basis of larval 

behavior. Exp. Cell Res., 72: 115-139. 

Ryberg, E. (1973) The localization of cholinester- 

ases and non-specific esterases in the echinopluteus. 

Zool. Scripta, 2: 163-170. 

Ryberg, E. (1974) The localization of biogenic 

amines in the echinopluteus. Acta Zool., 55: 179- 

189. 

Ryberg, E. (1977) The nervous system of the early 

echinopluteus. Cell Tiss. Res., 179: 157-167. 



| ae a 9 Raat r 
of? | ms ele ne aa 

“inane: ite in ean AT HAD RE east 
wee :: 2 | aha ieee tine cs pecans — k is 

; a Ligon f et, nrena tf 

ee oe ait ed blahuerS Mice ee 

ah Ag vii Pet aGy . alk 3 if 

faerie sf shed all 
c , BY: =o 

Ce at b> sit 
* 

or RNS 9 il 
ae ‘Fabnotiniteb tats sche 

iter tore Aan 
Raae) i Deas fa 

¢ 1 shai prcen Fj 

2 rl te ay 
a nt ; age ae as 

ul ue 

re 8 a 
: el eX be 

f re ‘ey 
. j i 

r Re ete c - 
t ‘ , » 
at ‘ a 7 * 1 
ff oi - = " ~ i 

; pers % 3 S Sf aye 1 hae 

7 be ° pn ) 

™ = ; ~ “ ; 
& L ° 1 = > | 

: ; 

= e = 
J A ¢ helt 5 

s in ‘yf ib Et 

‘, ~ fa 

_ re 4 ; ‘< 
5 i 

3) be: * ! 
, f ee & ) 

“ 
4 ' 

. 
- - 

a = »), ; ; . i ; 

eet is : Pairs 4 

7 1 
ri S re : My * 

; ES ) 
j 

y >. 

i} ~ 

’ } u “) 
h te 

= + Pi c ; 
\ 7 ; 

) ‘ 
r "a s 

aT t 

i 5 Ss Li oe 
es 4 H 1 

a x 

— im, 

i 

< i. i 

i 4 * 

y 2 ; a 

i 1 

1 4 t a ~ ‘ 
ry i He NL 

i 

, ” 

‘ 

t 

we \ A \ 

~ - 

3 ; 7 



ZOOLOGICAL SCIENCE 9: 337-342 (1992) 

Changes in Timing and Site of Appearance of a Protease 

| in Xenopus Embryos 
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ABSTRACT—A thiol protease was purified from embryos of Xenopus laevis. This protease has a 

relative mass (M,) of 43 k-44 K. Antiserum raised against the protease was used for analysis by Western 

blotting of proteins from embryos at various stages and from adult liver and heart. A band 

corresponding to a protein with an M, of approxmately 44k was detected in the unfertilized eggs and 

embryos with the monospecific antiserum. The size of the protein that reacted with the antiserum in a 

preparation of proteins from the liver of Xenopus laevis was different from that of the proteins from the 

eggs and embryos (M,, approximately 70k). Immunohistochemical localization with the antiserum 
revealed that the protease was more abundant in the animal hemisphere and in the cells derived from 

the animal hemisphere than in other cells of the embryo. The protease was highly enriched in the 

cytoplasm of ectodermal cells than the cytoplasm of endodermal cell. When proteins from Xenopus 

© 1992 Zoological Society of Japan 

embryos were used as substrate, one protein having M, of 31 K was mainly digested. 

INTRODUCTION 

Animal cells contain many different proteases 

and there are both lysosomal and non-lysosomal 

pathways of protein degradation [1-3]. We have 

purified an acidic protease from Xenopus embryos. 

The protease is sensitive to antipain, leupeptin and 

iodoacetic acid but it is insensitive to phenyl- 

methylsulfonyl fluoride and pepstatin [4]. It has an 

M, of 43 k-44k and can be dissociated into two 

subunits with M, of about 30k and 13k. The 

proteolytic activity is activated by nucleic acid. 

The effect of inhibitors, molecular weight, subunit 

structure, pH optimum, and phenomenon of 

activation by nucleic acid seem to be different from 

those of the proteases described thus far [1-3]. 

The purpose of the present study was to monitor 

temporal changes in the level, the distribution and 

the intracellular localization of the protease pro- 

tein in Xenopus eggs and embryos. 
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Received October 26, 1991 

MATERIALS AND METHODS 

Assay of proteolytic activity 

The proteolytic activity was determined with 

[SH]BSA as substrate and was assayed by measur- 

ing the acid-soluble radioactivity released from 

[H]BSA, as reported previously [4]. 

Preparation of embryos and purification of the 

protease 

Xenopus eggs were allowed to develop to the 

tail-bud stage. The embryos were immersed in 

cold acetone and homogenized in a. glass 

homogenizer. The homogenate was centrifuged at 

3,000 rpm for 10 min at 4°C. The pellets were 

dehydrated by treatment with several changes of 

acetone, dried under No, and stored at —20°C. 

The procedure for purification of the protease 

has been described previously [4]. Twenty grams 

of the acetone-dried embryos were homogenized 

in 200 ml of 0.1 M acetate buffer, pH 5.0, which 

contained 0.1% Triton X-100 and 0.1mM EDTA, 



338 S. MryaTta, Y. NISHIBE et al. 

in a glass homogenizer. The homogenate was 

centrifuged at 7,000 x g for 20 min. The proteoly- 

tic activity in the supernatant was concentrated by 

fractionation with acetone (20-50%). The result- 

ing precipitate was dissolved in 0.1M acetate 

buffer, pH 5.0, that contained 0.2 M NaCl. The 

extract was dialyzed against the same buffer and 

succesively chromatographed on columns of 

Sephadex G-75, CM-cellulose, and hydroxylapa- 

tite. The final preparation of enzyme represented 

a 16,500-fold purification. 

Production of antiserum against the protease 

New Zealand White rabbits were immunized 

with the protease. One hundred micrograms of the 

protease, emulsified in Freund’s complete ad- 

juvant (GIBCO), were administered intradermal- 

ly. Rabbits were given three booster injections 

intradermally with 100 ug protease without ad- 

juvant. Blood was collected 1 week later. IgG was 

purified from rabbit serum by chromatography on 

columns of DEAE-cellulose and Sephadex G-200, 

with subsequent precipitaion with 33% ammonium 

sulfate at 4°C. 

Immunoprecipitation of the protease 

Various amounts of antiserum or control serum 

were added to 1501 of PBS that contained 

purified enzyme (0.22 ug). After incubation for 48 

hr at 4°C, the mixture was centrifuged in a micro- 

fuge for 10min. The residual activity in the 

supernatant was determined with [>H]BSA as sub- 

strate. 

Western Blot Analysis 

Proteins from embryos at various stages were 

fractionated by electrophoresis on 15% polyacryl- 

amide gels [5] and then transferred to nitrocellu- 

lose membranes in a buffer that contained 62.5 

mM Tris, 192mM glycine (pH8.7) and 20% 

methanol [6], with a current of 1.2 mA/cm/? for 90 

min at room temperature. The membranes were 

incubated with blot buffer (5% (mass/vol.) nonfat 

dry milk in PBS) for 2 hr and then with antiserum 

diluted 1:200 in blot buffer for Ihr. After washing 

with PBS, each membrane was exposed to anti- 

rabbit IgG conjugated with peroxidase in blot 

buffer for 1 hr, washed three times with PBS, and 

then developed with a solution of the substrate for 

peroxidase which consisted of azino-di (ethyl- 

benzthiazoline) sulfonic acid in 0.1 M citrate buf- 

fer, pH 4.2, supplemented with 0.03% hydrogen 

peroxide. The enzymatic reaction was terminated 

by washing with water. Proteins in gels were 

detected by silver staining [7]. 

Light microscopy 

Eggs and embryos were fixed in 2% paraform- 

aldehyde and 2.5% glutaraldehyde in 10 mM phos- 

phate buffer pH 7.5, for 4 hr at 4°C, washed thrice 

with PBS, dehydrated in a graded ethanol series, 

cleared in 0.03% Nonidet p-40 in chloroform, and 

embedded in Tissue Prep (Fischer Scientific). Thin 

sections were cut at 4 wm and deparaffinized with 

xylene. Immunohistochemical staining was carried 

out by modified version of the procedure of Wein- 

man et al. [8]. The sections were rinsed thrice in 

PBS, and treated with 0.02 M glycine in PBS and 

with 4% BSA in PBS. These were first labeled 

with antiserum against the protease diluted 1 : 20 in 

1% BSA in PBS, washed 4 times with PBS, 
post-labeled with a biotin-labeled anti-rabbit IgG 

diluted 1:50 in 1% BSA in PBS, and washed thrice 
with PBS. The sections were reacted with avidin- 

biotin-peroxidase complex, washed thrice with 

PBS, reacted with 0.02% hydrogen peroxidase and 

diaminobenzidine tetrahydrochloride in PBS for 

visualization, and rinsed 4 times in distilled water. 

RESULTS 

Immunoprecipitation of the protease 

To study the characteristics of the antiserum, 

immunoprecipitation of the protease was carried 

out. The enzymatic activity remaining in the 

supernatant was measured with [(SH]BSA as sub- 

strate after addition of aliquots of antiserum or 

control serum (Fig. 1). The addition of increasing 

amounts of antiserum led to the gradual loss of 

proteolytic activity, demonstrating that the anti- 

serum reacted with the active enzyme protein. 

Screening with antiserum against the protease by 

immunoblotting 

Samples of the proteins from embryos at various 
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Fic. 1. Immunoprecipitaiton of the protease. Various 

amounts of antiserum or control serum were addedd 

to 0.01 M phosphate-buffered saline that contained 

purified enzyme. Enzymatic activity remaining in 

the supernatant was measured after centrifugation, 

by measuring of acid-soluble radioactivity released 

from (PH]BSA. @, Antiserum; ©, control serum. 

stages and from the liver of adult frogs were 

fractionated by gel electrophoresis, transferred to 

nitrocellulose membranes, and subjected to im- 

munoblotting with antiserum (Fig.2). The 

purified enzyme gave a single band after elec- 

trophoresis in a 15% polyacrylamide gel (Fig. 2, 

lane 1). The relative mass (M,) of the enzyme was 

estimated to be about 44k. On screening with 

antiserum of proteins from unfertilized eggs and 

from embryos at the morula, gastrula, neurula and 

tail-bud stages, a band corresponding to an M, of 

about 44k was visualized from embryos at all 

stages (Fig. 2, lanes 2-6). When control serum 

was employed no bands were detected from 

embryos at any stage or from the adult liver (data 

not shown). The band corresponding to an M, of 

44k coincided in terms of size with the purified 

protease detected by silver staining. The resulted 

indicate that the antiserum was monospecific for 

the protease protein from embryos. The relative 

intensity of the bands was almost constant among 

the proteins from unfertilized eggs and from 

lei te eGyehaee] G 
| 

| 
| 

 » —67K 

i. @  @ —45K 

—25K 

Fic. 2. Screening with antiserum for protease in 

embryos by immunoblotting. 

Purified enzyme protein was subjected to elec- 

trophoresis in a 15% polyacrylamide gel and de- 

tected by silver staining (Lane 1). Proteins (20 ug) 

from unfertilized eggs, and from embryos at the 

morula, gastrula, neurula and tail bud stages (Lanes 

2-6) and proteins (20 ug) from liver (lane 7) and 

heart (lane 8) of Xenopus laevis were fractionated in 

a 15% polyacrylamide gel and transferred to a 

nitrocellulose membrane. Protein was visualized by 

treatment with antiserum. lane 2, unfertilized egg; 

lane 3, embryo at morula stage; lane 4, embryo at 

gastrula stage; lane 5, embryo at neurula stage; lane 

6; embryo at tail bud stage; lane 7, liver of Xenopus; 

lane 8, heart of Xenopus. Standard proteins used 

were bovine serum albumin (67 k), hen egg albumin 

(45 k) and chymotrypsinogen A (25 k). 

embryos at the morula, gastrula, neurula and 

tail-bud stages. The protease in early embryos was 

already present as a maternal proteins in unfertil- 

ized eggs. 

When a sample of the proteins from the liver of 

Xenopus laevis was immunoblotted, a protein with 

M, of 70k was visualized by treatment with anti- 

serum, but the band corresponding to an M, of 44 

k was not observed (Fig. 2, lane 7). Also, the 

protein of 44k was not detected in the proteins 
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from the heart by immunoblotting with the anti- 

serum, while the protein of 70 k was detected in 

heart tissue (Fig. 2, lane 8). 

Immunohistochemical analysis of the distribution 
of the protease during development 

The distribution of the protease was examined in 

Fic. 3. Immunohistochemical localization of the protease in dissected eggs and embryos. 

All sections were cut along the animal-vegetal axis and stained with antiserum (A-D, I and J) or control serum 

(E-H). A and E, Unfertilized egg; B and F, embryo at morula stage; C and G, embryo at gastrula stage; D and H, 

embryo at neurula stage; I, higher magnification of embryo at gastrula stage; J, higer magnification of embryo at 

neurula stage. 

Abbreviations are as follows: ap, animal pole; ec, ectoderm; en, endoderm; m, mesoderm; nt, notochord; s, 

somites; vp, vegetal pole. Bar length: A-H, 0.25 mm; I and J, 0.025 mm. 
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sections of eggs and of embryos at various stages 

by immunostaining with the antiserum. The pro- 

tease was detected as a dark deposit after immuno- 

histochemical staining. Sections were cut along the 

animal-vegetal axis. In the unfertilized egg, the 

animal region showed strong immunoreactivity for 

the protease antigen (Fig. 3A). The animal region 

at the morula stage also contained a higher concen- 

tration of the protease than did the vegetal region 

(Fig. 3B). Immunohistochemical localization of 

the protease antigen in the gastrula is shown in 

Figure 3C. The ectoderm was stained more 

strongly than the endoderm. In the embryos at the 

neurula stage, the intensity of the staining de- 

creased from the ectoderm, through the 

mesoderm, to the endoderm (Fig. 3D). The outer 

layer of cells of the ectoderm was most strongly 

stained and cells derived from the dorsal 

mesoderm, such as the notochord and somites, 

also stained with higher intensity than the en- 

doderm. The animal portion of the egg develops 

into ectodermal tissue, while an explant of the 

vegetal portion forms endodermal tissue. Furth- 

ermore, when animal pole cells are put in contact 

with vegetal pole cells, the fate of the animal pole 

cells changes and they form mesoderm tissue [9, 

10]. Thus, in our experiments, the ectoderm and 

mesoderm stain more heavity than the endoderm 

as a result of the fact that the animal region stains 

more heavily stronger than the vegetal region. In 

sections treated with control serum, no differences 

among the regions were detected (Fig. 3E-3H). 

To define the intracellurar localization of the 

protease, magnified photographs of sections at the 

gastrula and neurula stages were examined (Fig. 31 

and J). The cytoplasm without yolk granules or 

particles in the ectodermal cells at the gastrula 

stage was stained more darkly than the cytoplasm 

in the endodermal cell (Fig. 31). The cytoplasm 

without particles in the ectodermal cells at the 

neurula stage was also stained as a dark deposit 

(Fig. 3J). But the endodermal cells were weakly 

stained. 

Digestion of embryo proteins 

The activity of the protease with embryo pro- 

teins as substrate is shown in Figure 4. Embryo 

proteins were treated with the enzyme, then the 

Fic. 4. Digestion of embryo proteins 

Embryos at the neurula stage were homogenized in 

0.1M acetate buffer at pH5.0. The homogenate 

was centrifuged in a microfuge and the supernatant 

was used as substrate. The embryo proteins (40 7g) 

were treated with the enzyme (0.5 yg), in 0.1M 

acetate buffer at pH 3.8. 

extent of digestion of the embryo proteins was 

assessed by SDS-polyacrylamide gel elec- 

trophoresis. When embryo proteins were digested 

in the 0.1M acetate buffer at pH 3.8, a protein 

with M, of 31 k was the most susceptible to diges- 

tion (Fig. 4, lane 2) (Fig. 4, lane 1, enzyme-free). 

DISCUSSION 

The developmental profile of a novel thiol pro- 

tease in Xenopus was monitored using and anti- 

serum raised against the protease. On screening 

with antiserum by immunoblotting, the protein 

that reacted with the antiserum was detected 

among the proteins from the unfertilized egg. The 

concentration of protease was almost the same 

among the proteins from unfertilized eggs as it was 

among proteins from embryos at the morula, gas- 

trula, neurula and tail-bud stages. However, we 

have already reported that the proteolytic activity 

is barely detectable in the unfertilized egg, when 

assays of thiol protease sensitive to antipain is 

performed in the presence of DTT [11]. Thus, the 

proteolytic activity seems to be inhibited by some 

unidentified mechanism in the unfertilized egg. 

The protease with M, of 44 k was not detected in 

adult tissues, and a protein of 70 k was detected in 
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these tissues. The protease with M, of 44k 

appears to exist only in the embryo. 

The distribution of the protease was studied in 

embryos at various stages by immunohistochem- 

ical methods. The protease was present at high 

leveis in the animal region of the unfertilized egg 

and at the morula stage, and in cells of the 

ectodermal lineage in the early embryo. Further- 

more, the protease was mainly detected through- 

out the cytoplasm without yolk granules or parti- 

cles in ectodermal cells at the gastrula and neurula 

stage. It has been reported that oocytes and 

unfertilized eggs have lysosome-like organelles. 

These lysosomes appear to be located in a 

peripheral zone of the cytoplasm [12, 13]. Thus, 

this protease seems not to be localized in the 

lysosome. 

Many non-lysosomal proteases have been 

purified and characterized [1-3]. We reported 

previously that the proteolytic activity which is 

sensitive to the protease inhibition, antipain in- 

creases during early development and antipain 

inhibits the incorporation of [°H] uridine into 

RAN in Xenopus embryos [11, 14]. This study was 

carried out by antiserum raised against the anti- 

pain sensitive protease. Following fertilization, 

the synthesis of proteins, DNA replication and cell 

division begin [15, 16]. Synthesis of RNA becomes 

detectable at the midblastula stage [16-18]. This 

protease may function as one of components re- 

quired for maintenance of high rates of the synthe- 

sis of RNA, proteins or DNA in the early embryo. 
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of Porcine Ovarian Follicles and Its Increase 

during Their Maturation 

TAKAYUKI TAKAHASHI, YuICHI TsucHIYA!, YOSHIAKI TAMANOUE!, 

TaKAO Morr’, SENCHIRO KAWASHIMA’, and KENJI TAKAHASHI! 

Department of Biophysics and Biochemistry’ and Zoological Institute’, 

Faculty of Science, The University of Tokyo, 

Bunkyo-ku, Tokyo 113, Japan 

ABSTRACT—Porcine ovary was found to contain enzyme activities hydrolyzing peptide 4- 

methylcoumaryl-7-amide (MCA) substrates with a preference for Arg-MCA bond. The activities were 

shown to be present almost exclusively in the follicular fluid and to increase several times during 

follicular maturation. The enzyme responsible for these activities is thought to be a serine proteinase as 

judged from its strong inhibition by diisopropylfluorophosphate (DFP), leupeptin and antipain. The 

molecular weight of the native enzyme was electrophoretically estimated to be approximately 350,000, 

the result indicating that the enzyme is clearly distinct from plasmin (M,=80,000) and collagenase (M,= 

30,000—-65 ,000), both of which are thought to be involved in ovulatory process. The substrate specificity 

of the partially purified enzyme was qualitatively different from that of plasmin. These results suggest 

that the enzyme is a novel type of serine proteinase. 

INTRODUCTION 

The mature ovarian follicle in mammals contains 

fluid in the follicular space. This follicular fluid is 

known to consist mainly of transudates of plasma, 

although it also contains secretory products from 

follicle cells [1]. Special attention has been paid 

for proteolytic activities of the fluid in connection 

with the ovulatory process which is accompanied 

by drastic degradative changes leading to follicular 

rupture [2, 3]. At present, collagenase (3, 4] and 

plasmin [5-8], which is generated from plasmi- 

nogen by the action of tissue plasminogen activa- 

tor, are generally thought to be involved in this 

process. 

In an attempt to elucidate the functional role of 

proteolytic enzymes in mammalian reproductive 

organs, we happened to find a novel proteinase 

present in the follicular fluid of porcine ovary, 

preferable hydrolyzing peptide 4-methylcoumary]- 

7-amide (MCA) substrates at Arg-MCA bond. 
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The activity of this proteinase in the fluid was 

found to increase with follicular maturation. The 

enzyme is a proteinase with a molecular weight of 

about 350,000 and is clearly distinct from collage- 

nase and plasmin. 

MATERIALS AND METHODS 

Follicular fluid preparation 

Porcine ovaries were obtained from Teikoku 

Hormone Manufacturing Co. (Tokyo, Japan), 

usually within 4 hours after the animals were 

slaughtered. Follicular fluid specimens were 

obtained by aspiration from various stages of folli- 

cles using a 21G hypodermic needle and syringe. 

The samples were centrifuged at 1,000Xg for 10 

min, and the supernatants were used. 

Distribution of follicular fluid enzyme in ovary 

Two ovaries were separately placed in a Petri 

dish containing 5 vol. of cold phosphate-buffered 

saline (PBS) and gently sliced with a sharp razor 

blade. The whole materials were collected and 
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centrifuged at 1,000 g for 10min. The precipi- 

tated tissue was gently suspended in 5 vol. of PBS, 

and the suspension was centrifuged again at 1,000 

xg for 10 min. Both supernatants were combined, 

and this fraction was referred to as “follicular 

fluid”. The tissue fraction was minced with scissors 

and homogenized in Svol. of PBS, and the 

homogenate was centrifuged at 12,000Xg for 20 

min. The resulting supernatant was referred to as 

“tissue extract”. 

Enzyme and protein assays 

Peptide substrates containing MCA _ were 

obtained from Peptide Institute (Osaka, Japan). 

Activities were assayed as described previously [9]. 

Unless otherwise stated, enzyme reactions were 

conducted in 0.1 M Tris-HCl (pH 8.0) containing 

0.1mM_ t-butyloxycarbonyl (Boc)-Gln-Arg-Arg- 

MCA and an appropriate amount of sample. En- 

zyme activity was expressed as the amout of 7- 

amino-4-methylcoumarin released at 37°C per 

min. 

Protein was determined by the method of Smith 

et al. [10] using the BCA reagent (Pierce). 

Electrophoresis 

Polyacrylamide gel electrophoresis (PAGE) in 

the absence of sodium dodecyl] sulfate (SDS) was 

performed according to Laemmli [11] with PAG 

plate 4/15 gradient gel (Daiichi Pure Chemicals 

Co., Tokyo). 

Partial purification of the follicular fluid enzyme 

Pig ovary follicular fluid (120 wl) was mixed with 

an equal volume of the SDS-free sample solvent 

TABLE 1. 

Total activity 

TSUCHIYA et al. 

for PAGE, and the mixture (20 1) was applied on 

12 separate wells. After the run at 4°C, the gel was 

cut into slices of 2.5mm width. Each slice was 

immersed in 2 ml of 0.1M Tris-HCl buffer (pH 

8.0), crushed and left at 4°C overnight. Aliquots of 

extracts were assayed for enzyme activity. An 

extract having the highest activity was used as the 

partially purified enzyme preparation. The sample 

thus obtained had a specific acitivity of 41.2 nmol 

of 7-amino-4-methylcoumarin/min/mg protein 

(Boc-GIn-Arg-Arg-MCA as substrate), which was 

approximately 64 times greater than that of the 

crude fluid. 

RESULTS 

We have found that the crude extract of porcine 

Ovary contains enzyme activities hydrolyzing 

synthetic, arginine-containing peptide amide sub- 

strates. The distribution of the activity in this organ 

was examined using Boc-Gln-Arg-Arg-MCA as a 

substrate, and the results are shown in Table I. 

More than 90% of the total activity was recovered 

from the follicular fluid, and its specific activity was 

much higher than that of the tissue extract. The 

results indicate that the enzyme exists almost ex- 

clusively in the follicular fluid. 

Figure 1 shows the increase in the activity as the 

follicles undergo maturation. The specific activ- 

ities in the follicular fluid preparation derived from 

follicles with diameters ranging 1-2 mm and 4-5 

mm were 0.28 and 0.64 nmol/min/mg protein, 

respectively. In parallel experiments, the activities 

toward Ala-MCA (a substrate for aminopeptidase 

M), Gly-Pro-MCA (asub-strate for dipeptidyl pep- 

Enzyme activity in the tissue extract and follicular fluid of porcine ovary 

Total protein Specific activity 
(nmol/min) (mg) (nmol/min/mg protein) 

Exp. 1 

Tissue extract 4.90 45.0 0.11 

Follicular fluid Sot 108 0.48 

J559D, 22 

Tissue extract Le 47.8 0.05 

Follicular fluid 75.9 124 0.61 

The weights of porcine ovaries used were 3.25 g in Exp. J and 3.10 g in Exp. 2 to obtain the tissue extract 

and follicular fluid fractions. Detailed procedures are given in MATERIALS AND METHODS. 
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Fic. 1. Change in enzyme activity in follicular fluid 

preparations during maturation. 

The enzyme activity toward Boc-Gln-Arg-Arg- 

MCA was assayed with the fluids obtained from 

various stages of ovarian follicles. Follicles with a 

diameter of 4-5 mm represent those which have 

almost fully matured. 

tidase IV) and N-succinyl-Gly-Pro-MCA (a sub- 

strate for prolyl endopeptidase) were also found to 

be detectable in the fluid. Interestingly, a gradual 

decline was commonly seen with these enzyme 

activities during follicular maturation (data not 

shown). The results strongly suggest that the 

increase in the activity toward Boc-Gln-Arg-Arg- 

MCA is rather specific, and is presumably due to 

accumulation of the corresponding enzyme(s) 

within ovarian follicles during their maturation. 

The electrophoretic analysis of fluid proteins 

was carried out, and a typical result with the fluid 

obtained from follicles with a 4-5 mm diameter is 

shown in Fig. 2. A gel slice extract with the highest 

activity constituted 82% of the total activity. Fig- 

ure 2 also shows that the apparent molecular 

weight of the enzyme is approximately 350,000. 

When the fluids from less-matured follicles were 

analyzed under the same conditions, essentially 

the same patterns were obtained. Thus, we tenta- 

tively conclude that an enzyme(s) with M,= 

350,000 is solely responsible for the activity in the 

fluid that increases during follicular maturation. 

Some properties were investigated using the 

partially purified enzyme sample. The enzyme 
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Fic. 2. Electrophoretic analysis of follicular fluid pro- 

teins and the enzyme activity. 

The fluid preparation from follicles (4-5 mm in 

diameter) was separately applied on two well posi- 

tions of a gradient PAGE gel. The protein amounts 

loaded were 13 yg and 246yg. After elec- 

trophoresis at 4°C, a lane loaded with 13 yg protein 
was stained with Coomassie Brilliant Blue R-250 

(lane B), while the other lane was sliced into pieces 

of 2.5 mm width for overnight extraction in 0.5 ml of 

0.1M Tris-HCl (pH 8.0) at 4°C. Aliquots of the 
extracts were assayed for the enzyme activity toward 

Boc-Gln-Arg-Arg-MCA. The total enzyme activity 

in each gel slice extract is shown. Lane A shows the 

Separation of molecular weight marker proteins 

(Pharmacia): thyroglobulin (669 kDa), ferritin (440 

kDa), catalase (232 kDa), lactate dehydrogenase 

(140 kDa), and albumin (67 kDa). 

activity was completely inhibited by DFP (1 mM), 

leupeptin (20 “M) and antipain (20 ~M), whereas 

E-64 (1mM), p-chloromercuribenzoate (0.23 

mM), and o-phenanthroline (1 mM) were without 

effect. These findings are consistent with the 

classification of the enzyme as a serine proteinase. 

Table II shows the substrate specificity toward 

various peptide MCA substrates. The results with 

porcine plasmin are also included for comparison. 

The follicular enzyme well hydrolyzed Boc-Gin- 

Arg-Arg-MCA, Boc-Gln-Gly-Arg-MCA and Boc- 

Leu-Lys-Arg-MCA, and to some extent Boc-Val- 

Pro-Arg-MCA. Boc-Glu-Lys-Lys-MCA, a typical 

substrate for plasmin, was a poor substrate for the 

enzyme. The effects of the above proteinase 

inhibitors on the activities toward Boc-Gln-Gly- 

Arg-MCA, Boc-Leu-Lys-Arg-MCA and Boc-Val- 

Pro-Arg-MCA were also examined in order to 
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TABLE 2. Substrate specificity of follicular fluid 

enzyme 

Follicular 
Substrate fluid enzyme eo) 

(%) 

Boc-Gln-Arg-Arg-MCA 100 100 

Boc-Gln-Gly-Arg-MCA 98.1 9.8 

Boc-Leu-Lys-Arg-MCA 2 42.6 

Boc-Val-Pro-Arg-MCA 19.6 65.9 

Boc-Glu-Lys-Lys-MCA ad) SEZ 

Partially. purified follicular fluid enzyme was 

obtained as described in MATERIALS AND 

METHODS. For comparison, porcine plasmin 

(Sigma) was also tested under the same conditions. 

The plasmin sample had a specific activity of 357 

nmol/min/mg protein when assayed with Boc-Gln- 

Arg-Arg-MCA. The relative values of specific 

activity are shown. 

compare with those toward Boc-Gln-Arg-Arg- 

MCA. The effects of these inhibitors were very 

similar to those on the activity toward Boc-Gln- 

Arg-Arg-MCA (data not shown). Therefore, we 

presume that these activities are probably cataly- 

zed by a single enzyme, although involvement of 

several enzymes with very similar properties can- 

not be ruled out completely at present. The 

specificity of this follicular fluid enzyme is clearly 

different from the plasmin specificity. 

DISCUSSION 

The generation of proteolytic activity within the 

follicle was suggested years ago as a possible 

mechanism for degrading the follicular wall [1-3]. 

Espey et al. [3, 4] were able to detect a collagenoly- 

tic enzyme in the follicle. On the other hand, 

Beers et al. [5, 6] demonstrated that the proteinase 

plasmin is capable of weakening follicle wall strips 

in vitro. The two enzyme activities are known to 

increase in the follicle and reach a peak prior to 

ovulation. The enzyme described in this study is 

evidently distinct from these two proteinases as 

follows: First, as judged from the strong inhibition 

by DFP, the enzyme is thought to be a serine 

proteinase, thus being different from a metalloen- 

zyme collagenase. Secondly, the cleavage specific- 

ity of the enzyme is qualitatively different from 

that of a serine proteinase plasmin. Finally, it also 

differs from plasmin in that the molecular weight 

of the enzyme is approximately 350,000 while that 

of plasmin is 80,000. Furthermore, it must be 

noted that the molecular weight (350,000) is much 

larger than those observed so far among endo- 

proteinases. Thus, the present enzyme is thought 

to be a novel serine endoproteinase. 

The physiological role of this follicular fluid 

enzyme is not clear at present. However, our 

finding that the enzyme activity specifically in- 

creases in the fluid as the follicles grow suggests its 

biological importance in the events relating both 

with follicular maturation and ovulation. To better 

understand the detailed molecular and enzymatic 

properties as well as the physiological role of this 

enzyme, further studies are necessary including its 

complete purification and characterization. 
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Seasonal Changes in Humoral Immunity and Blood 

Thyroxine Levels in the Toad, Bufo regularis 

ABDEL HAKIM SAAD and WAGIH ALI 

Zoology Department, Faculty of Science, Cairo University, 

Cairo 12613, Egypt 

ABSTRACT—The present study was designed to explore the basis of seasonal changes in the humoral 

immune response of the toad, Bufo regularis. The results indicated that; (1) administration of 0.4 ml of 

10% RRBC suspension during the breeding season and the time of burrowing for winter elicited a high 

titer of antibody (Ab) and vigorous rosette-forming cell (RFC) resoponse. In contrast, during summer 

active life period and hibernation, immune response was slow with a low titer of Ab and minimal 

number of RFC; (2) cold-acclimated toads (8-10°C; 3 weeks) provided a considerable amount of serum 

Ab in response to primary immunization with RRBC; despite that the magnitude and the kinetic of the 
response were significantly different from those of control toads; (3) fluctuation in thyroxine (T4) levels 

was in direct correlation with the immunological indices recorded for adult toads during the different 

periods of the year. Our results suggest that endogenous T, levels generally trigger B. regu/aris immune 

system with low levels causing a significant inhibition and with high levels causing a significant 

© 1992 Zoological Society of Japan 

stimulation of humoral immune response. 

INTRODUCTION 

Ectothermic vertebrates have a variable body 

temperature and each has its own thermal toler- 

ance range, in which its life process can normally 

operate. As environmental temperature changes 

with season, each species acclimates and responds 

adaptively to the thermal range [1-3]. The litera- 

ture dealing with seasonal rhythms in amphibian 

immunology appears to be scant. Special emphasis 

was focused on seasonal changes in the thymus 

architecture, in relation to the annual changes in 

animal activity [4-6]. That is, a maximum thymic 

weight is recorded during the summer active 

months. A marked involution occurs in winter, 

and is followed by gradual recovery of this organ, 

and this in turn is terminated in the mating season. 

Until recently little attention has been directed 

towards seasonal effects on immune response of 

amphibians. 

Although, most authors reported some tempera- 

ture-dependent immunodepression during winter, 

results were contradictory, and the causative 

Accepted October 31, 1991 
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agents poorly defined [for review see 1]. Recently, 

other authors have pointed out a possible role of 

endocrine modulators [5, 7]. Thyroid hormones, 

mainly thyroxine (T4), experienced seasonal varia- 

tions, dramatically affecting physiological activities 

in amphibians [8, 9]. Little is known, however, 

about their effects on the immune system. There- 

fore, the present study aimed at contributing in- 

formation about some biological variables such as 

season and temperature on the humoral immune 

response of the toad, Bufo regularis. The outcom- 

ing results were particularly discussed from the 

plausible role played by T, levels in immunity of 

toads. 

MATERIALS AND METHODS 

Toads 

Adult male and female toads, Bufo regularis, 

were collected from Abu Rowash area (Egypt). A 

total of 700 toads weighing between 18-20 g and of 

length 8-9.5cm long from snout to vent, were 

used in the present study. Toads were placed in 

glass aquaria with tap water. Every two days 

granulate trout feed were given ad libitum. Ani- 
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mals were maintained in a sunny animals room 

under natural light and ambient temperature of 

10-17°C in winter, 18-27°C in spring and autumn 

and 30-38°C in summer. The amphibian life cycle 

in Egypt was demarcated into: (1) the breeding 

season (April-May), (2) the summer active life 

(June-September), (3) the time of burrowing for 

winter (October-November), and (4) the hiberna- 

tion (December-February). 

Preparation of spleen cells 

Spleen was excised from individual toads and 

placed in separate petri-dishes in ice-cold buffered- 

amphibian saline (BAS), pH=7.2. Monocellular 

Suspensions were prepared, cells were washed 

twice by centrifugation at 150g for 5 min, and 

pellets were resuspended in known volumes of 

BAS. Lymphocytes were counted and their viabil- 

ity was assessed by the trypan blue exclusion. 

Antigen and immunization 

Blood was collected from at least two or three 

healthy animals [rats (RRBC) or guinea pigs 

GRBC)|] by either decapitaion or by heart punc- 

ture. Pooled blood was mixed with an equal 

volume of heparinized phosphate-buffered saline 

(PBS), pH=7.2, and centrifuged at 150g for 15 

min. Cells were washed three times with ice- 

chilled PBS, pH=7.2. Toads were allowed to 

acclimate to ambient temperature in the labora- 

tory for a few days before immunization. Pre- 

liminary experiments were carried out to deter- 

mine the optimum dosage and effective route of 

immunization. From these experiments, 0.4 ml of 

10% RRBC was found to be an optimum dosage 

which induced maximum antibody response when 

given intraperitoneally (i.p.). This immunization 

schedule was followed to study the kinetics of 

antibody response. Control unimmunized toads 

were injected 1.p. with 0.4ml PBS, pH=7.2 and 

included in each experiment. 

Bleeding and serum preparation 

Individual blood samples were allowed to clot 

for 2 hr at room temperature then overnight at 

4°C. After centrifugation at 250g for 15 min, 

individual sera were immediately used or stored at 

20°C. Immunized and unimmunized control sera 

were decomplemented at 56°C for 30 min before 

testing to eliminate spontaneous hemolytic factors 

and homologous complement activity. 

Immunocytoadherence assay (ICA) 

The immunocytoadherence (ICA) assay was 

essentially as described by Kidder et al. [10] with 

minor modification. Briefly, 1-2X10° viable 

spleen cells were separately mixed with 10x 10° 

RRBC in a final volume of 100 1 culture medium 

in a serological glass tube. Culture medium was 

prepared by mixing L-15 medium (GIBCO, Grand 

Island, N.Y. U.S.A.) with heat-inactivated fetal 

calf serum in the ratio of 9:1. The medium was 

found to be optimal for the viability of toad cells 

and the maintenance of RRBC intact. Tubes were 

incubated for 15 min at 37°C and then overnight at 

4°C. After resuspending the reaction mixture by 

gentle rotation and adding one drop of trypan 

blue, ICA-positive cells (rosettes) and lympho- 

cytes were counted in a haemocytometer at a 

magnification of 250. Each tube was counted 

once or twice depending on the variation among 

them. An ICA-positive cell (rosette-forming cell 

or RFC) was defined as a “rosette” consisting of a 

spleen cell bearing at least three adherent RRBC. 

Multiple layered rosettes with lymphocytes seen 

clearly at the center were considered as positive. 

No dead cells were found to form rosette. Two 

trails of each sample tested were run and the data © 

were expressed as RFC/10° spleen cells. In order 

to determine the specificity of “rosette” formation, 

RRBC was replaced by GRBC in the assay system. 

Haemagglutination (HA) assay 

Circulating antibody (Ab) titers were deter- 

mined according to standard procedure in micro- 

titration plates as described in details previously 

[11]. Briefly, 100 41 two-fold diluted immune or 

control sera in PBS, pH=7.2 and 50 ul of 1% 

RRBC in PBS were mixed in 96 well of round- 

bottom microtiter plates (Nunc, Roskid, Den- 

mark). After gentle aspiration, plates were incu- 

bated at 4°C and read 24 hr later. Titers were then 

recorded as the log of the last well showing micros- 

copic agglutination, the first well had a final dilu- 

tion of 1:2. Control wells contained PBS and 

erythrocytes only. 
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Radioimmunoassay of serum T, 

Determination of T, was carried out by a modi- 

fication of the solid phase technique described in 

detail by Murphy ef al. [12]. The antiserum used 

was raised in rabbit against L-thyroxine and sup- 

plied by Kallested Laboratories (Texas, U.S.A.). 

This antiserum showed a nearly 100% crossreactiv- 

ity with Ty, 2.78% with triiodothyronine, but less 

than 0.01% with diiodothyronine as provided with 

the radioassay manufacture protocol. In this sys- 

tem, serum samples require neither extraction nor 

predilution. Serum aliquots (20 1) were pipetted 

directly to the bottom of the corresponding assay 

tubes. Two hundred microliters of '°I-T, were 

added to each tube and agitated on vortex mixer 

for one min. After one hr incubation at room 

temperature, separation of free T, from bound was 

accomplished simply by decanting the supernatant. 

The assay tubes were allowed to drain and then 

were inverted for 2 min on absorbent paper to 

shake off all the residual droplets. The tubes were 

thereafter counted for one min in gamma counter 

apparatus (Mini. Irst. Ltd., Essex, U.K.). Repli- 

cate analysis of a sample of toad serum gave 

intra-assay coefficient of variation of 2.6% and 

inter-assay coefficient of variation of 4.6%. Ali- 

quots of serum were assayed and the smallest 

amounts of Ty, statistically distinguishable from 

zero was 1.0 «g/dl. 

Statistical analysis 

Student’s t-test was used to determine levels of 

significance between control and experimental 

groups. Differences were considered to be signi- 

ficant when P values <0.05 were obtained. 

RESULTS 

Season-related differences in humoral immunity 

The objective of this experiment was to evaluate 

the humoral response of adult toads during their 

annual life cycle. Data of two seprate experiments 

performed in sequence for each period, were simi- 

lar, and therefore pooled (Figs. 1 and 2). 

As depicted in Fig. 1, during hibernation period, 

the number of RFC rose quickly with low level on 

day 4, decreased sharply by day 8 and remained at 

this level until day 16. In active life period, 

immunized toads exhibited a peak at day 4, then 

sharply declined at day 8 and remained constant 

during the following eight days. However, in the 

time of burrowing for winter, response was signi- 

ficantly vigorous. High level of RFC was detected 

on day 4 post-immunization. Thereafter, the num- 

ber of RFC began to decline but remained at high 

level up to day 16. In breeding season, the kinetics 

of RFC was similar to that demonstrated during 

the time of burrowing for winter. Indeed RFC 

were detectable at high level after day 4, peak was 

attained on day 12 followed by gradual decline 

(Fig. 1). 

The kinetics of anti-RRBC Ab response is de- 

picted in Fig. 2. During hibernation, Ab titer rose 

70 

Number Of RFC X10 lo” Cells 

0) 8 12 16 

> Days post immunization 

Fic. 1. Kinetics of rosette-forming cell (RFC) response 

in the spleen of adult toads, B. regularis. Animals 

were immunized on day 0 with 0.4 ml of 10% RRBC 

suspension in the breeding season (q—pP), the 

active summer life (C—O), the time of burrowing 

for winter (@—@) and the hibernation (<j—[P). 

Each point represents the mean response of 3-5 

separate animals, and the vertical bars indicate 

standard error of the mean. 
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Ab titers 
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Fic. 2. Serum haemagglutinin titers in adult toads, B. 

regularis. Animals were immunized on day 0 with 

0.4 ml of 10% RRBC suspension in the breeding 

season (q—p), the active summer life (O—©), the 

time of burrowing for winter (@—@) and the 

hibernation (<j—[>). Each point represents the 

mean response of 3-5 separate animals, and the 

vertical bars indicate standard error of the mean. 

immubpization 

rapidly with low level of serum Ab activity on day 

4, and almost remained constant until day 12. The 

titer increased to reach the low detectable level on 

day 16. In summer active life period, immunized 

toads exhibited a slight rise in serum HA titer at 

day 8 post-immunization and remained constant 

during the following eight days. However, in the 

time of burrowing for winter, Ab was first detected 

day 8 post-immunization and titer increased sharp- 

ly reaching a maximum level on day 16. In the 

breeding season, the kinetics of Ab response was 

quite similar to that detected during the time of 

burrowing for winter (Fig. 2). 

In summary, the results indicated that, during 

hibernation and summer active life period, hu- 

moral and cellular response was minimal with a 

small amount of RFC and low level of circulating 

Ab. In contrast, administration of RRBC (0.4 ml; 

10% RRBC suspension) during the time of bur- 

rowing for winter and breeding season elicited a 

high titer of circulating Ab and vigorous FRC 

response. 

Effect of cold acclimation on humoral immunity 

The toads, field-collected in mid August, were 

immediately used for this experiment. About 25 

toads were injected i.p. with 0.4 ml of 10% RRBC 

and maintained in the laboratory at ambient 

temperature (control group). Another group of 

toads was transferred to the dark incubator and 

kept without feeding at the temperature of 8-10°C 

for three weeks. Then, cold-acclimated toads were 

injected i.p. with 0.4ml of 10% RRBC (ex- 

perimental group). 

As depicted in Fig. 3, control toads exhibited a 

peak at day 4, sharply declined at day 8 and 

remained constant during the following days. 

6 

Number of RFC X 10" lov cells 

10) 4 8 12 16 
Days post immunization 

Fic. 3. Kinetics of RFC response in the spleen of adult 

toads, B. regularis. Fresh, field-collected (O—O) 
and cold-acclimated (@—@) animals were immu- 

nized on day 0 with 0.4 ml of 10% RRBC suspen- 

sion. Each point represents the mean response of 3— 

5 separate animals, and the vertical bars indicate 

standard error of the mean. *=0.05<P<0.01, NS 

=not significant. 
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However, in experimental toads, low number of 

RFC was detected below background level on day 

8. Therefore, the response gradually increased. 

As depicted in Fig. 4, in control toads, Ab titers 

increased from day 4 reaching a peak level on day 

8 and remained constant until day 12. Therefore, 

Ab titer sharply declined by day 16. In ex- 

perimental toads, however, the kinetics of Ab 

response was not quite similar to that detected in 

control toads. Ab levels increased gradually, 

reaching its peak level on day 8, sharply dropped 

by day 12, then increased again. 

Conclusively, primary immune response of cold- 

acclimated toads was significantly different from 

that of control toads kept at ambient temperature. 

Seasonal distribution of splenic lymphocytes 

Since the difference of B. regularis lymphocytes 

to respond in humoral immunity could be due to 

significant differences in the number of lympho- 

cytes or lymphocyte subsets, splenic lymphocytes 

of male and female toads were enumerated by the 

(x 108) 

toad 

Number Of viable splenic lymphocytes per 

o * 

oO 
= 4 

2 a * 
NS 

® 3 
iS) 

2 
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3 ea 2 
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O 4 8 12 16 

> Days post immunization 

Fic. 4. Serum haemagglutinin titers in adult toads, B. 

regularis. Fresh, field-collected (C—©) and cold- 

acclimated (@—@) animals were immunized on day 
0 with 0.4 ml of 10% RRBC suspension. Each point 

represents the mean response of 3-5 separate ani- 

mals, and the vertical bars indicate standard error of 

the mean. *=0.05< P<0.01, NS=not significant. 

MONTHS 

Fic. 5. Number of viable splenic lymphocytes obtained from female (<i—[>) and male (q—p) adult toads, B. 

regularis during the different months of the year. Each point on the curve expresses mean value of 10—15 separate 

animals and the vertical bars indicate standard error of the mean. 
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Fic. 6. The levels of the serum thyroxine of adult toads, B. regularis throughout the year. Each point on the curve 

represents the mean level of 8-10 samples and the vertical bars indicate standard error of the mean. 

trypan-blue exclusion test. Determinations were 

performed on healthy, fresh field-collected ani- 

mals. Three to five toads/sex groups were sac- 

rificed at 10-day intervals throughout the year. 

As depicted in Fig. 5, no statistically significant 

variation in the number of splenic lymphocytes 

could be observed between male and female toads. 

However, data obtained on toads exposed to nat- 

ural experimental conditions suggest that a season- 

al rhythm in lymphocyte distribution is clearly 

present. Viable splenic lymphocytes were more 

abandant in April-June and again in October- 

November. Minimal levels were observed during 

July-September and during December-March. 

Seasonal rhythms in endogenous Ty level 

The monthly changes in circulating T, levels 

were assayed at 10-day intervals throughout the 

year. Determination was performed on serum 

samples from healthy fresh, field-collected toads. 

It is worth mentioning that these toads were from 

the same batches used throughout the ex- 

perimental immunological studies. Preliminary 

determination failed to show sex-related differ- 

ences in T, levels between male and female toads, 

and therefore the results were pooled. 

As depicted in Fig. 6, T, exhibits monthly varia- 

tion between 320 and 1006 pg/ml throughout the 

year. From April to May, serum concentration 

was around 320-360 pg/ml and increases up to 940 

+139 pg/ml in August. From August through 

October, the serum levels of T, exhibited a sudden 

decrease. T, leveis began to rise up to 933 +33 pg/ 

ml in November. From December, a precipitous 

decrease occurred in Ty level reaching a basal 

value of 540+ 12 pg/ml in February, followed by a 

significant increase in March around 780+ 43 pg/ 

ml. 

The present data indicated that serum Ty level 

was greatest in July-September (the active life 

period) and November (the time of burrowing for 

winter). Minimal levels were observed in January- 

February (the hibernation) and April-May (the 

breeding season). 

DISCUSSION 

The toad, B. regularis, is terrestrial, except for a 

short period during breeding season. The annual 

life cycle of the adult toads of this species consists 

of several distinct phases: the breeding season, 

active terrestrial life after breeding season, autum- 
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nal migration and hibernation [14]. Our results 

indicated that, administration of 0.4ml of 10% 

RRBC suspension during the breeding season and 

the time of burrowing for winter elicited high titer 

of circulating antibodies and vigorous RFC re- 

sponse. In contrast, during both the summer 

active life period and hibernation, the humoral 

response was slow, with a low titer of circulating 

antibodies and limited number of RFC. Our 

results suggesting that seasonal rhythms strongly 

influenced the kinetics have invited into a study 

whether, in B. regularis, splenic lymphoid com- 

partments are also affected by seasonal rhythms. 

Lymphocyte density changed in the spleen 

throughout the year. However, no sex-related 

difference was observed. 

Various factors, principally temperature, impli- 

cated in seasonal variations affected the immune 

reactivity of amphibians and other ectotherms [1- 

3]. Immunosuppressive effects of winter were 

repeatedly related to low temperature. However, 

the environmental temperature failed to explain 

satisfactorily the differences in the immune re- 

sponse in the breeding season and summer active 

life reported herein for B. regularis, since the 

natural temperature is high in both periods. In- 

deed, the immune response was significantly differ- 

ent between animals collected during the time of 

burrowing for winter and hibernation; although 

ambient temperature is relatively low in Egypt in 

both periods. The data also indicated that cold- 

acclimated toads (8-10°C; 3 weeks) produced a 

considerable amount of serum antibodies in re- 

sponse to primary immunization with RRBC. In 

this respect, temperature was not the sole causa- 

tive factor that affected seasonal rhythms in the 

toad’s immune response. In agreement with our 

observations, Bigaj and Plytycz [4] have proved 

that experimental changes of the external tempera- 

ture, which demand unphysiological behaviour of 

experimental frogs, cannot change significantly the 

season-specific morphology (and probably the 

function) of their thymus glands. 

Therefore, other factors have been suggested as 

potential cause of seasonal changes affecting the 

immune system of amphibians. We think, how- 

ever, that numerous physiological parameters regu- 

late the seasonal variations of amphibian immune 

system. The correlation of the latter with T, 

seasonal fluctuation might attributed a role of the 

thyroid hormones in this scenario. The present 

study, performed to test this hypothesis, apparent- 

ly gave T, a relatively important role. Serum T, 

levels were rather low in the breeding season and 

hibernation period, while the time of burrowing 

for winter (only during November), prebreeding 

and active summer life period were associated with 

a remarkable elevation in endogenous T, levels. 

The moderate or profound decrease in lymphoid 

density and immune response observed during the 

prebreeding, active summer life and hibernation 

are in consequence to low endogenous T,4 level 

during these periods. On the other hand, enrich- 

ment of lymphoid cells and powerful immune 

response observed during the breeding and the 

time of burrowing for winter are in consequence to 

high endogenous T, levels. 

Informations concerning the influence of T, on 

the immune system of amphibians is scant. It was 

known that in amphibians T, plays a fundamental 

role in triggering metamorphosis itself and many, 

if not all, regressive and progressive changes [15, 

16]. The levels of T3 and T, in the serum increased 

rapidly reaching their peaks when metamorphosis 

was at full swing [17]. Metamorphic events could 

be dissected by thyroid hormone concentration. 

However, no absolute threshold of induction exists 

and any concentration of Ty could induce anuran 

metamorphic changes [18]. Rivier and Cooper [19] 

reported that injection of excessive Ty into larvae 

of Rana catesbeiana resulted in regression of larval 

lymphoid organs. However, Bovbjerg [20] and 

Nagata [21] reported that modulation of T, levels 

during metamorphosis with thiourea or exogenous 

T, did not affect changes in allograft rejection. 

Since the inhibition of allograft rejection by meta- 

morphosis depends on the genetic relatedness of 

donor and host [22], it is difficult to interpret these 

findings, since genetically heterogeneous popula- 

tions were used. Moreover, the timing of hor- 

monal variation might be crucial. Lastly, in young 

adults of Xenopus laevis, 10’ M Ty in vitro could 

affect antigen recognition and binding capacity of 

SRBC-sensitized splenic lymphicytes [18]. 

Our present observation might help in interpret- 

ing the amphibian data by suggesting that T, will 
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differentially stimulate and/or inhibit the immune 

system, depending on the time duration during 

which this hormone is released. We think that the 

correlation between the immune system and T, 

levels in our present data is not a mere coincidence 

in time but rather one of the arms of a dynamic 

immunoendocrine mechanism at work in ectother- 

mic animals. 
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Effects of Unilateral and Bilateral Orchidectomy on Laterality 

of Neurons of the Preoptic Area and Plasma Levels of 

Gonadotropins and Testosterone in Male Mice 

TosHIvuKI S. NAKAZAWA, TAKEO Macuipa!” 

and SEICHIRO KAWASHIMA~ 

Zoological Institute, Faculty of Science, Hiroshima University, 

Hiroshima 730, Japan 

ABSTRACT—Possible involvement of direct neural connections between the testes and the hypothala- 

mus in the neuroendocrine control of gonadal function was studied in male mice. Two-month-old male 

mice of the CD-1 strain were orchidectomized either unilaterally or bilaterally and changes in the size of 

neuronal nuclei and cell bodies in the medial preoptic area (POA) and plasma concentrations of 

luteinizing hormone (LH), follicle-stimulating hormone (FSH) and testosterone were examined one 

week after operation. Both nuclei and cell bodies of POA neurons were significantly larger in the right 

side of the brain than in the left side. Either unilateral or bilateral orchidectomy failed to abolish the 

left-right difference. On the other hand, bilateral orchidectomy and removal of the left testis 

consistently caused a significant reduction in the size of neuronal nuclei on both sides of the POA, while 

removal of the right testis induced a significant decrease in the size of neuronal nuclei on the right side of 

the POA alone. By contrast, the cell body size of both sides of the POA was significantly larger in 

animals removed of their right testes than in those subjected to bilateral, left-sided or sham 

orchidectomy. Bilateral and unilateral orchidectomy caused a significant increase in plasma LH levels, 

but failed to show a significant elevation in plasma FSH levels. Removal of either side of the testis 

invariably caused an increase in plasma levels of testosterone. The present experiments clearly 

exhibited the left-right difference in the morphology of POA neurons in male mice. The results further 

suggest that the neural connections between the testes and the hypothalamus are involved in the control 

© 1992 Zoological Society of Japan 

of hypophyseal-gonadal functions in male mice. 

INTRODUCTION 

Evidence has been accumulated on the presence 

of asymmetry in the brain of mammals. Diamond 

et al. [1] have reported that in young adult male 

rats specific regions in the right cerebral cortex are 

significantly thicker than the corresponding re- 

gions on the left. Asymmetry in oxygen consump- 

tion, glucose uptake and tissue contents of nor- 

epinephrine and dopamine in the cortex and other 
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discrete areas of the brain is well known [2-4]. 

Several authors have also demonstrated the left- 

right difference in the endocrine hypothalamus in 

rats. Gerendai et al. [5] found that the content of 

gonadotropin-releasing hormone (GnRH) in the 

right side of the medial basal hypothalamus was 

significantly higher than in the left side in adult 

female rats. Bakalkin et al. [6] similarly reported 

that the content of luteinizing hormone-releasing 

hormone (LHRH) in the region of the arcuate 

nucleus (ARC) and the ventromedial nucleus 

(VMN) of the hypothalamus was greater in the 

right side than in the left side of the body of male 

rats. Fukuda ef al. [7] further reported that the 

unilateral radio-frequency lesion to the right side 

of the medial anterior hypothalamus was effective 

in suppressing the ovarian compensatory hypertro- 

phy in female rats. All these findings strongly 
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suggest the existence of hypothalamic laterality in 

the regulation of gonadotropic functions in the rat. 

In this connection, Dorner and Staudt [8, 9] found 

that neither bilateral orchidectomy nor the replace- 

ment therapy with testosterone caused any 

changes in the morphology of neurons of the VMN 

and the preoptic area (POA) of the diencephalon 

in male rats. Although the POA is of principal 

importance in the control of gonadotropin secre- 

tion [10-12], morphological or functional laterality 

of this brain structure has not yet been known. 

On the other hand, several authors have sug- 

gested that the neural mediation between the 

peripheral endocrine glands and the hypothalamus 

is involved in the regulation of neuroendocrine 

systems in rats [6, 13-17]. Gerendai and Halasz 

[14] found that unilateral ovariectomy resulted in 

an enhanced uptake of amino acids into the contra- 

lateral ARC in rats. Bakalkin et al. [6] reported a 

decrease in LHRH contents in the hypothalamus 

contralateral to the side of unilateral orchidectomy 

in rats. They suggested that the neural signal from 

the gonads to the hypothalamus was transmitted 

through crossed afferent nerves. On the contrary, 

Mizunuma ef al. [17] reported that the right-sided 

orchidectomy caused an increase in LHRH con- 

tent in the ipsilateral hypothalamus in rats. 

In the present experiments, in order to elucidate 

the laterality of the POA, male mice were 

orchidectomized either unilaterally or bilaterally 

and morphometrical changes in neurons of the 

POA and changes in plasma concentrations of 

gonadotropins and testosterone were investigated. 

MATERIALS AND METHODS 

Male mice of the CD-1 strain were used in the 

present study. They were housed in a tempera- 

ture-controlled (22+1°C) room under 12-hr light 

(0600-1800) and 12-hr dark cycle with free access 

to laboratory chow and tap water. At 60 days of 

age, a total of 32 male mice were divided into four 

groups; 8 animals each of the first two groups were 

given removal of the testis of either the left or the 

right side (groups L and R) and 8 mice of the third 

group were orchidectomized bilaterally (group B). 

Eight mice of the last group served as controls 

receiving operations of abdominal incision but 

their testes were not removed (group S). All the 

above operations were done under ether anesthe- 

sia from 0900 to 1100 in the morning. One week 

after operation, animals were weighed and im- 

mobilized. Blood was collected from the jugular 

vein into the heparinized syringe. The plasma was 

separated by centrifugation at 3000 rpm for 30 min 

at 4°C and stored at —20°C until assayed for 

gonadotropins and testosterone. Immediately af- 

ter the blood collection, brains were quickly re- 

moved and fixed in 10% formalin. Prostates, 

preputial glands and testes, if remaining, were also 

taken out, weighed and fixed in 10% formalin. 

Samplings of blood and tissues were done from 

0900 to 1100 in the morning. 

Blocks of brain tissues containing the POA were 

embedded in paraplast. Sections were cut at 6 ~m 

in thickness and stained with thionin. In each 

animal, the sizes of neuronal nuclei and cell bodies 

were measured in 50 cells each in both sides of the 

POA. The maximum diameter (a) and the diam- 

eter perpendicular to it (b) of individual neuronal 

nuclei were measured under the microscope using 

a micrometer, and the area of neuronal nuclei was 

calculated according to the formula of the ellip- 

soid; A= zab/4. Profiles of neurons whose nuc- 

lear diameters were measured were traced using a 

camera lucida and the sizes of cell bodies of these 

neurons were measured with the aid of a tablet 

digitizer (MGC-1000, Mutoh, Japan). Neurons © 

thus measured were located in the central region of 

the POA confined vertically between the anterior 

commissure and the optic chiasm, and laterally 

between two perpendicular lines drawn to the 

inner margins of the right and the left bed nuclei of 

the anterior commissure. 

Plasma gonadotropins were measured by 

radioimmunoassay using a double antibody 

method [18, 19]. Highly purified luteininzing hor- 

mone (LH; NIADDK- rat LH-I-5) and follicle 

stimulating hormone (FSH; NIADDK-rat FSH-I- 

4) were radioiodinated with ‘I (Na’"'I, 

Radiochemical Centre, Amersham) in the pres- 

ence of lactoperoxidase and hydrogen peroxide 

using the method described previously [20] for the 

assay of plasma LH and FSH. Concentrations of 

LH in 100 pl plasma and FSH in 50 yl plasma were 

expressed in terms of ng NIADDK-rat LH-RP-2 
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and NIADDK-rat FSH-RP-2 per ml, respectively. 

Gonadotropins and antisera were kindly provided 

by NIADDK Rat Pituitary Hormone Distribution 

Program, NIH, Bethesda. We have previously 

confirmed that the rat assay system is satisfactory 

for the radioimmunoassay of LH and FSH in 

mouse plasma samples [21]. Plasma concentra- 

tions of testosterone were determined by radioim- 

munoassay using an antiserum to testosterone 

(HB-31, Teikoku Hormone MFG.) and [1, 2, 6, 

7--H] testosterone (Radiochemical Center, Amer- 

sham) and expressed in terms of ng per ml plasma. 

Details of the radioimmunoassay of testosterone 

were described elslewhere [22]. 

Statistical analyses were performed by ANOvA 

and two-tailed Student’s ¢ test, or by Kruskal- 

Wallis test followed by Mann-Whitney’s U test for 

multiple groups. 

RESULTS 

Morphometrical changes in neurons of the POA 

following unilateral and bilateral orchidectomy 

Figure 1 shows the results of morphometry of 

POA neurons. The neuronal nuclei were signif- 

icantly larger in the right POA than in the left (P< 

0.001 in group S). The neuronal nuclear size of the 

right POA was consistently greater than that of the 

left POA following left or right testis removal or 

bilateral orchidectomy (P<0.01 for groups L and 

R, and P<0.001 for group B, respectively). The 

cell bodies of neurons in the POA were similarly 

larger in the right side than in the left side, the 

difference between the left and right POA being 

statistically significant in all the groups S, R and B 

(P<0.001, in all comparisons). 

On the other hand, either bilateral or unilateral 

orchidectomy rendered the neuronal nuclei signif- 

icantly smaller in both the right and left sides of the 

POA (P< 0.001 for either side of group B and for 

the right side of groups L and R, and P< 0.005 for 

the left side of group L, as compared to the 

corresponding side of group S). Although statisti- 

cally not significant, the nuclei of POA neurons 

appeared to be larger in right-testis-removed ani- 

mals than in left-testis-removed mice. There were 

no significant differences in the size of cell bodies 
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Fic. 1. Changes in the size of nuclei (upper panel) and 

cell bodies (lower panel) of POA neurons after 

unilateral and bilateral orchidectomy in mice. S: 

sham-orchidectomized animals, L: animals sub- 

jected to left-sided orchidectomy, R: animals sub- 

jected to right-sided orchidectomy, B: bilaterally 

orchidectomized animals. Open columns represent 

the left POA neurons and hatched columns show the 

right POA neurons. The number of animals used is 

8 in each group. Asterisks exhibit that the differ- 

ence between the left and the right sides of the POA 

is statistically significant (P< 0.001 for double aster- 

isks and P<0.01 for single asterisk). Triangles 

represent the statistically significant deviations from 

the corresponding side of the POA in group S (P< 

0.001 for double triangles and P<0.005 for single 

triangle). 

of POA neurons among groups of sham- 

orchidectomy, left-sided hemiorchidectomy and 

bilateral orchidectomy. However, the cell bodies 

in either side of POA neurons of right-testis- 

removed animals were significantly larger than 

those of sham-operated animals (P<0.005 for the 
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right and left POA). The sizes of neuronal cell 

bodies of the POA in right-testis-removed animals 

were significantly greater than those in left-testis- 

removed mice (P< 0.005 for the left POA and P< 

0.001 for the right POA). 

Changes in plasma levels of gonadotropins and 

testosterone following unilateral and _ bilateral 

orchidectomy 

Plasma levels of LH, FSH and testosterone are 

fold increment in plasma LH concentrations (P< 

0.001). Unilateral removal of the left or the right 

testis also induced a significant increase in plasma 

LH levels (P<0.005 for the left and right testis 

removal). On the other hand, plasma FSH level 

was 24.9+2.8ng per ml in sham-operated con- 

trols. No significant changes were detected in 

plasma FSH levels one week after unilateral or 

bilateral orchidectomy. 

Plasma testosterone level in sham-operated con- 

trol mice was 1.10+0.26ng per ml. It slightly 

reduced after bilateral orchidectomy for a week, 

but the difference from the level of sham-operated 

shown in Figure 2. Plasma LH level in sham- 

operated male mice was 0.69+0.10 ng per ml. 

Bilateral orchidectomy for a week caused a five- 
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Fic. 2. Changes in plasma levels of LH (left panel), FSH (middle panel) and testosterone (right panel) one week 

after unilateral and bilateral orchidectomy in mice. Difference from the control value (S): P<0.001 for double 

asterisks and P<0.005 for single asterisk. See legend of Fig. 1 for abbreviations of S, L, R and B. 

TABLE 1. Effects of unilateral and bilateral orchidectomy on the weight of preputial gland, 

prostate and the remaining testis in mice 

organ weight (mg/50g B.W.) 

ee ae testis ; 
tek right preputial gland prostate 

S 8 (4S ae 720 143.4+7.1 15 O0}0E e252 9.8+0.9 

1G 8 139.8+6.0* 146.4+8.0 134.9+21.6 bie 029 

R 8 135.6+5.4 137 SEES 12830221033 10.0+1.1 

B 8 148.7+8.8* 147.0+6.6* 100.4+ 13.9 0) ac Ob: 

S: Sham-orchidectomy, L: left-sided orchidectomy, R: right-sided orchidectomy, B: bilateral 

orchidectomy. 

* weight at orchidectomy. 
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controls was statistically not significant. In con- 

trast, unilateral orchidectomy at either side caused 

an increase in plasma testosterone levels. The 

difference between right-testis-removed animals 

and sham-operated animals was statistically sig- 

nificant (P<0.005). 

There were no significant differences between 

the weight of right testes and the left ones at the 

time of hemiorchidectomy (Table 1). One week 

after hemiorchidectomy, the weight of the remain- 

ing testis was not significantly different from the 

initial value of the contralateral testis. In the 

comparison of the weights of prostates and prepu- 

tial glands among the four groups, preputial glands 

of bilaterally orchidectomized animals were, 

although statistically not significant, smaller than 

those of other groups. 

DISCUSSION 

The present experiments clearly demonstrated 

that there is an obvious left-right difference in the 

morphology of neurons of the POA. The size of 

neuronal nuclei of the POA was significantly larger 

in the right side than the left in male mice. In this 

connection, Gerendai et al. [5] and Bakalkin et al. 

[6] have already reported that the content of 

GnRH 1s greater in the right side of the hypothala- 

mus than in the left side in male and female rats. 

Fukuda et al. [7] found that the unilateral lesion to 

the right side, but not to the left side, of the medial 

anterior hypothalamus effectively suppressed the 

Ovarian compensatory hypertrophy in female rats 

and suggested that the right side of the medial 

anterior hypothalamus is indispensable for induc- 

ing the release of gonadotropins sufficient for the 

compensatory growth of the remaining ovary in 

hemiovariectomized rats. The present results are 

in good harmony with these previous findings and 

afford additional evidence for the hypothalamic 

laterality in the regulation of gonadotropin release 

in rodents. Since both the cell bodies and the 

nuclei of POA neurons are larger in size in the 

right side than in the left side, the neurons of the 

right POA may be playing more important roles 

than those of the left POA in the neuroendocrine 

control of gonadal function in mice. 

On the other hand, Dorner and Staudt [8, 9] 
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reported that male rats 70 days after bilateral 

orchidectomy showed no alterations in the mor- 

phology of neurons of the POA and VMN. They 

further found that testosterone treatment was not 

effective in inducing enlargement of the neuronal 

nuclear size of the POA in castrated male rats [8]. 

In the present experiments, however, bilateral 

orchidectomy invariably caused a prominent 

shrinkage of neuronal nuclei of the POA in male 

mice. This finding seems to accord with that of 

Kalra and Kalra [20] who reported a decrease in 

LHRH levels in the medial basal hypothalamus 

two weeks after orchidectomy in adult male rats. 

A possible reason for the discrepancy between the 

data by Dorner and Staudt [8, 9] and the present 

ones may be due to the difference in the duration 

of orchidectomy or the difference of the species of 

animals. 

In the present experiments, removal of the right 

testis caused a significant enlargement of the 

neuronal cell bodies of both sides of the POA, 

while either left-sided hemiorchidectomy or bi- 

lateral orchidectomy failed to induce such an 

effect. Since there were no significant differences 

in plasma levels of LH, FSH and testosterone 

between right-testis-removed mice and left-testis- 

removed animals, the present results altogether 

suggest that the neural connections between the 

testes and the hypothalamus are possibly involved 

in the control of gonadal endocrine function in 

male mice. 

Gerendai et al. [15] have already pointed out 

that unilateral adrenalectomy results in an en- 

hanced synthesis of proteins in the VMN of the 

contralateral side in rats. Gerendai and Halasz 

[14] similarly reported an accelerated incorpora- 

tion of radioactive amino acids into the ARC 

contralateral to the side of ovariectomy. They 

suggested that the neural signal from the peripher- 

al gland to the hypothalamus was probably trans- 

mitted via crossed afferent nerves. Bakalkin et al. 

[6] found that the left-sided hemiorchidectomy 

caused a decrease in LHRH contents in the right 

side of the hypothalamus and gave support to the 

crossed neural mediation between the testes and 

the hypothalamus. Mizunuma et al. [17], in con- 

trast, reported that the right-sided orchidectomy 

caused an increase in LHRH content in the right 
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hypothalamus in male rats. However, the present 

result showed no particular laterality in morpholo- 

gy of POA neurons after right-sided or left-sided 

orchidectomy in male mice. All these findings 

seem to indicate complicated features of neural 

influence from the peripheral endocrine organs to 

the hypothalamus. 

It is generally believed that unilateral 

orchidectomy in rodents results in the attenuation 

in the negative feedback effect of androgens on the 

hypothalamo-pituitary system and consequently 

enhances the release of gonadotropins from the 

pituitary gland. However, several authors re- 

ported that plasma LH levels did not increase 

significantly but, instead, plasma FSH levels ex- 

hibited a substantial and prolonged increase after 

unilateral gonadectomy in rats [17, 24, 25]. Con- 

trary to these results, Howland and Skinner [26] 

found that serum LH levels significantly increased 

on the next day of hemicastration and remained 

elevated for 40 days without any significant 

changes in serum FSH levels. Our results are 

consistent with those of Howland and Skinner [26]. 

In accordance with the elevated plasma LH levels 

in hemiorchidectomized mice, plasma levels of 

testosterone in these animals were higher than in 

the controls. Since it has been reported that 

plasma testosterone levels were either unchanged 

or lowered in hemiorchidectomized rats [27, 28], 

the present results further add the contradiction to 

the endocrine mechanism following unilateral 

gonadectomy. 
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Effects of a Gonadotropin-Releasing Hormone Analog (HOE 766) 

on Germinal and Interstitial Compartments during the 

Annual Cycle in the Green Frog: Rana esculenta 

LOREDANA D1 MatTreo, SERGIO Minucci, MAurRo D’ ANTONIO, 

SILVIA FASANO and RICCARDO PIERANTONI 
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“F. Bottazzi’, via Costantinopoli 16, I Facolta di Medicina e 

Chirurgia, Universita di Napoli, 80138 Napoli, Italy 

ABSTRACT— Seasonal changes, related to treatments carried out using a GnRH-analog (HOE766, 

GnRHA), germinal and interstitial compartment activites were studied in the frog, Rana esculenta 

testis. We have investigated on: a) annual variations of mitotic index (MI) of primary spermatogonia (I 

SPG), b) changes of interstitial area, c) fluctuation of testicular androgen concentration, and d) 

variations of sperm releasing activity during different periods of the year were also studied. Our results 

indicate that testes of Rana esculenta show a cycle of responsiveness to GnRHA treatments with respect 

to androgen production, interstitial growth, I SPG multiplication and spermiation. For each 

phenomenon considered, the extent of the response is peculiar of the period of the year in which the 

experiment is carried out. 

INTRODUCTION 

Seasonal gonadal activity has been extensively 

studied in vertebrates [1] with respect to the regu- 

lation of steroidogenesis and spermatogenesis. 

The hypothalamus-hypophyseal control mecha- 

nisms appear to play a central role in driving the 

cascade of events which turns on the breeding 

seéason. 

temperature) act either modulating the release of 

GnRH from hypothalamus or directly controlling 

the pituitary sensitivity in term of gonadotropin 

discharge; this, in turn, is further regulated by the 

steroid milieu [2, 3]. Also factors inherent to the 

testis have been claimed to contribute to the 

phenomenon determining a cycle of gonadal sensi- 

tivity to gonadotropin stimulation [4]. 

In the frog, Rana esculenta, interstitial and ger- 

minal compartments show different seasonality 

since steroidogenesis and spermatogenic wave 

occur at high rate during late autumn-early spring 

and late spring-early autumn, respectively [2]. 

Indeed, environmental cues (light and 
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Therefore, it is interesting to have insight in the 

physiology of the two different testicular compart- 

ments in this frog species which may constitute an 

useful animal model to investigate the regulation 

of testicular functions. 

Scope of the present paper is to study changes of 

the responsiveness of the pituitary-testis axis dur- 

ing the annual cycle, treating intact frogs, Rana 

esculenta, with a gonadotropin-releasing hormone 

analog (HOE 766). Indeed, a divergent response 

elicited by the treatment on the endocrine and 

germinal tissue respectively, may indicate the ex- 

istence of local mechanisms which activate testicu- 

lar compartments to be responsive to the same 

stimulus separately in different periods of the year. 

MATERIALS AND METHODS 

Adult frog, Rana esculenta, were collected dur- 

ing 1987, from January to December. Each 

month, 10 freshly collected males received 900 ng 

GnRH agonist, (GnRHA HOE 766 Hoechst, 45 

ng/g BW) in Krebs-Ringer bicarbonate buffer 

(KRB). Injections were given into the dorsal sac 

on alternate days for 2 weeks. Simultaneously, 10 
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animals were used as controls and injected with 

vehicle (KRB) alone. During March, June and 

October 5 animals per experimental group were 

decapitated 2.5 h after the last injection and right 

testes were used to determine the androgen con- 

centration by RIA as described previously [4, 5]. 

Since the antiserum used was cospecific for testos- 

terone and 5 a-dihydrotestosterone, the results are 

expressed as “androgens”. Intra- and interassay 

coefficients of variations were 6% and 9%, respec- 

tively and sensitivity was 2 pg/tube. The left testes 

were fixed in Bouin’s fluid and examined, after 

staining with hemallum and eosin, for interstitial 

area calculation and for signs of spermiation. 

These periods were chosen since they are peculiar 

of the seasonal cycle of Rana esculenta. Indeed, 

during March androgens are at the highest concen- 

tration and spermatogenesis begins, reaching its 

maximum during late spring-early summer (June). 

In October, the spermatogenic wave is near to be 

extinguished and androgen levels start to increase 

again [2, 4, 6-8]. Interstitial area was measured in 

10 randomly chosen sections per experimental 

group and expressed in wm? (mean+SD). Sper- 
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miation was calculated as the number of empty 

tubules per 100 total tubules observed in randomly 

chosen sections. 

The remaining animals collected all year around 

received 100 ug colchicine (Prolabo, Paris) into 

the dorsal sac and were decapitated 24h later. 

Testes were fixed in Bouin’s fluid and 5-6 um 

cross-sections were stained with hemallum and 

eosin. Mitotic index (MI) of the primary sperma- 

togonia (I SPG) was expressed as number of 

metaphases per total I SPG counted multiplied by 

100 [9]. 

Significance of differences was evaluated using 

Student’s “rt” test for between group comparisons 

and Duncan’s test for multigroup comparisons. 

“Chi square” test was also carried out when 

appropriate. 

RESULTS 

a) Annual variation of MI of I SPG in GnRHA- 

treated frogs 

In control animals the MI of I SPG showed two 

@e Control O-OGnRHA 

Annual variations of ISPG mitotic index in vehicle and GnRHA treated frogs, Rana esculenta. Duncan’s test 

was used to evaluate significance of differences among vehicle or GnRHA-injected animals. Student’s “r” test 

was used to evaluate significance of differences between vehicle and GnRHA-injected animals of the same 

month. Values are the mean+SD. 
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peaks of proliferative activity (Fig. 1). Indeed, I 

SPG mitosis peaked in April (P<0.001 vs Febru- 

ary or June) and October (P<0.001 vs July and 

November), although during October the peak of 

proliferative activity was less pronounced (P< 

0.001 vs April). Similarly, GnRHA treated frogs 

showed two significant peaks of proliferative activ- 

ity of I SPG (P<0.001) simultaneously with those 

of control animals. Moreover, in all periods of the 

year GnRHA stimulated significantly I SPG multi- 

plication (P<0.05 at least). Interestingly, the 

extent of stimulation observed from June until 

October was greater (P<0.01) as compared with 

the remaining periods. Indeed, while GnRHA 

increased the MI of I SPG 127.32% +11.2 during 

June-October period, only 116.16% +6.4 was the 

stimulation measured in the other months. 

b) Measurement of testicular androgen concentra- 

tion and interstitial area in different periods of the 

year 

Testicular androgen content (Fig. 2) was highly 

GnRHA 

C Control 

ee e 
@ee 
e@ee@ 
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e@e@e 

e 

Androgens ng/testis 

e@ee0eee 
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March June October 

Fic. 2. Testicular androgen concentration of vehicle [_] 

and GnRHA f-] treated frogs, Rana esculenta. Dun- 

can’s test was used to evaluate significance of differ- 

ences among vehicle or GnRHA-injected animals. 

Student’s “r” test was used to evaluate significance of 

differences between vehicle and GnRHA-injected 

animals of the same month. Values are the mean+ 

SD: 

stimulated by GnRHA during March (P<0.001). 

No GnRHA effects were evidenced in June frogs, 

while in October animals GnRHA was able to 

increase again the androgen concentration (P< 

0.001). However, the hormone levels achieved 

during October were significantly lower (P< 

0.001) as compared with those measured in March. 

Conversely, interstitial area (Fig. 3) of October 

testes appeared unaffected by GnRHA while June 

testes showed greater values in peptide treated 

animals (P<0.001). A strong stimulation was 

achieved in March testes (P<0.001) in which the 

interstitial area increased about 3 fold and reached 

value significantly higher as compared with June 

values (P<0.001). 

GnRHA 

i|zeze [a Control 

Interstitial area (um) 

October 

Fic. 3. Intestitial areas calculated in testes of vehicle [| 

and GnRHA [fi] treated frogs, Rana esculenta. 

Significance of differences was evaluated as de- 

scribed in Fig. 2. Values are the mean+SD. 

c) Measurement of spermiation activity in dif- 

ferent periods of the year 

GnRHA induced spermiation in all periods ex- 

amined (P<0.005) although the efficiency of the 

phenomenon showed differences (Table 1). In- 

deed, March and October testes were highly sensi- 

tive to the peptide as compared with June testes (P 

<0.005). Only 40 of 100 tubules examined were 

empty as compared with near to 100% spermiating 
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TABLE 1. Sperm releasing activity of vehicle and GnRHA treated frogs Rana esculenta 

MARCH | JUNE OCTOBER 

a () +10 ae OS 
CONTROL b 

— 100 2) 90 (b) “LOS (c) 

+ 95 +40 + 100 
GnRHA d n hog (¢) oe (e) Ets (i 

AWE Gl IPOS 

b vs e P<0.05 

GC ovs f 2 —<0105 

d+f vs e P<0.005 

+ and — represent spermiating and non-spermiating tubules. Spermiation was calculated as the 

number of empty tubules per 100 total tubules observed in randomly chosen sections. Significance of 

differences was calculated using Y? test. 

tubules observed in March and October. It is 

interesting to note (Fig. 4) that in March testes of 

control animals almost exclusively spermatozoa 

were present. Conversely, tubules characterized 

by the presence of all spermatogenic stages (except 

spermatozoa, since the presence of spermiation) 

were Observed in GnRHA treated animals. Anim- 

als captured in June (Fig. 5) had testes fully orga- 

nized without differences (control vs GnRHA tre- 

ated animals) in respect to the development of 

germinal cells which were all represented. Octo- 

ber testes (Fig. 6) presented few spermatocytes 

and spermatides, while tubules full of spermato- 

zoa, which almost disappeared after GnRHA 

treatment, were observed. 

DISCUSSION 

GnRH elicits gonadotropin discharge from the 

pituitary in vertebrates [1]. In amphibians, the 

peptide elicits both LH and FSH release whose 

secretory pattern appears similar in frogs [10] but 

not in toads [11] where FSH is detectable in plasma 

when LH is at base-line values. In frogs, gonado- 

tropins act in males, through a low FSH/LH 

specific receptor [12], primarily stimulating 

androgen production by Leydig cells [3] and in- 

fluencing spermatogonial proliferation [13, 14]. 

GnRHA treatments described here indicate that 

the testis undergoes a cyclic seasonal responsive- 

ness, by both endocrine and germinal compart- 

ments, which occurs separately during the year. 

Although germinal and interstitial compartments 

of toad testis may be stimulated separately by FSH 

and LH, respectively [11], this does not seem to be 

the case in frogs [10]. Present data in the frog, 

Rana esculenta, show that maximal androgen pro- 

duction is available in March, while germinal com- 

partment appears to respond to a greater extent 

during spring-early autumn period. The measure- 

ment of the interstitial area shows that the ster- 

oidogenic compartment becomes highly developed 

during the period of maximal androgen production’ 

(March). Interstitial area is still stimulated during 

June when androgen production is not affected by 

GnRHA. Moreover, in October the GnRHA 

treatment induces androgen production, although 

to a less extent as compared with March, but 

interstitial area remains unaffected. This may 

indicate that the steroidogenic response to the 

GnRHA treatment is in a certain degree indepen- 

dent of the trophic response by the interstitial 

compartment. Substances other than androgens 

may be produced by the interstitium under go- 

nadotropin stimulation to support the gonadal 

activity, as suggested in mammals [15]. Of course, 

the knowledge of FSH and LH profiles would be 

helpful in elucidating the problem. Unfortunately, 

frog antisera currently available do not crossreact 

with Rana esculenta pituitary homogenate (Licht 

and Pierantoni, unpublished). Maximal respon- 

siveness of the steroidogenic tissue appears to 

occur concomitantly with the androgen peak which 

has been detected in March during the annual 

cycle, while lack of stimulation of androgen pro- 

duction has been evidenced in June when plasma 
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Fic. 4. Testes of March animals treated with vehicle characterized by a) presence of numerous spermatozoa and b) 

normal interstitial tissue. GnRHA-treated frogs show c) absence of spermatozoa and d) abundant interstitial 

tissue. 
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Testes of June animals treated with vehicle (a and b) and GnRHA (c and d). Germinal compartment is fully 

organized and spermatozoa are still present after GnRHA treatment. 

Fic. 5. 
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Fic. 6. Testes of October animals treated with vehicle a) characterized mostly by the presence of few spermatocytes, 

spermatides and spermatozoa and b) by regressed interstitial compartment. GnRHA-treated frogs show c) 

absence of spermatozoa and d) interstitial compartment development similar to that of vehicle treated animals. 
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and testicular androgen levels reach the nadir [4, 6, 

7, 8]. This in vivo experiment confirms previous in 

vitro results showing that minced testes do not 

respond to any stimulus during summer in term of 

androgen production [4]. Therefore, our data 

strongly suggest that intratesticular mechanisms 

may determine an endocrine refractoriness. On 

the contrary, spermatogonial proliferation can be 

stimulated at any time, although at different ex- 

tent. Spermatogonial proliferation occurs, in Rana 

esculenta, all around the year [16] and reaches 

maximal values, as measured by mitotic index, 

during April and October. Moreover, sperma- 

togenic wave can be stimulated by appropriate 

hormonal and environmental factors (light and 

temperature) either during winter or during sum- 

mer [17]. Our results confirm the basal profile of I 

SPG proliferation and indicate that the germinal 

compartment is more responsive to GnRHA treat- 

ment during summer-early autumn, concomitantly 

with the appearance of the maximal rate of the 

spermatogenic wave [18]. 

As for the sperm-releasing activity, spermiation 

has been detected in all period studied, and com- 

parable sperm releasing activity occurs in March 

and October. An interesting observation to 

emerge is that the high rate of spermiation does 

not indicate the existence of a similar organization 

of the germinal compartment. Indeed, March 

testis appears to be different from October testis as 

far as the germinal compartment composition it 

concerns. Despite the diverse histological picture, 

spermination, after GnRHA treatment, is strong 

and comparable between the two periods. A cycle 

of responsiveness is also evident since June testes, 

although these are characterized by the presence 

of all spermatogenic stages, appear to respond 

with minor efficiency. 

In conclusion, testes of the frog, Rana esculenta 

show cycle of responsiveness to GnRHA treat- 

ment in term of androgen production, interstitial! 

growth, ISPG multiplication and spermiation. All 

these events are not concomitant but each of them 

is peculiar of the period of the year in which the 

experiment is carried out. This may be ascribed to 

internal testicular factors which determine how the 

gonads respond or utilize the gonadotropin sti- 

mulation. 
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ABSTRACT—Changes in salmon gonadotropin-releasing hormone (sGnRH) and chicken GnRH-II 

(cGnRH-II) contents in the brain and pituitary, and gonadotropin (GTH) subunits GTH IP and GTH 

IIf contents in the pituitary of female masu salmon (Oncorhynchus masou) were investigated from 

hatching through ovulation. Gonadosomatic index (GSI) showed a gradual increase until the second 

summer (two year-olds), and thereafter a rapid increase was observed in accordance with vitellogenesis. 

Ovulation occurred in autumn. Brain sGnRH was already measurable at hatching, whereas cGnRH-II 

was first detected two months later. Both GnRHs contents increased during the underyearling phase, 

and fluctuated thereafter. Pituitary sGnRH contents showed a stepwise increase every summer for three 

years. sGnRH concentrations in each discrete brain area showed seasonal changes: high during 

autumn-winter and low in summer. sGnRH concentrations in the olfactory bulbs and telencephalon, 

and pituitary contents of s6nRH, GTH If and GTH IIf significantly increased prior to ovulation. 

Pituitary GTH If contents showed clear seasonal changes for three years-high in autumn and low in 

winter-regardless of the state of ovarian maturity. Brain cGnRH-II contents were lower than sGnRH 

contents. Moreover, pituitary cGnRH-II contents were undetectable and no significant changes in 

concentration in discrete brain areas were observed during vitellogenesis and ovulation. These results 

suggest that sGnRH is involved in ovarian maturation via the regulation of GTH synthesis and release in 

© 1992 Zoological Society of Japan 

this species, whereas cGnRH-II has little or no involvement in reproduction. 

INTRODUCTION 

Recent studies have shown that more than one 

type of GnRH exists in the teleost brain [1]. In 

most teleost species examined including salmo- 

nids, salmon GnRH (sGnRH) and chicken GnRH- 

II (CGnRH-II) have been detected. It is generally 

accepted that one of the important roles of GnRH 

is the regulation of the synthesis and release of 

GTH by the GTH cells in the pituitary. Although 

both sGnRH and cGnRH-II molecules stimulate 

the release of GTH in the fish pituitary both in vivo 

Accepted November 25, 1991 

Received October 14, 1991 

and in vitro under exogenous administration [2, 3], 

their physiological roles in the brain and pituitary 

are not fully understood. These two types of 

GnRHs exist not only in the hypothalamus but also 

in the other parts of the brain, and show differen- 

tial distributions [4, 5]. Furthermore, distribution 

patterns of both GnRHs are vary according to 

species. Both sGnRH and cGnRH-II exist in the 

goldfish pituitary [4], but only sGnRH is detect- 

able in rainbow trout Oncorhynchus mykiss pitui- 

tary [5]. 

There are few studies on the changes in brain 

GnRH contents in relation to gonadal maturation, 

and such results are not consistent. Gentile et al. 

[6] measured GnRH concentrations in the tel- 



376 M. AMANO, K. AIDA et al. 

encephalon and hypothalamus of Venezuelan 

freshwater fish, Pygocentrus notatus, using a 

mammalian GnRH RIA system and found that 

GnRH concentrations were high in mature fish. 

Yu et al. [7] measured GnRH content in discrete 

brain areas of female goldfish at different stages of 

ovarian development. However, brain GnRH 

content did not show clear parallel changes with 

seasonal ovarian development. Okuzawa et al. [5] 

measured sGnRH and cGnRH-II contents in dis- 

crete brain areas of rainbow trout sampled in 

September, and found that the pattern of sGnRH 

distribution differed with age and stage of sexual 

maturity. 

Recently, Suzuki et al. [8] reported that two 

structurally different GTHs, GTH I and GTH II, 

exist in the chum salmon pituitary. GTH I is 

considered to be involved in regulation of the early 

stages of gonadal maturation, and GTH II is 

considered to mainly regulate ovulation and sper- 

miation [9]. There is, however, no information on 

the changes in pituitary GTH I and GTH II 

contents throughout the fishes’ life span. Since the 

release of GTH is regulated by GnRH, it 1s 

speculated that changes in pituitary GTH contents 

are correlated with those in brain GnRH contents. 

Therefore, in the present study, we investigated 

changes in sGnRH and cGnRH-II contents in the 

brain and pituitary, and GTH If and IIf subunit 

contents in the pituitary of female masu salmon 

(Oncorhynchus masou) which were maintained in 

fresh water for three years. Changes were fol- 

lowed from hatching through ovulation, in order to 

obtain basic information on annual rhythms of 

these hormones. 

MATERIALS AND METHODS 

Fish 

For purposes of this study, eggs of masu salmon, 

Oncorhynchus masou, were artificially fertilized in 

October 1987 at the Nikko Branch, National Re- 

search Institute of Aquaculture, Tochigi Prefec- 

ture. The eggs hatched in December 1987, and the 

fish were reared under natural photoperiod in 

spring water of constant temperature (9-10°C) 

throughout the experiment. The fish we used for 

this study were offspring of wild fish which had 

migrated to the Shiribetsu River (Hokkaido). 

Wild masu salmon migrate to the sea in the spring 

(1.5 years-old), and return to the river in May after 

a one-year stay in the sea; they spawn in autumn 

and die. The masu salmon kept in the institute also 

smoltified at 1.5 years-old and matured at three 

years of age in fresh water, although the growth 

rate was not very rapid. There is a landlocked 

form of masu salmon called “yamame”. This 

variety for the most part does not smoltify. 

Sampling 

Sampling was carried out once a month (twice in 

May 1988) from December 1987 (month of hatch- 

ing) through October 1988, and at 2—4 months 

intervals from January 1989 through October 1990 

(month of ovulation). On the day of autopsy, fish 

were randomly selected and were anesthetized in 

ethyl-p-aminobenzoate (0.05%). After measure- 

ments on body length and weight, brain and pitui- 

tary were rapidly removed and frozen on dry-ice 

intended for the measurement of GnRHs and 

GTHs. At the first two samplings (December 1987 

and January 1988, mean body weight 0.16-0.39 g), 

the head region was cut off and used for only 

GnRH measurement as dissection of the brain was 

difficult. The pituitary was removed on sampling 

occasions starting from April 1988 (mean body 

weight 3.21 g). From September 1988 (mean body 

weight 17.2 g), brain tissue was dissected into five 

parts: the olfactory bulb, the telencephalon, the 

hypothalamus, the optic tectum-thalamus and the 

Fic. 1. Schematic diagram of sagittal section of masu 

salmon brain. Letters represent the following brain 

areas: a, olfactory bulbs and tracts; b, telencepha- 

lon, including preoptic area; c, hypothalamus; d, 

optic tectum-thalamus, including anterior part of 

cerebellum; e, cerebellum; f, medulla oblongata; g, 

pituitary. 
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cerebellum-medulla oblongata. The cerebellum 

and medulla oblongata were further differentiated 

from May 1989 (mean body weight 34.5 g) as 

shown in Fig. 1. Brain tissues were stored at 

—30°C until extraction. At the first two samplings, 

distinction of sex was impossible. From February 

1988 (mean body weight 1.35 g), ovaries were 

fixed with Bouin’s fluid for 24 hr and their weights 

were measured to calculate GSI. The ovaries were 

embedded in paraffin and sectioned at 5 wm. The 

sections were stained with hematoxylin and eosin 

for histological observation. The results pertaining 

to males will be reported separately. From 

September 1988, blood was also sampled in order 

to measure plasma GTH and steroid hormone 

levels. These data will also be reported elsewhere. 

GnRH RIAs 

Extraction of GnRH from the brain tissue was 

done according to Okuzawa et al. [5]. sGnRH and 

cGnRH-II contents were measured by respective 

RIAs established by Okuzawa et al. [5]. Prior to 

the measurement of sGnRH and cGnRH-II con- 

tents, it was confirmed that masu salmon possess 

both GnRHs in the brain (Fig. 2), by HPLC-RIA 
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analysis according to Okuzawa et al. [5]. More- 

over, brain extracts of this species showed dis- 

placement curves which were parallel to the curves 

for the sGnRH and cGnRH-II standards in each 

RIA (Fig. 3). These sGnRH and cGnRH-II RIA 

were thus validated for application to masu sal- 

mon. GnRH was expressed in terms of both 

content (per region) and concentration (per g 

tissue). 
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Fic. 3. Competition curves for sGnRH and brain ex- 

tract of masu salmon in sGnRH RIA system (A), 

and cGnRH-II and brain extract of masu salmon in 

cGnRH-II RIA system (B). The scale for dilution of 

brain extract indicates a two-fold serial dilution. 

Each point represents the average of duplicate de- 

terminations. 

GTH RIAs 

Pituitary contents of GTHs were measured by 

two different RIAs using the same samples used 

Fic. 2. Reverse-phase HPLC of masu salmon brain 

extract followed by sGnRH RIA (A) and cGnRH-II 

RIA (B). Arrows indicate the elution time of 

synthetic cGnRH-II and sGnRH. The mobile phase 

was CH;3CN (acetonitrile) containing 0.1% TFA. 
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for GnRH measurement. GTH If and GTH II? 

and antisera against GTH I? and GTH IIP were 

kindly provided by Dr. H. Kawauchi of Kitasato 

University. GTH If and GTH II were measured 

by respective RIAs. GTH If and GTH II were 

purified from chum salmon (Oncorhynchus keta) 

pituitary by Suzuki ef al. [10], and the antisera 

against GTH If and GTH IIf were raised by 

Suzuki et al. [9]. GTH If and GTH IIP were 

iodinated according to the method of Kobayashi et 

al. [11]. The procedure of each RIA was the same 

as that in the sGTH RIA [11]. Displacement 

curves for pituitary samples were parallel to the 

standard curves in both GTH I and GTH II 

RIA. The intra- and inter-assay coefficients of 

variation in GTH I RIA were 10.9% (n=4) and 

23.0% (n=4), respectively, at about 50% binding. 

The sensitivity of the assay, defined as twice the 

standard deviation at zero dose, was 62.5 pg/tube 

(n=5). The antiserm against GTH If cross- 

reacted with GTH I, GTH II and GTH II at 
1.7%, 4.0% and 4.4%, respectively, at 50% bind- 

ing. The intra- and inter-assay coefficients of 

variation in GTH II RIA were 12.0% (n=4) and 

11.7% (n=4), respectively. Sensitivity was 5 pg/ 

tube (n=8). The antiserum against GTH II? was 

found to cross-react with GTH I, GTH II and 

GTH If at 0.22%, 3.7% and 1.0%, respectively, at 

50% binding. 

Statistics 

The Student’s t-test and Cochran-Cox test were 

employed in statistical analysis. 

RESULTS 

GSI 

Changes in body weight and GSI are shown in 

Fig. 4. GSI gradually increased from 0.18% 

(February 1988) to 0.52% (May 1990), showing a 

small peak in September 1989. GSI rapidly in- 

creased from July (0.73%) through October 1990 

(12.6%), in accordance with the advancement of 

vitellogenesis and ovulation. Ovulation was 

observed in 9 out of 12 individuals in October 

1990. 

Pituitary GTH contents 

Changes in pituitary GTH If and GTH IIé 

t—— Underyearling _+——Yeaarling "2 yearrs-old__{ 
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Seasonal changes in body weight and gonadosomatic index (GSI) of masu salmon from February 1988 to 

October 1990. Numbers beside each symbol indicate the number of fish employed. Each value is expressed as the 

mean (point) and the standard error (bar). * (p<0.05), ** (p<0.01), and *** (p<0.001) indicate the levels of 

significant differences. 
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contents are shown in Fig. 5A. Pituitary GTH If 

contents showed clear seasonal changes: high in 

autumn after increases from spring, and low in 

winter. A distinct decrease was seen in January 

1989 and a distinct increase was observed during 

vitellogenesis and ovulation in 1990. 
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1989 

GTH II showed a gradual increase until July 

1990. Thereafter the contents increased rapidly 

until October 1990, in accordance with the 

advancement of vitellogenesis and ovulation. 

Changes in pituitary GTH If and GTH IIf 

concentrations were similar to those in contents 

ASO mom OmOntit2n) 23 454677, (8 StOimH2 1) 2: 345 6e7 (8s 910 
1989 1990 

Seasonal changes in pituitary GTH If (square) and GTH IIf (triangle) contents (A) and 

concentrations (B) of the masu salmon from April 1988 to October 1990 and from March 1989 to October 1990, 

respectively. Presentation of statistical data is as in Fig. 4. 
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(Fig. 5B). 

sGnRH in the brain and pituitary 

Brain sGnRH was already detectable at hatch- 

ing, and total brain content increased with growth 

during the underyearling stage (Fig. 6A). There- 

after, increases were observed from March to May 

1989 and from September to January 1990. A 

decrease was observed from May to September 

1989. 

Changes in brain sGnRH concentrations are 

shown in Fig. 6B. A significant decrease was 

observed from April to August 1988, and a sig- 

nificant increase was seen in September 1988. 

o1 A 
e 
© 4 

— 
So) 

egy Y 
s1= 2 , CK 

oc 
c 
(©) 1 KK 
7) 

= 

Thereafter, concentrations decreased until 
September 1989, increased again until J anuary 
1990, and then decreased until July 1990. 

sGnRH concentrations in the discrete brain 
areas are shown in Figs. 7A-E. They showed a 
tendency to decrease from winter through summer 
and to increase from autumn through winter. 
sGnRH concentrations in the olfactory bulbs and 
telencephalon increased significantly during vitel- 
logenesis and ovulation. sGnRH concentrations in 
the hypothalamus also showed a similar tendency. 
On the contrary, no significant changes were seen 
in the cerebellum and medulla oblongata during 
vitellogenesis and ovulation. 
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Seasonal changes in brain sGnRH contents (A) and concentrations (B) of the masu salmon from 

December 1987 to October 1990 and from March 1988 to October 1990, respectively. Presentation of statistical 

data is as in Fig. 4. 

Fic. 7A-E. Seasonal changes in sGnRH concentrations in olfactory bulbs (A), telencephalon (B), hypothalamus 

(C), optic tectum-thalamus (D) and cerebellum and medulla oblongata (E) of the masu salmon from September 

1988 to October 1990. Presentation of statistical data is as in Fig. 4. 
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Seasonal changes in sGnRH contents and concentrations in the pituitary of the masu salmon from April 1988 

1990 

to October 1990. Presentation of statistical data is as in Fig. 4. 

Pituitary sGnRH contents significantly increased 

from July through September 1988, from May 

through November 1989 and from May through 

October 1990 as shown in Fig. 8. Pituitary sGnRH 

concentrations also increased significantly from 

May through November 1989 and from May 

through October 1990. 

cGnRH_-II in the brain and pituitary 

cGnRH-II was undetectable at the first two 

samplings (December 1987 and January 1988) and 

became detectable from February 1988. Brain 

cGnRH-II contents increased as fish grew, but 

were lower than those of sGnRH (Fig. 9A). 

Brain cGnRH-II concentrations increased signi- 

ficantly from August 1988 through January 1989 

and from September 1989 through January 1990. 

On the contrary, concentrations decreased from 

January 1989 through September 1989 (Fig. 9B). 

cGnRH-II contents in the olfactory bulbs and 

pituitary were below the detectable limit in almost 

all individuals throughout the experiment. 

cGnRH-II concentrations in discrete brain areas 

are shown in Figs. 1|OA-D. They showed a tenden- 

cy to decrease from winter through summer and to 

increase from autumn through winter as those of 

sGnRH did, especially in optic tectum-thalamus. 

However, in contrast to sGnRH, no remarkable 

changes were observed during vitellogenesis and 

ovulation. 3 | 

DISCUSSION 

This is the first report which shows long term 

changes in two types of GnRH, sGnRH and 

cGnRH-II, in the brain and pituitary, and GTHs in 

the pituitary in fish. The observation period covers 

nearly the entire life cycle from hatching through 

ovulation. ) 

sGnRH was detected in the brain just after 

hatching, whereas cGnRH-II was first detected 

two months later. It is remarkable that both 

GnRHs appear during early developmental stages 

when the ovary was still in an immature stage. 

Both GnRH contents increased with a growth 

during underyearling stage. The time lag between 

the appearance of sGnRH and cGnRH-Il, and 

subsequent development of a differential distribu- 

tion of sGnRH and cGnRH-II suggest the differ- 

ence in their physiological function. 

sGnRH concentrations in the olfactory bulbs 

and the telencephalon, and pituitary sGnRH con- 
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tents increased significantly during vitellogenesis 

and ovulation (Figs. 7, 8). Moreover, sGnRH 

concentrations in the hypothalamus showed a 

tendency to increase. These changes may be 

related to gonadal maturation, since pituitary 

GTH If and GTH IIf contents and GSI also 

increased significantly in this period (Figs. 4, 7). 

On the other hand, no significant changes in 

cGnRH-II concentration in the discrete brain 

areas were observed (Fig. 10). These results sug- 

gest that sGnRH participates mainly in vitel- 

logenesis and ovulation of this species possibly 

through the regulation of GTH synthesis and re- 

lease. 

GTH I is considered to regulate the early stages 

of gonadal maturation, and GTH II is considered 

mainly to regulate ovulation and spermiation [9]. 

Pituitary GTH If contents showed clear seasonal 

changes: contents increased from spring to autumn 

and decreased in winter (Fig.5A). Pituitary 

sGnRH contents showed stepwise increases from 

spring to autumn for three years (Fig. 8). Such 

increases in pituitary GTH If contents were likely 

correlated with the increase in pituitary sGnRH 



384 M. AMANO, K. AIDA et al. 

> 
= 
”) 

2 

a 
ro?) 
= 

r 
oc 
Cc 

O 
(S) 

10 D 

8 Medulla 

6 

4 

Cerebellum- Cerebellum 

2 Medulla ee 
—— *_ Z 

1988 

Fic. 10A-D. 

910111212345 67 8 910111212345 67 8 910 

1989 

Seasonal changes in cGnRH-II concentrations in telencephalon (A), hypothalamus (B), optic tectum- 

1990 

thalamus (C) and cerebellum and medulla oblongata (D) of the masu salmon from September 1988 to October 

1990. Presentation of statistical data is an in Fig. 4. 

contents. Two types of GTH I (stable and un- 

stable) are known to exist in the chum salmon 

pituitary [10]. Since GnRH extraction was under- 

taken under acidic conditions, unstable GTH I is 

considered to have dissociated to its a@ and 

subunits. Therefore, changes in GIH If may 

reflect those of unstable GTH I. In order to 

confirm this hypothesis, GTH I should be mea- 

sured by RIA; however, at present, a specific RIA 

for GTH I has not been established in our labora- 

tory. Since no significant histological changes of 

ovaries were observed when pituitary GITH I[f 

contents were high in underyearling and yearling 

autumn, the complete form of GTH I may not be 

produced or secreted during first two years. 

Changes in pituitary GTH II contents were simi- 

lar to those of GSI: after gradual increases until 

the second spring (two year-old fish), rapid in- 

creases occurred in accordance with vitellogenesis 

and ovulation. Changes in GTH IIf may reflect 

those of GTH II, since GTH II is considered to 

dissociate under the acidic conditions employed in 

GnRH extraction. 

sGnRH and cGnRH-II concentrations in the 

brain showed a tendency to increase from autumn 

through winter and to decrease from winter 

through summer (Figs. 6B, 7, 10). Since water 

temperature was constant throughout the experi- 

ment (9-10°C), photoperiod may be involved in 
the regulation of the synthesis and release of 
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sGnRH and cGnRH-II. Takashima and Yamada 

[12] reported that although maturation is initiated 

under long photoperiod, rapid vitellogenesis is 

induced by short photoperiod in the landlocked 

masu salmon “yamame.” 

Pituitary sGnRH contents increased significantly 

from July through September in underyearling, 

from May through November in yearling and from 

May through October in two year-old females, 

suggesting that the increase occurs under shorten- 

ing day length (Fig. 8). On the contrary, no 

significant change was observed during other 

periods. It may be possible to speculate from the 

present results that synthesis of sGnRH in the 

brain increases under shortening day length and 

sGnRH produced is transported from cell bodies 

to the pituitary from summer to autumn. Changes 

in sGnRH concentrations in the olfactory bulbs, 

the telencephalon and the hypothalamus support 

this hypothesis. 

cGnRH-II was mostly undetectable in the pitui- 

tary and no significant changes of cGnRH-II con- 

centrations in the discrete brain areas were 

observed during vitellogenesis and ovulation. 

cGnRH-II may not have a function of regulating 

GTH synthesis and release. It may function only 

as a neuromodulator in the brain, although 

cGnRH-II has the same potency to induce GTH 

release from the pituitary of hime salmon, 

Oncorhynchus nerka, in vitro (unpublished data). 

We have previously examined the distribution of 

sGnRH and cGnRH-II in the brain of masu salm- 

on [13]. sGnRH-immunoreactive (-ir) cell bodies 

were scattered in the transitional areas between 

the olfactory nerve and the olfactory bulb and 

between the olfactory bulb and the telencephalon, 

the ventral telencephalon, and the preoptic area, 

and sGnRH-ir fibers were distributed in various 

regions of the brain, as well as in the pituitary. On 

the other hand, cGnRH-II-ir cell bodies were 

found in the midbrain tegmentum, and cGnRH-II- 

ir fibers were distributed in various brain regions 

but not in the pituitary. The present results are in 

correspondence with our previous results. 

Gentile et al. [6] measured GnRH contents using 

antibody against mammalian GnRH in the tel- 

encephalon and hypothalamus of Venezuelan 

freshwater fish, “caribe colorado”, P. notatus. 

They found that changes of GnRH corresponded 

to those of GSI, especially in sexually mature 

female-high in May when maximal GSI is 

achieved. Our results nearly correspond to their 

results. Yu ef al. [7] reported that the sGnRH 

contents in the hypothalamus and pituitary were 

higher in sexually regressed fish compared with 

those in sexually mature fish under certain condi- 

tions of temperature acclimation (18°C). Since 

female masu salmon die after spawning, it is 

impossible to compare the data at sexually regres- 

sed conditions. The difference of most significance 

is that ConRH-II exists in the pituitary of goldfish, 

whereas in the pituitary of masu salmon, cGnRH- 

II contents are below detectable limits. Okuzawa 

et al. [5] measured sGnRH and cGnRH-II contents 

in the discrete brain areas of rainbow trout and 

found that the pattern of sGnRH distribution 

changed with age and stage of sexual maturity, but 

they had measured GnRH levels in 1-year-old and 

3-year-old fish sampled in September. Therefore, 

annual changes in sGnRH levels in rainbow trout 

are still unknown. 

GnRH may also stimulate growth hormone re- 

lease, since sGnRH stimulates growth hormone 

(GH) release both in vivo and in vitro in goldfish 

[2, 3]. In salmonid fish, both sGnRH and cGnRH- 

II have a potency to stimulate GH release from the 

pituitary in vitro in hime salmon, Oncorhynchus 

nerka (unpublished data). However, cGnRH-II 

contents were below detectable limits by RIA and 

undetectable by immunocytochemistry. There- 

fore, if GH release is regulated by GnRH, only 

sGnRH_ is involved in this release in masu salmon. 

Future investigation on seasonal changes in the 

expression of GnRH and GTH genes will be 

required. 
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ABSTRACT— Using antibodies to the beta subunit of human luteinizing hormone (hLH/) and human 

chorionic gonadotropin, immunocytochemical evidence was obtained for gonadotropin activity in 

Hatschek’s pit of amphioxus, Branchiostoma belcheri. This confirms the claim by C. Y. Chang et al. [1, 
2] of vertebrate-like gonadotropin in this structure, an open groove in the dorsal part of the oral cavity. 

If this evidence is accepted at face value, a scenario can be constructed for the evolutionary pattern of 

the vertebrate adenohypophysis from the protochordate Hatschek’s pit (cephalochordates) or neural 

gland (ascidians). Both of these structures are open to water currents in the mouth cavity. Thus, they 

may be able to sample thermal, chemical or pheromonal seasonally cycling clues and by gonadotropic 

stimulation, synchronize reproductive activity with such seasonal clues. Additional support for the idea 

that the early vertebrate adenohypophysis was a chemoreceptive organ comes from the fact that in 

cyclostomes and elasmobranchs it develops as part of the same epithelial layer and is directly contiguous 

with the olfactory organ. Advancement from the protochordate to vertebrate type of reproductive 

control involves the eventual use of sense organs and the nervous system to sample environmental 

changes, and the linkage of adenohypophysial function to central nervous control. The adenohypoph- 

© 1992 Zoological Society of Japan 

ysis then can be closed off from the mouth and direct environmental contact. 

INTRODUCTION 

Considerable interest by comparative endocri- 

nologists was ignited by the reports by C. Y. 

Chang et al. [1, 2] that in amphioxus immunoreac- 

tive responses in Hatschek’s pit to antibodies to 

mammalian gonadotropins could be obtained. 

Evidence reported from Chang’s laboratory indi- 

cated also that administration of ovine luteinizing 

hormone (LH) and prolactin to amphioxus in- 

creased the whole-body concentrations of sex ster- 

oids [2]. Furthermore, immunoreactive gonadot- 

ropin-releasing hormone (GnRH) and thyrotro- 

pin-releasing hormone (TRH) were found in Hats- 

chek’s pit, and saturable receptor activity for 

mammalian LH/human chorionic gonadotropin 

(hCG) and GnRH could be measured in gonads of 

amphioxus [2]. 

Accepted December 11, 1991 

Received October 15, 1991 

These reports, if confirmed, indicate that there 

are elements of a vertebrate-like mechanism for 

regulating reproduction in this prevertebrate pro- 

tochordate. A puzzling aspect of Chang’s reported 

data is that GnRH and gonadotropin(s) were 

found together in Hatschek’s pit, a shallow epithe- 

lial groove in the roof of the oral cavity (Fig. 1). 

Hatschek’s pit has long been regarded, on mor- 

phological grounds, to be a homologue of the 

vertebrate adenohypophysis [3-6]. However, 

although it extends toward the dorsal nerve cord, it 

does not contact it in the manner that the verte- 

brate neurohypophysis and adenohypophysis 

make contact, or even the neural gland and neural 

ganglion of ascidians. 

Chang’s reports stimulated efforts in other 

laboratories to confirm them. Among them, Fang 

and Wang [7] found that administration of 

homogenates of Branchiostoma belcheri Hats- 

chek’s pits stimulates testicular spermiation in 

young toads. Sahlin [8], in an immunohistoche- 
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Fic. 1. Transverse section through Hatschek’s pit (H) showing topographic relations of Hatschek’s pit, notochord 

(NO), and nerve cord (NE). OC, oral cavity. Hematoxylin and eosin stain. X75. 

Fic. 2. Anti-substance P immunostain. a, Transverse section through Hatschek’s pit (H). In the Hatschek’s pit, all 

the material reactive as substance P are evenly distributed among the cells of the pit, with possibly greater 

intensity in the lateral areas, whereas the nerve cord contains some darkly stained cells in the dorsal region. b, 

Transverse section at the level of the oesophagus and the middle part of the body, showing substance P-positive 

immunoreaction in cells of the nerve cord (NE, arrows). NO, notochord. a, 240; b, 310. 

Fic. 3. Transverse section through Hatschek’s pit (H) stained with anti-Met-enkephalin. Immunostaining is more 

restricted to the lateral margins of the pit, specifically limited to particular cells. NO, notochord; OC, oral cavity. 
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mical study using Branchiostoma lanceolatum, 

found no response to antibodies to a variety of 

vertebrate neurohypophysial and hypophysial hor- 

mones (including gonadotropins) in Hatschek’s 

pit. However, she observed a clear reaction to an 

antibody to the C-terminal portion of CCK. 

Because of the importance of the evolutionary 

implications of Chang’s data, and because of the 

failure by others to confirm them until now, we 

have undertaken an immunohistochemical study of 

Hatschek’s pit, using the same species, Branchios- 

toma belcheri. 

MATERIALS AND METHODS 

Animals 

Specimens of Branchiostoma belcheri were col- 

lected during the month of April, 1987, at 

Tsuyazaki, a village on the northwest shore of 

Kyushu Island, Japan. They were collected in a 

large single sample of sand brought up from a 

depth of about 20m by dredge. They measured 

2.5 to 5.9 cm and weighed 0.03 to 0.49 g. Accord- 

ing to Yamaguchi and Kikuchi [9], the amphioxi 

from various collection sites around Kyushu Island 

vary slightly in myotome number, but all are 

classified Branchiostoma belcheri, or Branchiosto- 

ma belcheri var. tsingtaoense, or intermediate 

forms between these. Chang et al. [1] stated that 

they used both of these forms in their experiments. 

Treatment 

The heads were removed and immersed in 

Bouin-Hollande sublimate for about 12 hr. They 

were dehydrated through a series of increasing 

concentrations of ethanol. After 90% ethanol, the 

tissue were washed in a solution containing iodine- 

potassium iodide in 90% ethanol for 24hr to 

remove deposited mercuric chloride. Tissues were 

embedded in Paraplast, and serial sections of 6 ~m 

were mounted on glass slides. Immunocytoche- 

mical staining was performed with a Vectastain 

ABC (avidin-biotin peroxidase complex) kit using 

a variety of polyclonal antibodies to hypothalamic, 

hypophysial, pancreatic and gut hormones from a 

number of vertebrates (Table 1). The staining 

procedures have been described previously [10]. 

Specificity of the reactions was checked by replac- 

ing the primary antibodies with normal sera or by 

using primary antibodies that were previously 

absorbed with corresponding antigens. 

RESULTS AND DISCUSSION 

Of the 28 antibodies tested, two yielded clear 

stains of cells in Hatschek’s pit (substance P and 

met-enkephalin; Table 1). Two yielded weaker 

results (hLHP and hCG; Table 1). Preabsorption 

of any of these four antibodies by the primary 

antigens blocked the staining reaction, so that in 

this sense, at least, the results may be considered 

specific reactions to the antibodies. The strength 

of the reaction with substance P and met- 

enkephalin antibodies should indicate a relatively 

close molecular similarity of the stained materials 

to the primary antigens against which the anti- 

bodies were produced. The weakness of the 

reaction to the human gonadotropin antibodies 

argues that molecules bearing limited structural 

relation to hLH# and hCG exist in Hatschek’s pit. 

Thus, our results confirm the report by Chang et al. 

[1, 2] of a vertebrate-like gonadotropin in Hats- 

chek’s pit. However, we could not confirm the 

report of the presence of immunoreactive GnRH 

in Hatschek’s pit. 

Substance P, a neurotransmitter in the central 

nervous system, was quite generally distributed in 

Hatschek’s pit, particularly in the cells of the 

lateral portions (Fig. 2). It also was seen in cells of 

the nerve cord along its entire length (Figs. 2a and 

b). Met-enkephalin immunoreactivity was clearly 

limited to cells near the lateral margins of the pit 

(Figs): 

The hLH positive cells were consistently in the 

deep portion of the pit, adjacent to the notochord 

(Fig. 4a). The anti-hCG antibody likewise reacted 

with cells in the deeper parts of Hatschek’s pit 

(Fig. 4b), but not as consistently as with the hLH? 

antibody. The relative weakness of the stain raises 

doubts concerning specificity of the gonadotropin 

antibody-labeling. These doubts are reinforced by 

the lack of immunostaining following use of two 

antibodies to two fish (silver carp and salmon) 

gonadotropins. However, arguing in favor of the 

significance and specificity of this gonadotropin 
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TaBLE 1. List of antibodies used and immunoreactions to them in Hatschek’s pit 

Antibodies* Obtained Immunoreactivity Optimum Rererarccs 
to from response dilution 

Hypothalamic mammalian-GnRH Miles-Yeda Co. — 1000 26 

hormones lamprey-GnRH J. A. King _ 

SRIH-14 Polysciences Co. == 500 36 

AVP Raised in laboratory = 400 36 

Pituitary human-LH? NIAMDD + 1000 

hormones I human-FSH8 NIAMDD = 1000 

human-TSHP NIAMDD = 500 

human-CG Raised in laboratory +/— 1000 

salmon-GTH M. Kobayashi — 500 Si 

silver carp-GTH M. Kobayashi — 300 38 

Pituitary human-PRL NIAMDD - 1000 

hormones II human-GH NIAMDD = 1000 

porcine-ACTH Raised in laboratory = 400 39 

a-MSH B. Baker = 300 39 

salmon-PRL H. Kawauchi — 4000 40 

salmon-GH H. Kawauchi = 2000 4] 

Pancreatic human-insulin E. Plisetskaya = 400 

hormones human-glucagon Raised in laboratory _ 5000 42 

porcine-PP Funakoshi Co. = 500 

salmon-insulin E. Plisetskaya — 2000 10 

salmon-glucagon E. Plisetskaya ~ 600 10 

salmon-SRIH-25 E. Plisetskaya — 1200 10 

Brain-gut CCK-8 Funakoshi Co. — 400 

peptide CCK-27 N. Yanaibara = 600 

porcine-VIP N. Yanaihara — 500 

Substance P Raised in laboratory aE SF 800 43 

Neurotensin N. Yanaihara “= 1000 

Met-enkephalin Raised in Laboratory =P ar 400 39 

* Abbreviations: ACTH, adrenocorticotropin; AVP, arginine vasopressin; CCK-8, cholecystokinin octapeptide; 

CG, chorionic gonadotropin; FSH, beta subunit of follicle-stimulating hormone; GH, growth hormone; GnRH, 

gonadotropin-releasing hormone; GTH, gonadotropic hormone; LH, beta subunit of luteinizing hormone; 

a-MSH, alpha-melanocyte-stimulating hormone; NIAMDD, U.S. National Institute of Health; PP, pancreatic 

polypeptide; PRL, prolactin; SRIH, somatostatin; TSH/, beta subunit of thyrotropic hormone; VIP, vasoactive 

intestinal polypeptide. 

immunostain are the following: (1) both LH and 

hCG are luteinizing hormones and may be pre- 

sumed to share antigenic determinants; (2) hFSH? 

antibody yielded no stain; (3) preabsorption of the 

two positive antibodies with their respective anti- 

gens blocked the immunostaining. 

Concerning the significance of the clear reac- 

tions for substance P and met-enkephalin we can 

say little at this time. These substances have been 

reported in analogous structures, the neural gland 

and ganglion of ascidians [11, 12], but their phys- 

iological significance requires additional study to 

define. 

Concerning the weak responses that we found 

for LH and LH-like gonadotropin, it is tempting to 

speculate, particularly since Chang and associates 
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Fic. 4. Two adjacent, but not successive, sections stained with anti-hLHf (a) and anti-hCG (b). Cells in the deepest 

part of Hatschek’s pit were stained consistently with anti-hLHf (arrow in a), whereas such cells (arrow in b) were 
stained weekly with anti-hCG. OC, oral cavity. a and b, x270. 

have proposed that they play a role in reproduc- 

tion of amphioxus. Evidence in apparent favor of 

this conclusion is the fact that Chang et al. [2] 

stimulated sex steroidogenesis in B. belcheri by 

injecting mammalian gonadotropins, and Fang 

[13] claims to have stimulated spermiation in 

young amphibians by injecting them with 

homogenates of Hatschek’s pit. Failure by Sahlin 

[8] to confirm in B. lanceolatum the presence of 

immunoreactive gonadotropin in Hatschek’s pit, 

might be due to seasonal factors. Species of 

Branchiostoma breed seasonally [14, 15], so some 

seasonal variation in factors regulating reproduc- 

tion might be anticipated. Species differences in 

the hormonal molecules might also play a role in 

producing these apparent differences. 

If GnRH and gonadotropin are present in Hats- 

chek’s pit in amphioxi, and if they have a gonad- 

stimulating action, as Chang et al. [1, 2] and Fang 

[7, 13] claim, and as partly confirmed by us, then it 

would appear that the protochordates had evolved 

a form of vertebrate-like hormonal reproductive 

control long before evolution of the earliest verte- 

brates. Amphioxus is probably a degenerate form 

of a more complex protochordate ancestor [16- 

19], and the ascidians, likewise have evolved in a 

specialized direction from an ancestral form. The 

apparent preservation of a vertebrate-like repro- 

ductive regulatory mechanism in modern 

amphioxi, despite their apparent degeneracy, 

would seem to indicate that in earlier cephalochor- 

dates, such a mechanism may have been better 

developed. The fact that Hatschek’s pit is open 

and exposed to the environmental water should 

make it an appropriate organ for sampling en- 

vironmental thermal or chemical (pheromonal) 

factors that could seasonally stimulate gonadal 

activity. The neural gland of ascidians also retains 

a duct that extends directly into the stream of 

environmental water entering the pharynx, and 

therefore could involve an analogous system. In 

some carefully done experiments, Ruppert [20] has 

shown that the ciliated duct of Ascidia interrupta 

maintains a continues inward flow of water into the 

neural gland. 

If it were based only on the immunocytochemi- 

cal evidence that we have summarized here a thesis 

that depicts the evolution of the adenohypophysis 

from a chemoreceptive or olfactory structures 

would appear to be relatively tentative. However, 

some supportive evidence is available from the 

development of the vertebrate adenohypophysis, 

and also from the association of GnRH with the 

olfactory system. In embryos of lampreys, hagfish 
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a, Scanning electron micrograph; ventral view of the head of a recently hatched larval lamprey, Lampetra 

japonica, showing the stomodeal cleft (Sc) and nasopharyngeal opening (Np). The ciliated cells visible through 

the Np are the anlage of the olfactory organ; the adenohypophyseal anlage extends posteriorly from the olfactory 

epithelium and is hidden by an overlying fold of lip (L) tissue. b, Sagittal section of the head of a larval lamprey, 

Fic. 5. 

Lampetra japonica of about the same stage as in a. The olfactory placode is the group of very tall cells _ 

immediately above the label Np (nasopharyngeal opening). Extending posteriorly from it and contiguous with it 

at the base, is the wedge-shaped adenohypophyseal anlage (arrow). Oc, optic chiasma. a andb, X90. aandb, 

Reproduced with permission from Honma, Chiba and Welsch [23]. 

and elasmobranchs the anlage of the adenohy- 

pophysis is immediately contiguous with the olfac- 

tory placode, and it is part of the same epithelial 

layer [21-23] (Fig. 5). 

There is now a considerable literature describing 

the presence of immunoreactive GnRH in verte- 

brate embryos, as well as in adults, in the olfactory 

epithelium (placode), olfactory organ, olfactory 

tract, terminal nerves and in axons projecting from 

these to the hypothalamus of mammals, birds, 

amphibians and fishes [24-32]. Accordingly, 

evolution of a functional relationship between 

olfaction and reproduction has been an early and 

likely possibility. 

If this is a primitive form of endocrine control 

over reproduction via an organ that directly sam- 

ples pertinent environmental cues, then evolution 

of the more complex sense organ-hypothalamus- 

hypophysis form of reproductive (and other) reg- 

ulation can be seen as a logical further step (Fig. 

6). It is of interest that the evolved vertebrate 

adenohypophysis which is closed off from environ- 

mental contact and from sampling environmental 

changes, still retains direct secretory sensitivity to 

osmotic changes. Even in vitro cultured pituitary 

cells respond to changes in tonicity of culture 

medium by changes in secretion of prolactin [33, 

34]. Furthermore, Olsson [6] has proposed that 

prolactin cells lining and near the open duct that 

connects the pars distalis to the mouth in certain 

adult fishes, such cells may be directly responsive 

to environmental salinity changes in regulating 

prolactin secretion. Here the analogy to Hatchek’s 

pit and the ascidian neural gland is obvious. 

In considering the adaptational features that 

would be advantageous in the regulation of repro- 

ductive function, it is obvious that synchrony with 

seasonal environmental phenomena is highly im- 

portant. Synchrony of reproductive capacity of 

individuals within a population also is a basic 
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PROPOSED EVOLUTIONARY SCHEME 

FOR TROPIC FUNCTION OF ADENOHYPOPHYSIS 

ENVIRONMENTAL INPUTS 

Photoperlodic, Thermal, Chemical 

(Pheromonal), Tactile 

PROTOCHORDATES VERTEBRATES 

Sense organs 

C.N.S. 

Hypothalamus 

Hatschek's pit 

Neural gland Releasing factors 

(Mouth) Adenohypophysis 

| (Mouth) 

Gonadotropins Gonadotropins 

Fic. 6. Proposed evolutionary scheme from tropic func- 

tion of the adenohypophysis. 

adaptive need. Accordingly, a variety of systems 

have evolved in animal species to serve the pur- 

pose of linking reproduction to a seasonal environ- 

mental cue like photoperiod or temperature. 

Kanatani [35], for example, has explored a system 

in echinoderms of integumentary cells (“support- 

ing cells”), which secrete a gonad-stimulating hor- 

mone and regulate spawning. The surface location 

of these cells indicates a probable sensitivity to 

environmental factors. Hatschek’s_ pit of 

amphioxi, open to movement of environmental 

water in the mouth space, is clearly in a position 

appropriate for sensing pheromonal or thermal 

changes. Because of the small size and transparen- 

cy of amphioxus, it could be photo-sensitive as 

well. The developing vertebrate adenohypophysis 

is also, at first, a structure in the mouth epithelium, 

a fact that has invited speculations concerning its 

homology with the similarly situated protochor- 

date structures such as Hatschek’s pit and the 

ascidian neural gland. 
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ABSTRACT— Courtship behavior was evaluated to investigate the degree of sexual isolation in three 

related species, Drosophila hypocausta, D. neohypocausta and D. siamana. Patterns of male courtship 

behavior and the nature of courtship sounds using an oscilloscope were compared among these species. 

D. siamana was ethologically isolated incompletely from D. hypocausta; D. siamana females were 

highly receptive to D. hypocausta males, giving the average rate of insemination of 67.1%, although the 

reciprocal crosses gave only 13.4%. The nature of the courtship behavior and courtship sounds emitted 

by males showed species-specific patterns. Results of crossability tests and behavioral analyses 

suggested that D. siamana is a good species of the D. hypocausta subgroup of the D. immigrans species 

group. 

INTRODUCTION 

The Drosophila hypocausta subgroup consists of 

seven species including D. hypocausta and D. 

neohypocausta. Collecting expeditions of Dro- 

sophilid flies were carried out in 1979 and 1981 in 

southeast Asia and many specimens were collected 

in Malaysia and Thailand. D. hypocausta inhabits 

wider areas in southeast Asia including Thailand, 

Malaysia, Philippines and Papua New Guinea. D. 

neohypocausta is considered to be an endemic 

species of Taiwan, and D. siamana inhabits in 

Thailand and Malaysia. According to the morpho- 

logical analysis, D. siamana closely resembles D. 

hypocausta in general features, but differs from the 

latter in the shape of aedeagus and in having larger 

C3 fringe and two prominent bristles on the meta- 

tarsus of the hind legs [1]. 

Courtship sounds, particularly male sounds, are 

important for species recognition in Drosophila 

[2-4] as well as in other animals [5, 6]. Intrapulse 
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frequency and the pulse repetition rate, or inter- 

pulse interval (ipi), of courtship sounds emitted by 

males are thought to be important factors of 

species discrimination for the female in acceptance 

of copulation [7, 8]. These findings suggest that 

interspecific differentiation of courtship sounds 

emitted by the male might act as an incipient 

sexual isolation mechanism during the course of 

speciation. 

In this article, the degree of reproductive isola- 

tion, especially sexual isolation, is analyzed and 

the nature of male courtship behaviors and sounds 

among three species is also presented. 

MATERIALS AND METHODS 

Flies 

The following species and strains were used: D. 

hypocausta, R164; collected at Palawan island of 

Philippines in 1979, W103; collected at Singapore 

in 1979, D. neohypocausta, I-Lan; collected at 

Chung-tou of Taiwan in 1979, D. siamana, Y110 

and Y115; collected at Penang island of Malaysia 

in 1979, Z17 and Z28; collected at Nakhon Nayok 
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of Thailand in 1979. R164, I-Lan and Y110 strains 

were used for behavioral analysis. All strains were 

wild caught iso-female origin. Flies were reared on 

standard cornmeal-yeast medium at 25°C under 

the artificial light and dark cycle (LD=12:12). 

Evaluation of mating behavior and the recording 

of courtship sounds were performed during the 

light period because these species were sexually 

active in the morning (Asada, unpublished data). 

Cross experiments 

Mating propensity was calculated as the number 

of matings divided by the total number of females 

tested. Five females and eight males were put 

together in a glass vial (30 x 110 mm) for two days. 

To determine whether copulation had occurred or 

not, females were dissected and examined for the 

presence of sperm in the females’ internal repro- 

ductive organs. Approximately 100 females were 

tested. 

Evaluation of mating behavior 

In order to analyze male courtship behavior and 

repelling actions of females, two pairs of flies were 

put in a mating chamber (30 mm in diameter), and 

mating behaviors of both sexes were evaluated. 

The terminology of behaviors was described fol- 

lowing Spieth [9]. To evaluate the duration of 

copulation, approximately 30 pairs were placed 

together in a glass vial. 

Procedures for detecting the sound were same as 

TABLE 1. 

hypocausta subgroup 

N. ASADA, K. Fusrwara et al. 

those of Ikeda et al. [8]. The main equipment 

included an oscilloscope, Nihon Koden VC-7A; an 

amplifier, Nihon Koden AVB-9 and AVH-9; a 

microphone, Nihon Koden MSC-It; a camera, 

Nihon Koden PC-2B; and a data recorder, Sony 

DFR-3415. A recording cell (3x 30 mm diameter) 
was equipped with a microphone diaphragm, and 

the cell was placed inside a soundproof box. Un- 

anesthetized virgin flies, two females and one 

male, were put into the cell. Inter pulse interval 

(ipi) and number of cycles per pulse, and number 

of pulses per burst were counted in 25 samples. 

Male courtship sounds of D. hypocausta and D. 

siamana were recorded in 25 replicates for each 

five copulated pairs. 

RESULTS 

Crossability and productivity among three species 

Proportions of successful matings among three 

species are shown in Table 1. The average rates of 

females inseminated in intraspecific crosses were 

84.9, 84.8 and 90.5% on average, respectively. In 

interspecific crosses, the rate of insemination 

varied from zero to 94%. No interspecific cross 

was found between D. neohypocausta and the 

other two species, showing complete ethological 

isolation between them. D. siamana females were 

highly receptive to D. hypocausta males, giving the 

average rate of insemination of 67.1%, whereas 

Percent of successful matings in intra- and interspecific crosses among three species of the D. 

Male D. hypocausta D. neohypocausta D. siamana — 

Female R164 W103 Average I-Lan YO Yis ZA ZS ee venace 

hypocausta RUG A WD /, I ZO) 0.0 (50) Oe AO 22209 00 12.0 (400) 

W103 S97 S0:0 /S5i0)h* 78225200) 0.0 (50) 240 140 17.7. 4.0 14.8 (400) 

Total 89.5 80.0 [84.9|(410) 0.0 (100) ID We IS 2 13).4 (UO) 

neohypocausta I-Lan 0.0 0.0 0.0 (100) 84.8\(125) 0.0 0.0 OL07 > VOLO 0205200) 

siamana SUI S40” P.O > Gil. (ZLD) 0.0 (50) 9729)| 98-0 10050, 97205 398251440) 

NGS TAL SAO C25 (ZAU0) 0.0 (50) 0 EA OS) 770 72.0 (445) 

a SD.0 S70 So U0) 0.0 (50) EO Since SRN) SS.0 » S79 (470) 

Z28 16:0" 6105 6825200) 0.0 (50) UB lene) SLO Wen, 82.9) (S05) 

Total 7/4205 KOO Stes G7 (S00) 0.0 (200) DOr Sie es 80.3 (PWS Se) 

Number in parenthesis: number of females dissected. 
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the reciprocal crosses gave the lower rate of in- 

semination, 13.4% on average. 

Mating experiments were also carried out in 

complete dark for 48 hr using D. hypocausta and 

D. siamana. These two species were considered to 

require light to mate, because none of the 100 

females tested was found to be inseminated in each 

intraspecific crosses. The average duration of 

copulation in min of D. hypocausta, D. neohypo- 

causta and D. siamana was 8.8 0.5, 9.7+0.33 and 

14.9+0.70, respectively. No significant difference 

of the average duration of copulation was found 

between D. hypocausta and D. neohypocausta, 

although that of D. siamana was significantly long- 

er than those of the others at 0.1% level by t-test. 

D. hypocausta females produced fertile females 

and sterile males when crossed to D. siamana 

males. The reciprocal crosses, however, produced 

no viable F; flies, although a few of the 1st instar 

larvae was found in the cultures. 

Mating behavior 

Schematic representations of mating behaviors 

are shown in Figures] and 2. Male courtship 

sounds of D. hypocausta and D. siamana were 

emitted together with behaviors shown by bold- 

boxes in Figure 2. 

D. hypocausta: The male sighted a moving 

female approaches to the female, then repeatedly 

taps (Ta) the female’s body, and frequently flicks 

(F) both wings approximately at an angle of 80° 

and vibrates (V) them at the same time (A-1). The 

pulse sound emitted by flicking-vibration is desig- 

nated as the FVp sound. Then the male 

approaches a female much more closely behind, 

places his head under female’s wings, extends one 

wing to approximately at an angle of 20-40", 

vibrates both wings (A-2). The sine sound (hum- 

ming sound, [10]) produced during these behaviors 

is referred to the LVs. Finally the male attempts to 

C RL 

(3) 

Fic. 1. Courtship behaviors of three species belonging to the D. hypocausta subgroup. 
A: D. hypocausta, B: D. neohypocausta, C: D. siamana. F: flicking, f: flapping, V: vibration, S: shivering, D: 
drumming, R: rubbing, Ta: tapping, Th: thrusting, L: licking. 
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A Gam) 

enema 
Stop 

--- in front of 
female? 

Flicking 

Circling 
Flicking 

Head 

extruding 

Licking 
Vibration 

Attempted 
copulation 

Copulatio 

Fic. 2. 

Attempted 

copulation 

Lopulation? 

Stop 

--- in front of 
female? 

Tapping 

Flicking 
Vibration 

Licking 
Flicking 
Vibration 

Attempted 

copulation 

Copulation 

A flow chart of courtship behaviors of males in three species. 

A: D. hypocausta, B: D. nedhypocausta, C: D. siamana. Courtship songs are emitted in movements shown by 
bold-boxes. 

mount. During wing vibration, the male con- 

tinuously licks or tries to lick the female’s genita- 

lia, and rubbs (R) the anterior lateral surface of 

the female’s abdomen with his forelegs. Thus, the 

female may receive three, at least, different kinds 

of stimuli at the same time from the courting male. 

D. neohypocausta: The male sighted a female 

approaches, then repeatedly taps the female’s 

body and moves behind her. He places his head 

under female wings, then drums (D) the middle 

dorsal surface of the female’s abdomen with his 

forelegs persistently for a few sec. At the same 

time, the male continuously licks (L) or tries to lick 

the female’s genitalia (B-1). The receptive female 

gradually spreads both wings to approximately at 

an angle of 100° at its maximum, then finally 

permits the male to mount (B-2). When the 

female is unreceptive, the male moves in front of 

the female with a crab-like motion. While moving, 

the male always tries to tap the female’s body. The 

male positioning himself in front of the female 

frequently thrusts (Th) at the female with his head 

(B-3). Thereafter, the male moves back behind 

the female. The male never displays wing motion 

during courtship. 

D. siamana: The male sighted the female places 

himself directly in front of the female’s head. He 

extends his hind legs so that the body is inclined to 

be lower side. The male raises and spreads both 

wings to approximately at an angle of 90° and 

slightly shivers for several sec. in the inclined 

posture; the pulse sound emitted is hardly detect- 

able (C-1). Thereafter the male quickly flaps (f) 

both wings three to four times to approximately at 

an angle of 180° at its maximum, emitting the pulse 

sound, fVp. Just after several wing-flappings, the 

male spreads one wing to approximately at an 

angle of 20-40° and vibrates it for a moment, 

producing the pulse sound, Vp, which is followed 

by the irregular sine sound, Vs (C-2). Then the 

male quickly moves behind the female in the 

crab-like manner, and displays behaviors emitting 

either the Vs sound or the fVp+ Vp sounds. The 

male tries to lick the female’s genitalia and to rub 

the lateral surface of the female’s abdomen with 

his forelegs in the head-under-wings posture, 

however, these are less frequent compared with 

the male of D. hypocausta (C-3). 

Figure 2 shows the flow chart of the typical case 

of the courtship behaviors of three species de- 
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scribed above. Those of D. hypocausta and D. 

siamana are very similar each other. The flicking 

and vibration sounds, however, are quite different 

as shown in later. The flow chart of the courtship 

behaviors of D. neohypocausta is clearly different 

from the other two species; it lacks flicking and 

vibration of the wings and involves drumming 

behavior which was not observed in the other 

species. 

The nature of male courtship sounds 

In order to analyze the nature of male courtship 

sounds, an oscillogram of both D. hypocausta and 

D. siamana were examined. D. neohypocausta 

could not be used because the male of this species 

showed no wing movement at all. 

D. hypocausta: The male emitted four kinds of 

courtship sounds, FVs, hVs, FVp and LVs, which 

were clearly distinguished from each other and 

from those of D. siamana males by oscilloscope 

patterns (Fig.3A). The FVs sound was a sine 

sound lasting less than 50 msec. The hVs sound 

was a sine sound with a low amplitude. The FVp 

sound was a burst consisting of a train of pulses 

comprising 2 to 4 cycles. The average ipi was 7.8 + 

0.2 msec and the average of number per burst was 

15.2+1.5. This sound showed to be harmonic. 

A FYs 

——{ih 

The LVs sound was a burst consisting of a train 

of sine sounds each of which (defined as a unit) 

lasted 321.07 msec on average, ranging between 

227.34 and 454.26 msec. The average number of 

the units per burst was 19.4, the total length of a 

burst being approximately 6sec. The frequency 

was changed within a unit of the sine sound; it 

started with a minimum frequency, reached a 

maximum and then returned to the minimum. 

D. siamana: The male emitted three kinds of 

courtship sounds, f Vp, Vp and Vs (Fig. 3B). The 

fVp sound was followed by the Vp sound with an 

average interval of 68.3msec. The Vs sound 

always followed immediately after the Vp. Thus, a 

set of three sounds was produced by serial 

courtship behaviors including wing flapping, 

spreading and vibration, however it was not able to 

distinguish behaviors between emitting Vp and Vs. 

The sine sound with a low amplitude was detected 

when the male extended a single wing and vibrated 

both wings in the head-under-wings posture be- 

hind the female. According to the oscilloscopic 

pattern, the nature of this sound was essentially 

the same as the Vs sound, however the former 

lasted longer than the latter. The fVp sound 

consisted of 2 to 4 pulses (one pulse being emitted 

single wing flapping) each of 4 to 5 cycles, with 

hVs FVs 

—= 

FYp 

50 ms 

LVs 

AANA gi ae —— anaes 

Vs 

Fic. 3. 

A AANA ta era 

t Ane fh x Them tN etme aN nore ae et a ree ——4 

Osilloscope patterns of courtship sounds emitted by courting males. 

A: D. hypocausta, B: D. siamana. FVs: sine sound emitted by flicking-vibration, hVs: sine sound emitted by 

flicking-vibration, FVp: pulse sound emitted by flicking-vibration, LVs: sine sound emitted by flicking-vibration, 

fVp: pulse sound emitted by flapping-vibraion, Vp: pulse sound emitted by flapping, Vs: sine sound emitted by 
flapping. For details, see the text. 
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Fic. 4. Oscilloscope patterns of courtship sounds of the F; male obtained by crossing between D. hypocausta and D. 

siamana. For abbreviations, see lengend to Fig. 3. 

TABLE 2. Courtship behaviors either of D. hypocausta- or of D. 

siamana-type in males of the backross generation (BC1) 

[(hypo ? xsia S)Fi ? Xhypo S|>BCI Ff 
hypocausta-type —_ siamana-type 

I) 0 

[((hypo $ Xsia $)F, $ Xsia S|—>BC1 Sf 

hypocausta-type slamana-type 

LOmnae: 14 

no Total 

7 26 

no Total 

12 45 

hypo: D. hypocausta, sia: D. siamana, no: no courtship display. 

average ipi of 68.3msec. The Vp sound was a 

burst consisting of a train of pulses with the 

average ipi of 12.3 msec and average number of 

pulses per burst of 7.2. 

The nature of courtship sound in F, and back- 

crossed hybrids 

The genetic basis of the courtship behaviors was 

examined using F, and back-crossed hybrid males 

(sterile) occurred between D. hypocausta and D. 

siamana. Results are shown in Figure 4. The 

courtship behavior of the F; hybrid males origi- 

nated from crosses between D. hypocausta females 

and D. siamana males was similar to that of D. 

hypocausta males except lacking wing display in 

front of females, and the courting male emitted 

two kinds of courtship sounds, FVp and LVs. LVs 

sound of hybrid males could be clearly distin- 

guished from that of D. hypocausta males by 

oscilloscope patterns showing an irregular pattern. 

No sound resembling to that emitted by D. siama- 

na males could be detected in F, hybrid males. 

Back-crosses (BC1) males were emerged from 

crosses in F, females orginated from crosses be- 

tween D. hypocausta females and D. siamana 

males and D. hypocausta (or D. siamana) males. 

Results of the BC1 male courtship behavior are 

summarized in Table 2. D. hypocausta-type be- 

havior involves a_ series of licking-rubbing- 

vibration, and that of D. siamana-type involves 

flapping. When BC1 males were derived from the 

crosses between hybrid females and D. hypocausta 

males, only D. hypocausta-type behavior was 

observed. BC1 males derived from the back 

crosses of F; females to D. siamana males segre- 

gated into statistically equal number of flies having 

D. hypocausta-type behaviors or D. siamana-type 

behavior. Thus, D. siamana-type behavior seemed 

to be controlled by an autosomal recessive gene(s) 

allelic to dominant gene(s) of D. hypocausta. 

DISCUSSION 

The male of D. hypocausta and D. siamana are 

readily distinguishable from each other by the 

degree of coloration of the body; the aged male of 

D. hypocausta is characterized by a black abdo- 

men, thorax and legs, while the male of D. siama- 
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na has a dark brown abdomen, thorax and brown 

legs [1]. It is hard to distinguish females of the two 

species from each other on the basis of external 

morphology. D. hypocausta females are much 

more discriminatory in acceptance of males than 

D. siamana females. This may be closely associ- 

ated with facts that D. hypocausta males emit 

simultaneously at least three kinds of stimuli which 

are released through licking, rubbing and wing 

vibration behind the female, whereas the male of 

D. siamana \ess frequently displays these be- 

haviors. LVs sound emitted by males of D. 

hypocausta is species-specific song and is not 

observed in the other Drosophila species. 

For three species, it may be true that visual 

stimuli are important to find and/or to discrimin- 

ate the partner, showing that these species are 

completely dependent on light for copulation; no 

copulation occurred for 48 hr in the dark for D. 

hypocausta, D. siamana and possibly for D. neohy- 

pocausta. The importance of visual stimuli is 

suggested by another fact that males of the three 

species moved around the female in a crab-like 

behavior, always facing the female, during 

courtship. 

Auditory stimuli may not be included in the 

SMRS [11] of D. neohypocausta, since the male 

never showed wing displays during courtship. The 

male of this species persistently tries to contact 

physically with the female through tapping, thrust- 

ing and drumming motions when he is courting. 

Essential stimuli responsible for mating success, 

thus, may be chemical as well as visual [12]. 

It is of interest that there are significant differ- 

ences in courtship behaviors between D. hypo- 

causta and D. siamana which are thought to be 

closely related species on the basis of morphology 

and the interspecific hybridization test. Usually, 

differences both in the behavioral pattern and in 

the nature of the stimulus are not qualitative but 

quantitative between closely related species. For 

example, Spieth [9] found differences in only three 

elements out of 19 visible courtship behaviors 

tested between D. melanogaster and D. simulans. 

Ewing and Bennet-Clark [2] could not reveal the 

difference in the oscilloscopic pattern except for 

the ipi between these species. The ipi is thought to 

be one of the most important characters for the 

discrimination of species in related species. 

Results obtained from hybridization tests sug- 

gested that D. hypocausta-type behaviors such as 

emitting FVp and LVs sounds may be determined 

by autosomal dominant genes. D. siamana-type 

behaviors were found only in the back-crossed 

generation, suggesting that genes are autosomal 

recessive. Thus, it is likely that behavioral differ- 

ences including courtship sounds between these 

species are based on genetic differences. As 

mentioned above, D. siamana was reconfirmed as 

species belonging to the D. hypocausta subgroup 

through genetic and behavioral analyses. Howev- 

er, the evolutionary process to diffferentiate the 

genetic system controlling courtship behaviors be- 

tween species may be a subject for futures studies. 
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Minute Protrusions of Ascidian Tunic Cuticle: Some 

Implications for Ascidian Phylogeny 
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ABSTRACT—Fine structure of the ascidian tunic cuticle was studied by transmission and scanning 

electron microscopy in 26 species belonging to 10 families. In 11 species of 8 families, the cuticular 

surface is ornamented with numerous minute protrusions that are papillate in shape and usually up to 

100 nm in height. The present results in addition to the previous ones [1] gave us more information 

about morphology of protrusions and their distribution in 51 species ranging over 13 families out of the 

15 ones of ascidians. It reveals a general tendency that the protrusions occur in the limited families and 

related species have the protrusions of similar size. Thus, the protrusions proved to have some features 
of certain phylogenetic significance in many cases. Brief references were made to the taxonomic 

position of such problematic genera as Pterygascidia in the Cionidae and Sorbera in the Hexacrobylidae 

on the basis of the present study. 

INTRODUCTION 

The tunic is a gelatinous or leathery integument 

which is peculiar to the animals belonging to the 

subphylum Urochordata (=Tunicata). The asci- 

dian tunic is composed of ground substance (tunic 

matrix) overlaid by a thin cuticle. The surface of 

the tunic cuticle is sometimes, though never al- 

ways, specialized to have numerous minute protru- 

sions, which are mostly papillate in shape and up 

to 100nm high. Such a structure was firstly re- 

ported by Katow and Watanabe [2] and Milanesi er 

al. [3] in two species of the family Botryllidae. 

Then, Hirose et al. [1] detected the protrusions in 

18 species of ascidians belonging to 5 families, out 

of the 25 species of 9 families, and they suggested 

that the protrusions have some implications for 
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ascidian phylogeny. 

To examine this suggestion closely, we should 

have more information. In this study, fine struc- 

ture of tunic cuticle was newly described in 26 

species of 10 families. Thus, we now get informa- 

tion about the protrusions from 51 species ranging 

over 13 families, although not yet examined speci- 

mens of the two remaining families (Octacnemidae 

and Plurellidae). On the basis of the information, 

we will give a comment on the phylogenetic sig- 

nificance of the stated structure. 

MATERIALS AND METHODS 

Animals and prefixation 

Specimens of Leptoclinides echinatus, Clavelina 

viola, Ascidia ahodori, Ascidia zara, Ascidia sp. 

(cf. tapni) and Pyura mirabilis were collected in 

Shimoda, Shizuoka Pref., and fixed in a solution 

containing 2.5% glutaraldehyde, 0.45 M sucrose 

and 0.1 M cacodylate (pH 7.4). Ascidia gemmata 

and Chelyosoma siboja were collected in Asa- 

mushi, Aomori Pref., and fixed in 2.5% glutar- 
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aldehyde-seawater. Specimens of the following 

species were fixed in 10% formol-seawater or 10% 

formol-water: Syndiazona grandis collected off 

Minabe, Wakayama Pref.; Adagnesia_vesicu- 

liphora off Fukushima Pref.; Corella sp. (cf. japo- 

nica) in Kuroshima, Okinawa Pref.; Eugyrioides 

glutinans off Oga Pen.; Molgula manhattensis in 

the Nagoya Harbor, Aichi Pref.; Molgula tectifor- 

mis in the Mutsu Bay; Chelyosoma yezoense and 

Cnemidocarpa clara from Otsuchi, Iwate Pref.; 

Cnemidocarpa irene, Polycarpa cryptocarpa kro- 

boja and Polycarpa maculata taken off the Oki 

Island, Shimane Pref.; Ciona edwardsi and Ciona 

roulei [cf. 4] collected around Banyuls-sur-Mer 

(France); Ciona intestinalis in Napoli (Italy); and 

Sorbera unigonas during the Iucal cruise from N. 

Atlantic (47°30°N, 9°35°W; 4217-4366 m deep). 

Pterygascidia longa was collected off Zamami, 

Okinawa, and fixed in 70% ethanol. The paratype 

specimens of Polyandrocarpa stolonifera, fixed in 

70% ethanol, are deposited in the Shimoda Marine 

Research Center. 

Electron microscopy 

Samples of tunic, several millimeters square in 

size, were cut off from the above-listed specimens. 

Samples from the specimens in the fixative con- 

taining cacodylate were washed with 0.45 M su- 

crose solution buffered with 0.1 M cacodylate (pH 

7.4), while samples from the specimens in the 

fixatives without cacodylate were washed with 

filtrated seawater. Then, the samples were post- 

fixed with 0.1% osmium tetroxide solution buf- 

fered with 0.1M cacodylate (pH7.4) for 1.5 

hours, and afterward, dehydrated through an etha- 

nol series. For scanning electron microscopy 

(SEM), they were dried in a critical point dryer, 

sputter-coated with Au-Pd, and examined by 

Hitachi S-570 scanning electron microscope at 15 

to 20kV. For transmission electron microscopy 

(TEM), they were cleared in n-butyl glycidyl 

ether, and embedded in a low viscosity resin [5]. 

Thin sections were doubly stained, and examined 

by Hitachi HS-9 transmission electron microscope 

at 75 kV. 

RESULTS 

Tunic cuticle is an electron dense layer covering 

tunic matrix, and its structure varies from species 

to species. In some species, the cuticle forms 

minute protrusions. Sometimes there is a layer of 

moderate electron density or a zone of the mixture 

of tunic matrix and cuticular material under the 

cuticle, and it is called “subcuticle” by De Leo et 

al. [6]. Subcuticle is almost indistinguishable from 

the cuticle, when they are both of high electron 

density and thick, as seen in some solitary species 

in the Corellidae and Styelidae. Thickness of the 

cuticle and subcuticle is revealed variable in differ- 

ent species, and in different parts of tunic in a 

specimen. When the cuticle and/or subcuticle are 

thick, the tunic is usually hard, and leathery or 

cartilaginous. The protrusions shown in the pre- 

sent study are papillate in shape without excep- 

tion. 

In the suborder Aplousobranchia, two species 

are studied. In Leptoclinides echinatus the cuticle 

is flat and thin, about 10 nm thick, and its surface 

shows a fuzzy appearance (Fig. 1A). In Clavelina 

viola the cuticular surface has minute protrusions, 

about 30-40 nm high (Fig. 1B). 

In the suborder Phlebobranchia, only 2 species 

out of the 13 studied species have minute protru- 

sions. In the family Cionidae, Syndiazona grandis 

and three Ciona species have a flat cuticle accom- 

panied with a subcuticle, but no protrusions (Fig. 

1C). Thickness of the subcuticle ranges from 

about 30 nm (in C. edwardsi) to more than 300 nm 

(in C. roulei). On the other hand, Pterygascidia 

longa of the same family has minute cuticular 

protrusions, about 60 nm in height (Fig. 1D). In 

the Ascidiidae, the four species of Ascidia have a 

flat cuticle without any protrusions; its thickness is 

about 20-30 nm (in A. ahodori, A. sp. (cf. tapni) 

and A. zara) or more than 100 nm (in A. gemma- 

ta). In the Agnesiidae, Adagnesia vesiculiphora 

has minute cuticular protrusions, only about 20 nm 

high (Fig. 1E). In the Corellidae, all the three 

species examined here have no minute protru- 

sions. Corella sp. (cf. japonica) has a thin cuticle, 

only about 30 nm, while the two species of Chely- 

osoma have a thick one, indistinguishable from the 

underlying subcuticle (Fig. 1F). 
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Fic. 1. Fine structure of the tunic cuticle in the order Enterogona. Tunic matrix positions in lower part of each figure 

in TEM. (A) Leptoclinides echinatus (TEM). (B) Clavelina viola (TEM). (C) Ciona roulei (TEM). (D) 

Pterygascidia longa (SEM). (E) Adagnesia vesiculiphora (TEM). (F) Chelyosoma siboja (TEM). Arrowheads 

indicate minute protrusions. Scale bars, 0.2 um. 

In the suborder Stolidobranchia, the minute 

cuticular protrusions are found in all the examined 

species excluding some solitary ones in the Styeli- 

dae. A strange styelid, Polyandrocarpa stolo- 

nifera, which propagates by stolonic budding but 

without any functional connection among the 

zooids [see 7], has the protrusions, 100 nm or less 

in height. Among the 6 examined solitary styelids, 

Cnemidocarpa clara has the protrusions about 100 

nm (Fig. 2A, B), and Styela clava has smaller ones 

(about 30 nm high) and a thick subcuticle under- 

lying the cuticle. The other four solitary styelids 

lack the protrusions; the tunic is leathery or cartila- 

ginous, with the thick cuticle and subcuticle (Fig. 

2C). In Pyura mirabilis of the Pyuridae, minute 

protrusions are about 100 nm high, and the sub- 
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cuticle has a complex structure (Fig. 2D). In the 

Molgulidae, the protrusions are found in all of the 

3 examined species. They are about 40-50 nm 

high (in Molgula manhattensis and M. tectiformis) 

or 30 nm (in Eugyrioides glutinans) (Fig. 2E, F), 

and they are rather lower than those seen in the 

other species in the Stolidobranchia. 

In the suborder Aspiraculata, we could examine 

only a signle species, Sorbera unigonas. The 

cuticle has minute protrusions, about 80 nm in 

TABLE 1. 

Species 

Order Enterogona 

Suborder Aplousobranchia 

Family Polyclinidae 

Aplidium pliciferum 

A. yamazil 

Family Didemnidae 

Diplosoma mitsukurii 

Didemnum moseleyi 

*Leptoclinides echinatus 

Family Polycitoridae 

Clavelina miniata 

*C. viola 

Polycitor proliferus 

Suborder Phlebobranchia 

Family Cionidae 

*Syndizona grandis 

Ciona savignyi 

*C. edwardsi 

*C. intestinalis 

*C. roulei 

*Pterygascidia longa 

Family Perophoridae 

Perophora japonica 

P. multiclathrata 

Family Ascidiidae 

Ascidia sydneiensis 

*A. ahodori 

*A. gemmata 

*A. zara 

Solitary (S) or 
Colonial (C) 

height (Fig. 2G, H). The protrusions are similar in 

size and shape to those usually seen in the Stoli- 

dobranchia. 

DISCUSSION 

Table 1 represents a summation of the present 

results and the previous ones [1] in terms of the 

presence or absence and height of the minute 

cuticular protrusions. So far as these results are 

Presence and height of minute cuticular protrusions of ascidian tunic 

Approx. height of 
protrusions (nm) 

C 30 

C 60 

C absent 

C absent 

C absent 

C 30 

C 30-40 

€ 40 

C absent 

S absent 

S absent 

S absent 

S absent 

S 60 

C absent 

C absent 

S absent 

S absent 

S absent 

S absent 

Fic. 2. Fine structure of the tunic cuticle in the order Pleurogona. (A, B) Cnemidocarpa clara (A: TEM, B: SEM). 

(C) Cnemidocarpa irene (TEM). (D) Pyura mirabilis (TEM). (E) Molgula manhattensis (TEM). (F) Molgula 

tectiformis (SEM). (G, H) Sorbera unigonas (G: TEM, H: SEM). Arrowheads indicate minute protrusions, 

asterisks debris. Scale bars, 0.2 um. 
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TABLE 1. (continued) 

Species 
Solitary (S) or 
Colonial (C) 

Approx. height of 
protrusions (nm) 

*A. sp. (cf. tapni) 

Family Agnesiidae 

*Adagnesia vesiculiphora 

Family Corellidae 

*Chelyosoma siboja 

*C. yezoense 

*Corella sp. (cf. japonica) 

Order Pleurogona 

Suborder Stolidobranchia 

Family Botryllidae 

Botryllus primigenus 

B. scalaris 

B. sexiens 

B. schlosseri 

Botrylloides fuscus 

B. lentus 

B. simodensis 

B. violaceus 

Family Styelidae 

Metandrocarpa uedai 

Polyandrocarpa misakiensis 

*Polyandrocarpa stolonifera 

Polyzoa vesiculiphora 

Symplegma reptans 

*Cnemidocarpa clara 

*C. irene 

*Polycarpa_ cryptocarpa_ kro- 
boja 

*P. maculata 

Styela plicata 

*S. clava 

Family Pyuridae 

Halocynthia roretzi (Type A) 

Herdmania momus 

*Pyura mirabilis 

Family Molgulidae 

*Eugyrioides glutinans 

*Molgula manhattensis 

*M. tectiformis 

Suborder Aspiraculata 

Family Hexacrobylidae 

*Sorbera unigonas 

“ protrusions are not papillate. 

> subcuticle has complex structure. 

S 
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S 

species firstly examined for the protrusions in this study. 

absent 

20 

absent 

absent 

absent 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

absent 

absent 

absent 

absent 

30 

50? 

100 

100° 

30 

40-50 

40-50 

80 
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concerned, the shape of the protrusions is always 

papillate only except in Halocynthia roretzi, which 

has irregular-shaped ones [1]. This table shows 

clearly such a general tendency that the protru- 

sions occur in the limited families and the related 

species have the protrusions of similar size. Thus, 

we may reasonably conclude that the mentioned 

features are of certain phylogenetic significance. 

On the other hand, we cannot make any references 

to the function of the protuberances. 

In the suborder Aplousobranchia, the protru- 

sions are found in the Polyclinidae and Polycitor- 

idae. The protrusions are about 50 nm or less in 

height. In contrast, no protrusions are found in the 

Didemnidae. 

In the suborder Phlebobranchia, most species 

lack the protrusions. Exceptionally, however, we 

could find them in Pterygascidia longa in the 

Cionidae and Adagnesia vesiculiphora in the 

Agnesiidae. This fact reminds us of Kott’s long- 

held opinion that “Ciallusiinae” represented by the 

genus Pterygascidia should be included as a sub- 

family in the family Agnesiidae, which contains 

Adagnesia as a member of the other subfamily 

Agnesiinae [ref., 8]. Kott [9] paid attention to the 

similarity in the mantle musculature between these 

two subfamilies delimited by herself (for discus- 

sions on the taxonomic position of Prerygascidia in 

terms of macroscopical morphology, see Tokioka 

[10]). Further examinations of Kott’s opinion are 

expected on the basis of more information about 

the protrusions from the related species. 

Among the 25 examined species of the suborder 

Stolidobranchia, only the four solitary species in 

the Styelidae lack the protrusions. It seems to be 

curious that Cnemidocarpa clara and Styela clava 

have the protrusions, while the respective conge- 

ners C. irene and S. plicata lack them. It should be 

noted that such inconsistencies are limited to the 

subfamily Styelinae in the Styelidae. The lack of 

the protrusions in the four species may be related 

to the fact that the cuticle is rather thicker in these 

species than the others in this suborder. In the 

other stolidobranchians, the protrusions are papil- 

late and about 100 nm high. Exceptionally, they 

are of smaller size in Styela clava and the three 

molgulid species, or are not papillate in Halocy- 

nthia roretzi. It is unclear about the phylogenetic 

significance of these exceptions at present. 

There is a hot controversy on the systematic 

position of the family Hexacrobylidae in the sub- 

order Aspiraculata. Monniot et al. [11] separated 

this family from the class Ascidiacea and estab- 

lished for it a new class Sorberacea of the subphy- 

lum Urochordata (=Tunicata). The reason for 

this treatment was that they considered such fea- 

tures of this family to be quite unique among 

tunicates, as the virtual lack of the branchial sac, 

the existence of the “cordon nerveux dorsal”, and 

the histological peculiarities of the gut [also see 

12]. On the contrary, Kott has been holding the 

opinion that the family Hexacrobylidae should be 

regarded as very closely related (or possibly even 

joinable) to the family Molgulidae of the suborder 

Stolidobranchia and therefore never mertis a differ- 

ent suborder. Kott [13] regarded the unique 

features of this group mentioned by Monniot et al. 

as due merely to a high adaptation to its deep-sea 

life, and claimed that its basic morphological fea- 

tures were shared with the Molgulidae, such as the 

presence of a kidney, the arrangement of gonads, 

the thin but tough and fibrous tunic, etc. On the 

other hand, Nishikawa [14] supported the tradi- 

tional treatment of the Hexacrobylidae as the 

single constituent of the suborder Aspiraculata, 

although acknowledging the uniqueness of this 

group strongly claimed by Monniot eft al. The 

present study revealed that the protrusions found 

in Sorbera unigonas were similar in shape and size 

to those of the stolidobranchian species rather than 

of the aplousobranchian and phlebobranchian 

ones. This fact may favor Kott’s view, but it does 

not necessarily exclude the other two taxonomic 

treatments if we regard the mentioned similarity as 

a convergent nature. On the other hand, a closer 

examination shows that the protrusions of S. un- 

igonas are much higher than those of the examined 

species in the Molgulidae (about 80 nm in the 

former, instead of 30-50 nm in the latter). This 

might suggest the somewhat distance of phylo- 

genetic position between Sorbera and the Molgu- 

lidae. Accordingly, we prefer the tranditional 

systematic treatment of this group at present. 

More information should be gained as to the fine 

structure of tunic in some other species of the 

Molgulidae and Hexacrobylidae. 
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As shown above, some features seen in the fine 

structure of tunic cuticle have certain phylogenetic 

significance. We expect that more attentions will 

be paid to the fine structures in terms of the 

plylogeny of not only ascidians but also the other 

tunicates. 
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A New Hydromedusa of the Genus Eirene (Leptomedusae; 

EKirenidae) from Toba, Japan 

SHiIn Kusota! and TAKUSHI Horita~ 

'Zoological Institute, Faculty of Science, Hokkaido University, 

Sapporo 060, and *Toba Aquarium, 

Toba, Mie 517, Japan 

ABSTRACT—A new hydromedusa Eirene lacteoides (Leptomedusae; Eirenidae) from Toba, Mie 

Prefecture, Japan is described based on the laboratory-reared 18 male medusae and 33 immature ones. 

The new species resembles Eirene lactea (Mayer, 1900) in having distal projections of peduncle, but can 
be distinguished by the presence of an adaxial papilla on every well-developed tentacular bulb and even 

on some small tentacular bulbs bearing very short tentacles. The development of medusa, the 

nematocyst equipment, and the distributional records of E. lacteoides are also described. 

INTRODUCTION 

Many mature and immature medusae of an 

undescribed form of the family Eirenidae were 

obtained by culture. They were at first found in 

seawater tanks of the Toba Aquarium as small 

immature leptomedusae. In Japanese waters six 

species representing five genera of the family Eire- 

nidae [1] have hitherto been found [2-11]: Eirene 

hexanemalis (Goette, 1886) [4], Eirene menoni 

Kramp, 1953 [8], Eutima japonica Uchida, 1925 [2, 

9], Eutonina indicans (Romanes, 1876) [3, 5, 6], 

Tima formosa L. Agassiz, 1862 [2, 5], and Eugym- 

nanthea japonica Kubota, 1979 [10, 11]. Except 

for the last species, their description is originally 

based on mature medusae collected from the natu- 

ral seas in Japan. The hydromedusa in question, 

though obtained by culture, is apparently different 

from all known species of the Eirenidae. In the 

present paper characteristics of this medusan spe- 

cies are evaluated based on 51 mature and imma- 

ture specimens. 
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Japan. 

Seto Marine Biological Laboratory, 

Kyoto University, Shirahama, Wakayama 649-22, 

MATERIALSAND METHODS 

Very young medusae, about 1 mm in diameter, 

provided with four tentacles, occurred in seawater 

tanks of the Toba Aquarium, Mie Prefecture, 

Japan on August 12-26, 1989. Their occurrence 

was also detected during the period between 

February 4 and April 21, 1990. In these tanks the 

natural seawater taken just in front of the Toba 

Aquarium was stored at room temperature. Many 

such immature medusae without any trace of 

gonads were picked up and reared to maturity in 

either 2800 ml, 900 ml, or 200 ml vessels filled with 

natural seawater from Toba or occasionally in 

artificial seawater (Jamarin U) at 25-28°C, being 

fed with Artemia nauplii for up to 69 days. Eight- 

een mature medusae selected and examined were 

all males (Nos. 1-18). The 13 specimens were 

measured immediately after being narcotized with 

MgCl, solution, while the others were measured 

after preservation in formalin-seawater (see Tables 

1, 5). The nematocyst equipment was examined 

on one living 45-46 day old specimen (No. 5) 

under a phase-contrast microscope, and Figs. 7-10 

were drawn on this occasion. The development of 

medusa was observed not only on these specimens. 

The other 33 immature ones were also reared for 

6-11 days and then preserved in formalin- 

seawater. Among them the development was 

examined in detail on two medusae (Nos. 11, 12) 
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as shown in Table 5. They were reared in 900 ml 

vessels filled with seawater from Toba at 26-27 C, 

fed sufficiently with Artemia nauplu, and seawater 

was changed every day. Figures 1-6 were drawn 

from specimens preserved in formalin-seawater 

solution. Figures 1-10 were made, with a drawing 

apparatus, Nikon SMZ 10 and Olympus BH-DA. 

Eirene lacteoides n. sp. 

(Figs. 1-11) 

[Japanese name: Kobu-eirene-kurage, new] 

Type-series 

The type-series 1s deposited in the collection of 

the Zoological Institute, Faculty of Science, Hok- 

kaido University, Sapporo, Japan [ZIHU-498 

(holotype: specimen number 1); ZIHU-499 (para- 

types: Nos. 2-4, 6-8)], Seto Marine Biological 

Laboratory, Kyoto University, Japan [SMBL Type 

Nos. 370-372 (paratypes: Nos. 9, 12, and 33 im- 

FA [ é C3 \ 

" A CERI LMS 

Fe 

mature medusae)], Institut des Sciences Naturelles 

de Belgique, Bruxelles, Belgium [U.L.B.Z.J.B.C. 

2E (paratypes: Nos. 10, 11)], British Museum 

(Natural History), London, UK [1991. 3. 1. 1-2 

(paratypes: Nos. 13, 14)], Royal Ontario Museum, 

Toronto, Canada [ROMIZ B1152-1153 (para- 

types: Nos. 15, 16)], National Science Museum 

(Nat. Hist.), Tokyo, Japan [NSMT-Co 562 (para- 

type: No. 17)], and Toba Aquarium, Toba, Mie 

Prefecture, Japan [TAMBL C1 (paratype: No. 

18)]. 

Description of holotype 

The holotype was examined when it was 20 days 

old and reexamined after preserved in formalin- 

seawater on the 24th day. The umbrella is wider 

than high, measuring 24.7 mm in diameter and 

10.7 mm in height (Fig. 1; Dables 93), 7 the 

peduncle is not wide even at its base and protrudes 

from the velar opening for a short distance when it 

is well-extended (Table 3). Four projections are 

2-4 

10 mm 

1mm 

Fics. 1-4. The morphology of the holotype (Specimen no. 1) of Eirene lacteoides n. sp. 1: Side view. The peduncle 

broadens due to slight contraction of body. 2: A marginal portion of the umbrella, showing two tentacular bulbs, 

each with an adaxial papilla (one in oral view, the other in oblique view), two statocysts and a marginal wart, and 

a distal portion of the male gonad produced along the radial canal. 

well-developed tentacular bulb, viewed from aborally (tentacles are not drawn). 

3: A papilla on the adaxial side of a 

4: A marginal portion of 

umbrella, showing statocysts and a marginal wart between two successive tentacular bulbs, viewed from abaxially. 

Note no papillae on this side, and statoliths disappeared due to preservation. 



TABLE 1. Diameter and the number of marginal swellings of the mature medusa of Eirene 

lacteoides n. sp. 

New Eirenid Hydromedusa 

Total number of 
Specimen Days of rearing Umbrellar 
number (=age) diameter in mm tentacular marginal 

bulbs warts 

i 20 24.7 105 17 

1D* 24 21.6 119 ils 

2 12 Heh. 7/ 61 25 

3 12 14.0 45 oD 

4 367, 19.8 75 28 

5 44?) 19.8 65 10 

6 43?) 19.8 68 26 

ie 19 16.7 90 17 

Sy 19 15.4 75 7 

g1.3) 19 13,2, 65 16 

10” IY) Is 63 18 

13 30 305 7/ 141 12 

14 35 28.5 157 8 

15 35 293 149 7 

16 36 30.7 148 14 

ia? 38 24.0 153 9 

18” 69 IS)2) 55) 

*: The holotype. Nos. 2-18 are paratypes and for measurements of Nos. 11 and 12, see Table 

5) 

" Measured after preserved in formalin-seawater. 
> Reared in an artificial seawater for 2-3 weeks at 25+2°C after keeping them in natural 

seawater from Toba at 27+1°C (the others were reared in natural seawater from Toba at 27+ 

Mey 
*) Umbrella is contracted when preserved. 
* A specimen with five radial canals. 

TABLE 2. 

Specimen number 

Number of statocysts and statoliths of Eirene lacteoides n. sp. 

Total number of 
Relative abundance of the number of 

statoliths per statocyst 

statocysts statoliths 0 1 7) 3 

ie 146 147 0 145 1 0 

2 118 125 0 Ath 7 0 

3 94 100 0 88 6 0 

11 293 Sie 0 275 18 0 

12 205 226 2 181 21 1 

13 267 285 0 251 14 2 

14 254 264 0 244 10 0 

tS 263 YS) 0 248 14 1 

16 Dill 274 0 241 15 1 

7 289 — — — — ane 

18 235 — — — — = 

*: The holotype. 

—: Unavailable due to disappearance while preservation (see Table 1). 

415 
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TABLE 3. Measurements of various body portions of Eirene lacteoides n. sp., in mm taken from living 
specimens | 

Specimen Umbrellar Tienes mia as ees 
number’? height Ae soox peduncle manubrium oral lips stomach gonad 

Il" 10.7 6.7 Oy) od) De Doi) 0% 

2 8.0 4.7 4.0 18 1k) es) 0.2 

3 6.0 SG 4.0 0.9 ies real 0.2 

4 WES) J) So// 1.6 0.8 eZ 0.3 

5 10.3 5.6 2 13 eal 1.4 0.1 

6 10.3 Sof) 4.9 3 1.4 1.6 OW 

11 21 6.0 Se) Jos) 2.0 == 0.3 

1 8.7 3.6 — 2.0 eZ ae 0.3 

13 1a, 6.5 7.3 — Hod — 0.2 

14 WaT 6.1 6.0 3 1.4 _ 0.2 

15 10.1 6.0 4.8 0.8 1 —= 0.1 

16 WS_7/ 8.0 6.0 0.8 1.0 — Wait 

" For ages of medusae, see Tables 1 and 5. 
*: The holotype. 

—: Not measured. 

found interradially at the distal end of the pe- 

duncle. Even when the peduncle broadens due to 

the contraction of the body, the projections are 

still apparent, being conical in shape. However, 

extreme body contraction may lead to disappear- 

ance of the projections. The jelly at the umbrellar 

apex is as thick as the length of the peduncle 

(Table 3). The manubrium is short, measuring 1.7 

mm in length, and provided with four well- 

developed oral lips which are crenulated and 

folded many times (cf. Fig. 5). The oral lips are 

longer than the length of the manubrium; their tips 

are pointed (Table 3; cf. Fig. 6). The stomach is 

small, being cruciform in section (cf. Fig. 5). The 

four gonads are linear, extending from the base of 

the peduncle close to the umbrellar margin along 

the four radial canals (Figs.1, 2), but never 

reaching the ring canal.. In a quadrant 25-27 

tentacles are present (27-34 ones, 4 days thereaf- 

ter) and totally 105 in number (119, 4 days thereaf- 

ter). The tentacular bulbs are swollen and well- 

demarcated from the tentacles (Fig. 4). A papilla 

exists on the adaxial side of every well-developed 

tentacular bulb (Figs. 2, 3) and also on some small 

tentacular bulbs bearing very short tentacles. The 

number of marginal warts in a quadrant varies 

between 2-7 (2-4, 4 days thereafter), and 17 in all 

(11, 4 days thereafter) (Table 1). Neither lateral 

nor marginal cirri are found. In a quadrant 30-40. 

statocysts are produced, and totally 146 in number 

(Table 2). The number of statocysts is slightly 

greater than that of the marginal swellings (= 

tentacular bulbs+ marginal warts) in every quad- 

rant since two statocysts are frequently found 

between two successive marginal swellings. Most 

of the statocysts contain one statolith, and only 

one statocyst contains two (Table 2). 

Variation 

In a quadrant, up to 44 tentacles, 28 marginal 

warts, and 84 statocysts were found. The maxi- 

mum number of tentacles, marginal swellings, and 

statocysts per specimen was 159, 170, and 304, 

respectively (Tables 1, 2, 5). Two statocysts are 

sometimes adjoined together in aged medusae, 

and in 69-day-old specimen (No. 18) up to five 

statocysts were found between two succesive mar- 

ginal swellings. A statocyst contained maximally 

three statoliths as a very rare case (Table 2). The 

number of crenulations per lip was more than ten 

(Fig. 5). An aperture which may function as an 

excretory pore (excretion of particles was observed 
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Fics. 5, 6. A paratype (Specimen no. 9) of Eirene lacteoides n. sp. 5: Oral lips, cruciform stomach, and conical 

projections of the peduncle, viewed from orally. 6: Side view of the manubrium and the projections of the 

peduncle. 

at higher magnification), seems to be present on 

the adaxial papillae. The gonads, radial canals, the 

projections of the peduncle, and the oral lips were 

rarely five in number (No. 10). Such abnormal 

conditions took place in the development of a 

medusa, though normal in its early developmental 

stages. 

Nematocysts 

Two types of basitrichous isorhizas were found 

on tentacles and oral lips of the mature medusa 

(Figs. 7-10). The dimensions of these nematocysts 

are shown in Table 4. The exumbrellar nemato- 

cysts, found in early developmental stages of the 

medusa, disappeared in due time. 

Development of medusa 

The growth of medusae was rapid (Table 5, see 

also Table 1). When the umbrella became over 4.5 

mm in diameter, the gonads appeared (on the 6th 

to 8th day). At this developmental stage the 

peduncle was also visible. After 11 to 13th day, 

when the umbrella was over 14.0 mm in diameter, 

the gonads attained the maximum width and fully 

matured, the projections of the peduncle were 

already distinct, and the number of statocysts was 

10 pm 

2 10 

Fics. 7-10. Undischarged and discharged capsules of 

two types of basitrichous isorhizas in the mature 

medusa (Specimen no. 5) of Eirene lacteoides n. sp. 



418 S. KUBOTA AND T. Horita 

TaBLE 4. Dimensions of undischarged capsules of nematocysts of mature medusa of 

Eirene lacteoides n. sp., in um 

Length X maximum width of two one of basitrichous 
Body isorhizas: Mean+SD (Range), sample size 
portions 

Large type Small type 

Tentacles Sets OPS3 1 te OD OFS O23 2, dats Oa 
(14.8-16.8) (3.2-4.0), 20 (9.2-10.4) (2.2-2.6), 20 

Oral lips 173058 )<3. 3083 10.2+0.4X2.2+0.1 
(15.6-18.8) (2.8-3.8), 24 (9.6-11.2) (2.0-2.2), 20 

TABLE5. Development of two medusae of Eirene lacteoides n. sp. 

Age D H J ite Mw St Stl/St Stl  St/Ms_ St/Tb Gl Gw 

Specimen number 11 

1 0.95 ORS5 = ONI3 4 — 8 1 8 — 2D 0 0 

3) 1.8 1.4 0.48 6 4 8 I 8 I Z 0 0 

6 4.5 2S 1.4 18 9 29 1 29 1 1-2 ODOR 0105 

8 7.9 4.1 Ded Di) iW 50 1 50 1-2 1-3 1A ORO 

9 17 5.0 Vee) 31 20 62 1-2 63 1-2 1-3 A Ont() 

11 14.4 af) 3.3 53 26 88 lan Vil 1-2 1-3 4.5 0.23 

13 17.6 1s) 3.6 fs 14 AVY 1-2 123 1-2 1-3 6.30 m025 

15 1983 Te, ef) 81 Za 122 1-2 WS) 1-2 1-3 geal 0.20 

i7/ Uso) S07 43 97 11 169 1-2 180 1-2 1-3 8.5 0.25 

19 Dee 8.7 Jed) 105 11 Ja) JE 1-3 234 1-3: 11-4 9.5 0.30 

23 30.6 — — Hits ay) 238 1-2 261 1-2 1-4 12-3 0.25 

26 31.4 10.1 5.6 135 14 251 0-2 269 1-2 1-3 Lil Os i027. 

3) SB Well 6.0 159 11 293 1-2 SU 1-2 1-4 1323 0.30 

Specimen number 12 

1 1.0 O87 O85 + 4 8 1 8 1 Z 0 0 

3 2.0 1S 0.55 8 1 8 1 8 0-1 1 0 0 

6 4.3 Dee) 1.6 17 4 26 1 26 1-2 1-2 0 0 

8 Wed) AO 22 Wp 3 +4 1 44 1-2 1-3 1.4 0.08 

9 9.3) 4.3 Me) 30 18 56 1 56 -2 1-3 1.4 0.10 

13 16.8 6.0 3) 67 y/ 1113) 1-2 115 1-2 1-3 OKO =e WZ8) 

IS 18.9 EDS ED 79 16 124 1-2 129 1-2 1-3 6.4 0.23 

7) 20.8 Joo 4.7 93 3 129 0-2 136 1-2 0-3 8.1 0.25 

19 24.8 8.7 3.6 96 4 205 0-3 226 1-3 1-5 9:64 4h0:30 

AQ” 21.4 — — 141 7a) 304 a= — 0-3 0-8 8.7 0.23 

—: Not measured. 

'. Measured after preserved in formalin-seawater. 

Age: days of rearing. D: umbrellar diameter, in mm; H: umbrellar height, in mm; J: thickness of jelly at the 

umbrellar apex, in mm; Te: total number of tentacles; Mw: total number of marginal warts; St: total number of 

statocysts; Stl: total number of statoliths; Stl/St: range of number of statoliths per statocyst; St/Ms: range of 

number of statocysts between two neighboring marginal swellings; St/Tb: range of number of statocysts between 

two neighboring tentacular bulbs; Gl: length of gonads, in mm, measured from aboral side; Gw: maximum width 

of gonads, in mm. 
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Ej medusa with papilla on most tentacular bulbs 
medusa with papilla on some tentacular bulbs 

[] medusa without papilla on all tentacular bulbs 

No. of specimens 
2.0 | 3.0 3.5 4. 4.5 

Umbrellar diameter, in mm 
Fic. 11. Frequency distribution of the number of immature medusa in Ejirene lacteoides n. sp. according to the 

presence (plentiful or scarce) or absence of adaxial papilla on tentacular bulbs. 

TABLE 6. Distinguishing characters of mature medusa between Eirene lacteoides n. sp. and the closest 

congener Eirene lactea 

Species Eirene lacteoides Eirene lactea Mayer, 1900 

Tortugas, Florida 
Toba, Mie Pref., sek ; SE USA? 

Locality Japan* (present study) en oie (after Brinckmann-Voss 1973) 

Distinguishing characters 

Peduncle distal projections distal projections distal projections 
present; extends absent; extends present; not extend ing to 
for a short for a short the velar opening 
distance beyond distance beyond (occupies 2/3 of the height 
the velar the velar of subumbrellar 
opening opening cavity) 

Oral lips fairly crenulated simple slightly crenulated 

Diameter of 24.7 mm 5 mm”? 6.0-20.0 mm 
umbrella (6.0-33.2 mm)” 

Number of 105 (45-159)? 18222) 24-68 
tentacles 

Number of 146 (94-304)? below 44” below 91”? 
statocysts 

Adaxial present on well-developed absent”? absent 
papilla tentacular bulbs 

*: Mature medusae (male in E. lacteoides and female in E. lactea) obtained by culture in the laboratory. The 

origin of the hydroid colony is not known. 

**: Mature medusae collected from the natural sea. Sex of these medusae was not described. 

. Undescribed precisely, therefore caliculated based on description. 

>) After Brinckmann-Voss 1973, pp. 65-66. 
») Following measurements of the holotype, those of paratypes are shown in parentheses. 

” The holotype is not designated. 
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always more than that of the marginal swellings (= 

tentacular bulbs+ marginal warts). The adaxial 

papillae were produced in immature and very 

small medusae, minimally 2.4mm in diameter; 

young specimens, over 3.0mm in diameter, had 

always these papillae on almost all tentacular bulbs 

(Fig. 11). Continuous enlargement of diameter of 

the umbrella lasted for about a month. In all 

developmental stages the umbrella always re- 

mained wider than high (Table 5); no cirri were 

produced. 

Remarks 

In the genus Eirene and other known genera of 

the family Eirenidae [12-17] such a conical projec- 

tion of the peduncle as observed on Eirene lac- 

teoides n. sp. has never been described in literature 

except for an illustration made by Brinck- 

mann-Voss [16] of the laboratory-reared female 

medusae of Eirene lactea (Mayer, 1900). How- 

ever, Brinckmann-Voss (per. comm.) did not 

think the projections might provide a disting- 

uishing character for a new species. The original 

material of E. lactea is small, 5 mm in umbrellar 

diameter (see Table 6), and it had no projections 

on peduncle. Accordingly it seems that the projec- 

tions are not produced in E. /actea if the medusa of 

this species matures in a small size. 

On the other hand, as was described above, the 

adaxial papillae were already produced at im- 

mature stages (the diameter of the umbrella over 

2.4mm) in E. lacteoides, whereas the papillae 

were not found in E. lactea even though the species 

was smaller in size or developed fully to the 

umbrellar size of 20.0 mm [16]. Further, FE. lac- 

teoides tends to have more statocysts, more tenta- 

cles, and more crenulated oral lips than those of E. 

lactea (Tables 5, 6). 

When the peduncle of the present new species is 

contracted, it may become wider at its base and 

looks like that of Eirene pyramidalis (L. Agassiz, 

1862) that also has an excretory pore [12, 13]. 

However, E. pyramidalis does not possess any 

distal projection on the peduncle despite attaining 

a similar size or much more, up to 35mm in 

diameter [12, 13]. Further, FE. pyramidalis has 

maximally 100 statocysts and the same number of 

tentacles [17], showing thus much smaller numbers 

in these two meristic characters than those of E. 

lacteoides (see Table 6). 

Consequently, by unique characteristic states of 

the projections of peduncle, the number of stato- 

cysts as well as the tentacles, and of the adaxial 

papillae of tentacular bulbs of medusa, we treat 

the present material as a new species. Although all 

specimens of E. lacteoides are males, there is 

seemingly no taxonomic difficulty since the sexual 

dimorphism is very rare in hydromedusae; so far 

only in Sphaerocoryne multitentaculata (Warren, 

1908) [19] and Australomedusa baylii Russell, 1970 

[1, 20, 21]. 

It should be mentioned here that the kind of 

nematocysts of the new species is identified as 

basitrichous isorhizas as described above, but for 

such a small nematocyst Ostman [22] proposed a 

new category, i.e., pseudo-microbasic  b- 

mastigophore, through her SEM investigations. 

Distribution 

Besides the specimens taken in the Toba 

Aquarium, several laboratory-reared male me- 

dusae of E. lacteoides were also obtained by Mr. S. 

Takayama in the Uozu Aquarium, Toyama Prefec- 

ture, in 1991. Further, one well-developed, 
laboratory-reared medusa photographed by Dr. Y. 

Hirano, which was originally found in the Oarai 

Aquarium, Ibaraki Prefecture in 1983, could also 

belong to the present species, but this needs fur- 

ther examination. No specimens referable to the 

present new species have been collected from the 

natural sea. 
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Two New Species of the Genus Dicyema (Mesozoa) from Octopuses 

of Japan with Notes on D. misakiense and D. acuticephalum 

HIDETAKA FURUYA, KAZUHIKO TSUNEKI and YUTAKA KOSHIDA 

Department of Biology, College of General Education, 

Osaka University, Toyonaka 560, Japan 

ABSTRACT—We examined dicyemid mesozoans from the renal sacs of both Octopus vulgaris and 

Octopus minor, obtained off the coast of Japan, and found two new species that belong to the genus 
Dicyema. 

Dicyema japonicum sp. nov. from O. vulgaris, is a medium sized dicyemid, rarely exceeding 1500 um 

in length. The number of peripheral cells in the vermiform phases is usually 22. The disc-shaped calotte 

and parapolar cells form the cephalic enlargement. The axial cell is cylindrical but is rounded anteriorly, 

and it extends forward to the base of propolar cells. Infusoriform embryos consist of 37 cells. In each of 

the four urn cells, there are the cell’s own nucleus and one germinal cell with its own nucleus. 

Dicyema clavatum sp. nov. is a relatively small sized dicyemid, infrequently reaching 1000 um in 

length, and it is the first mesozoan species described from O. minor. The number of peripheral cells in 

the vermiform phases is usually 22. The calotte is cap-shaped and smoothly rounded. The axial cell is 

enlarged and rounded in the calotte region, and it extends anteriorly to the base of the propolar cells. 

Uropolar cells occasionally become verruciform. Infusoriform embryos are composed of 39 cells. Each 

of the urn cells contains two nuclei of its own and one germinal cell with its own uncleus. 

Further details relevant to the description of infusoriform embryos of Dicyema misakiense Nouvel et 

Nakao are provided and a note to Dicyema acuticephalum Nouvel is given. The dicyemid fauna in the 

© 1992 Zoological Society of Japan 

two species of octopuses is briefly discussed. 

INTRODUCTION 

The first record of dicyemid mesozoans in Japan 

was published in 1938 by Nouvel and Nakao [1]. 

They found Dicyema misakiense Nouvel et Nakao, 

1938, in the renal sac of Octopus vulgaris, and also 

Dicyema orientale Nouvel et Nakao, 1938, in 

Sepioteuthis lessoniana. Later, Nouvel [2] de- 

scribed Dicyema acuticephalum Nouvel, 1947, 

which was also obtained from Octopus vulgaris, 

and identified another dicyemid from Sepia 

esculenta as Pseudicyema truncatum Whitman, 

1883, which had been already described in Europe. 

All these host cephalopods were collected in the 

waters close to the Misaki Marine Biological Sta- 

tion of the University of Tokyo. Since then no 

reports on the dicyemid species from Japan have 

been published. 

We examined the dicyemids in the renal sacs of 

Accepted January 6, 1992 
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octopuses caught off the coast of Japan, and we 

found at least two new dicyemids that are distinctly 

different from each of the four species mentioned 

above and from the other species so far described 

in various regions outside Japan. 

The present paper deals with these two new 

dicyemid species: one obtained from Octopus vul- 

garis and the other from Octopus minor. In 

addition, we give a detailed description of the 

infusoriform embryos of Dicyema_ misakiense 

Nouvel et Nakao and further give an account of 

Dicyema acuticephalum Nouvel. 

MATERIALS AND METHODS 

From April of 1989 to May of 1991, 23 indi- 

viduals of Octopus vulgaris and 19 of Octopus 

minor were obtained for detection of dicyemids. 

Most of them were obtained from fish markets and 

fishermen, but two were caught by the authors. 

The size, sex, and source of each of these octo- 

puses are given in Tables 1 and 2. 
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From every octopus, which was brought alive to 

the laboratory, the head and tentacles were cut off 

just behind the eyes, without anesthetic. Then the 

visceral hump was placed, ventral side up, in a 

tray, and the mantle was opened to expose the 

TABLE 1. Octopus vulgaris 

paired renal sacs. Pieces of renal tissues were 

smeared with the fluid from the renal sac on slide 

glasses. Some preparations were used to confirm 

the occurrence of living dicyemids under the 

phase-contrast microscope, while others were 

and parasite dicyemids 

Hosts 

Dorsal mantle Body xe Date of Dicyemids 
No. length (cm) weight (g) SOs source examination 

D. acuticephalum 

VU12 WZ 350 M 1 06.21.1989 D. japonicum 

D. misakiense 

D. japonicum 

VU98 9.5 865 Ia i 07.14.1990 D. misakiense 

D. sp. (A) 

VU5 7.4 270 F 1 06.14.1989 

VU16 5.4 78 M 2 07.06.1985 

VU17 1 123 M 2 07.06.1989 

VU18 6.5 - 148 M 2 07.06.1989 

VU20 ES — Is 3) 07.24.1989 

VU28 Dod — M 3) 08.04.1989 

VU32 {3.2 — M 4 08.10.1989 D. japonicum 

VvU41 W225) 740 F 2 10.20.1989 D. misakiense 

VU43 8.2 528 M 6 10.27.1989 

VU44 Qe) 738 M 6 10.27.1989 

VU45 6.9 460 M 1 12.01.1989 

VU83 1325 465 M 1 05.11.1990 

VU101 Dd 96 M 2) O21 LOD 

VU102 6.6 218 F Z OZ NOS 

VU103 V9 — F 5 07.30.1990 

VU104 Tete) 508 M 2 05.08.1991 

VU3 8.2 260 M 1 04.26.1989 

VU4 11.4 770 F 1 05.30.1989 D. acuticephalum 

VU40 OF 750 F 2 09.06.1989 

VU105 OF 550 M 1 5-27-1991 D. misakiense 

VUI5 4.0 70 F 2 07.06.1989 None 

* Source numbers indicate the following: 

(1) Commercially supplied from a fish market at Akashi (Hyogo Pref.) where fish dealers receive octopuses 

caught mainly inside Osaka Bay and/or in the Sea of Harima (the eastern area of the Inland Sea). 

(2) Commercially supplied from a fish market at Shounai (Toyonaka, Osaka Pref.). Locations of these 

octopuses are presumably similar to those of octopuses bought at Akashi. 

(3) Commercially supplied from a fish market at Shirahama (Wakayama Pref.). The octopus was probably 

caught inside Tanabe Bay where it faces the Pacific Ocean. 

(4) Commercially supplied from a fish market at Sakaiminato (Tottori Pref.). The octopus was possibly 

obtained from the coast of the Sea of Japan near Sakaiminato. 

(5) Caught by fishermen in Dozen, Oki Islands (Shimane Pref.), located in the Sea of Japan about 50 km to the 

north of Sakaiminato. 

(6) Collected by the authors in Maizuru Bay (Kyoto Pref.) where it is open to the Sea of Japan. 
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TABLE 2. Octopus minor and parasite dicyemids 

Hosts 

Dorsal mantle Body x Date of Dicyemids 
IN@e length (cm) weight (g) Bex Source examination 

MI89 6.5 78 M 2 07.11.1990 

MI90 7.9 168 M D, 07.14.1990 D. clavatum 

MI91 8.3 204 M 2 07.14.1990 D. sp. (B) 

MI92 8.8 239 M 2 07.14.1990 

MI97 DZ 68 F 2 07.14.1990 

MI93 8.2 126 F 2, 07.14.1990 
D. clavatum 

MI94 8.3 207 le 2 07.14.1990 

MI95 8.3 194 F 2 07.14.1990 

MI96 WES) 145 F D 07.14.1990 

MI63 Wot 105 F 1 04.10.1990 

MI64 On 175 M 1 04.10.1990 

MI65 Vo? 142 F 1 04.10.1990 D. sp. (B) 

MI69 W3 110 F 1 04.10.1990 

MI71 6.5 231 M 1 04.10.1990 

MI84 6.4 124 M 2 07.11.1990 

MI85 7.4 155 M Z, 07.11.1990 

MI86 6.5 192 M Z 07.11.1990 D. sp. (C) 

MI87 6.9 111 M yy 07.11.1990 

MI88 Oy 118 M 2, 07.11.1990 

* See explanations for Table 1. 

promptly fixed in Carnoy’s fluid or in alcoholic 

Bouin’s fluid (a 15:5: 1 mixture of saturated picric 

acid in absolute ethanol, formalin, and acetic 

acid). Carnoy-fixed preparations were subjected 

to Feulgen or McMannus’s periodic-acid Schiff 

(PAS) procedures, and then they were stained 

with Ehrlich’s acid hematoxylin and light green. 

Alcoholic Bouin-fixed preparations were subjected 

to the last two staining procedures only. After the 

staining, the preparations were dehydrated and 

mounted in the usual fashion for observation of 

dicyemids under the light microscope. 

Measurements and drawings were made with the 

aid of a micrometer and an image tracer, respec- 

tively. 

Dicyemidae van Beneden, 1882 

Dicyema von Kolliker, 1849 

Dicyema japonicum sp. nov. Furuya et Tsuneki 

[New Japanese name: Yamato-nihaityu] 

(Figs. 1-7, Tables 1, 3, and 4) 

Host: Octopus vulgaris Lamarck, Octopodidae. 

Locality: Western Honshu, Japan. See “Source” 

in Table 1. 

Syntypes: A slide registered as NSMT-Me-1 was 

deposited at the National Science Museum, 

Tokyo, Japan. This slide was prepared from No. 

VU44 octopus (Table 1) and contains both 

nematogens and rhombogens. It includes D. 

misakiense as well, but D. japonicum can be 

clearly distinguished from D. misakiense in the 

shape of the head as described below. Other 

slides were numbered according to the host 

number in Table 1 and are in the authors’ 

collection. 

Etymology: The specific name “japonicum” was 

given, because this species is common in Octo- 

pus vulgaris caught off the coast of Japan. 

DESCRIPTION 

Diagnosis: Body length up to 1800 um. 

Peripheral cell number of vermiform phases (ver- 
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miform embryo, nematogen, and rhombogen) 

usually 22:4 propolars, 4 metapolars, 14 trunk 

cells. Propolar and metapolar cells form a disc-like 

head together with parapolar cells. Infusoriform 

embryos consist of 37 cells. Nucleus number of urn 

cell, 1. Host, Octopus vulgaris. 

Nematogens (Figs. 1-3): Body slender, 300 to 

1800 um long; 40-75 um wide. Peripheral cell 

number usually 22 (Table3): 4 propolars, 4 

metapolars, 2 parapolars, 10 diapolars, 2 uropo- 

lars. Calotte and parapolar cells form cephalic 

enlargement. Calotte becomes disc-shaped as in- 

dividuals grow. Cilia covering calotte about 4.7 

ym long, oriented forward, slightly shorter but 

denser than cilia of trunk cells. Cytoplasm of both 

propolar and metapolar cells, stained by hema- 

toxylin more conspicuously than that of other cells; 

Fic. 1. Dicyema japonicum sp. nov. Four entire nema- 

togens of various sizes are shown on the left and 

three rhombogens on the right. Note the character- 

istic shape of the head. Bar represents 100 um. 

Drawn from specimens prepared from No. VU44 

octopus. 

PAS-positive, but negative after saliva test. Cells 

and nuclei of propolars, smaller, respectively, than 

those of metapolars. Trunk mostly uniform in 

width. Trunk cells, arranged in opposed pairs. No 

verruciform cells. Axial cell, cylindrical and 

rounded anteriorly, extends forward to base of 

propolar cells. Usually two sizes of axoblasts, 

standard and large; the latter often twice the size 

of the former. In large individuals, about 80 

vermiform embryos at most found in the axial cell, 

calotte occasionally flower-like in shape, and a few 

accessory nuclei evident in both peripheral and 

axial cell. In Carnoy-fixed large individuals, many 

fine granules found in peripheral cells. 

Transitional individuals from nematogens to 

trhombogens enclose degenerating vermiform 

embryos, proliferating infusorigens, and develop- 

ing or full-grown infusoriform embryos, simul- 

taneously, in the axial cell. Standard axoblasts 

only, no large ones in these individuals. 

Vermiform embryos (Fig. 4): Full-grown vermi- 

form embryos, 40 to 70 um long, 8 to 12 um wide; 

peripheral cell number fixed at constantly 22 

(Table 3). The ratio of total body length to calotte 

length, 1:0.24 to 0.28. Anterior end of calotte 

tapering slightly and pointed bluntly. Trunk cells, 

arranged in opposed pairs. Axial cell tapering 

anteriorly, sometimes pointed, extending forward 

to base of propolar cells, as seen in nematogens. 

Axial cell nucleus, usually located in center or in 

anterior half of axial cell, always anterior to one or 

two standard-sized axoblasts. 

Stem nematogens (Fig. 5): Two stem nema- 

togens were obtained. One of them, 221 um long, 

with three axial cells. Peripheral cell number: 23 

(4 propolars, 4 metapolars, 2 parapolars, 11 diapo- 

lars, 2 uropolars). Wermiform embryos found in 

both second and third axial cell but not in the first. 

The other stem nematogen, 223 um long, also with 

three axial cells. Peripheral cell number: 26 (4 

propolars, 4 metapolars, 3 parapolars, 14 diapo- 

lars, 1 uropolar). Vermiform embryos found in all 

three axial cells. Only standard-sized axoblasts in 

both stem nematogens. 

Rhombogens (Figs. 1-3): Slightly shorter and 

stockier than nematogens, otherwise generally 

similar in shape and proportion; body 300 to 1000 

yum long; 40 to 75 wm wide. Peripheral cell num- 
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Fic. 2. Anterior part of a nematogen (a) and a rhombogen (b) of D. japonicum. Photographs were taken after 
alcoholic Bouin fixation, which was followed by Ehrlich’s acid hematoxylin and light-green staining. Note that the 

calotte (C) is conspicuously stained and is covered with a dense array of cilia. AX, axoblast; AC, axial cell; D, 

diapolar cell; IF, infusoriform embryo; PA, parapolar cell; V, vermiform embryo. Bars beueecut 20 wm. (a) 

Prepared from No. VU103 octopus, (b) prepared from No. VU44 octopus. 

ber, usually 22, sometimes lower (Table 3). 

Cephalic enlargement, composed of calotte and 

parapolar cells as in nematogens. Calotte becomes 

disc-shaped as individuals grow. Shape and tip 

position of axial cell, similar to those in nema- 

togens. Axial cell sometimes expanded at the 

region where infusorigens are included. One, 

sometimes two, and very rarely three infusorigens 

in the axial cell. Some accessory nuclei observed 

occasionally in both peripheral and axial cell. No 

verruciform cells. 

Infusorigens (Fig. 6): Medium-sized, sometimes 

relatively large. Axial cell usually irregular in 

shape. In 25 mature infusorigens examined: num- 

ber of external cells including oocytes, 8 to 58 

(mode, 15); number of internal cells including 

spermatocytes, 3 to 19 (mode, 3). Fertilized eggs, 

12.3 um in diameter. 

Infusoriform embryos (Fig. 7): Ovoid, rounded 

bluntly to pointed posteriorly. Based on 100 

full-grown embryos, length (excluding cilia), 23.68 

+1.98 um (mean+S.D.);  length-width-height 

ratio, 1 :0.80:0.73. Cilia at the posterior end, 6 to 

7 um long. Refringent bodies, smaller than total 

mass of four urn cells, occupy anterior one-third or 

so of embryo, when viewed from lateral side. 

Nuclei of second ventral cells, small and pycnotic. 

Ventral internal cells project cilia to urn cavity. 

Capsule cells with many large granules on side 

adjacent to urn. Granules, intensely stained by 

PAS procedure and staining-resistant in saliva test. 

Full-grown infusoriform embryos consist of 37 
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TABLE 3. Number of peripheral cells of Dicyema 

Japonicum sp. nov. 

Number of individuals 
No. of 
cells a Nematogens Rhombogens 

20 0 2 
21 0 2 8 
22 54 52 54 

Q 

1a SioRomts 

Fic. 3. Anterior part of three nematogens (top) and 

two rhombogens (bottom) of D. japonicum. Cilia 

are shown in optical section on the nematogen 

depicted on the far right. Bar represents 50 um. 

Drawn from specimens prepared from No. VU103 

octopus. 

Fic. 5. A stem nematogen of D. japonicum with three 

axial cells. This individual has vermiform embryos 

in both the second and the third axial cell; in the first 

axial cell its nucleus is visible but no embryos are 

seen. Photograph (a) was taken after alcoholic 

Bouin fixation, Ehrlich’s acid hematoxylin and light- 

green staining. The tracing (b) was drawn from the 

photograph. AC1, first axial cell; AC2, second axial 

cell; AC3, third axial cell. Bar represents 20 um. 

Prepared from No. VU103 octopus. 

Fic. 4. A vermiform embryo within the axial cell (the 

cell outline is omitted) of a nematogen (on the left) 

and a free-living vermiform larva (on the right) of D. 

japonicum. Bars represent 104m. Drawn from 

specimens prepared from no. VU103 octopus. 
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cells: 33 somatic and 4 germinal cells (Table 4). 

Cell terminology used here is that of Nouvel [3] 

and Short and Damian [4]. Somatic cells are 

composed of peripheral cells that cover a large part 

of anterior and lateral surfaces of embryo (2 

enveloping ceils), peripheral cells with cilia on 

external surfaces (2 paired dorsal cells, 1 median 

dorsal cell, 2 dorsal caudal cells, 2 lateral caudal 

cells, 1 ventral caudal cell, 2 lateral cells, 2 post- 

eroventral lateral cells), peripheral cells with re- 

fringent bodies (2 apical cells - cilia not clearly 

Fic. 6. Infusorigen of D. japonicum. Around the in- 

fusorigen, a two-pronuclei stage egg (E), a fertilized 

egg (F), and an axial cell nucleus (N) are found. Bar 

represents 10 ~m. Drawn from a specimen prepared 

from No. VU103 octopus. 

Fic. 7. Infusoriform embryo of .D. japonicum. Dorsal view (a), ventral view (b), sagittal section (c), and horizontal 

section (d, cilia oimtted) are shown. Enveloping cells are ommitted. A, apical cell; AL, anterior lateral cell; C, 

couvercle cell; CA, capsule cell; DC, dorsal caudal cell; G, germinal cell; L, lateral cell; LC, lateral caudal cell; 

MD, median dorsal cell; PD, paired dorsal cell; PVL, posteroventral lateral cell; R, refringent body; U, urn cell; 

UC, urn cavity; VC, ventral caudal cell; VI, ventral internal cell, V1, first ventral cell; V2, second ventral cell. 

Bar represents 10 7m. Drawn from specimens prepared from No. VU103 octopus. 
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TABLE 4. Number of cells in infusoriform embryos 

and the nucleus number of urn cells in four 

dicyemid species 

: No. of No. of nucleus 
Species cells* of urn cells* 

D. japonicum of 1 

D. misakiense 3 it 

D. acuticephalum 37 Z 

D. clavatum 39 D, 

* These numbers were very constant in four species 
examined. - 

visible on these cells), peripheral cells without cilia 

(2 first ventral cells, 2 second ventral cells, 2 

anterior lateral cells, 1 couvercle cell), internal 

cells with cilia (2 ventral internal cells), internal 

cells without cilia (2 dorsal internal cells, 2 capsule 

cells, 4 urn cells). Each of the four urn cells 

encloses its own nucleus and one germinal cell with 

its one nucleus (Table 4). All somatic nuclei tend 

to become pycnotic as infusoriform embryos ma- 

ture. 

Geographical variations: Not found either in 

vermiform stages or infusoriforms. 

bee 

Dicyema misakiense Nouvel et Nakao, 1938 

[Japanese name: Misaki-nihaityu] 

(Fig. 8a, Tables 4 and 5) 

Materials examined: Slides were numbered 

according to the host number in Table 1 and afe 

in the authors’ collection. 

Diagnosis: Body length up to 1700 um. 

Peripheral cell number 22. Calotte consists of two 

tiers; the tier of propolars slightly smaller than that 

of metapolars and faintly constricted from the tier 

of metapolars. Infusoriform embryos, 37 cells. 

Nucleus number of urn cell, 1. Host, Octopus 

vulgaris. 

TABLE 5. Number of peripheral cells of Dicyema 

misakiense 

Number of individuals 
No. of 

Vermif 
galls embryos Nematogens Rhombogens 

21 0 1 (0). 

22 51 51 a) 

Fic. 8. Anterior part of two rhombogens of D. misakiense (a) and a nematogen of D. acuticephalum (b). Compare 

the head shape of these species with that of D. japonicum (shown in Fig. 2). Photographs were taken after 

alcoholic Bouin fixation, Ehrlich’s acid hematoxylin and light-green staining. AC, axial cell; AX, axoblast; D, 

diapolar cell; IF, infusoriform embryo; M, metapolar cell; N, axial cell nucleus; P, propolar cell; PA, parapolar 

cell. Bar represents 20 um. (a) Prepared from No. VU44 octopus, (b) prepared from No. VU40 octopus. 
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Note: Nouvel and Nakao [1] reported that the 

number of peripheral cells in vermiform phases 

was usually 22, but was sometimes lower. How- 

ever, we found this number to be almost constant; 

157 out of 158 vermiform individuals examined 

had 22 peripheral cells, but only one nematogen 

had 21 cells (Table 5). 

The original description of the infusoriform 

embryos is brief: the embryos (excluding cilia) are 

25 um long, 20 um wide, and 18 ~m high; and each 

of the urn cells has its own nucleus and one 

germinal cell [1]. We confirmed in our materials 

that the nucleus number of urn cells is one (Table 

4). Additional details of the infusoriform embryos 

are given, based on our observations. 

Infusoriform embryos: Ovoid and rounded 

bluntly to pointed posteriorly. Based on 100 

full-grown embryos, length (excluding cilia), 24.67 

+1.28 um (mean+S.D.); length-width-height 

ratio, 1:0.86:0.81. Cilia at the posterior end, 6 to 

7 wm long. Refringent bodies, smaller than total 

mass of four urn cells, occupy about 40% of 

anterior part of embryo, when viewed from lateral 

side. Nuclei of second ventral cells, small and 

pycnotic. Ventral internal cells with cilia project- 

ing into urn cavity. Capsule cells contain many 

large granules, which are located on side adjacent 

to urn. Full-grown infusoriform embryos com- 

posed of 37 cells (33 somatic and 4 germinal). 

Somatic cell composition same as in D. japonicum 

(Table 4). Somatic nuclei tend to show pycnosis as 

embryos mature. 

Dicyema acuticephalum Nouvel, 1947 

[New Japanese name: Togari-nihaityu] 

(Fig. 8b, Tables 4 and 6) 

Materials examined: Slides were numbered 

according to the host number in Table 1 and are 

in the authors’ collection. 

Diagnosis: Body length up to 800 um. Peripher- 

al cell number constantly 18. Calotte bell-like in 

shape. Infusoriform embryos consisting of 37 cells. 

Nucleus number of urn cell, 2. Host, Octopus 

vulgaris. 

Note: Nouvel [2] reported that the number of 

peripheral cells in this species ranged from 16 to 19 

(generally 18), and the nucleus number of urn cells 

was two. We confirmed his findings in our mate- 

rials, but the number of peripheral cells in the 

vermiform embryos was constant and equal to 18 

and no variation was detected (Table 6). We also 

revealed that fully mature infusoriform embryos 

consist of 37 cells (Table 4). 

TABLE 6. Number of peripheral cells of Dicyema 

acuticephalum 

Number of individuals 
No. of 

oeus yeaa Nematogens Rhombogens 

16 0 0 2 

17 0 i 0 

18 62 56 58 

19 0 1 2 

REMARKS 

The distinction between Dicyema japonicum 

and Dicyema acuticephalum is clear because of 

differences in typical number of peripheral cells in 

full-grown vermiform phases (22 vs. 18) as shown 

in Tables 3 and 6, in calotte shape (disc type vs. 

conical type), in position of the axial cell tip 

(extending to the base of propolar cells vs. 

metapolar cells), and in the number of somatic 

nuclei in the urn cells of infusoriform embryos 

(one vs. two) as shown in Table 4. _ 

Both Dicyema japonicum and Dicyema mis- 

akiense are similar in the average length of the 

body and have, typically, 22 peripheral cells 

(Tables 3 and 5). In both species, the axial cell 

extends to the base of propolar cells in vermiform 

phases, and infusoriform embryos consist of 37 

cells, which include urn cells that contain their own 

single nuclei (Table 4). Nevertheless, we can point 

out the following differences between D. japoni- 

(1) The calotte of D. 

japonicum is a disc-shaped and forms the cephalic 

enlargement with parapolar cells (Figs. 2 and 3), 

whereas D. misakiense has a slender calotte (Fig. 

8a). No individuals with a calotte that was in- 

termediate in shape between those of the two 

species were found. (2) Vermiform embryos of D. 

japonicum often have two axoblasts within the 

axial cell, while those of D. misakiense consistently 

cum and D. misakiense. 
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have only one axoblast [1]. (3) The length-width- 

height ratio of infusoriform embryos of D. japoni- 

cum is different from that of D. misakiense (1: 

0.80:0.73 vs. 1:0.86:0.81). These differences 

should be sufficient for establishing species in the 

dicyemids and therefore we have identified D. 

Japonicum as a new species. In the paper by 

Nouvel and Nakao [1], the text in lines 33-36 on p. 

74, in lines 1-5 on p. 75, and Figures 6 and 7 on p. 

76 could be regarded as referring to D. japonicum 

and not to D. misakiense. 

Dicyema aegira McConnaughey and Kritzler, 

1952 [5], from Octopus vulgaris, has 22 peripheral 

cells as equal as D. japonicum, but the two species 

are easily distinguishable from the following differ- 

ences. D. aegira has a calotte that is slightly longer 

than the breadth of the anterior end of the trunk, 

and the axial cell ends at the base of the metapolar 

cells, unlike the arrangement in D. japonicum. 

Dicyema orientale Nouvel et Nakao, 1938 [1] has 

a calotte that is very similar in shape to that of D. 

Japonicum, and it also has 22 peripheral cells. 

However, at full-grown vermiform stages, D. 

orientale is much larger than D. japonicum; the 

number of axoblasts within vermiform embryos in 

D. orientale is also larger than in D. japonicum (8 

vs. 1 or 2). The host cephalopod of D. orientale is 

Sepioteuthis lessoniana, a decapod, not an octo- 

pod. It seems reasonable, therefore, that these 

two dicyemids should be considered members of 

different species. 

Dicyema benthoctopi Hochberg et Short, 1970 

[6] is very similar to D. japonicum in the calotte 

shape and in the size of vermiform stages, but the 

number of peripheral cells in D. benthoctopi is 

very variable. The host of D. benthoctopi is 

Benthoctopus magellanicus, a deep-sea octopod 

distributed in the Atlantic Ocean near the Falk- 

land Island, at about 500 km east of the Strait of 

Magellan, the southern extremity of the South 

American Continent. It is hard to conclude, 

therefore, that D. benthoctopi and D. japonicum 

are the same species, even though infusoriforms of 

D. benthoctopi have not yet been described. 

Dicyemidae van Beneden, 1882 

Dicyema von Kolliker, 1849 

Dicyema clavatum sp. nov. Furuya et Koshida 

[New Japanese name: Konbou-nihaityu] 

(Figs. 9-14, Tables 2, 4. and 7) 

Host: Octopus minor (Sasaki), Octopodidae. 

Locality: Western Honshu, Japan. See “Soruce” 

in Table 2. 

Syntypes: A slide registered as NSMT-Me-2 was 

deposited at the National Science Museum, 

Tokyo, Japan. This slide was prepared from No. 

MI95 octopus (Table 2) and contains nema- 

togens and rhombogens of D. clavatum exclu- 

sively. Other slides were numbered according to 

the host number in Table 2 and are in the 

authors’ collection. 

Etymology: The specific name “clavatum” 1s given, 

because of the shape of the body is characteristi- 

cally clavate. 

DESCRIPTION 

Diagnosis: Body length up to 1000 um. 

Peripheral cell number of vermiform phases usual- 

ly 22:4 propolars, 4 metapolars, 14 trunk cells. 

Propolar and metapolar cells flat and covering the 

enlarged end of the axial cell. The infusoriform 

embryos consist of 39 cells. Nucleus number of urn 

cell, 2. Host, Octopus minor. 

Nematogens (Figs. 9-11): Body, pestle-like; 

200 to 1000 “zm long; 60 to 120 ~m wide. Peripher- 

al cell number usually 22; 4 propolars, 4 metapo- 

lars, 2 parapolars, 10 diapolars, 2 uropolars, diapo- 

lars sometimes lower (Table 7). Cephalic swelling 

distinct. Calotte, smoothly rounded and cap- 

shaped in most individuals, flattened and disc- 

shaped in a few individuals. Cilia covering calotte 

about 6 um long, oriented forward, more densely 

distributed than those on trunk cells. Trunk cells 

arranged in opposed pairs. Uropolar cells occa- 

sionally verruciform; their nuclei, often enlarged; 

their cytoplasm, stained intensely by hematoxylin. 

Axial cell extends anteriorly to base of propolar 

cells, typically enlarged and rounded in calotte 

regions. Rounded tip of axial cell is covered by a 

cap of thin propolar cells and by metapolar cells 

often arranged as a band. Large individuals en- 
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close about 80 vermiform embryos, and peripheral 

cells often decrease to 21, sometimes to 20, in 

number. 

Vermiform embryos (Fig. 12): Full-grown ver- 

miform embryos, 70 to 100 um long; 12 to 18 um 

wide; peripheral cell number fixed at 22 (Table 7). 

Ratio of total body length to calotte length, 1:0.17 

to 1:0.19. Anterior end of calotte, rounded. 

TABLE 7. Number of peripheral cells of Dicyema 

clavatum sp. nov. 

Number of individuals 
No. of ; 
cells Vermiform 

embryos Nematogens Rhombogens 

22 59 AA 20 

Fic. 9. D. clavatum sp. nov. Four entire nematogens of 

various sizes are shown on the left and five rhom- 

bogens on the right. Note the characteristic balloon- 

ing of anterior part of the axial cell. Bar represents 

100 ~m. Drawn from specimens prepared from No. 

MI95 octopus. 

Fic. 10. Photographs of a nematogen (a) and a rhombogen (b) of D. clavatum, after the same procedure as used in 

the case of D. japonicum shown in Fig. 2. AX, axoblast; IG, infusorigen; M, metapolar cell; PA, parapolar cell; 

UR, uropolar cell. See the legend to Fig. 2 for other abbreviations. Bars represent 50 ~m. Prepared from No. 
MI95 octopus. 
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Fic. 11. Anterior part of three nematogens (top) and three rhombogens (bottom) of D. clavatum. The fat left 

nematogen and the far right rhombogen are depicted in optical section. Note the band-like appearance of the 

metapolar cells around the axial cell. Bars represent 50 ~m. Drawn from specimens prepared from No. MI95 

octopus. 

Fic. 12. Vermiform embryos of D. clavatum. The left Fic. 13. Infusorigen of D. clavatum. Around the in- 

embryo is depicted in the optical section to show one fusorigen, a fertilized egg at the two-pronuclei stage 
axoblast (AX) adjacent to the axial cell nucleus (N). (E), a developing infusoriform embryo (DI), and an 

The drawing of the right embryo shows an opposed- embryo at the two-cell stage (T) are found. Bar 
type arrangement of diapolar peripheral cells. Bar represents 10 4m. Drawn from a specimen prepared 

represents 10 zm. Drawn from specimens prepared from No. MI95 octopus. 

from No. MI95 octopus. 
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Fic. 14. Infusoriform embryo of D. clavatum. The dorsal view (a), the ventral view (b), a sagittal section (c), anda 

horizontal section (d, cilia omitted) are shown. Enveloping cells are omitted. SC, short cilia; V3, third ventral 

cell. See the legend to Fig. 7 for other abbreviations. Bar represents 10 ~m. Drawn from specimens prepared 

from No. MI95 octopus. 

Trunk cells, arranged in opposed pairs. Axial cell 

nucleus, usually located in the center of the cell, 

one or two axoblasts anteriorly. 

Rhombogens (Figs. 9, 10 and 11): Slightly smal- 

ler than nematogens, 200 to 600 «m long; 60 to 140 

ym wide. Shape of calotte similar to that in 

nematogens, although cephalic swelling more mas- 

sive and broader as individuals grow. Cilla cover- 

ing calotte, similar in length and in orientation to 

those of nematogens. Two uropolar cells, some- 

times one additional cell adjacent to uropolars, 

occasionally verruciform; these cells often with 

large nuclei, with cytoplasm staining intensely with 

hematoxylin. Shape of axial cell and arrangment 

of both propolar and metapolar cells with respect 

to axial cell, similar to nematogens. 

Infusorigens (Fig. 13): Relatively small. Axial 

cell usually ovoid, about 12 to 17 um in long axis. 

About one-third of axial cell surface, always ex- 

posed. In 25 infusorigens examined: number of 

external cells including oocytes, 5 to 12 (mode, 6); 

number of internal cells including spermatocytes, 2 

to 5 (mode, 3). Fertilized eggs, about 12.1 ~m in 

diameter. 

Infusoriform embryos (Fig. 14): Ovoid and 

rounded bluntly to pointed posteriorly. Based on 

100 full-grown embryos, length (excluding cilia), 

24.10+1.35 wm (mean+S.D.); length-width- 

height ratio, 1:0.86:0.80. Cilia at posterior end 

about 7 to 8 wm long. Refringent bodies, about 

equal in size to total mass of four urn cells, occupy 

about 40% of anterior part of embryo, when 

viewed from lateral side. Nuclei of anterior lateral 

cell, small and pycnotic. Ventral internal cells 

project cilia into urn cavity. Short cilia growing 

from apical cells through dorsal fenestrae of en- 
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veloping cells. Full-grown infusoriform embryos 

consist of 39 cells (35 somatic and 4 germinal) and 

43 nuclei in total (Table 4). Somatic cells com- 

posed of peripheral cells that cover anterior and 

lateral surfaces of embryo (2 enveloping cells), 

peripheral cells with cilia (2 apical cells, 2 paired 

dorsal cells, 1 median dorsal cell, 2 dorsal caudal 

cells, 2 lateral caudal cells, 1 ventral cell, 2 lateral 

cells, 2 posteroventral lateral cells), peripheral 

cells without cilia (2 first ventral cells, 2 second 

ventral cells, 2 third ventral cells, 2 anterior lateral 

cells, 1 convercle cell), internal cells with cilia (2 

ventral internal cells), and internal cells without 

cilia (2 capsule cells, 2 dorsal internal cells, 4 urn 

cells). Each of four urn cells has two nuclei of its 

own and one germinal cell with its own nucleus 

(Table 4). 

REMARKS 

D. clavatum is very similar’ to D. robsonellae 

Short, 1971 [7], which was isolated from Rob- 

sonella australis in New Zealand, in the enlarged 

head and cap-shaped calotte. However, differ- 

ences between D. clavatum and D. robsonellae are 

distinct in terms of the peripheral cell number in 

vermiform phases (22 vs. 20), in the cell number of 

infusoriform embryos (39 vs. 37), and in the 

occurrence of cilia on ventral internal cells (pre- 

sent vs. absent), respectively. 

D. benthoctopi [6], D. orientale [1], and D. 

TABLE 8. 

specie atte 
Dicyema acuticephalum 16-19 

Dicyema aegira DD) 

Dicyema bilobum 16-18 

Dicyema megalocephalum 16 

Dicyema misakiense MD 

Dicyema monodi* 16 

Dicyema paradoxum 28 

Dicyema _typoides 18 

Dicyema typus 18-19 

Dicyemennea lameerei 23 

Conocyema polymorpha i 

Japonicum have 22 peripheral cells and an enlarged 

head, but each of these species has a conspicuously 

swollen and disc-shaped calotte, instead of a cap- 

shaped one. The hosts of these three species and 

D. clavatum are also different from one another. 

O. minor is now regarded as a member of the O. 

macropus species complex [8]. D. paradoxum von 

Kolliker, 1849, [2, 9] was isolated from O. macro- 

pus in Europe, but this dicyemid species could be 

easily distinguished from D. clavatum by the num- 

ber of peripheral cells (25-28 vs. 22). D. clavatum 

is the first dicyemid species obtained from O. 

minor to be described. 

DICYEMID FAUNA IN Octopus vulgaris AND 

Octopus minor 

In 22 out of 23 individuals of O. vulgaris, we 

found a total of four kinds of dicyemid, i.e., D. 

misakiense, D. acuticephalum, D. japonicum, and 

one more dicyemid not yet identified to species 

(Table 1). This unidentified dicyemid certainly 

belongs to the genus Dicyema because its calotte 

consists of 4 propolar and 4 metapolar cells that 

are not twisted in their arrangements; therefore 

this dicyemid is tentatively termed Dicyema sp. 

(A). As shown in Table 1, three species of 

dicyemids, including Dicyema sp. (A), were de- 

tected together in two hosts; two species of 

dicyemids, D. misakiense and D. japonicum in all 

cases, were found in 16 hosts; and a single species 

of dicyemid was found in four hosts. Only in one 

Dicyemid species recorded ..° parasites of Octopus vulgaris in the literature 

Distribution Reference 

Japan [2] 

Florida, U.S.A. [5] 

Florida, U.S.A. [10] 

West Africa [12] 

Japan [1] 

West Africa [12] 

Europe and West Africa [9] 

Florida, U.S.A. [11] 

Europe [2] 

Europe [13] 

Europe [14] 

* According to Bogolepova-Dobrokchotova [15], this species name is a synonym of D. megalocephalum. 
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individual, listed as Host no. VU15, the smallest 

in size among the octopuses examined, no 

dicyemids at all were detected. In another small 

octopus, Host no. VU101, dicyemids were scarce, 

although two species were found in one of the 

renal sacs, while none were found in the other. 

In Table 8 we have listed all the dicyemid species 

from Octopus vulgaris that we were able to find in 

the literature. It is apparent that a considerable 

number of dicyemid species have been recorded in 

association with this cephalopod. 

In Octopus minor, nine out of nineteen indi- 

viduals were infected by D. clavatum (Table 2). In 

five out of these nine individuals, in addition to D. 

clavatum, another species was also found. This 

species clearly belongs to the genus Dicyema be- 

cause of the cell composition and arrangement of 

the calotte, but the species is unidentified as yet 

and is named tentatively Dicyema sp. (B) (Table 

2). In the octopus listed as Host no. MI92, this 

unidentified species was found in one renal sac, but 

D. clavatum was found in other one. Yet another 

species belonging to the genus Dicyema, tentative- 

ly named Dicyema sp. (C), was found in O. minor 

(Table 2), but it too has not yet been fully char- 

acterized. 
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ABSTRACT—The development of Bidder’s organ was 

observed ultrastructurally and made a comparison with 

the gonad proper in Bufo japonicus formosus. The 

primordia of Bidder’s organ and the gonad proper 

consisted of coelomic epithelial cells and primordial germ 

cells. The gonad proper showed a typical cortico- 

medullary structure. After the gonadal sex differentia- 

tion, the medulla in the primordial testis developed 

together with migration of germ cells from the cortex, 

and the medulla in the primordial ovary developed as a 

somatic cell mass. Bidder’s organ showed no cortico- 

medullary structure and no sexual difference. Numerous 

gonial cells enlarged without meiotic nuclear change, and 

were surrounded by a layer of epithelial cells. The origin 

of somatic cells in Bidder’s organ was identical with that 

in the gonad proper, so that the peculiar development of 

Bidder’s organ is not attributed to the cellular origin. We 

discuss the possible cause of the development of Bidder’s 

organ. 

INTRODUCTION 

Bidder’s organ, which is peculiar to Bufonidae, 

develops into an ovary-like organ irrespective of 

the genetic sex [1, 2]. In this organ, follicles 

appear at earlier stages than in the ovary [2, 3-8], 

but remain immature [9, 10]. The ovary-like 

development of Bidder’s organ has been attributed 

to the agenesis of the medulla [2, 8], which derived 

from mesonephric or interrenal blastemal cells [{11, 

12]. In the last decade, however, ultrastructural 

studies on anuran gonads have shown that the 

gonadal medulla is formed with coelomic epithelial 
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cells [13-18]. These findings have cast doubt on 

the theory presented by Witschi [19] that the 

gonadal sex differentiation is attributed to the 

antagonistic development of the cortex and 

medulla. 

In the present study, the embryological origin of 

somatic cells in Bidder’s organ and the gonad 

proper in the toad Bufo japonicus formosus was 

examined first by electron microscopy. 

MATERIALS AND METHODS 

Freshly spawned egg strigns of Bufo japonicus 

formosus were collected in Niigata City, in the 

beginning of April. Hatched larvae were kept in 

dechlorinated tap water at 18+1°C and were fed 

commercial fish meal. Under these conditions, 

larvae metamorphosed 45-50 days after fertiliza- 

tion. To determine the developmental stages of 

the larval specimens, the normal table of develop- 

ment of this species [20] was used. 

Gonads and surrounding tissue obtained from 

10-15 animals were fixed every 3-6 days in 

Karnovsky fixative (1.3% glutaraldehyde and 

1.3% paraformaldehyde in 0.08M _ cacodylate 

buffer) for 1.5-2 hr at room temperature, then 

postfixed in 1% OsO, in the same buffer for 2 hr at 

4°C. After dehydration through a graded series of 

ethanol, specimens were embedded in Epok 812. 

Thin and semithin serial sections were cut using a 

Porter-Blum MT-1 ultramicrotome. Thin sections 

were stained with uranyl acetate and lead citrate, 

and examined using a Hitachi H-300 electron 
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microscope. Semithin sections were stained with a 

mixture of 1% toluidine blue and 1% borax for 

light microscopic observations. 

RESULTS 

The genital ridge, the primordium of the gonad 

proper and Bidder’s organ, first appeared at stage 

30 (external gill stage) at the ventral medial region 

of the mesonephros, and consisted of coelomic 

epithelial cells and primordial germ cells (PGCs) 

(Fig. 1). The primordium projected into the 

coelom in stages 32-33, and then the cortico- 

medullary structure was observed clearly at the 

middle to posterior region of the gonad proper at 

Fic. 1. Cross sections of the urogenital region at stage 

30. a: The anterior region of the genital ridge, the 

primordium of Bidder’s organ. Scale bar: 50 um. b: 

High magnification at the open arrow in Fig. la. 

Scale bar: 5m. c: Middle region of the genital 

ridge, the primordium of the gonad proper. Scale 

bar: 50 wm. CE: coelomic epithelial cells, G: pri- 

mordial germ cell, Md: mesonephric duct, Ms: 

mesentery, arrow: lipid droplet: asterisk: yolk gran- 

ule. 

stage 40 (toe development stage) (Fig. 2a). 

Mesenchymal tissue invaded into the gonad proper 

simultaneously with the appearance of the cortico- 

medullary structure. The cortex and medulla were 

connected directly to one another and the two 

regions were covered with a continuous basal 

lamina (Fig. 2b), which suggests that both the 

cortical and medullary somatic cells are derived 

from coelomic epithelial cells. Sexual differentia- 

tion occurred at stage 41 (hindlimb completion) in 

the gonad proper. In the primordial testis, the 

germ cells and somatic cells migrated to the 

medulla through the connections between the 

cortex and medulla in stages 42-45 (climactic 

metamorphosis) (Fig. 4). In the primordial ovary 

during these stages, germ cells were situated in the 

cortex, and the medulla developed as a somatic 

cell mass (Fig. 5). 

At stage 40, Bidder’s organ consisted of epi- 

thelial cells, filled with lipid droplets, and germ 

cells (Fig. 3). At stage 42, lipid droplets within the 

epithelial cells decreased rapidly and numerous 

gonial cells which had a lobular nucleus enlarged 

without meiotic nuclear change. At stage 45, the. 

enlarged germ cells were surrounded by follicular 

cells which originally consisted of the epithelial 

tissue of Bidder’s organ (Fig. 7a). The follicular 

cells were covered with the basal lamina, and were 

connected with an enlarged germ cell with micro- 

villi (Fig. 7b). Mesenchymal cells and blood 

vessels invaded to the periphery at stage 42 (Fig. 

6), and then were distributed around the follicles 

(Fig. 7). These extragonadal cells were separated 

from the epithelial cells by the basal lamina (Fig. 

6b and 7b). Neither the cortico-medullary struc- 

ture nor sexual difference was observed in Bidder’s 

organ. 

DISCUSSION 

The present study is the first to conclude with 

electron microscopic findings, that Bidder’s organ 

consists of the coelomic epithelium-derived cells 

and germ cells, and that the medullary structure is 

not developed. Light microscopic studies have 

reported the absence of a medulla in Bidder’s 

organ [2, 8], while the presence of slight medullary 

elements have also been claimed [5, 6]. The 
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Fic. 2. Sexually indifferent gonad at stage 40. a: Cortex (C) and medulla (M) can be distinguished. G: germ cell, 

Scale bar: 20 um. b: Higher magnification of the priomordial gonad indicated by the open arrow in Fig. 2a. 

Cortex and medulla are tightly connected and are covered with a common basal lamina (arrow heads). Scale bar: 

2 wm. 

Fic. 3. Buidder’s organ at stage 40. Germ cells (G) and somatic cells are filled with lipid droplets (arrows). Scale bar: 
20 um. 

Fic. 4. Cross section of testis of larva at stage 43. Germ 

cells (arrows) are migrating from the cortex (C) to 

the medulla (M) through their connection. Scale 
bar: 30 um. 

Fic. 5. Cross section of ovary of larva at stage 45. The 

medulla (M) develops as a somatic cell mass. All 

germ cells are situated in the cortex (C). Scale bar. 

30 wm. 
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epithelial tissue within the gonad proper by the 

basal lamina and were not included in the medulla. 

The cortex and medulla were directly connected 

and were covered with a common basal lamina, 

which strongly suggests the coelomic epithelial 

origin of the medulla. This is consistent with 

findings obtained in previous ultrastructural 

studies on several anuran species [13-18]. It is 

indicated that the origin of the somatic cells in 

Bidder’s organ is identical to that of the cells in the 

gonad proper, and there is no contribution of the 

cellular origin to the ovarian nature of Bidder’s 

organ. Lepori deduced that the most medial part 

of the coelomic epithelium has masculinizing 

capabilities, and that the absence of this part in 

Bidder’s organ causes the ovary-like development 

[4]. Although this hypothesis fits with current 

opinions concerning the origin of gonadal somatic 

cells, the presence of masculinizing capabilities of 

such parts is difficult to demonstrate. 

Our observations indicate that the invasion of 

the mesenchyme into the gonad proper occurred at 

the hindlimb stage simultaneous with the develop- 

ment of the medulla, whereas the invasion into 

Bidder’s organ occurred with the formation of 

follicles at the metamorphosing stage. It is pos- 

sible that the delay in the invasion of mesenchymal 

tissue can be attributed to the agenesis of the 

medulla in Bidder’s organ. In B. japonicus 

formosus, the medulla differentiated into semi- 

niferous cords and the inner epithelium of the 

ovarian cavity in the testis and ovary, respectively. 

Therefore, Bidder’s organ should have no semi- 

niferous cord or ovarian cavity, since the medulla 

was not developed. In the early testicular develop- 

ment, germ cells were incorporated within the 

seminiferous cord and did not enter into meiosis. 

In Bidder’s organ, oogenesis occurs at the 

peripheral region [7], and no particular structure 

was formed around germ cells, like in the ovary. 

Thus, the agenesis of the seminiferous cords which 

is likely due to the lack of a medulla contributes to 

the female type differentiation of germ cells in 

Bidder’s organ. 

It is reported that follicles observed in Bidder’s 

organ at the metamorphosing stage are formed 

without meiosis [4-7, 21]. We show clearly that 

these follicles were formed by a direct enlargement 

of gonial cells and subsequent enclosure of the 

germ cell within a layer of epithelial cells. Sur- 

prisingly, contacts via microvilli were observed 

among the enlarging gonial and follicular cells, 

which appear in normal oocytes at the diplotene 

stage in the meiotic prophase [17, 18, 22]. This is 

an important phenomenon in understanding the 

changes in the interaction between germ cells and 

somatic cells during oogenesis. 
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ABSTRACT—The dental formula of the deciduous 

teeth in Rhinolophus ferrumequinum nippon was i1/2 

cl/1 p2/3X2=20. All the germs of deciduous teeth were 

present in the fetuses of 7-8 weeks. The deciduous teeth, 

exclusive of the p3, attained their maximal size at 9-10 

weeks, and then odontoclasts appeared in the dental pulp 

and began to resorb the dentin. The resorption and 

exfoliation of the teeth have completed at birth. The 

typical sequence of resorption of the deciduous teeth was 

iy, Ib, C1, © , P-> Po, 1-, P, Pa. On the other hand, the p; 
appeared late, developed slowly, and was remained in a 

small size, while the tooth germ of the P3 was degener- 

ating. The permanent teeth began to erupt at birth, and 

the usual sequence of their eruption was I,, In, C’, Cy, 

Pye (25M, M>, M*, M”), Mz, M°,.(?; P2, p;). The 
incidence of lack of the p3 was 13.2, 5.3 and 5.3% for the 

left, right and both sides of the jaw, respectively. Such a 

congenital abnormality suggests that the p3 is genetically 

undergoing a process of degeneration. 

INTRODUCTION 

Unlike deciduous teeth of most mammals, those 

in the Chiroptera are not functional in feeding. In 

most bat species, however, the deciduous teeth are 

highly specialized, strikingly different from the 

permanent ones, and used by the young in clinging 

to the maternal nipple [1-11]. On the other hand, 

in at least four genera, Rhinolophus (Rhinolophi- 

dae), Lavia (Megadermatidae), Hipposideros and 
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Triaenops (Hipposideridae), all the deciduous 

teeth are resorbed or exfoliated prior to birth [12- 

14], and in Tadarida (Molossidae) some of them 

are also resorbed prenatally [15]. Reasons for such 

differences are not clear, but it has been suggested 

that the young in such genera are for some reasons 

in less need of the deciduous teeth after birth [3]. 

From an evolutionary or phylogenetic point of 

view, such deciduous dentition and its replacement 

would be of interest to study. However, there 

have been few reports which dealt with the 

sequential resorption and histological changes of 

the deciduous teeth in bats [14]. The present study 

was therefore carried out to examine histological 

changes of the deciduous teeth in the Japanese 

greater horseshoe bat, Rhinolophus  ferrum- 

equinum nippon. 

MATERIALS AND METHODS 

A total of 34 (14 pregnant females and 20 young 

males) were collected at the tuffaceous cave of 

Katano-d6 in Kagoshima Prefecture during the 

period from May to August in 1988. On the day of 

capture, the fetuses were taken out from the 

mothers under ether anesthesia, weighed, meas- 

ured of the lengths of skull and forearm, and sexed 

(see Table 1). The age of each fetus or young was 

determined on the basis of the assumptions that in 

R. f. nippon, fertilization would have occurred on 

~3 April [16], and the greatest length of the skull 

would have increased at a rate of 0.32 mm per day 
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External measurements, body weights and estimated age of fetus in R. f. nippon. 

Greatest length Forearm Body Estimated age 
Date captured Fetus Os of skull (mm) length (mm) weight (g) — of fetus in weeks** 

29 May SPE & 10.1 dod 0.89 7 

29 May SPY & tee 7.4 1.03 8 

29 May 5JJ di 1S 8.5 18 8 

29 May SPB a SS) 8.8 L25) 8 

29 May SPC © 11.6 8.3 126 8 

11 June 6PD é 14.3 11.3 2.40 9 

11 June 6PZ @ 14.5 12 2.66 9 

Iie une 6PU = So5) (Bef BalG 10 

11 June 6PL é 15.8 14.6 3.61 10 

11 June 6PW é' 16.2 14.5 3.90 10 

26 June 6PT & 18.5 18.0 4.75 il 

26 June 6PC e 18.6 20 Seo”) 11 

26 June 6PB o 19,5) 24.2 6.72 tal 

26 June 6PH* Bf 21.0 28.5 7.58 1 

* Newborn young shortly after birth. 

*“ Estimated from the presumed day (~3 April) of fertilization [16]. 

on and after the 3rd week [17]. 
RESULTS 

Of 14 fetuses, 8 were fixed in 10% formalin and 

their skulls were decalcified in Plank-Rychlo’s 

fluid, embedded in Sorvall embedding medium PN 

45582 (DuPont Comapny, Connecticut). Trans- 

verse serial sections (3 um) for light microscopy 

were stained with Mayer’s hematoxylin and eosin. 

Six fetuses were fixed in 80% ethanol and their 

skulls were stained with alucian blue 8GS and 

alizarin red S. Cartilaginous tissues are stained 

deeply blue with the former, while bone and teeth 

are stained deeply red with the latter. The 

deciduous teeth were observed using a binocular 

microscope. Adult females or young males rang- 

ing from newborn to volant sizes were fixed in 10% 

formalin and transferred to 70% ethanol; their 

teeth were observed in situ using a binocular 

microscope. The tooth nomenclature used here 

was followed by that of Miller [2]. Uppercase 

letters signify permanent teeth and lowercase 

letters, deciduous ones; numbers indicate tooth 

positions in the upper or lower jaw (e.g. P* or P> 

respectively). The dental formula of permanent 

teeth in R. f. nippon has been known as follows 

[aS WL 2ACiGERASNB3)—=32. 

Development and resorption of deciduous teeth 

The dental formula of the deciduous dentition in 

the Japanese greater horseshoe bat was found as, 

11/2 cl/1 p2/3 X2=20. In the fetuses of the 7th or 

8th week, all the germs of the deciduous teeth 

were observed in the upper and lower jaws (Figs 

1A, B and 2A-E). In these deciduous tooth germs, 

predentin or dentin has been formed with the 

exception of p3. The p3 appeared later in the 

development and was still in the cap or bell stage at 

the 8th week (Fig. 2E). The dental laminas of 

permanent teeth were already present in the 

alveoli lingually to the deciduous teeth. Espe- 

cially, the P, developed just below the pz and was 

in the cap stage at the 8th week (Fig. 2D). 

At the 9-10th week, the deciduous teeth, 

exclusive of the p3, attained their greatest size 

(0.05—0.34 mm long), moved upward, and located 

in the tissue just over the permanent teeth. The 

deciduous incisors ((ige i; and i5) were simple in 

shape, that is, ovoid in the longitudinal section of 

the teeth (Figs 1C, D and 2F). The deciduous 

canines (c! and c,) were relatively small, with the 



Dental Ontogeny in Greater Horseshoe Bat 447 

crowns being only slightly larger than those of the D and 2H-J). The p3 (0.19 mm long) was rooted at 

deciduous incisors (Figs 1C, D and 2G). The the upper-labial edge of the alveolus, and many 

deciduous premolars (p’, p*, p2, p3 and ps) had odontoblasts were observed along the margin of 

roughly triangular and recurved crowns (Figs 1C, the dental pulp (Fig. 21). Calcification of the 

Fic. 1. Diagrams showing the occlusal view of deciduous and permanent teeth in R. f. nippon after staining with 

alucian blue 8GS and alizarin red S. A-B, C-D and E-F, based on specimen No. 5PY, 6PD and 6PT, respectively. 

A, C, E, lower jaws; B, D, F, upper jaws. Abbreviations in Figs 1 and 2: i, c and p, deciduous incisor, canine and 

premolar, respectively. I, C, P and M, permanent incisor, canine, premolar and molar, respectively. 
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dentin and enamel in the p3 was also in progress 

because of their darker staining with hematoxylin 

and eosin. On the other hand, the tooth-germ of 

the P3; became degenerated. In other deciduous 

teeth, calcification did not occur at this stage. 

Larger and deeply-staining odontoclasts, having 

several nuclei, appeared in the dental pulp and 

destroyed and resorbed the root dentin when the 

permanent tooth germ began to develop (Fig. 

2F-H, J). Degrees of the resorption were variable 

in different individuals. For example, in fetuses 

6PD and 6PZ (9th week), the left i;, i, and right i, 

had been resorbed in the former, while 1,, 1) on 

both sides and left c; had been resorbed in the 

latter. All the upper deciduous teeth, however, 

were still intact at this stage (Fig. 1D). 

At the 11th week, only the deciduous lower 

premolars (p> or p4) were located at the alveolar 

crest on the labial side. Resorptions of these teeth 

progressed in considerable part of the dentin (Fig. 

2K, M). On the other hand, the p3 grew and 

located in the upper, labial and slightly posterior 

region of the alveoli in the developing permanent 

plemolar (P,4) (Fig. 2L). No deciduous teeth were 

observed in the newborn young (6PH) at birth 

(12th week) and other young males. Namely, all 

the deciduous teeth, except the p3, were resorbed 

and exfoliated prior to birth. 

Tooth replacement 

The sequence of resorption of the deciduous 

teeth was usually as follows: i;, ir, c;, ¢’, p*, po, 1, 

p', pa. However, the third deciduous premolar 

(p3) was not resorbed but remained. Parturition 

occurred from late June to early July. At birth, 

permanent teeth began to erupt. I,, L, C' and C, 

appeared within 1-2 weeks after birth, and P, and 

P* followed. At 3-4 weeks of age, P>, M;, M>, M! 
and M* erupted simultaneously, and M3 and M°* 

followed. I°, P* and p; appeared simultaneously 

during the weanling period of 5 weeks of age. The 

usual sequence of eruption of the permanent teeth 

was shown as follows (groups of teeth shown here 

in parentheses were considered to erupt simul- 

taneously): I,, Ib, C'; Cy, Ps, P*, (Ps, Mi; Mo, M?, 

M7’), M3, M?, (I*, P?, ps). 
Congenital abnormalities in the dentition of the 

bat were found. Of 38 specimens, five (13.2%) 

lacked the left p3, two (5.3%) lacked the right ps, 

and two (5.3%) had no p3 on both sides. 

DISCUSSION 

The present study revealed that complete num- 

ber of the deciduous teeth in R. f. nippon 

(Rhinolophidae) is expressed by the dental for- 

mula of 11/2 cl/1 p2/3X2=20. These teeth are 

greatly reduced in size and less complex in form as 

compared with those of the Vespertilionidae [2, 5, 

6, 8, 12, 19, 20] and Phyllostomidae [2, 11]. 

Furhter, in R. f. nippon, the deciduous teeth, 

exclusive of p3, are resorbed and exfoliated prior 

to birth. 

The development of deciduous teeth in R. f. 

nippon is similar to that in Hipposideros ruber or 

Triaenops persicus (Hipposideridae) [14], though 

in the latter two species, the resorption process in 

each deciduous tooth is as yet unknown. In a 

newborn young of H. ruber, two small deciduous 

teeth are still retained [14]. Thus, it is assumed 

that the degeneration of deciduous teeth in R. f. 

nippon is more marked as compared with that in 

H. ruber. 

The formation of p3 begins later and it develops 

slowly in comparison with other deciduous teeth in 

R. f. nippon. The p3 is not replaced by the 

permanent premolar (P3) which is degrading, and 

the p3 erupts last. The congenital abnormality, 

that is, loss of p3 is found in R. f. nippon. The rate 

of loss (23.7%) is similar to that (20.4%) in the 

Same species examined in Nagano Prefecture [21]. 

These facts seem to provide a evidence that the p3 

is undergoing a regression, from the evolutional 

point of view. In Hipposideros the p3 or P3 is 

missing [2]. Hipposideros seems to be genetically 

more advanced and specialized form than Rhino- 

lophus [22, 23]. 

Similarly, the small P* in R. f. nippon developed 

Fic. 2. Cross sections through the lower jaw in R. f. nippon, showing deciduous and developing permanent teeth 

after staining with Mayer’s haematoxylin and eosin. A-E, F-J and K-M, obtained from specimens No. 5JJ, 6PU 

and 6PB, respectively. d, dentin; e, enamel; ob, odontoblast; oc, odontoclast; pg, permanent tooth germ; pl, 

permanent dental lamina. Scale bar, 0.1 mm. 
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slowly and erupted late, and was missing in 5 out of 

54 specimens (9.3%) [21], while none of the 

specimens examined here lost the P’. 

The deciduous teeth of the Phyllostomidae are 

generally smaller in size and morphologically less 

complex than those of the Vespertilionidae and 

Molossidae [2, 11, 24]. The size and shape of 

deciduous teeth seem to correlate with the mater- 

nal care pattern in the bat. It has been suggested 

that the increased complexity in the deciduous 

dentition of vespertilionids may facilitate for the 

young to grasp the mother rather than to maintain 

a hold on the nipple after clinging to the mother 

[25]. On the other hand, in rhinolophids and 

hipposiderids, the young are not left alone but are 

attaching to the mother at the roost all through the 

day. Such young behavior and parental care in 

rhinolophids and hipposiderids may not so strongly 

require the deciduous teeth for the young to grasp 

the mother as do those in vespertilionids and 

molossids. 

Eruption of the permanent teeth in R. f. nippon 

begins after the exfoliation of the deciduous teeth 

excluding the p3 has ended. The eruption, how- 

ever, is not necessarily associated with the exfolia- 

tion of their deciduous counterparts, though this is 

true for the lower incisors. The development of 

the permanent teeth in R. f. nippon, particularly 

I,, L, C’ and C,, is rapid as well as in H. ruber [14], 
and they erupt earlier than those in most bat 

families. Therefore, the erupted permanent teeth 

may permit, to some extent, for the young to hold 

on their mother’s nipples or on the false ones 

existing on the lower part of the abdomen, in place 

of the deciduous teeth. 
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ABSTRACT—Eggs of the capsalid monogenean skin 

parasite Benedenia seriolae and the polyopisthocotylean 

gill parasite Heteraxine heterocerca, from the same host, 

the yellowtail Seriola quinqueradiata, have strikingly 

different hatching patterns when incubated under iden- 

tical environmental conditions with natural illumination 

and constant temperature. B. seriolae eggs hatch 

throughout the hours of daylight, with an indication of an 

early and a late hatching peak during the day, while H. 

heterocerca has a strong hatching peak at dusk and 

emergence declines in frequency during the night. The 

significance of this difference in hatching pattern is 

discussed. 

INTRODUCTION 

It has been found by one of us (YM) that the 

eggs of two unrelated monogenean parasites, 

namely Benedenia seriolae (Yamaguti, 1934) Price, 

1939 and Heteraxine heterocerca (Goto, 1894) 

Yamaguti, 1938, from the skin and gills respective- 

ly of the yellowtail, Seriola quinqueradiata, readily 

become entangled in nylon netting suspended in 

the tank with the fishes. This provides an excellent 

opportunity to incubate and hatch the eggs of the 

two parasites under identical environmental condi- 

tions and, since the larvae of the two parasites can 

readily be distinguished with a dissecting micro- 
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scope, to compare their daily hatching patterns. 

This is important because there has been only one 

comparative study of hatching in monogeneans 

sharing the same host fish, namely that of Whit- 

tington [1] and although S. quinqueradiata is an 

important food fish in Japan, cultured extensively 

in marine fish farms, the hatching patterns of B. 

seriolae and H. heterocerca are unknown. 

MATERIALS AND METHODS 

Eggs of Benedenia seriolae and Heteraxine heter- 

ocerca became entangled by their appendages in 

nylon netting with a mesh size of about 1.5 mm, 

suspended in tanks containing infested fishes at the 

National Research Institute of Aquaculture at 

Nansei. The netting was left in situ for about 24 hr 

and the following day transported to the Seto 

Marine Biological Laboratory at Shirahama. Two 

pieces of the netting about 40 cm? were cut out and 

each piece was placed in a crystallizing vessel with 

sloping sides and a bottom diameter of about 6 cm 

containing about 2 cm of filtered sea water. The 

vessels were incubated at 23°C in a glass-fronted 

constant temperature cabinet facing a north win- 

dow. The approximate official times of dawn and 

dusk in the Shirahama area at the time of year 

(October) when the experiments were conducted 

were 06.00 hr and 17.30 hr respectively. During 
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the period of incubation the sea water was changed 

twice a day by gently transferring each piece of 

netting with forceps to a new vessel. When 

free-swimming larvae were detected, the netting 

was transferred in the same way to fresh sea water 

at 2-hourly intervals throughout the day and the 

night. During the night a dim background light 

permitted detection and transfer of the white 

netting. After each transfer, a few drops of 

formaldehyde were added to the vessel from which 

the netting had been removed. This treatment 

killed rapidly any free-swimming larvae and since 

dead oncomiracidia of B. seriolae and H. heter- 

ocerca are easy to distinguish from each other with 

a stereomicroscope by their size and shape (Fig. 

1), it was possible to determine the number of 

oncomiracidia of each species which had hatched 

during each 2 hr period. Counting was made easier 

by inscribing a grid on the bottom of each glass 

vessel and, since larvae occasionally become trap- 

ped at the water/air interface, it was also necessary 

to scan the surface of the sea water in each vessel. 

RESULTS 

Oncomiracidia were first discovered in the ves- 

sels on the fifth day after the beginning of the egg 

collection period. Regular sampling at intervals of 

TABLE 1. 

2 hr intervals beginning on Day 1. 

G. C. KEARN, K. OGAWA AND Y. MAENO 

Fic. 1. The shapes and main features of preserved 

oncomiracidia of A, Benedenia seriolae and B, 

Heteraxine heterocerca. e, Eye. Scale bar=50 um. 

2 hr was begun immediately and continued without 

interruption until no more larvae were available 

for hatching (on the fourth day of recording in B. 

seriolae and on the second day in H. heterocerca). 

The hatching patterns for the two parasites from 

Numbers of larvae of Benedenia seriolae and Heteraxine heterocerca collected at 

B. seriolae H. heterocerca 
Time 

Day 1 Day 2 Day 3 Day 4 Day 1 Day 2 Day 3 

04.00—06.00 — 81 94 12 2 0 
(dawn 06.00) . 

06.00—08.00 — 467 214 16 — 0 0 

08.00—10.00 — 214 173 5 — 0 0 

10.00—12.00 — 209 22 3 — 1 0 

12.00-14.00 2 282 79 1 9 0 0 

14.00-16.00 14 943 48 2 2 OF 0 

16.00-18.00 38 408 24 0 187 107 0 
(dusk 17.30) 

18.00—20.00 ful 58 1 0 109 13} 0 

20.00—22.00 1 12 0 —- 18 0 0 

22.00-24.00 0 3 0 -— 14 0 — 

24.00—02.00 0 0 0 8 0 — 

02.00—04.00 0 0 0 — 5 0 — 

The figures are the sums of larvae from two separate experiments. —, no observation made. 
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the two separate experiments were similar and the were 3437 and 475, respectively. It can be seen 

results from the two experiments have been added from Table1 that B. seriolae larvae hatched 

together (see Table 1). The total numbers of throughout the hours of daylight but after dusk 
larvae of B. seriolae and H. heterocerca collected hatching was curtailed and few larvae emerged 
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Fic. 2. The daily hatching pattern of A, Benedenia seriolae and B, Heteraxine heterocerca. The histogram value for 

each 2 hr period is the sum of all larvae hatching during the same period on all days when larvae were collected, 

expressed as a percentage of the total number of larvae collected. Night-time is indicated by the black bar 

beneath the histogram and the official times of dawn and dusk are shown by the vertical arrows. 
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during the night. On the second and third days of 

recording there was an initial period of extensive 

hatching during the period 04.00 to 08.00 hr, 

around the time of dawn. Hatching then continued 

but declined in frequency until about 12.00 hr 

when it again showed a significant increase until 

dusk. In H. heterocerca, few oncomiracidia were 

observed during daylight but there was a pro- 

nounced hatching peak on the first and second 

days of recording at dusk; hatching continued with 

decreasing frequency during the night. 

These contrasting patterns can be seen more 

clearly in Fig.2, in which the daily hatching 

patterns for each species are compared by sum- 

ming all the larvae of each species hatching during 

the same 2 hr period on each day of observation, 

and expressing this as a percentage of the total 

number of larvae collected. This also emphasizes 

the apparently bimodal nature of the diurnal 

hatching of B. seriolae with peaks at 06.00-08.00 

hr and 14.00—-16.00 hr. 

DISCUSSION 

The hatching patterns of the monogeneans 

Benedenia seriolae and Heteraxine heterocerca, 

from the same host, Seriola quinqueradiata, have 

been determined under identical environmental 

conditions. Nylon netting with the entangled eggs 

of both parasites was incubated at 23°C with 

natural illumination, conditions which are not too 

different from those in the natural environment. If 

it is assumed that monogeneans hatch at a time of 

day or night when the host is most vulnerable to 

infection, then it would be expected that monoge- 

neans such as B. seriolae and H. heterocerca, which 

share the same host, would exhibit identical daily 

hatching patterns. Although there is some degree 

of convergence between the two parasites in the 

nature of their egg appendages and the fate of the 

eggs, their hatching patterns are surprisingly differ- 

ent (Fig. 2); in the skin parasite B. seriolae 

hatching continues throughout the hours of day- 

light, while the gill parasite H. heterocerca has a 

strong hatching peak at dusk and emerges with 

declining frequency during the night. A possible 

explanation for this paradox is that the two 

parasites have different invasion sites and that 

access to these different sites may be optimal at 

different times of day. There is evidence indicating 

that their invasion sites are different because 

post-oncomiracidia of B. seriolae were collected 

from the skin of experimentally infected Seriola 

aureovittata 24 hr after exposure to oncomiracidia 

(Kearn, Ogawa and Maeno, in preparation), while 

Ogawa and Egusa [2] found very young specimens 

of H. heterocerca without clamps on the gills, 

indicating that the oncomiracidia of the latter 

parasite are drawn in with the gill-ventilating 

current. 

There is evidence that other polyopisthocoty- 

lean gill parasites invade the gills directly, for 

example Rajonchocotyle emarginata and Plectano- 

cotyle gurnardi (see [3] and [4] respectively). 

Whittington [1] has made a comparison of hatching 

in two monogeneans, which, like B. seriolae and 

H. heterocerca, inhabit the skin and gills respec- 

tively of the same host. These are parasites of the 

dogfish, Scyliorhinus canicula, with the skin in- 

fected by the microbothriid monogenean Lepto- 

cotyle minor and the gills by the polyopisthocoty- 

lean Hexabothrium appendiculatum. He found a. 

striking convergence between the two parasites, 

with similarities between them in egg shapes and in 

their requirement for a chemical hatching stimulus 

from the host. Whittington [5] pointed out that 

similarities between the two parasites in their 

oncomiracidial behaviour indicate that the larvae 

of both parasites establish themselves on the skin, 

those of H. appendiculatum migrating later to the 

gills. Therefore, although these two parasites 

occupy different microhabitats when adult, their 

larvae may share the same invasion site, namely 

the skin. | 

The best time for invading the skin is not 

necessarily the best time for invading the gills and 

some behavioural features of yellowtail, as yet 

unknown, may create a situation where establish- 

ment of oncomiracidia on the skin is more likely to 

be successful during the day while access of 

oncomiracidia to the gills via the gill-ventilating 

current may be more favoured at dusk or early in 

the night. There may be a difference between the 

oncomiracidia of B. seriolae and H. heterocerca in 

their responses to light, gravity and water currents 

related to their essentially diurnal and nocturnal 
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hatching patterns and different invasion sites. 

Apart from a comment by Hoshina [6] on the 

positive phototaxis of the larva of B. seriolae, the 

behaviour of these oncomiracidia is unknown and 

deserves further study. 

The arguments above assume that S. quinquera- 

diata is the natural host for B. seriolae and H. 

heterocerca. There is little doubt that S$. quin- 

queradiata is the natural host of H. heterocerca 

since the parasite was reported from this host by 

Goto [7], by Yamaguti [8] and, as Axine seriola, by 

Ishii [9]. However, there is no record of B. seriolae 

from S. quinqueradiata in the wild. Yamaguti [10] 

collected his original specimens of B. seriolae from 

the skin of wild S. aureovittata and no further host 

records were reported by Kamegai and Ichihara 

[11]. Thus, although the parasites share the same 

host, S. quinqueradiata, in fish farms, it is not 

certain that they do so in the wild and since the 

behaviour of even closely-related hosts may differ, 

the hatching patterns of B. seriolae may be attuned 

to a host other than S. quinqueradiata. 
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In vitro Spermatogenesis in Oryctes rhinoceros (Coleoptera, 

Scarabaeidae): The Role of Ecdysone and Juvenile Hormone 
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ABSTRACT—The hormonal factors which regulate 

spermatogenesis in Oryctes rhinoceros were investigated 

in vitro. Spermatogonial multiplication in cultures occur- 

red in the presence of testis sheath which is the proposed 

site of ecdysteroid production. Meiosis of spermatocytes 

occurred when exogenous ecdysone (20-hydroxy ecdy- 

sone) was added to the culture. The secondary spermato- 

cytes thus developed underwent spermiogenesis only 

when active corpus allatum was introduced. 

INTRODUCTION 

The endocrine control of spermatogenesis in 

insects differs according to species. Ecdysone 

stimulates spermatogonial multiplication in Rhod- 

nius prolixus [1] and in Locusta migratoria [2], and 

promotes meiosis and spermiogenesis in most of 

the lepidopteran insects [3-7]. According to 

Shimizu et al. [6], Loeb and Woods [7] and 

Giebultowicz et al. [8] ecdysone is produced in 

testis. In Samia cynthia spermatogenesis continues 

in the culture medium in the presence of ecdysone 

and a macromolecular factor [9, 10]. In Diptera, 

ecdysone apparently has no role during sperma- 

togenesis [11, 12]. Juvenile hormone (JH) and its 

analogues have in general been found to inhibit 

spermatogenesis [5, 13, 14]. However, in some 

insects, topically applied JH analogues promote 

spermatogenesis [15, 16]. 

Investigations on the regulatory mechanisms of 

insect spermatogenesis have been mainly confined 

to Lepidoptera with relatively little attention being 
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given to other groups. /n vivo studies of sperma- 

togenesis in the coleopteran insect Oryctes rhi- 

noceros, a major pest of the coconut palm, have 

revealed that even though secondary spermato- 

cytes appear in the pupal stage, spermiogenesis 

occurs only after adult emergence [17]. It has also 

been demonstrated that high doses of methoprene 

topically applied on 0 day-old pupa of this insect 

inhibit meiosis and spermiogenesis [18]. However, 

very little is known about the hormonal mecha- 

nisms involved in spermatogenesis, and hence the 

present in vitro studies were undertaken in order 

to elucidate the endocrine regulation of sperma- 

togenesis in this insect. 

MATERIALS AND METHODS 

The third instar larvae of Oryctes rhinoceros 

were reared in the laboratory on sterilized cow 

dung as reported earlier [17]. One hr-old male 

pupae were sterilized superficially in a mixture of 

mercuric chloride and ethanol (10 mg HgCl, dis- 

solved in 50% ethanol) for two minutes. They 

were washed repeatedly in sterile water and then 

swabbed in isopropyl alcohol. The testes were 

dissected under a Laminar flow hood and were 

placed in Rinaldini’s solution [19]. Grace’s insect 

medium and fetal calf serum (GIBCO) compound- 

ed in a ratio 100 ml:20 ml, supplemented with 0.2 

ml antibiotic mixture (Penicillin-sodium - salt 

100,000 units and Streptomycin sulphate 100 mg, 

each dissolved in 5 ml triple distilled water, along 

with Gentamycin 1 mg/ml) served as the basic 

medium (BM) for the present study. 20-Hydroxy 
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ecdysone (SIGMA) was dissolved in Rinaldini’s 

solution 100 ug/ml, and from this DONO, SX 

10-° and 1X10~° molar solutions (M) were 

prepared to study the dose-effect. The addition of 

prothoracic gland, with or without the brain, 

corpora cardiaca and corpora allata complex (BR, 

CC and CA, respectively) of male pupae also 

constituted a culture treatment as described in the 

experimental protocol. The excised testes were 

teased into smaller pieces after removing the 

remaining surrounding tissues. Fragments of testis 

with or without testis sheath were introduced into 

tissue culture vials with screw caps (12 cm length 

x1cm diameter, Borosil) containing 1 ml basic 

medium (BM). The culture thus prepared was 

incubated under aseptic conditions at 28°C for 16 

to 21 days. The medium was exchanged after 16 

days. The percentage of spermatocytes in meiotic 

and post-meiotic stages were determined in five 

(50 wl) samples of the medium, after 16 days of 

incubation, in each of the respective vial (n=8), 

corresponding to the respective dose. The data 

were Statistically analysed employing Single Factor 

ANOVAR. 

The experimental protocol is as follows: 

Group 1. Testis fragments incubated in BM 

without testis sheath. 

Testis fragments and BR CC CA of 

male pupae (n=5) incubated in BM 

without testis sheath. 

Testis fragments and 20-hydroxy 

ecdysone (1X10 -°M) incubated in 

BM without testis sheath. 

Testis fragments incubated in BM 

along with testis sheath. 

Testis fragments, testis sheath and 

BR CC CA of male pupae (n=5) 

incubated in BM. 

Testis fragments, testis sheath, 

prothoracic gland and BR CC CA of 

male pupae (n=5) incubated in BM. 

Testis fragments, testis sheath and 

20-hydroxy ecdysone (2 x 107° M) in- 

cubated in BM. 

Testis fragments, testis sheath and 

20-hydroxy ecdysone (5x 107° M) in- 

cubated in BM. 

Group 2. 

Group 3. 

Group 4. 

Group 5. 

Group 6. 

Group 7. 

Group 8. 

Group 9. ‘Testis fragments, testis sheath and 

20-hydroxy ecdysone (1 x 10~° M) in- 
cubated in BM. 

Testis fragments, testis sheath and 

20-hydroxy ecdysone (1 x 107° M) in- 

cubated for 10 days followed by addi- 

tion of CA of newly emerged adult 

males (n=5). 

Testis fragments, testis sheath and 

20-hydroxy ecdysone (1 x 107° M) in- 

cubated for 10 days, followed by 

addition of BR CC CA of newly 

emerged adult males (n=S). 

Testis fragments, testis sheath and 

20-hydroxy ecdysone (1 x 10~° M) in- 

cubated for 10 days, followed by 

addition of CA of one week-old adult 

males (n=5S). 

Testis fragments, testis sheath and 

20-hydroxy ecdysone (1 10° M) in- 

‘cubated for 10 days, followed by 

addition of CA of one month-old 

adult males (n=5). 

Group 10. 

Group 11. 

Group 12. 

Group 13. 

RESULTS 

Results of various culture treatments are pre- 

sented in Table 1. The testis fragments, when 

cultured without testis sheath, degenerated after 

10 days, although a few spermatogonia had multi- 

plied in the initial stages (Groups 1, 2, 3). On the 

other hand, testis under culture containing the 

testis sheath (Group 4) showed abundant sperma- 

togonial multiplication (Fig. 1). However, no 

further development was observed even with 

maintenance of the cultures for up to 21 days. The 

brain, corpora cardiaca, and corpora allata com- 

plex of male pupa did not induce any development 

(Group 5). However, when prothoracic gland was 

introduced along with the brain complex (Group 

6), meiotic stages and a few spermatids appeared. 

20-Hydroxy ecdysone accelerated meiosis. In 

testis cultured with 20-hydroxy ecdysone, primary 

spermatocytes appeared on the second day and 

secondary spermatocytes were observed from the 

10th day onwards (Groups 7, 8, 9). Furthermore, 

a dose-dependent increase in meiotic division was 

observed with the addition of 20-hydroxy ecdysone 
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TABLE 1. Results of testis culture of 1 hr-old pupae of O. rhinoceros 

Group a Additives to Basic Medium ceeaaa Results 

1 8 Testis fragments only 16 A few spermatogonia; de- 
generation after 10 days 

8 Z, + and BR CC CA of pupae (n=5S) 16 Z, Z, Z, 

8 7. + and 20-hydroxy ecdysone (1x 10~° M) 16 . L L 

8 Z; » and testis sheath 16 Mitoses of spermatogonia 
only 

5 8 Z, » testis sheath and BR CC CA of # pupae 16 Z, Z, 7, 
(n=S) 

6 8 Z, 7 testis sheath, prothoracic gland and BR 16 A few spermatids and sper- 
CC CA of & pupae (n=5) matozoa 

a 8 Z % testis sheath and 20-hydroxy ecdysone (2 16 Primary spermatocytes on 
x10~°M) 2" day, secondary sper- 

matocytes on 10" day cyst 
degenerated after 21 days 

8 8 Z, ” testis sheath and 20-hydroxy ecdysone (5 16 2 2 2 
x10~°M) 

9 8 Z % testis sheath and 20-hydroxy ecdysone (1 16 2; 2, Z, 
x 107° M) 

10 8 Testis fragments, testis sheath and 20-hydroxy 10+6 Secondary spermatocytes 
ecdysone (1X10 °M) incubated for 10 days fol- did not undergo any de- 
lowed by addition of CA of newly emerged # velopment 
adult (n=5S) 

fi 8 Testis fragments, testis sheath and 20-hydroxy 10+6 Secondary spermatocytes 
ecdysone (1X10 °M) incubated for 10 days fol- underwent spermiogenesis 
lowed by addition of BR CC CA of newly emerged 
J adult (n=5) 

12 8 Testis fragments, testis sheath and 20-hydroxy 10+6 Z, Z, 2, 
ecdysone (1X10 °M) incubated for 10 days fol- 
lowed by addition of CA of one week old & adult 

(n=5) 
13 8 Testis fragments, testis sheath and 20-hydroxy 10+6 Z, Z, Z, 

ecdysone (1X10 °M) incubated for 10 days fol- 
lowed by addition of CA of one month old & adult 

(n=S) 

Fig. 4). The secondary spermatocytes survived u a oe : E DISCUSSION 
to 21 days without undergoing spermiogenesis, but 

the cyst began to degenerate (Fig. 2). The corpora 

allata of newly emerged adult males were intro- 

duced into 10 days incubated culture (Group 10); 

this did not stimulate the development of secon- 

dary spermatocytes. However, when the same 

experimental model was repeated by adding BR 

CC CA of newly emerged adult males (Group 11), 

CA of one week-old adult males (Group 12) or CA 

of one month-old adult males (Group 13) respec- 

tively, the secondary spermatocytes underwent 

spermiogenesis. As a result, spermatids and 

Spermatozoa appeared in the culture vials (Fig. 3). 

In vivo studies of spermatogenesis in Oryctes 

rhinoceros {17] have shown that spermatogonia 

occupy the germinal zone of 1 hr-old pupa. 

Primary spermatocytes normally appear on the 

10th hr and meiotic stages are seen in two day-old 

pupa. However, spermiogenesis is observed only 

after adult emergence (2-4 days). It has been 

observed in the present study that in the absence of 

testis sheath, spermatogonia degenerate. It may 

be considered that testis sheath secretes factor(s) 

which sustain spermatogonia in the culture and 

promote their multiplication. Loeb and Woods [7] 

and Giebultowicz et al. [8] suggested that testis 
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Fic. 1. Spermatogonial multiplication after culturing 1 hr-old pupal testis fragments in BM and testis sheath x 600. 

Fic. 2. Secondary spermatocytes in a degenerating condition developed after culturing testis fragments in 20- 

hydroxy ecdysone and kept beyond 21 days without corpora allata 600. 

Fic. 3. Sperm bundles and released spermatozoa developed after culturing 10 days incubated culture in 20-hydroxy 

% of meiosis 

ecdysone, with active corpora allata of 1 month old-adult < 600. 

Abbreviations for Fics. 1-3. PSG, primary spermatogonia; SB, sperm bundles; SSC, secondary spermatocytes; 

SSG, secondary spermatogonia; SZ, spermatozoa. 

80 

60 

Fic. 4. Showing the effect of three doses of 20-hydroxy 

ie ecdysone on the meiotic division of spermatocytes of 

O. rhinoceros. Analysis of variance has shown the 

dose response to be highly significant (P<0.05). 
0) represents SD of meiosis. 

2x 10 oy 5 x 10°eM iL 3 10) =I 
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sheath produces ecdysteroids. 

The present study has revealed that exogenous 

ecdysone promotes meiosis. In Rhodnius [1] and 

in Locusta [2] spermatogonia multiply in the 

presence of exogenous ecdysone, whereas in Lepi- 

doptera, meiosis and spermiogenesis are promoted 

by ecdysone [3-7]. In Oryctes rhinoceros, the 

percentage of meiotic and post-meiotic spermato- 

cytes increased with the increase in the dose of 

20-hydroxy ecdysone. In the present culture 

treatments, spermiogenesis occurred only after the 

introduction of active corpora allata into the 

medium. It appears that the corpora allata of 

newly emerged adult males have not attained 

activity, but brain and corpora cardiaca seem to 

have induced their activity (Groups 10, 11). In 

Oryctes rhinoceros, the corpus allatum has a 

stimulatory effect on spermiogenesis. Promotion 

by juvenile hormone (JH) of any processes related 

to spermatogenesis as reported here for Oryctes 

rhinoceros, seems unusual. JH inhibits the elonga- 

tion of spermatids in the testis culture of Bombyx 

mori [5]. JH and its analogues inhibit sperma- 

togenesis in the several other insects [13, 14]. 

However, JH analogues applied topically have 

been shown to accelerate spermatogenesis in 

Draeculacephala crassicornis [15] and in Dysdercus 

cingulatus [16]. On the whole it appears that in 

Oryctes rhinoceros, ecdysone as well as juvenile 

hormone are equally important during sperma- 

togenesis. In the normal insect, spermiogenesis 

occurs after adult emergence because the corpora 

allata become active at that time. 
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ABSTRACT—The intracellular localization of laminin 

of endocrine cells in the rat anterior pituitary was 

examined by biochemical methods and _ electron- 

microscopical immunocytochemistry. The secretory gra- 

nules of the anterior pituitary cells were separated. And 

the granules were immunostained by the post-embedding 

method using antiserum against laminin. Laminin was 

detected on the surface of the membrane of separated 

granules. On the other hand, the granules were immuno- 

blotted using antiserum and monoclonal antibody against 

laminin. The antiserum reactive with both A-chain and 

B-chains of the antigen (mouse EHS sarcoma laminin) 

cross-reacted with only the B-chain(s) of the secretory 

granules, but the monoclonal antibody showed no 

cross-reactivity. These results suggest that laminin in the 

anterior pituitary cells may exist as B-chain singly in the 

secretory granules and it may be different from mouse 

EHS sarcoma laminin in structure. 

INTRODUCTION 

Laminin [1, 2], one of the major components of 

the basement lamina, has been immunocytochemi- 

cally observed in various organs, and it has also 

been proved to play a role in cell attachment, 

migration, proliferation and differentiation. In the 

pituitary gland, Tougard et al. have detected 

immunocytochemically that laminin exists on the 

basement lamina and the parenchymal cells, espe- 

cially gonadotrophs of the anterior pituitary gland 

[3]. Thereafter, similar evidence has been re- 

ported by others [4-9], but obtained results 

including the identification of the positive cells and 
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the intracellular site of laminin are still debatable. 

Besides, in these reports examinations have been 

conducted only by immunocytochemical methods 

for the identification of laminin, and there is no 

information about its intracellular localization 

using other methods. It is important to clarify the 

intracellular localization of laminin in the immuno- 

reactive pituitary cells (laminin positive cells). In 

the present study, we separated the secretory 

granules from the anterior pituitary of rats and 

identified the localization of laminin in the secre- 

tory granules by both the method of immuno- 

blotting and that of electron-microscopical im- 

munocytochemistry. 

MATERIALS AND METHODS 

Animals 

Wistar-Imamichi male rats (60 day-old) were 

obtained from the Imamichi Institute for Animal 

Reproduction. One hundred rats for granule 

separation and immunoblotting, and six for light- 

microscopical immunocytochemistry were used. 

Antibodies 

The following antibodies were used for detecting 

laminin; antiserum against mouse EHS sarcoma 

laminin (Advance, Tokyo, x 1000-32000 in dilu- 

tion) and monoclonal antibody against human 

placental laminin (Iwaki Glass, Tokyo, x 1000). 

Antiserum against rat LH-8 (NIDDK, x 8000) was 

used for immunocytochemical identification of LH 

cells. Antiserum against bovine type IV collagen 
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(Advance, 4000) was used for checking the 

contamination of basement lamina in the granule 

solution. The ABC kit (Vector Lab.) was used for 

the further process of immunocytochemistry and 

immunoblotting, after using the first antibodies. 

And the gold-colloid (15 nm diameter) conjugated 

antibody (Ig-G) against rabbit Ig-G (E. Y. Lab.) 

was used as the second antibody for electron- 

microscopical immunocytochemistry. The specific- 

ity of the antisera for laminin and type IV collagen 

was reported by Aihara et al. [10]. The antisera for 

mouse laminin and bovine type IV collagen suf- 

ficiently cross-react with rat laminin or type IV 

collagen respectively. And the adsorption-test of 

the antisera for mouse laminin and rat LH-f had 

done by Kusaka et al. [9]. Enzyme-linked immuno- 

sorbent assay (ELISA) [11, 12] showed that the 

monoclonal antibody strongly reacted with human 

placental laminin, and it reacted also with both 

subunits of mouse EHS sarcoma laminin but only 

slightly. | 

Immunocytochemistry 

After decapitation, the pituitary glands were 

removed and fixed in formolsublimate solution and 

embedded in Paraplast. Three mum thick serial 

sections were then prepared, deparaffinized, and 

treated with pepsin [13]. Two serial sections were 

stained by immunoperoxidase method (ABC 

method) [14] with the antisera either against 

laminin (X32,000) or LH-f respectively. The 

stained sections were counterstained with Hema- 

toxylin solution. 

Separation 

A modified method reported by Costoff et al. 

[15] was used for separation of the secretory 

granules from the rat anterior pituitary. After 

decapitation, the anterior glands were removed 

and homogenized. The nuclei were excluded by a 

centrifuge and the supernatant was filtrated, 

loaded on 5-50% Ficoll 400 (Pharmacia), 0.25 M 

saccharose, 0.5 mM EDTA (pH 7.2), and centri- 

fuged (100,000g, 2hr.). After the centrifuga- 

tion, all the zones containing the hormone gra- 

nules were collected and centrifuged (100,000 x g, 

lhr.). The precipitate was then suspended with 

PBS and sonicated. The solution thus obtained 

was used as the secretory granule solution. No 

practical contamination of basement lamine was 

observed in the granule solution since the solution 

immobilized on the nitrocellulose membrane did 

not react immunocytochemically with the anti- 

serum against type IV collagen, a major compo- 

nent of basement lamina. 

Electron microscopy 

The purity and immunoreactivity of the sepa- 

rated secretory granules were checked by the 

post-embedding method [16, 17]. The granules 

were fixed in picric acid-paraformaldehyde solu- 

tion [18] and osmium tetroxide solution [19], and 

embedded in Quetol 651 (Nisshin EM, Tokyo) by 

a modified method reported by Kushida [20]. The 

thin sections were reacted with the antiserum 

against laminin (x 1000) or normal rabbit serum 

(NRS), followed by the gold-colloid conjugated 

2nd antibody. They were then refixed in the same 

fixative. No electron staining was employed. 

Again, no practical contamination of other cellular 

components was visually observed (Fig. 2). 

Immunoblotting 

The granule solution was separated by SDS- 

PAGE [21] (gel concentration: 6%) and silver- 

stained (Silver Stain KANTO, Kanto Chemical, 

Tokyo) or immunoblotted [22], by the use of ABC 

method. Antiserum against mouse laminin (xX 

4000) and monoclonal antibody against human 

laminin were used as the first antibody. And the 

silver-stained gel was analyzed by a chromatoscan- 

ner (Shimadzu CS-9000). 

RESULTS 

The resuit of light-microscopical immuno- 

cytochemistry is shown in Figure 1. The antiserum 

against EHS laminin reacted with the capillary 

basement lamina and some of parenchymal cells. 

The laminin positive cells (Fig. la) were corre- 

sponded with LH cells (Fig. 1b). 

Electron-microscopical observation revealed 

that the separated granule fraction contained 

practically only the secretory granules (Fig. 2), and 

the antiserum against EHS laminin more or less 

reacted with the granules despite of their densities 
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vO 
Fic. 1. The adjacent sections of the anterior pituitary were immunostained by antiserum against mouse lamin in (a) 

or rat LH- (b). arrowhead: laminin positive cell, arrow: capillary, Bar: 50 um. 

Fic. 2. Electron-microscopical immunocytochemistry of the secretory granule solution. Antiserum against mouse 

laminin reacted with the granules. a: antiserum against laminin (low density), b: antiserum against laminin (high 

density), c: NRS, Bar: 200 nm. 

a b ecd (Fig. 2a, b). 
The results of silver-staining and immuno- 

blotting using EHS laminin antiserum are shown in 

Figure 3. The B-chains were not separated in this 

electrophoresis condition; therefore two bands of 

mouse laminin (the A-chain and B-chains bands) 

were stained (Fig. 3a, c). The lane of electro- 

phoresed granule solution was_ silver-stained 

oe almost entirely (Fig. 3b), in which immunoblotting 

detected only B-chains but not A-chain (Fig. 3d). 

In addition, some bands of lower molecular weight 

were stained. 

Fic. 3. Mouse laminin (a, c: 0.18 “g) and the secretory 

granules (b, d: 85.6 ug) were silver-stained (a, b) 

and immunostained by antiserum against mouse 

EHS sarcoma laminin (c, d). A: A-chain, B: 

B-chains. 

, 
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Fic. 4. Mouse laminin (a: 1.5 wg) and the secretory 

granules (b: 85.6 4g) were immunostained by 

monoclonal antibody against human placental lami- 

nin. A: A-chain, B: B-chains. 

The monoclonal antibody was able to detect 

both A-chains and B-chains of mouse EHS laminin 

(Fig. 4a), but neither A- nor B-chains of the 

secretory granules were detected (Fig. 4b). Again, 

some bands with lower molecular weight were 

stained. 

DISCUSSION 

The granule preparation seemed to include 

almost all kinds judging from their specific grav- 

ities and sizes [15]. Almost all the granules were 

laminin positive as far as examined, although 

stainabilities varied from granule to granule. This 

result agreed with the demonstration of Vila- 

Porcile et al. [5] in which all the secretory cells 

embedded in an electron-microscopical thin sec- 

tion, were entirely stained. Light-microscopical 

observation, however, showed that only LH cells 

were laminin positive that accorded with the result 

obtained by Tougard et al. [3]. The reason of the 

discrepancy may be explained as follows; LH 

granules contains more laminin than others, thus 

the light-microscopical method is not sensitive 

enough for the detection of intracellular laminin 

other than LH cells, nevertheless electron- 

microscopical method can detect such the slight 

amount of the antigen because of intracellular 

localization. 

On the molecular study by immunoblotting, a 

polyclonal antiserum against mouse EHS sarcoma 

laminin reacted with the electrophoretically B- 

chain equivalent portion of laminin and several 

smaller molecules of the secretory granules but not 

with the A-chain, although it reacted with both the 

A-chain and the B-chains of the antigen. On the 

other hand, no laminin equivalent bands were 

stained with a monoclonal antibody against the 

human laminin that could stain both chains of EHS 

laminin. Many smaller molecules were again 

stained with the antibody. 

A-chain equivalent molecules were not detected 

at any time in the present experiment. These 

results suggest that there exist laminin-like mol- 

ecules different in structure from the laminin of the 

basement lamina in the secretory granules of the 

rat anterior pituitary. We now tentatively assume 

that these consist of a single or double subunit of 

B-chain-like molecules. Many immunopositive 

molecules smaller than B-chain molecules were 

detected by the two antibodies used presently. It is 

however still unknown if they are fragments of the 

molecule or they are physiologically synthesized in 

the pituitary cells. 

Recently, Hunter et al. reported that a type of 

laminin (s-laminin) different from that of the 

basement lamina exists in normal rat tissues (e.g. 

synaptic cleft, glomerular) [23]. The secretory 

granule laminin (g-laminin) presently reported 

may also have been different from that of the 

basement lamina. 
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ABSTRACT— The vocal repertoire of males and females 

of the treefrog, Rhacophorus arboreus was described 

with audiospectrogram and oscillogram. The repertoire 

of males included the advertisement call, the courtship 

call, four types of aggressive calls and compound calls. 

The repertoire of females included three types of release 

calls. 

INTRODUCTION 

Acoustic communication is one of the well 

documented features in the mating of anuran 

amphibians [1]. Male anurans use different kinds 

of calls in response to particular situations [1-3]. 

Description of the vocal repertoire is one of the 

prerequisites to study the mating behavior and 

acoustic communication in anurans. The vocal 

repertoire in the foam-making rhacophorid frogs 

has not been described. The advertisement call 

has been described in several species [4, 5] and 

Coe [6] reported the change in Chiromantis male 

calls occurred in response to the approach of 

females. 

In the present paper, we describe the physical 

properties of vocalizations, their functions and the 

situations where they were emitted in the Japanese 

treefrog, Rhacophorus arboreus. 
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MATERIALS AND METHODS 

The observations were made from May to July, 

in 1984 and 1985 at the Hyoutan pond in Iwamuro, 

Niigata, Japan (altitude about 180m) [7]. Frogs 

were individually marked with colored waist 

bands. Observations were made with a 6V battery 

head lamp that appeared not to disturb the 

behavior of frogs. 

Vocal activities of frogs were recorded with 

SONY TC-D5M tape-recorder and SONY ECM 

Z-300 microphone. Metal cassette tapes were used 

as the recording media. All the recordings were 

made when the ambient temperature was from 18 

to 23°C. Soundspectrogram analysis was _per- 

formed on MacReacorder Sound analyzing system 

and Kay 7800 Digital Sonagraph. 

RESULTS AND DISCUSSION 

We were able to distinguish the following nine 

types of vocalizations. They were typical ones and 

intermediates between call types were not de- 

scribed in this study except the variation in the 

advertisement call in the section of the compound 

call. Of the nine types, six were produced by males 

and three by females. We followed the classifica- 

tion of vocalizations by Wells (cited in [3]) except 

for compound calls. In this classification, vocaliza- 

tions were classifed by their function as other 

terminologies of anuran vocalizations. In statisti- 

cal analysis of calls, the sample size was the 

number of individuals. We presented mean+SD 
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for physical features of calls. The statistical test 

used was Mann-Whitney U-test if not otherwise 

mentioned. Figure 1 shows audiospectrograms 

(sonograms) and oscillograms of these calls. 

Advertisement call (A, hereafter) 

This call is a rattle that consists of 2 to 6 notes. 

The harmonics were not clear. The dominant 

frequency ranged from 900 to 1900 Hz. This call 

sometimes has a preceding and/or a following 

weak notes (Fig. 2). The spectral feature of this 

weak additional note was different from notes of 

A. The spectrum of this additional note was near 

the pure tone and had a sharp peak at about 900 

Hz 

Courtship call (Ac, hereafter). 

This call was emitted by males when females 

were near (within about 50 cm from males). The 

aa 

F1 

temporal structure of Ac was similar to A except a 

shorter interval between notes. The spectral 

feature of individual notes was similar to A. The 

interval between notes in a call was significantly 

shorter in Ac (39.6+4.2 ms, n=10) than in A 

. (Of. 5226.4 ms, n=26) (Z—4.6-r <0. 00 

Aggressive calls 

multi-note aggressive call (B, hereafter): This 

call is also a rattle consisting of several notes 

similar to A. The dominant frequency was similar 

to A. But, B had a flatter spectrum than A. As 

shown in Figure 1, the temporal feature of B was 

similar to A except that a note of B often had two 

pulses. The duration of a whole note of this call 

(29.10+5.9ms, n=14) was significantly longer 

than A (z=3.52, P<0.001) though the duration of 

the major pulse (20.72+2.6ms, n=14) was not 

significantly longer than that of A (21.2+7.0 ms, n 

F3 
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Ac Eee KHe A __.._ A Narrow Band 

K _Narrow Band 

FO Narrow Band 

Fic. 1. Oscillographs (p. 470) and sonograms (p. 471) of vocalizations. 

horizontal bar shows 0.1s. For sonograms, the grids of 2 KHz interval were also shown. Oscillograms and 

sonograms were made by MacRecorder and Sound Edit. Sonogram setting was transform size=64 (frequency 

resolution was 344 Hz) if not mentioned, and transform size=512 (frequency resolution was 43 Hz) if shown as 

“narrow band”. 

A: advertiserment call, B: multi-note aggressive call, Ac: courtship call, C: one note call (encounter call), G and 

K: aggressive call, Fl, F2 and F3: female release call. 

Fic. 2. Weak note which preceded and/or followed 

advertisement call. 

horizontal bar shows 0.1s. Left: additional note 

preceding an advertisement call, and right: following 

an advertisement call. Oscillograms were made by 

MacRecorder and Sound Edit. 

= 
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=26) (z=0.60, P>0.05). This call was usually 

emitted when a calling male was in contact 

physically with another male or grasped by another 

male during oviposition. This call probably has the 

function similar to release calls of other anurans as 

well. 

single note call (C, hereafter): This call con- 

sisted of a single note of short duration. The sound 

intensity of this call was lower than the advertise- 

ment call. This call was emitted by males when 

another male was nearby. Therefore, this is 

probably an encounter call. The duration of note 

of C (6.8+0.9 ms, n=15) is significantly shorter 

than A (z=5.28, P<0.001). 

Other aggressive calls (G and K): There were 2 

types of other aggressive calls, which were given in 

active choruses and aggressive male-male interac- 

tions. 

G_ This call was a longer trill-like note. A note 

had pulses with short intervals. Individual pulses 

were not audible. The number of pulses in a note 

ranged from 5 to 18. The interval between pulses 

(the interval between the points of maximum 

amplitude, 22.7+6.3 ms, n=18) was significantly 

shorter than the note interval in A (Mann-Whitney 

U-test, z=5.59, P<0.001) and Ac. (Mann- 

Whitney U-test, U=4, P<0.001). 

K_ This is a one note call. Though C is also a 

one note call, the duration of a note of K (30.0+ 

5.2ms, n=18) was significantly longer than C 

(Mann-Whitney U-test, U=0, P<0.001) and A 

(Mann-Whitney U-test, z=4.23, P<0.001). This 

call was not emitted alone but accompanied with A 

or G. This call often has 2 different parts in one 

note (see, oscillogram of Fig. 1). In this case, the 

first part with the larger amplitude had the spectral 

feature similar to A, and the second part with the 

small amplitude had the clear harmonics (fun- 

damental frequency was about 700Hz). 

Female release calls (F) 

These calls had different temporal and spectral 

features from the vocalizations by males. These 

calls included three types of vocalizations (Fig. 1). 

The first one (Fl) had harmonics with a weak 

frequency modulation (the freqeuncy was falling). 

The fundamental frequency was about 1100 Hz. 

The second one (F2) had two parts in a note. The 

first part consisted of two kinds of harmonics with 
the fundamental frequencies of about 300 and 500 
Hz. The second part had clear harmonics with a 
freqeuncy modulation where the fundamental fre- 
quency was rising from about 900 to 1200 Hz. The 
third type (F3) had clear harmonics with frequency 
modulation where the fundamental frequency was 

falling from about 1300 Hz. These were emitted by 

females when grasped by silent males. All the 

three sub-types (Fl, F2 and F3) were sometimes 

given during a single event of grasping by a silent 
male. 

The occurrence of the calls by females were 

much less than those of males because grasping by 

a silent male was rare except in the event of a high 

density of females in and around a pond. 

Compound calls 

The compound call is a complex of advertise- 

ment and aggressive calls [1] (A, G and K in R. 

arboreus). Compound calls were A+G, A+K or 

A+G-+K (Fig. 3). These were emitted often in 

the escalated choruses. A bout of chorus was 

usually initiated by the advertisement calls of one 

A+G 

Fic. 3. Compound calls. 
horizontal bar shows 0.1 s. Oscillograms were made 

by MacRecorder and Sound Edit. 
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or a few males and was escalated into a frequent 

exchange of compound calls by a large number of 

males. In compound calls, a note of A sometimes 

had two pulses (like B) and intermediates between 

A and G or K were observed (Fig. 3). 

The vocal repertoire of R. arboreus males 

included the advertisement call, the courtship call, 

the call used in encounter with other males (C) and 

calls used in escalated chorus (G and K). In 

addition to these calls that were reported in other 

anurans, the call usually given during oviposition 

(B) was observed in R. arboreus. Because R. 

arboreus is a foam-nesting species and males not in 

amplexus try to release sperm into the foam during 

oviposition (sneaky joining males), male-male 

competition during oviposition seems to be intense 

[7]. The call-type B would have aggressive mes- 

sages to other males around a female during 

Oviposition. Probably this type of call is unique 

one for the foam-making species with joing males. 

The difference among three sub-types of the 

female release call in the function and context is 

not clear. The observations that all of the three 

sub-types were emitted when a silent male grasped 

a female suggest that there is no difference in their 

function or context. 

In the vocal repertoire of R. arboreus, only A 

was described by Kuramoto [4] and Maeda and 

Matsui [5]. Kuramoto reported the dominant 

frequency of the advertisement calls ranged from 

1800 to 1900 Hz, whereas Maeda and Matsui noted 

this was about 800 Hz. The present study reports 

frequency values higher than those of Maeda and 

Matsui and lower than those of Kuramoto. Both 

Kuramoto [4] and Maeda and Matsui [5] described 

“after call” that often followed the advertisement 

calls. Kuramoto showed this “after call” lacked 

the component of a higher frequency in the 

spectrum. These “after-calls” were not observed 

in the present study. These differences suggest the 

geographical variation in the spectral and temporal 

features of the advertisement calls in R. arboreus. 
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ANNOUNCEMENT 

THE MELANOTROPIC PEPTIDES 

A CONFERENCE OF THE 

NEW YORK ACADEMY OF SCIENCES 

A Conference of the New York Academy of Sciences on “The Melanotropic Peptides” will 

be held in Rouen, France, from September 6 to 9, 1992. The conference will include 30 

invited lectures and contributed posters. Each poster presentation will entitle the authors to 

publish a short article in the volume of the Annals of the New York Academy of Sciences 

which will result from the Conference. The deadline for submission of abstracts is June 22, 

1992) 

For further information, please contact: 

Dr Hubert VAUDRY 

European Institute for Peptide Research 

Laboratory of Molecular Endocrinology 

CNRS URA 650 

University of Rouen 

POB 118 

76134 Mont-Saint-Aignan 

France 
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Primary Sex Determination in Mammals | 

YUKIFUMI NAGAI 

“ 

Biological Laboratory, Fukui Medical School, Shimoaizuki 23, 

Matsuoka-cho, Yoshida-gun, Fukui 920-11, Japan 

ABSTRACT—The basic embryonic program in mammalian sexual differentiation is inherently femi- 

nine. The presence of a gene on the Y chromosome diverts the basic program into male pathway. 

Recently, a candidate for the gene on the Y chromosome has been almost certainly identified. This 

review summarizes the H-Y antigen hypothesis, zinc finger protein and current state of knowledge on 

the nature and function of TDF and Tdy. 

INTRODUCTION 

Sexual differentiation in mammals can _ be 

viewed as a sequential and ordered process as 

formulated by Jost [1] (Fig. 1). Each step in this 

process is dependent on the preceeding one. It 

begins with the establishment of genetic (chromo- 

somal) sex and gradually proceeds during long 

period covering from fetal life to puberty. 

GENETIC SEX 

| 
GONADAL SEX 

PHENOTYPIC SEX 

Fic. 1. Jost formulation of sequential event in mamma- 
lian sexual differentiation. 

In mammals, the female is called as the homo- 

gametic sex because she has two X chromosomes, 

and produces the ovum which possesses a single X 

chromosome. On the other hand, the male is 

refered to as the heterogametic sex because he has 

an X and Y chromosome and produces two 

Received February 12, 1992 

populations of sperm, one X-bearing and the other 

Y-bearing. Genetic sex is therefore determined at 

the moment of fertilization, depending on whether 

an X or Y-bearing sperm fuses with the ovum. 

Gonadal (primary) sex is determined by the gene- 

tic sex. Once the gonads have completed dif- 

ferentiation, the gonadal sex in turn dictates phe- 

notypic (somatic) sex. Our understanding of phe- 

notypic sex differentiation comes largely from the 

classic experiments of Jost et al. [2]. They demons- 

trated that male phenotype was induced by secre- 

tions from the fetal testes while their absence 

resulted in female phenotype. Now two hormones 

essential for male development are well characte- 

rized: an androgenic steroid produced by the 

Leydig cells, testosterone, which is responsible for 

virilization of the internal and external genitalia, 

and a glycoprotein produced by the Sertoli cells, 

anti-Mullerian hormone (AMH), which causes re- 

gression of Mullerian ducts [3]. Sexual differentia- 

tion of the brain also occurs in fetal or neonatal life 

under influence of testosterone. Sexual dimorph- 

ism culminating at puberty is elaborated by the 

action of gonadal sex hormones. 

It has been perceived that the basic program of 

mammalian sexual differentiation is imherently 

feminine. The gonadal primordium is program- 

med to develop into the ovary. In the presence of 

the Y chromosome, however, the gonadal primor- 

dium organizes the testis instead of the ovary. In 
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mammals, the only genetic difference between the 

two sexes is represented by the Y chromosome, 

which is male-specific. Although only the female 

has two X chromosome, the disparity in the num- 

ber of X chromosome between the two sexes is 

compensated by the X inactivation mechanism [4]. 

Occasionally individuals with wrong number of sex 

chromosomes are born mostly owing to the nondis- 

junction of sex chromosomes during the meiotic 

division of the germ cell. In humans, individuals 

with sex chromosome constitution XY, XXY, 

XXXY and even XXXXY develop as men and 

those with XO, XX and XXX develop as women. 

That is, no matter how many X chromosome are 

present, the testis will develop in the presence of at 

least one Y chromosome [5]. It thus became 

apparent that Y chromosome contains a determi- 

nant that is essential for the development of the 

testis, the testis-determining gene. If the gonadal 

primordium develops into the testis, the program 

of phenotypic sex differentiation is diverted to that 

of male development not by direct gene action but 

by hormones produced by the testis. 

The development of the gonadal primordia into 

the testes (testis determination) is a crucial event 

in mammalian sex differentiation, and thus the 

testis-determining gene is thought to be a major 

regulatory gene that are responsible for diverting 

the basic feminine program into that of male 

development. Although analyses of structural 

abnormalities in the human Y chromosome have 

suggested that the testis-determining gene is lo- 

cated on the short arm, virtually nothing was 

known about either the nature or the function of 

this gene until recently. Very recently, candidates 

for this gene in humans and mice have been almost 

certainly identified [6, 7]. It has been also demon- 

strated that this gene alone can induce testis dif- 

ferentiation and subsequent male development 

when introduced in XX female mouse embryos [8]. 

This review will summarize current state of knowl- 

edge on the primary sex determination in mam- 

mals including historical aspect of the research. 

MORPHOLOGICAL ASPECTS OF GONADAL 

DIFFERENTIATION 

The gonadal primordia of the male and female, 

the gonadal ridges, have a common origin and the 

bipotentiality that can develop as either the testis 

or the ovary. They appear as thickening on the 

ventral cranical surface of each mesonephros, the 

second of the three consecutive nephroic struc- 

tures, early in fetal life, consisting of the coelomic 

epithelium and the underlying mesenchymal tissue 

supported by the developing mesonephric tissue. 

They are morphologically indistinguishable be- 

tween the two sexes and thus called the indifferent 

gonad. The primordial germ cells (PGCs), the 

progenitors of the germ cells, are of extra-gonadal 

origin and later in development migrate in the 

gonadal ridges [9]. The gonadal differentiation 

begins when the migration of PGCs from the yolk 

sac through the tissues of the hindgut and the 

dorsal mesentery has completed. In general, histo- 

logical differentiation of the fetal testis precedes 

that of the fetal ovary, depending on the species, 

by days to weeks. The early gonadal primordia 

consists of the migrant germ cells and somatic cells 

of three different tissues: coelomic epithelium, 

mesenchyme and mesonephric tissues. Although 

there is still a controversy about mesonephric 

origin of somatic cells in the gonadal primordia 

[10], histological and ultrastructural observations 

with high resolution techniques of early stage of 

the developing gonad favor the view that substan- 

tial population of gonadal somatic cells is derived 

from the mesonephros [11]. During gonadal 

growth the migrant germ cells divide mitotically 

and move into the underlying gonadal blastema 

where cells stream in from the coelomic epithelium 

and the mesonephric tissue. The developmental 

fate of gonads seems to be determined by the - 

well-controlled interaction of the germ cells with 

the different cell type of somatic blastema in the 

gonad [12]. The first morphological sign of sexual 

diffentiation in the fetal gonad is the formation of 

the testicular cords in the male. Primordial Sertoli 

cells emerged out of the intermingling blastema 

aggregate and enclose the germ cells into the cords 

[13]. Once incorporated into the cords, prolifera- 

tion of germ cells is suppressed and differentiation 

beyond the spermatogonial stage is arrested. The 

testicular cords are separated from the surround- 

ing blastema by a distinct basal lamina, thus creat- 

ing intracordal germ cell compartment. Through- 
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out differentiation the cords retain connection with 

mesonephric cell mass which gradually form the 

rete testis. The coelomic epithelium transforms 

into an epithlium with the basal lamina and simul- 

taneuously the testicular cords retract from the 

testicular surface. An area of loose mesenchymal 

tissue left between them develops into the tunica 

albuginea. The Leydig cells differentiate in the 

extracordal compartment shortly after the testicu- 

lar cords have formed. 

In contrast to the early development of the fetal 

testis, the internal organization of the female 

gonad remains indifferent and the sexual dif- 

ferentiation starts at a later stage with species- 

dependent variation. After a period of rapid 

proliferation, female germ cells enter the meiosis. 

The presence of the germ cells initiating meiosis is 

the characterstic feature of a differentiating female 

gonad in most mammals. The male germ cells do 

not start meiosis at this time. However, initiation 

of meiosis is not the first sign of ovarian dif- 

ferentiation. Two types of early ovarian dif- 

ferentiation is recognized, depending on the 

period separating gonadal sex differentiation and 

onset of meiosis. In female of some species, such 

as mouse and rat, the germ cells enter the first 

meiotic prophase simultaneously with or shortly 

after morphological sex differentiation. Their 

Ovaries appear compact with the germ cells uni- 

formly distributed throughout the ovarian tissues. 

On the other hand, the initiation of meiosis is more 

or less delayed with respect to the ovarian dif- 

ferentiation in females of other species, such as 

sheep and pig. In such ovaries the germ cells 

become enclosed in cell cords almost simul- 

taneously with the formation of testicular cords in 

the testis, but the cell cords begin to break up in 

the central part of the ovary by the end of the 

delayed period. The invading mesonephric cells 

push the germ cells from the central area of the 

developing ovary toward the periphery, thereby 

forming an ovarian cortex populated with germ 

cells and a medulla consisting mainly of 

mesonephric cells. When each oocyte reaches the 

diplotene stage of meiosis, it becomes surrounded 

by pregranulosa cells supplied by the somatic 

blastema, and a primodial follicle is formed. The 

follicle is equivalent to the testicular cords in that 

both structures enclose and separate the germ cells 

from the surrounding environment, providing a 

unique compartment for the germ cells to differ- 

entiate and maturate. 

Different experiments indicate that the germ 

cells may be not necessary for gonadal develop- 

ment and differentiation. Selective elimination of 

PGCs with busulphan in the rat does not interfere 

with all morphogenetic events occuring in a normal 

gonad [14]. Mutant mice homozygous for a genetic 

mutation (steel) are deficient in germ cells because 

of a failure of the germ cells to proliferate. They 

can form well-developed testicular cords consisting 

of Sertoli cells only [15]. Hence, it appears that the 

gonadal somatic cells can organize into a testis or 

an Ovary irrespective of the presence or absence of 

the germ cells. 

GANADAL SEX DETERMINATION 

AND Y CHROMOSOME 

As described above, gonadal sex in mammals is 

normally determined by the genetic sex. The 

ganadal sex of fishes, amphibians and birds is 

known to be changeable by applying sex steroid 

hormones during early stages of differentiation, 

although becoming increasingly resistant as the 

vertebrate evolution has advanced [16-18]. The 

gonadal sex of mammals is, however, highly 

stable, once it has been determined by the genetic 

sex, and the sex steroid hormones have essentially 

no effect on the gonads of eutherian mammals, 

although there are reports which indicate that 

estrogen can induce a sex reversal of the testis in 

the newborn male of the marsupials. Mammalian 

embryos of both sexes are destined to develop in 

the mother’s womb dominated by female sex hor- 

mones. It is appropriate, therefore, that the 

embryonic gonads are designed to be independent 

of these hormones. 

In 1959, the Y chromosome was for the first time 

shown to carry a male-determining factor by the 

finding in both human [19, 20] and mouse [21] that 

XXY individual was male while XO individual was 

female. Cytogenetic studies have shown that the 

human Y chromosome consists of an euchromatic 

and of a heterochromatic portion. The former 

comprises the entire short and the proximal long 
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arm; the latter the centromeric region and the 

distal long arm [22]. Many structural abnormality 

of the human Y chromosome have been detected 

by cytogenetic studies. Correlations of these 

abnormal karyotype with the phenotype have re- 

vealed that male-determinng factor is located in 

the pericentric region of the short arm of the Y [5, 

23]. It has been widely assumed that male- 

determining factor in the mouse is located on the 

proximal region of the long arm of the Y, but very 

recently its location on the minute short arm of the 

Y has been confirmed by in situ hybridization with 

a specific DNA probe [24, 25]. As described 

earlier, the basic embryonic plan of mammals is 

inherently feminine. The diversion of this plan is 

carried out by the male-determining factor on the 

Y chromosome which directs the embryonic in- 

different gonad to organize the testis instead of the 

ovary. The testis then secretes testosterone, which 

induces male accessory glands and ducts, and all 

other masculine secondary sex characteristics. 

Therefore, the male-determining factor has been 

regarded as a master regulatory gene (genes) posi- 

tioned at the top of a hierarchy consisting of a 

number of the regulatory genes involved in 

mammalian sex differentiation. Since all that the 

Y-encoded regulatory element do is to direct the 

indifferent gonad to develop as a testis, they have 

been named TDF (testis-determining factor) in 

humans and Tdy (testis-determining gene-Y 

chromosome) in mice, respectively. In what fol- 

lows I shall refer to them as Tdy unless in the 

specificed case. 

It would be reasonalbe to assume that mamma- 

lian sex determination and differentiation involve 

either directly or indirectly a large number of 

genes, but they should be controlled by a series of 

genetic regulatory systems that consitute an order- 

ly hierarchy. Based on the above thinking, Ohno 

has put forward an attractive theory concenrning 

the genetic basis of mammalian sexual develop- 

ment [26, 27]. The mammalian embryo has an 

inherent tendency to develop a female. The male 

development is due to two-step interventions by 

two major regulatory genes: the first for the gonad- 

al sex determination, which is on the Y chromo- 

some (Tdy) and the second for the phenotypic sex 

differentiation, which is on the X chromosome. 

As described above, development of male extra- 

gonadal characters is induced mostly by testoster- 

one secreted by the testis. Evidence for direct 

involvement of the X-linked gene in the develop- 

ment of male phenotype has came from a mutation 

of the relevant gene in the mouse [28]. The 

affected XY mice, carrying Tdy, have organized 

normal testosterone-producing testes, but do not 

show further masculine development, thus exhibit- 

ing externally female phenotype known as testicu- 

lar feminization (Tfm). The Tfm mutation renders 

all the target cells completely nonresponsive to 

androgens [29]. According to the current concept 

of how androgen acts within target cells, the 

androgens entered into the cells bind to a specific 

cytoplasmic receptor proteins. Subsequently 

androgen-receptor protein complexes move into 

the nucleus, where they associate with specific 

binding sites (hormone responsive elements) on 

the chromosome and promote the transcription of 

tissue-specific genes [30]. Further studies on the 

Tfm mice have revealed that the nonresponsive- 

ness is due to a mutational deficiency of the 

androgen receptor proteins specified by the Tfm 

locus on the X chromosome [31]. 

In general, all genetic defects in the process 

essential to life like morphogenesis are expected to 

cause lethal abnormalities followed by abortion. 

However, the defects in sexual development are 

only an exception, because normal sexual develop- © 

ment is essential only to the survival of the species 

and not to the life of individuals. It follows then 

that individuals with various abnormalities in sex- 

ual development are found in different species. 

The analysis of these individuals, particularly those 

resulting from a single gene mutation, has pro- 

vided us with important clue in defining the genes 

and gene products involved in normal sexual de- 

velopment. Indeed, the Tfm mutation in mice has 

greatly contributed to assign the primary regula- 

tory gene responsible for extragonadal sexual dif- 

ferentiation to the X-linked Tfm locus and also to 

define the product of the Tfm gene as an androgen 

receptor protein. On the other hand, as noted 

above, Tdy represents a master regulatory gene 

which switchs on the program toward male de- 

velopment. Therefore, any mutational defects 

rendering Tdy nonfunctional are equivalent to its 
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absence, resulting in development of externally 

normal female without clue as to either the nature 

or mode of function of the product specified by 

Tdy. Although the existence of Tdy on the Y 

chromosome was widely accepted, no relevant 

mutation has been found until very recently and 

the nature and product of the gene has been the 

speculative subject. It was H-Y antigen that was 

introducted as the first candidate of the protein 

specified by Tdy. 

H-Y ANTIGEN HYPOTHESIS 

In 1955, Eichwald and Silmser found an unex- 

pected phenomenon that in a highly inbred strain 

of mice skin grafts from males to females were 

rejected whereas the grafts exchanged between all 

other sex combination survived indefinitely [32, 

33]. These male skin grafts were rejected slowly 

compared with grafts from major histocompatibil- 

ity complex (MHC)-incompatible donors. The 

only genetic difference between males and females 

within a highly inbred strain is confined to the 

presence of the Y chromosome in males. For this 

reason, the rejection was attributed to a ‘weak’ 

transplantation antigen specified by a ‘minor’ his- 

tocompatibility locus on the Y chromosome. This 

antigen became known as the H-Y (histocompati- 

bility-Y) antigen [34]. It is ubiquitously expressed 

in various cell type of all the males, but absent 

from those of normal females [35]. Since such a 

weak antigen can be demonstrated only within 

inbred strain, subsequent studies of H-Y antigen 

have been confined largely to the mouse. 

When antigen enters the body, two different 

types of immunological reaction occur generally: 

one is the synthesis and release of antibody 

(humoral immunity); the other is the generation of 

specifically sensitized T cells, e.g., helper T cells 

(T;,) and cytotoxic T cells (Tc) (cell-mediated 

immunity). Mismatch for the minor histocompat- 

ibility antigen elicits graft rejection concomitanly 

with the generation of the sensitized T cells, but it 

has been very difficult to raise antibodies to them. 

However, in the case of H-Y antigen, antibody 

response was found in the first of the two re- 

sponses. Goldberg et al. [36] demonstrated female 

mice which had rejected several male skin grafts 

produced H-Y antibodies and the potency of the 

antiserum could be determined by the cytotoxicity 

(killing) against mouse spermatozoa in the pre- 

sence of complement. Antimale (anti-H-Y) speci- 

ficity of the antibodies was ascertained by the 

absorption test: when either male or female cells 

were mixed with the antisera, male and not female 

cells could specifically remove the cyotoxicity for 

spermatozoa. Shortly thereafter, Scheid et al. [37] 

developed a cytotoxicity test using male and 

female epidermal cells prepared from mouse tail 

skin as target cells. H-Y antibody specifically kills 

male but not female epidermal cells in the pre- 

sence of complement. Subsequently, for reasons 

of technical convenience, H-Y antibodies were 

raised by repeated injections of female inbred mice 

or rats with syngeneic male cells at weekly inter- 

vals. Except spermatozoa, male epidermal cells 

and 8-cell XY embryos [38], all other types of male 

cells were not susceptible to lysis by H-Y antibody, 

but the presence of H-Y antigen on their cell 

membranes was proved by the absorption test. 

Once the cytotoxicity test was developed it became 

possible to examine the expression of H-Y antigen 

on cells of other animal species by the absorption 

test. Wachtel et al. [39] demonstrated that male 

cells from several mammalian species (rat, guinea 

pig, rabbit and man) had H-Y components anti- 

genically related to H-Y antigen of the mouse 

whereas female of these species possessed no 

cross-reactive components. In subsequent studies 

extending their survery to classes other than mam- 

mals, they found the occurrence of a cross reactive 

component in the chicken and in two amphibian 

species [40]. Interestingly, in chickens and in 

species of frogs in which the female is the hetero- 

gametic sex (male and female are refered to as ZZ 

and ZW, respectively), the situation was reversed 

in that female cells now absorbed murine H-Y 

antibody. These results have indicated that the cell 

surface component which evokes production of 

H-Y antibody in the female mouse ts highly con- 

served in vertebrate evolution. An important 

lesson which we have learned from the primary 

structure of functional protein is that genes of 

fundamental importance are seldom permitted to 

undergo evolutionary change in the active sites of 

the proteins for which they code. Accordingly, the 
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evolutionary conservation of the H-Y antigen indi- 

cates that this antigen is not a minor histocompat- 

ibility antigen, but rather a molecule that has been 

performing the invariant and important function 

during the past few hundred million years. The 

H-Y antigen is invariantly associated with the 

heterogametic sex, that is, either the Y or the W 

chromosome, signifying that the function is sex- 

related. Ubiquitous expression of the antigen on 

male cells can be attributed to the constitutive 

expression of the H-Y gene that will not be con- 

trolled by other regulatory genes. In 1957, Mosco- 

na showed that a suspension of individual cells 

dissociated from embryonic organs in a rotation 

culture could autonomously reconstitute the orga- 

nized structure characteristic for the organ from 

which those cells were derived [41]. The similar 

type of experiments subsequently performed with 

a variety of organs have supported the view that 

the information necessary for organogenesis is 

carried by the plasma membrane protein or gly- 

coprotein of individual component cells. Inter- 

action between the surface of somatic cells and 

germ cells also seems essential for the organization 

of testicular structure. When intact viable cells are 

injected into animals, those proteins (or the sugar 

moieties of glycoprotein) can be recognized as the 

cell surface antigen, resulting in production of the 

antibodies directed for them. Based on these 

consideration, Wachtel et al. [42] have proposed 

that H-Y antigen is the long sought-after product 

of the Tdy of mammals. In the recent review [43], 

Ohno, one of proposers, describes in retrospect 

that, in addition to the above consideration, they 

has also the following realization: The testis and 

the ovary are really two sides of the same coin. 

Thus, it appeared that a single species of male- 

specific plasma membrane antigen should suffice to 

divert the inherent inclination of embryonic in- 

different gonads toward ovarian differentiation 

and cause their testicular development. 

The proposed identity of H-Y antigen and the 

product of the Tdy was tested on a considerable 

variety of exceptional individuals whose gonadal 

sex do not agree with their chromosomal sex [44, 

45]. The proposal predicts the following: any 

individual who possesses testes in spite of the 

apparent absence of the Y chromosome should 

express H-Y antigen on his cells; on the contrary, 

any individual who has ovaries in spite of the 

apparent presence of the Y chromosome should be 

H-Y antigen negative on her cells. A series of 

absorption tests performed on such exceptional 

individuals yielded no exception from the above 

expectation. How H-Y antigen works in testicular 

organization was examined by two types of in vitro 

culture systems: one by Moscona-type aggregation 

systems of dissociated gonadal cells from murine 

neonates [46, 47] and the other by organ culture 

system of bovine fetal indifferent gonads. Dissoci- 

ated individual gonadal cells of murine neonates 

reorganized histotypic aggregates in the rotation 

culture: testicular cells formed tubules-like struc- 

tures; ovarian cells reorganized follicle-like struc- 

tures. It has been found that in the presence of 

their antibodies in excess, most, if not all, of the 

plasma membrane antigens gather over one pole of 

the cell, namely, cause “capping”. Since capped 

antigens are engulfed and digested by the cell, its 

plasma membrane becomes temporally void of 

particular antigen (lysostripping phenomenon) 

[48]. Testicular cells, lysostripped of H-Y antigen 

by this method, reorganized follicle-like aggre: 

gates while ovarian cells in the presence of pre- 

sumptive H-Y antigen partially formed tubule- 

like aggregates. Daudi cells, a human male Burkitt 

lymphoma cell line, have been found to excrete a 

component capable of absorbing the H-Y antibody 

of mice into the culture medium due to the de- 

ficiency of HLA antigen expression [49]. Organ 

culture of bovine XX embryonic indifferent 

gonads in the presence of the H-Y component 

from Daudi cells induced very precocious testicu- 

lar organogenesis [50]. The proposal that the Tdy 

specifies H-Y antigen was supported by these 

experimental evidences and initially seemed to be 

plausible. However, appearance of a mutant in 

mice delivered a fatal blow to the proposal. Before 

dealing with the fatal blow against the proposal, it 

will be better to touch on the problems concerning 

H-Y serology, and the identity of H-Y transplanta- 

tion antigen and the antigen detected by serologi- 

cal assay. 
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H-Y TRANSPLANTATION ANTIGEN 

AND SDM ANTIGEN 

There are technical difficulties associated with 

cytotoxicity test for H-Y antibody. Especially it 

requires considerable skill and experience to mas- 

ter the sperm cytotoxicity test. Thus, other sim- 

plified serological methods for detection of H-Y 

antigen have been developed [51, 52]. I have been 

attempting to purify and characterize the H-Y 

antigen for more than ten years. Now [ realize that 

the most serious problem in H-Y serology is lack of 

H-Y antibody of good quality. My routine method 

to prepare the antibody is as follows. Antisera are 

raised by immunizing female mice at least six-times 

with syngeneic male spleen cells at weekly inter- 

vals. Antiserum collected from individual female 

mice is selected by two-step procedure using a 

refined cytotoxicity test against epidermal cells 

[53]: First, for potency by the cytotoxicity against 

male epidermal cells and second, for specificity by 

the absorption test with male and female spleen 

cells, respectively. Male-specific antisera are 

pooled and used for experiments. Although being 

tedious and time-consuming, this procedure is 

essential to get reliable H-Y antibodies. Accord- 

ing to my experience, the antisera, so obtained, 

are always of low titer and also contain very often 

autoantibodies being cytotoxic to both male and 

female epidermal cells. Moreover, only a few of 

immunized female mice produce male-specific 

antibodies, resulted in the limited supply of the 

antiserum of the same quality. This has hampered 

the biochemical study of H-Y antigen necessary for 

understanding of its function. The hybridoma 

technology introduced by Kohler and Milstein 

opened a novel way to generate a continuous cell 

line producing a monoclonal antibody [54]. In 

several laboratories including us, this technique 

has been hopefully applied to produce monoclonal 

antibodies which have the advantages of specific- 

ity, potency and ample supply of homogeneous 

antibody [55-58]. They succeeded independently 

in producing different types of monoclonal H-Y 

antibodies. But these antibodies do not seem to 

improve substantially the above defects of poly- 

clonal antibodies as evidenced in little progress of 

studies on the biochemical nature and function of 

H-Y antigen. 

When inbred female mice were grafted with 

male skin of the same strain, not all could reject 

grafts: in the A/Jax strain (H-2* haplotype), male 

skin grafts were rejected by some recipients; in the 

C57BL/6 strain (responder, H-2° hapolotype), 

females rejected consistently male skin grafts; in 

C3H_ strain (nonresponder, H-2* haplotype) 

females accepted usually male skin grafts indefi- 

nitely [32]. In contrast, antibody responses were 

found in all strains of female mice grafted with 

syngeneic male skin irrespective of responder or 

nonresponder [59]. At that time, this difference 

was not seriously considered, for expression of 

H-Y antigen in the male of nonresponder strains 

was clear from the experiments that female F, 

hybrids between a responder strain and a nonres- 

ponder strain could reject male skin of either 

parental strain [60]. In the 1970’s it had been 

assumed that the antigen detected by serological 

assays and the male-specific transplantation anti- 

gen discovered by Eichwald and Silmser were one 

and the same. Later, two instances of individuals 

were reported that lacked H-Y transplantation 

antigen but possessed H-Y antigen detected by 

serological assays [61, 62]. Regarding these 

findings as an indication that the two H-Y antigens 

were separate molecules, Silvers et al. [63] have 

recommended that the term H-Y antigen must 

reserve for the H-Y transplantation antigen while 

the H-Y antigen detected by serological assays had 

better refer to as serologically detectable male 

(SDM) antigen. If so, the H-Y antigen hypothesis 

should be refered to as SDM antigen hypothesis, 

for it is mostly based on evidences obtained by 

serological assays. H-Y transplantation antigen is 

the most studied of all minor histocompatibility 

antigens. As with all histocompatibility antigens, 

the skin graft rejection by females is mediated by T 

lymphocytes: T, cells which can_kill the target 

cells; T;, cells which help to generate T, cells and to 

cooperate with B cells in production of antibody. 

After the first demonstration of occurrence of T. 

cells in the spleen of H-2° female mice previously 

grafted with syngeneic male skin [64], a refined in 

vitro assay has been developed for typing the 

presence or absence of the antigen [65]. Subse- 

quently, H-Y specific T. and T;, cell clones were 
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isolated and have been used for typing [66]. 

Minor histocompatibility antigens are generally 

recongnized by T cells in an MHC-restricted man- 

ner like virus-induced cell surface antigens [67]. 

The current view of MHC-restriction in the T cell 

response is as follows [68]: Both T, and Ty, cells 

carry individually a unique T cell antigen receptor 

on their cell surface, which enables them to recog- 

nize specific antigens. Both T cells do not see free 

antigen, but rather recognize antigenes in associa- 

tion with MHC antigens. T, cells usually recognize 

antigen in association with class I antigens, which 

are expressed on all nucleated cells, while T), cells 

recognize antigen in association with class II anti- 

gens, which are expressed mostly on antigen- 

presenting cells and also some lymphocytes. Anti- 

gems are presented on the cell surface via two 

different route depending on their origin, either 

external antigen like secreted bacterial toxin or 

endogenous proteins, after undergoing processings 

[69]. In the case of minor histocompatibility 

antigen, the processed antigens are peptide pro- 

duced from cellular proteins by proteases. They 

are transported into endoplasmic reticulum where 

they are mounted in a groove formed by the 

restricting MHC molecule, and then to the cell 

surface where they can be recognized by specific T 

cells [70]. In mice, T cell responce to the H-Y 

antigen is H-2 restricted [71]. Thus, T, cells from a 

female immunized with syngeneic male spleen cells 

can recognize the H-Y antigen only on cells of the 

same H-2 haplotype. Very recently, R6tzschke er 

al. [72] have succeeded in defining naturally pro- 

cessed H-Y peptide by the following approach: 

peptide fractions extracted from male mouse 

spleen of two strains are separated by a reverse 

HPLC; The fractions are screened by loading them 

externally on culture cells of the same H-2 haplo- 

type that lack the antigen and testing the suscep- 

tibility of these cells to lysis by a H-Y specific T, cell 

line. Although the entire amino acid sequence of 

the peptide is not determined, available evidences 

suggest that the H-Y antigen is short peptide, less 

than 16 amino acid residues. Studies of tissue 

distiribution have revealed that the H-Y peptide is 

present in thymus, spleen and lung, and less in 

skin, whereas it is undetectable in testis, brain, 

skeletal muscle and heart [73]. They have not 

identified parent molecule (H-Y protein) from 

which the H-Y peptide derives. This approach is 

expected to lead more refined understanding of the 

following issues: biochemical nature of the H-Y 

peptide and protein; their involvement in sex- 

related function; cloning of the gene controlling 

H-Y antigen expression on the short arm of the 

mouse Y chromosome. In contrast, as described 

above, virtually nothing is known about the mole- 

cule of SDM antigen. Although Goldberg [74] 

argued that H-Y antigen and SDM antigen were 

one and the same, it seems unlikely that the 

peptide mounted in the groove formed by the 

restricting H-2 molecule is recognized by B cells 

without H-2 restriction. But this question remains 

unsolved. 

SEX REVERSAL IN MICE 

Sxr (sex-reversed) mutation of the mouse first 

reported by Cattanach et al. [75] is a dominant 

inherited trait, by which the sex reversal of carrier 

XX (XXsxr) female mice is caused. It had been 

thought to be a dominant autosomal gene, prob- 

ably derived by translocation from the Y chromo- 

some. In the normal male mouse, Tdy is located 

on the short arm of the Y chromosome. Sxr 

mutation has now been found that the segment 

containing Tdy is duplicated and transposed to the 

distal end of long arm [76, 77]. The homologous 

segments between the X and Y chromosome are 

located at the distal end of their long arm. The Y 

chromosome pairs with the X chromosome during 

the first meiotic division at this region, where an 

obligatory crossover take place [78, 79] (Fig. 2a). 

Being attached at the tip of the homologous re- 

gion, the extra copy of Sxr region is invariably 

transferred to the long-arm tip of one of the two X 

sister chromatids after the first meiosis of the 

XYsxr males (Fig.2b). Thus half of the XX 

progeny inherits Xsxr from father and usually 

develops as phenotypic males, but they are sterile. 

The presence of two X chromosomes is assumed to 

be unfavorable to male germ cell development 

since XX germ cells degenerate soon after birth. 

XXsxr males have testes and are positive for H-Y 

antigen as determined by skin graft techniques 

[80], by T. cells response [81] and by serological 
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PAR 

Xx Y Xx XXsxr4 XXsxr'h 
H-Y(+) H-Y(-) 

Ysxr 

Fic. 2. Sex reversal in mice. 

(a) crossing over between the X and Y chromosome 

in normal male during meiosis. (b) crossing over in 

XYsxr male. (c) XXsxr male. (d) XXsxr’ male. 

PAR: pseudoautosomal region. The dotted and 

hatched areas at the long-arm distal end of the X and 

Y chromosome represents Sxr and Sxr’ fragments, 

respectively. Tdy: testis-determining gene. Hya: 

the gene controlling expression of the H-Y antigen. 

assays [80, 82], so they have been regarded as an 

evidence in support of the H-Y antigen hypothesis 

that Tdy and Hya are an identical gene. Subse- 

quent studies on Sxr mutation, however, have 

indicated that the two genes are tightly linked but 

two separate entities. 

In somatic cells of females, one of the two X 

chromosomes is randomly inactivated early in 

embryonic life. McLaren and Monk [83] examined 

whether the Sxr region attached to the X chromo- 

some was subject to the inactivation by making use 

of Searle’s X-autosome translocation T(X;16)H 

(T16H) (Fig. 3a). The normal X chromosome is 

known to undergo preferentially inactivation in 

T16H/X individuals. By mating T16H/X female 

with male carrying Sxr (X/Ysxr), they produced 

progeny in which the paternally derived Xsxr 

chromosome is invariably inactivated (Fig. 3b). 

All XXsxr individuals inheriting the normal X 

chromosome from mother were normal sterile 

males as expected, but when T16H was combined 

with Xsxr, some proportions of T16H/Xsxr indi- 

viduals developed as females. They explained this 

xX 16 

(a) (b) 
Searle’s X-autosome translocation and the X 

inactivation. 

(a) Searle’s X-autosome translocation (T16H) that 

splits the X chromosome into two nearly halves is 

Fic. 3. 

schematically illustrated. The X chromosome is 

drawn as in Fig.2 whereas chromosome 16 is 

marked by dots. (b) somatic cell of T16H/Sxr is 

schematically illustrated. Under this condition in- 

tact X chromosome is preferentially inactivated. 

Shadow on the Xsxr chromosome represents ex- 

pected inactivated zone. 

observation by the analogy of the autosomal genes 

translocated on the inactive X chromosome [84] as 

follows. Inactivation may spread to a variable 

extent beyond the inactive X chromosome into the 

attached Sxr region. Thus both T16H/Xsxr and 

X/Xsxr individuals shows a mosaicism, that is, Tdy 

may be inactivated in some cells but expressed in 

others. This is a situation closely analogous to 

XX<XY chimaeras. Studies on aggregation chi- 

maeras have suggested that critical proportion of 

XY cells required for the mixed gonad to develope 

as testes. If the proportion of gonadal cells in 

which Tdy is inactivated is increased above some 

critical level, some embryos are expected to de- 

velop as females rather than males. 

T16H/Xsxr females were fully fertile and trans- 

mitted Sxr to their progeny from the maternal side 

[83]. Simpson et al. [85] examined a series of 

T16H/Xsxr females for the expression of H-Y 

antigen by the in vitro T, cell assay and by the in 

vitro proliferative responses of H-Y specific T), cell 

clones. All these females except one proved to be 

positive for H-Y antigen. The only H-Y antigen- 
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negative T16H/Xsxr female was found among the 

progeny of male mice carrying the Sxr region on 

both the X and Y chromosome. When mated with 

a normal X/Y male, she produced one H-Y anti- 

gen-negative T16H or X/Xsxr son, and her other 

Xsxr/Y son transmitted H-Y antigen-negative trait 

to two T16H or X/Xsxr sons and one T16H or X/ 

Xsxr daughter when mated with a T16H/X female 

[86]. This indicates that H-Y antigen-negative trait 

of the propositus has been transmitted for two 

generations through her Xsxr. Thus her Xsxr 

seems to be a variant form of the Sxr region, 

termed Sxr, which retains Tdy but has lost Hya 

locus (Fig. 2d). The absence of H-Y antigen in 

male mice that develop testes has disproved the 

H-Y antigen hypothesis. Simpson et al. [87] tested 

the identity of H-Y antigen and TDF in the human 

by doing H-Y typing with cells on a series of 

sex-reversed individuals and showed that the gene 

for H-Y transplantation antigen mapped to the 

long arm or centromeric region of the human Y 

chromosome, distant from the TDF locus. This 

indicates that TDF and the gene for H-Y antigen in 

the human are also separate entities. 

MOLECULAR STRUCTURE OF 

Y CHROMOSOME 

The Y chromosome of most mammalian species 

is usually small element. But the size is only 

relative, for human Y chromosome contains nearly 

ten times DNA base pairs of the E. coli genome 

that specifies at least 3000 genes. The mammalian 

Y chromosome is not only minute, but also 

appears to be largely genetically inert. It has been 

known that the Y chromosome encodes the Tdy 

which induces testicular formation essential to 

male development. But only a few other loci have 

been assigned to the Y chromosome whereas over 

200 genes and disease loci have mapped to the X 

chromosome [88]. According to a classical model 

based on cytogenetic observation and the analysis 

of individuals with chromosomal anomalies, the 

human Y chromosome was divided into four sub- 

regions: X-Y homologous pairing region including 

the distal part of the short arm, a sex-determining 

region, a long-arm euchromatic region encoding 

factors responsible for spermatogenesis and a long- 

arm heterochromatic region which appears to have 

no function. It is generally agreed that the mor- 

phologically dissimilar X and Y chromosomes have 

evolved from a pair of homologous chromosomes 

[89]. For chromosomal sex determination, howev- 

er, the X and Y chromosome, must be segregated 

to different poles during male meiosis and be 

incorporated into different sperm. Early studies 

suggested that the heteromorphic sex chromo- 

somes had homologous segments where partial 

meiotic pairing occurred and that crossing over 

might occur between these homologous segments 

[78]. This view has been largely confirmed by 

recent molecular studies of the human and mouse 

Y chromosome [90]. In man the minor portion of 

the Y, is shared with that of the X, and recombina- 

tion between the X and Y chromosomes occurs in 

this region. Being exchanged between the X and Y 

chromosomes, genes and sequences in this region 

will follow the same pattern of autosomal inher- 

itance instead of the sex-linked pattern. So these 

regions are refered to as the pseudoautosomal 

region (PAR) [91]. As described earlier, the PAR 

in the mouse is located on the distal ends of the X, 

and Y, (Fig. 2a). The euchromatic region of the 

short arm contains TDF-in the human. From the 

observation that a small deletion of the long-arm 

euchromatic region was associated with azoosper- 

mia, it was suggested that this region encoded 

factors controlling spermatogenesis [5, 92]. 

The Y chromosome is cytogenetically a peculiar 

element in the human genome. Its terminal two- 

thirds of the Y chromosome is heterochromatic 

and fluoresces brightly with quinacrine mustard. 

Somatic cell hybridization technique has been suc- 

cessfully applied to genetic and biochemical analy- 

ses of a particualr chromosome. A comparable 

situation exists in the Y chromosome, which can be 

studied by comparing male with female. Upon this 

principle two different approachs have identified 

repeated sequences that are specific for the human 

Y chromosome. Kunkel et al. [93] hybridized male 

DNA fragments with a large excess of female 

DNA fragments to produce DNA sequences 

(probe) specific for the Y chromosome, and 

obtained reiterated DNA sequence that associated 

with DNA from a male but failed to react with 

DNA from a female. Restriction endonucleases 
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can cleave a DNA molecule at specific sites to yield 

a characteristic population fragments that can be 

separated according to size by gel electrophoresis. 

Cooke [94] digested male and female DNA with a 

restriction endonuclease HaellIl and, after separa- 

tion on agarose gel and staining with ethidium 

bromide, found two bands in male but not female 

DNA. Subsequent studies have revealed that 

these bands consist of highly reiterated and 

tandemly repeated sequences 3.4 and 2.1 kb in 

length. They are called DYZ1 and DYZ2, respec- 

tively. The distribution of both fragments along 

the Y chromosome was also determined by in situ 

hybridization [95]: they are distributed throughout 

the length of the long arm; in addition, 2.1 kb 

fragment shows a significant concentration at the 

distal end of the fluorescent segment of the long 

arm. The heterochromatic region of the Y 

chromosome is composed mostly of the these two 

repeated elements that are not responsible for sex 

determination, male development and fertility 

since individuals possessing Y chromosomes lack- 

ing this portion are found to develop as normal 

fertile males. The absence of both recombination 

for the large part of the Y chromosome except the 

minute PAR segment and available genetic mark- 

ers had hampered genetic analysis of the Y 

chromosome. But the emergence of the recom- 

binant DNA technology in the 1970’s and subse- 

quent advance in rapid DNA sequencing method 

provided the potential means for a molecular 

approach to the Y chromosome. Unique sequence 

probes of the Y chromosome (Y-DNA probes) 

have been obtained by cloning from human geno- 

mic libraries enriched for Y-derived sequences, 

either by using the fluorescence activated cell 

sorter or by using human-rodent hybrid cells con- 

taining only the human Y chromosome [96, 97]. 

These Y-DNA probes have provided powerful 

analytical tools to construct molecular map and 

eventually to hunt and localize TDF. These 

approaches have revealed that a significant frac- 

tion of the human Y chromosome consists of DNA 

sequences which have homologues on the X 

chromosome or autosomes in human and other 

primates. 

MOLECULAR APPROACH TO TDF AND Tdy 

Before dealing with the cloning of TDF, it will 

be better to touch briefly on sex-specific DNA 

sequences initially found in snake species. DNA 

sequences constituting a significant portion of the 

W sex-chromosome of female snakes was first 

identified in, and isolated from the females of the 

poisonous indian banded krait as sex-specific satel- 

lite DNA by ultracentrifugation in heavy-metal- 

containing isopycnic gradients [98]. These se- 

quences, designated Bkm (Banded krait minor sat- 

ellite DNA), have been found to be highly con- 

served in evolution, with preferential association 

with the heterogametic sex like the SDM antigen 

[99]. In the laboratory mouse, Bkm-related se- 

quences are arranged in the male-specific pattern 

in Southern blots and are concentrated at the 

pericentric region of the Y chromosome. These 

sequences have been useful for establishing that 

the Sxr trait is due to a minute, male determining 

fragment containing a distal duplication of the Tdy 

locus [76]. Subsequent studies have shown that the 

sex-associated components cloned from the Bkm- 

related sequences of snakes, mice and fruit flies 

consists of repeats of the monotonous tetranuc- 

leotides GATA and GACA, and are transcribed 

preferentially in males of the mouse [100, 101]. 

Based on the evolutionary conservation and asso- 

ciation with heterogametic sex, especially with the 

sex-determining region of the mouse Y chromo- 

some, these sequences had been thought to play a 

role in sex determination. However, both the 

absence of sex-linked pattern on Southern blots 

and the relative scarcity of Bkm sequences on the 

human Y chromosome have casted doubt on this 

view [102, 103]. 

As described earlier, there are exceptional indi- 

viduals whose gonadal sex do not agree with their 

chromosomal sex. In humans, XX men and XY 

women occur though with low incidence. XX men 

are sterile but otherwise phenotypically male indi- 

viduals and they have the chromosomal constitu- 

tion of a normal female according to standard 

cytogenetic methods. XY women are also sterile 

but otherwise phenotypically female individuals 

and have streak ovaries devoid of follicles and no 

testicular tissue. As judged by cytogenetic 
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methods, they have chromosomal constitution of a 

normal male. : 

In 1966, Furguson-Smith [104] proposed abnor- 

mal X-Y interchange hypothesis as causes of hu- 

man XX males and XY females from the anoma- 

lous inheritance of Xg, a dominant X-linked blood 

group system. The Xg system is governed by a pair 

of alleles, Xg* and Xg, which produce two phe- 

notypes, Xg@*) and Xg°@~). The former is domi- 

nant to the latter. Some XX males between Xg*Y 

father and mother homozygous for Xg does not 

express his father’s dominant allele, as if he has 

inherited two X chromosomes from his mother and 

none of his father. This phenomenon was inter- 

preted as the result of aberrant X-Y interchanges 

occuring during paternal meiosis, when terminal 

portions of the X and Y chromosome pair (Fig. 4). 

Y X Y Xx 

Fic. 4. X-Y interchange model 

A solid cross between the X and the Y indicates the 

normal position at which one obligatory crossing 

over occurs. Broken line cross indicates an abnor- 

mal crossing over that transfers TDF from the Y to 

Ne WX. 

The recombination between the X and Y chromo- 

some occurs normally in their pairing regions of 

the short arm. If a single crossing over occurs 

accidentally in a region proximal to TDF locating 

very close to Xg locus on the Y chromosome, 

different types of sex chromosome anomalies can 

be generated. According to this hypothesis an XX 

male has received an aberrant paternal X chromo- 

some that lacks Xg* but carries TDF. Subsequent 

studies using several X-linked restriction fragment 

length polymorphisms have confirmed that most if 

not all XX males inherit a paternal X and a 

maternal X, as normal XX females do [105]. 

Actually recent hybridization studies with DNA 

probes which detect Y-linked sequences (Y-DNA 

probe) have shown that the majority of XX males 

are generated by the terminal transfer of the Y, 

materials including TDF from the Y chromosome 

to the X chromosome during male meiosis. But 

the amount of Y,-derived materials varies from 

person to person as the interchanges do not occur 

at the same position. Ferguson-Smith [104] sug- 

gested that XY females might also result from the 

aberrant interchanges. The hypothesis predicts 

that XX males will have the Y, DNA segments 

containing TDF transferred to the distal short arm 

of an X chromosome while XY females will pos- 

sess the Y chromosome devoid of TDF. Accord- 

ingly, by precisely determining the chromosomal 

location of the smallest Y-DNA fragments that XX 

men have in common and all of XY females lose, it 

will become possible to identify TDF, even if 

nothing is known on the nature of the gene or gene 

product. Upon this tactics, the TDF hunt rally 

started in the early 1980's. 

Based on hybridization pattern of Y-DNA prob- 

es to Southern blots of restriction-digested DNA 

from XX males, XY females and individuals with 

cytogenetically structural anomalies of the Y 

chromosome, Vergnaud et al. [106] initially con- 

structed a deletion map dividing the Y chromo-’ 

some into eight intervals whose order was deter- 

mined. As expected, these studies have revealed 

that most XX males have common Y-DNA sege- 

ments of the Y, in different length while some XY 

females are devoid of the small segments of the YG 

in different size and also that interval 1 is necessary 

and sufficient to induce the testicular differentia- 

tion of the indifferent gonad (Fig. 5, top). Later, 

Page et al. [107] refined the map by extending the 

deletion analysis: the Y, was divided into 13 

intervals and the sex-determining region of Y> 

(interval 1) was further divided into four intervals; 

PAR soil 1A2. 16. 1C@u 

PAR 1A1 1A2 
35 kb 

Molecular map of human Y chromosome Fic. 5. 
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1A1 adjacent to the pseudoautosomal boundary to 

1A2, 1B and 1C in the order (Fig. 5, middle). Two 

patients were especially useful to narrow the 

search for TDF down to 1A2 intervals: a XX males 

carrying the smallest portion (0.5%) of the Y 

chromosome (1A1 and 1A2 intervals) that most 

other XX males had in common; a XY girl with a 

reciprocal Y;22 translocation who had 99.8% of 

the Y chromosome and only a deletion of intervals 

of 1A2 and 1B that were missing in other XY 

females. This led Page and his colleagues to 

propose that at least part o TDF must lie within 

1A2 interval. They have cloned a 230-kilobase 

(kb) segment of the human Y chromosome that 

spans the interval (140 kb), the lowest common 

denominator in the two patients. In general, genes 

of vital function tend to be evolutionally con- 

served. The DNA sequences of TDF are expected 

to be conserved in all mammals adopting a Y chro- 

mosomal sex-determining mechanism. Accord- 

ingly, TDF is likely to be identified by a search of 

cloned 1A2 interval for DNA sequences conserved 

in mammalian species. Upon this reasoning, Page 

and his colleagues have screened the clones collec- 

tively representing 1A2 interval by hybridization 

to a “Noah’s ark blots” containing DNA from male 

and female pairs of eutherian mammals. Four 

highly conserved DNA fragments were found that 

cross-hybridize with sequences from DNA of all 

mammals examined. DNA sequencing of one 

highly conserved fragment has shown that it 

appears to encode a protein with “zinc finger”, a 

nucleic acid binding motif first described in a frog 

transcription factor [108], and has suggested that 

the encoded protein acts as a transcription factor in 

the first step of mammalian sex determination. 

Curiously, in addition to homologous DNA sequ- 

ences on the Y chromosome, this fragment also 

detected a very similar DNA sequences on the X 

chromosome of all mammals tested. Each of the 

three other conserved segments also detected their 

related sequences on the human X chromosome. 

The high degree of evolutionary conservation in 

both DNA sequences suggested that neither the Y 

locus nor the X locus was a pseudogene. The 

Y-encoded and the X-encoded zinc finger gene 

were designated ZFY and ZFX, respectively. 

Based on these findings Page and his colleagues 

formulated the four possible models assuming that 

ZFY is TDF whereas ZFX encodes a structurally 

similar protein which is probably involved in sex 

determination. Of the four models, three fit in 

with the currently prevailing notion that ZFY is a 

dominant male determiner. But one model is 

unique in postulating gene dosage as the basis of 

sex determination like those depending on the 

ratio of X chromosome to autosomes in Drosophi- 

la and Caenorhabditis [109-111]: ZFY and ZFX 

produce functionally interchangeable proteins, 

both are testis determining and ZFX is subject to 

X-chromosome inactivation. Hence, gonadal sex 

is determined by the total number of expressed X 

and Y loci; one active copy for a female and two 

active copies for a male. Subsequent studies have 

demonstrated that ZFX indeed shows the exten- 

sive structural similarity to the ZFY (99%, the 

degree of homology of the zinc finger region at 

amino acid level). However, transcription analysis 

of human-rodent hybrid cell lines containing inac- 

tive human X chromosome has revealed that ZFX 

escapes X inactivation [112], indicating that there 

is essentially no difference between male with one 

copy each of ZFX and ZFY and females with two 

copies of ZFX. The model is therefore incorrect. 

Northern analysis of the expression of the ZFY 

and ZFX showed that the four highly conserved 

sequences within the interval 1A2 and the corres- 

ponding sequences on the X chromosome consti- 

tuted exons of the ZFY and ZFX, and that both 

genes were transcribed in primary culture fibro- 

blast, in transformed cells and in all tissues ex- 

amined. 

The situation of ZFY-related gene in mice is 

rather complex, with a total four genes [113, 114]: 

two on the Y chromosome (Zfy-1 and Zfy-2), one 

on the X chromosome (Zfx) and an autosomal 

homologue on chromosome 10 (Zfa). Hybridiza- 

tion studies have revealed differences among Sxr, 

Sxr and Sxr”: while Zfy-1 is present in all three, 
Zfy-2 is present in Sxr, absent in Sxr’ and regained 

in Sxr’. Of the two Y chromosomal homologues 

only Zfy-1 was thought to be sufficient for testis 

determination since XXsxr and XXsxr mice have 

testes. 

The zinc finger motif is one of the highly con- 

served motifs found in the transcription factor that 
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bind to DNA in a sequence specific manner [115]. 

The DNA binding region has unique repeats that 

contain two invariant pairs of cysteine (Cys) and 

histidine (His) residues which coordinate single 

atom of zinc, resulting in a finger-like structure. 

Since ZFY was considered the best candidate for 

TDF, this gene and its homologues have been 

intensively studied particularly in humans and 

mice [116, 117]. The ZFY-related genes-encoded 

proteins predicted from open reading frames in 

their DNA sequence form a distinct subfamily of 

zinc finger proteins with the following characteris- 

tics. All have 13 zinc fingers of Cys-Cys/Hlis-His 

type encoded by a single exon and showing an 

unique two-finger repeat pattern of primary struc- 

ture, and consists of three domains in the order 

from the amino termini: an acidic domain that 

seems to mediate transcriptional activation func- 

tion; a short basic domain that is similar to the 

nuclear localization signal of SV40 large T antigen; 

zinc finger domain. As already described, most 

placental mammals except mice have two ZFY- 

related genes: one on the Y chromosome (ZFY) 

and one on the X chromosome (ZFX). Using ZFY 

probe DNA from male and female pairs of other 

vertebrate species were also surveyed by the hybrid- 

ization to determine whether genes homologous 

ZFY were present and if so whether they were 

present in the sex-limited pattern. Marsupials 

[118], birds [107], reptiles [119] and amphibians 

[117] also have genes homologous to ZFY but 

these are not present on the sex chromosomes. 

The unexpected finding was that the ZFY homo- 

logues in marsupials were not on either the X or 

the Y chromosome, but mapped to the autosomes 

[118]. In spite of the fact that the Y chromosome 

in marsupials was male-determining as in placental 

mammals, homologous sequences were not local- 

ized to the Y chromosome even after hybridization 

at reasonable low stringency. In addition to this 

finding two recent reports have questioned the role 

of ZFY and Zfys in male sex determination. 

Amplification analysis of adult testes mRNA by 

reverse transcription and polymerase chain reac- 

tion (RT-PCR) has shown that both Zfy-1 and 

Zfy-2 loci are transcribed, suggesting that both loci 

are functional. Male and female mouse embryos 

are indistinguishable until about 11.5 days post 

coitum (d.p.c.). The first visible sign of male 

development, the formation of testes with the 

alignment of Sertoli cells into cords, occurs within 

24 hours. Accordingly, if being Tdy, Zfy-1 should 

be expressed in male gonadal ridge at or just 

before this stage of development. By applying a 

RT-PCR technique to mRNA derived from either 

pooled embryonic gonadal tissues or individual 

embryos, Koopman et al. [120] have shown that in 

male, but not female, gonadal ridge, the Zfy-1 

transcripts appear just before testicular differentia- 

tion begins (at 10.5 d.p.c.), maintain the increasing 

level as the differentiation ensues (from 11.5 to 

14.5 d.p.c.), and then decrease once testis forma- 

tion completes. By contrast, Zfy-2 transcripts 

were not detected in both embryonic mouse 

gonads at any of the stages. This finding seemed at 

the first sight to support to testis-determining 

function of Zfy-1. However, when the expression 

of Zfy-1 was analysed in W°/W* mutant male mice 

embryos that develop testes lacking germ cells, any 

Zfy-1 transcripts could not be detected, demon- 

strating that Zfy-1 expression in normal testis was 

due to the presence of germ cells. It was argued 

that neither Zfy-1 nor Zfy-2 was Tdy and Zfy-1. 

expression might instead have a role in the de- 

velopment of male germ cells. 

The presence of abnormally interchanged ZFY 

could explain majority but not all instances of XX 

males [121]. If ZFY is TDF, it should be predicted 

that all X-Y interchanged males carry ZFY, 

whereas all XX males lacking ZFY are due to 

mutations elsewhere in their genomes. According- 

ly, in the absence of the X-Y interchange the latter 

should also lack the Y-chromosome derived 

pseudoautosomal boundary. Using a PCR assay 

Palmer et al. [122] have searched the presence of 

DNA sequences derived from the X and Y chro- 

mosomal pseudoautosomal boundary in 14 XX 

males or hermaphrodites who lacked ZFY: three 

XX males and one of hermaphrodite were found to 

have the sequence from Y pseudoautosomal 

boundary. Their phenotype vary from normal 

male with testes lacking germ cells to hermaphro- 

dite with bilateral ovotestes and a uterus. The 

position of the exchanges in these individuals 

mapped to the region within 60kb of the 

pseudoautosomal boundary that did not include 
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the 1A2 intervals previously defined as the sex- 

determining region. They have suggested that 

TDF gene lies close to or even spans the 

pseudoautosomal boundary. The possibility that 

ZFY is TDF has been completely eliminated by 

their finding. 

A more detailed study for the breakpoints of the 

four individuals further narrowed the search for 

TDF down to a 35kb segment from the 

pseudoautosomal boundary (Fig.5, bottom). 

Sinclair et al. [6] found a 2.1 kb Y-specific sequ- 

ence from genomic clones covering this region. 

When a “Noah’s ark blot” was hybridized with a 

probe from this Y-specific sequence, this probe 

detected conserved and male-specific sequences in 

a wide spectrum of mammals. Analysis of this 

Y-specific sequence revealed the presence of two 

long reading frames. The longer one was found to 

encode a region of 120 amino acids probably 

corresponding to the last exon of a novel gene. 

The predicted amino-acid sequence showed a 

striking similarity to 80 amino acids of the mating- 

type protein Mc required for mating in the fission 

yeast [123]. This 80-residues conserved motif also 

showed homology with the nuclear non-histone 

high mobility group (HMG) proteins thought to 

play a role in chromosomal structure and gene 

activity [124]. Northern blot analysis of poly(A)* 

RNA from human tissues revealed that the novel 

gene encoded a testis-specific transcript. Scinclair 

and colleagues have termed this new human Y- 

located gene SRY (sex-determining region of Y) 

and proposed to be a candidate for TDF. Their 

results conflict with the result of Page et al. [107] 

on the woman with a reciprocal Y ;22 transloca- 

tion. She was shown to have only a deletion of 

1A2 and 1B intervals. However, in the same issue 

of the journal, Page et al. [125] have reported that 

she has also a deletion of a second position of 1A1 

corresponding closely to the region found in the 

ZFY-negative males and hermaphrodite. Very 

recently two reports have provided evidences sup- 

porting for SRY being TDF. By the single-strand 

conformation polymorphism assay and subsequent 

sequencing, Berta et al. [126] have shown that a de 

novo point mutation in the conserved motif of 

SRY is associated with sex reversal in an XY 

female. Jager et al. [127] have identified a frame 

shift mutation with a fournucleotide deletion in a 

sequence of the conserved motif of SRY in one out 

of 12 XY females with gonadal dysgenesis. 

In humans, translocations and deletions of the Y 

chromosome in XX males and XY females have 

provided an invaluable information for localizing 

and cloning a candidate for TDF. It is Sxr muta- 

tion in mice that has helped to define the position 

of Tdy. In addition to Tdy, Zfy-1 and Zfy-2, two 

genes and a DNA sequence are also located on the 

Sxr fragment and consequently to the short arm: 

the gene controlling expression of the H-Y antigen 

(Hya), the gene involved in spermatogenesis (Spy) 

that acts cell-autonomously in the germ cell line 

and Bkm DNA repeated sequence [128]. The gene 

controlling the expression of SDM antigen is also 

assumed to map to this fragment. It was suggested 

that Hya and Spy are an identical gene [129], but 

very recently a candidate for Spy (termed Sby) 

mapping to this fragment has been isolated, which 

is expressed in the testis and has extensive homolo- 

gy to X-linked human ubiquitin-activating enzyme 

El involved in DNA replication [130, 131]. As 

previously described, McLaren et al. [85] found a 

heritable variant of Sxr (Sxr ) that retained Tdy, 

but was deleted for Hya and Spy. The Sxr 

fragment is a minimum portion of the mouse Y 

chromosome known to contain Tdy. Later, they 

found an another variant arose from Sxr’ that 

regained Hya and termed Sxr’. Subsequent 

molecular and cytogenetical studies [24, 25] have 

showed that the generation of the Sxr’ mouse from 

Sxr is not due to a point mutation affecting Hya 

but involves a partial event within the Sxr fragment 

and also that the event leading to the generation of 

the Sxr” mouse is restricted to the Sxr fragment. 

Based on these findings, the two groups have 

proposed the models for the origin of Sxr and 

Sxr’: the Sxr’ and Sxr” mutants are generated 

during male meiosis by an unequal recombination 

event between the two Sxr segments and by in- 

trachromosomal recombination between the Y 

short arm and Sxr fragment, respectively. Re- 

cently, Lovell-Badge and Robertson [132] have 

generated a heritable mutation in mice by injecting 

XY embryonic stem cells multiply infected with a 

retroviral vector into host blastocysts. A resulting 

chimaeric male mouse gave rise to a low propor- 
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tion of XY females among his offspring. This 

mutation has been found to segregate exclusively 

with the Y chromosome among the offspring of 

these females and to be complemented not only by 

Sxr but also by Sxr’. Based on the phenotype and 

deduced location of the mutation, they concluded 

that it had occurred in Tdy itself. This mutated 

gene was refered to as Tdy™ and for simplicity 

expressed by the symbol ¥. Karyotypic analysis 

have revealed that about half of the offspring are 

sex-chromosome aneuploids (XY¥ males, XX¥ 

and XO females), implying that there is essentially 

no pairing between the X and ¥ chromosomes in 

female meiosis, with the X and ¥ segregating at 

random. Gubbay et al. [133] have shown that the 

Zfy genes did not undergo any detectable structu- 

ral alterations in the X¥ female mice and are 

transcribed normally from the Y chromosome in 

botn adult XY-¥ testis and X¥ female embryonic 

gonads. These finding also provides evidence that 

Zfy genes are not directly involved in testis deter- 

mination. 

Using the human Y-DNA sequence (SRY) as 

probe, Gubbay et al. [7| have cloned a homologous 

sequence from the mouse Y chromosome, which 

maps to Sxr’ fragment. The sequence contains an 

open reading frame homologous to those of both 

SRY and Y-linked sequence from rabbit DNA, 

strongly indicating that it is an exon of a functional 

gene. They have termed this gene Sry (a gene 

from the sex-determinign region of the Y chromo- 

some). The amino acid sequence encoded by the 

open reading frame also included a conserved 

motif showing homology both to the C-terminal 80 

amino acid residues of Mc protein from the fission 

yeast and to known or putative DNA-binding 

proteins. Detailed hybridization studies showed 

that Tdy™ mutation was due to a deletion of part 

of Sry including the highly conserved exon. An 

RT-PCR assay with primers specific to the se- 

quences in the conserved exon has demonstrated 

that Sry is transcribed in testes, but not in liver of 

adult mice. Sry was found to be indeed expressed 

at the predicted time in male, but not female, uro- 

genital ridges. However, they failed to detect 

cDNA corrsponding to Sry in two cDNA libraries 

prepared from 11.5-d.p.c. male genital ridge. The 

screening extended to 14.5-d.p.c. testes and an 

8.5-d.p.c. whole-mouse embryo library also failed 

to detect the cDNA. Although the testis libraries 

also failed to yield any recombinants with homolo- 

gy to the Sry probe, the 8.5-d.p.c. library produced 

four positive clones presumably derived from auto- 

somal loci. Sequence analysis of these autosomal 

Sry-related genes has shown that Sry is a member 

of a new family of at least five mouse genes which 

are related by the presence of a conserved amino- 

acid domain found either in a gene involved in 

mating type of the fission yeast or in the DNA- 

binding protein. Subsequently, Koopman et al. 

[134] examined in more detail Sry expression dur- 

ing testis development and in adult testis. Trans- 

cripts were first detected in male gonadal ridge at 

10.5 d.p.c. just before onset of testis differentia- 

tion, were present at similar levels in the 11.5- 

d.p.c. urogenital ridge and decreased in 12.5- 

d.p.c. testis, followed by rapid cessation of its 

transcription. No Sry transcripts were also de- 

tected in 7.5-, 8.5- and 9.5-d.p.c. embryos before 

gonadal ridge formation. These observations have 

indicated that fetal expression of Sry is limited to 

the period in which testicular cord formation be- 

gins. Using in situ hybridization they have also 

shown that the expression of Sry in 11.5-d.p.c. 

embryos is confined to gonadal tissues. This was 

substantiated by the RT-PCR analysis of RNA 

from various parts of 11.5-d.p.c. embryos: there 

was no evidence for expression in any tissue other | 

than urogenital ridges. However, they also failed 

to detect the Sry transcripts present in 11.5-d.p.c. 

gonadal ridge or 12.5-d.p.c. testes by Northern 

blotting. This failure was ascribed to the low level 

of expression. In contrast to Zfy-1 expression, 

W‘/W* mouse fetuses with testes lacking germ 

cells have proved indistinguishable from wild type 

in RT-PCR analyses of Sry expression in gonadal 

ridge at 11.5 d.p.c. On the other hand, Sry 

expression in adult testis was found to be depend- 

ent on germ cells. 

The best way to test the function of Sry is to 

inject it into XX embryos, and to see if they 

develop as males. Very recently, Koopman et al. 

[8] have demonstrated that Sry gives rise to normal 

testis development in chromosomally female trans- 

genic mice. Transgenic mice were produced by 

microinjecting 14 kb genomic fragment containing 
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the conserved motif of Sry into fertilized eggs and 

then transferring to pseudopregnant foster 

mothers. Phenotypic sex was assayed at both 

embryonic and adult stage. Testicular cord forma- 

tion gives a characteristic stripped appearance to 

the developing testis, distinguishing it from the 

fetal ovary. Embryonic phenotypic sex was 

assayed by examining the appearance of the 

gonads in fetuses about 14 days after oviduct 

transfer. Chromosomal sex was determined by 

staining for sex chromatin in amnion cells and by 

Southern blot analysis using the Zfy probe. Of 158 

embryos obtained, testes were found in two 

embryos whose sex chromatin indicated an XX sex 

chromosome constitution. Southern blot analysis 

showed that both of these males lacked Zfy sequ- 

ence and were transgenic, with many copies of Sry. 

Histological examination also revealed that their 

testicular cord formation was normal and that their 

gonads were indistinguishable from testes of nor- 

mal XY sib embryos. The examination of all the 

embryos scored as females by PCR identified two 

more mice as transgenic for Spy, indicating that 

not all XX transgenics showed sex reversal. The 

adult phenotype of Sry transgenic mice was ex- 

amined after some of embryos were allowed to 

develop to term. Of 93 animals that were born, 

three were identified by Southern blotting to be 

XX transgenics. One of them was a transgenic XX 

male: he had no Y chromosome and was externally 

male. he had a normal male reproductive tract 

with no signs of hermaphroditism, but was sterile 

with rather smaller size of testes than an XY 

control littermate as expected from the failure of 

germ cells in XX males to proceed beyond pro- 

spermatogonia. His copulation behavior was also 

normal. However, other two XX _ transgenics 

showed an external female phenotype, but carried 

many copies of Sry. They have produced offspring 

and so have functional reproductive tracts and 

ovaries. One of them transmitted the transgene to 

female offspring. This finding also provides evi- 

dence that the transgene does not always cause sex 

reversal. From these experiments, they conclude 

that a 14kb genomic fragment carrying Sry sequ- 

ence is sufficient to direct the formation of testes in 

XX transgenic embryos and subsequently to give 

rise to complete phenotypic sex reversal in a 

chromosomally XX transgenic adult. They have 

also produced three transgenic mice by injection of 

Y-specific DNA fragment carrying the SRY con- 

served domain. Two of them were XY founders 

that transmitted SRY to their offspring. Trans- 

gene expression was clearly demonstrated at the 

expected time in the developing gonads, but any 

sex reversal XX embryos was not observed. They 

suggested that differences in the sequence resulted 

in the human SRY protein failing to interact with 

other regulatory proteins or target genes in mouse 

cells. 

Tiersch et al. [135] investigated the phylogenetic 

conservation of the SRY gene by Southern blot 

analysis of restiction-digested DNA from 23 spe- 

cies representing five classes of vertebrate using a 

probe from the conserved motif. They found the 

presence of the SRY homologous sequences in all 

species tested, with and without sex chromosome 

and with temperature sex determination. But 

sex-specific signals were observed only in mam- 

mals. As described above, SRY gene seems to 

encode a DNA-binding protein (SRY protein) 

containing a high mobility group (HMG) box. 

Among known sequence-specific DNA-binding 

proteins, SRY protein is closely related to T 

cell-specific DNA-binding protein (TCF-1). Har- 

ley et al. [136] produced a recombinant SRY 

protein in both E. coli and insect cells, and tested 

for their binding to the TCF-1 target sequence 

AACAAAG and variants of this sequence. SRY 

protein bound to the target sequence in a sequence 

dependent manner. SRY protein of XY females 

with point mutation within the region encoding the 

HGM box showed negligible or reduced binding 

activities. These results support the view that the 

DNA-binding activity of SRY protein is required 

for testis determination. 

FUNCTION OF Tdy 

How Tdy acts to bring about testis determina- 

tion has been investigated independently of the 

cloning of Tdy. The gonad is composed of cells 

derived from the four cell lineages: the supporting 

cell lineage (Sertoli cells in the testis and granulosa 

cells in the ovary), the steroidogenic cell lineage 

(Leydig cells in the testis and theca cells in the 
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ovary), the germ cell lineage and the connective 

tissue cell lineage. Of them the connective cell 

lineage contributes the development of both 

embryonic gonads although it adopts different 

architecture. The remaining three cell lineages 

form sex-specific cell types. There are several 

evidences indicating that differentiation of sup- 

porting cell lineage beyond pregranulosa cells de- 

pends on interaction with the germ cell population 

in the developing female gonad [137]. In contrast, 

it is known that germ cells do not contribute for 

testicular cord formation [14, 15]. The earliest sign 

of the differentiation in the embryonic indifferent 

gonad is the testicular cord formation. Studies on 

fetal rat testes by light and electron microscopy 

have revealed that the differentiation of testicular 

cell types occurs earlier than that of ovarian cell 

types, that is, a new cell type characterized by a 

large and clear cytoplasm appears in the gonads 

prior to testicular cords formation [13]. These cells 

(pre-Sertoli cells) aggregate; enclose germ cells 

and form the testicular cords. Accordingly, it 

seems reasonable to assume that Tdy is first ex- 

pressed in the ancestral supporting cell lineage. 

The production of chimaeric mice has been 

employed as one of the most useful techniques to 

analyse the interaction of cells of two or more 

genotypes in the development of a single organism 

in many areas of biology. One of the first ques- 

tions examined with chimaeras produced by ran- 

dom fusions between two blastocysts was that of 

sex determination [138]. In a balanced combina- 

tion, although on average half of the chimaeras 

should be XX@ XY combination, true hermaphro- 

ditism is rare and most XX@XY chimaeras (70- 

80%) develop as phenotypic male with testes 

[139]. These observations and two reports of 

analysis on somatic cells in testes of XX@XY 

chimaeric mice in which XX cells contributed to 

both the Sertoli cells and Leydig cells [140, 141] 

lent support to the view that the initial stages of 

testes organization are orchestrated by a locally 

diffusible testis-organizing molecule which is con- 

trolled by Tdy and to which both XX and XY cells 

can respond. However, recent studies on 

XX“ XY chimaeric mice have provided evidences 

against the involvement of diffusible _ testis- 

organizing molecule. 

Burgoyne et al. [142] showed that when 

embryonic XX gonadal tissues were cocultured or 

cografted under the kidney capsule with develop- 

ing testis, the germ cells and somatic cells of the 

XX gonad did not organize into testicular cords. 

Bradbury [143] observed that in most KK@XY 

mouse chimaeras fetal gonads initially developed 

as ovotestes following regression of the ovarian 

portion in the more advanced fetuses. He has 

argued that in XX@XY chimaeras the initial 

ovotestes are converted to testes through the re- 

gression of the ovarian tissue. The in situ hybrid- 

ization analysis with mouse Y-specific DNA 

probes provided direct means to estimate the 

proportion of XX and XY cells contributing to the 

major cell lineages of the gonads from sectioned 

and air-dried material. Recently, the correlation 

of gonadal sex with sex chromosome constitution 

of the major somatic cell lineages of the gonad was 

examined in more detail applying this new means. 

Burgoyne et al. [144] reported that in prepuberal 

and adult XX XY chimaeric mice the Sertoli cells 

and germ cells are exclusively XY cells while XX 

cells can contribute to the Leydig cells, the peri- 

tubular cells and the vasculized connective tissue 

of the tunica albuginea. They proposed that Tdy is 

expressed at the level of a single cell (cell- 

autonomously) in an initially bipotential support- 

ing cell lineage to bring about Sertoli cell dif- 

ferentiation, and that the commitment of the other . 

components of the testis to the male pathway is 

directed by the Sertoli cells without further Tdy 

involvement (cell-autonomous Y-action model) 

[145]. According to this proporsal, fetal XX XY 

gonads would be expected to consist of two patch- 

es of both XY Sertoli cells and XX granulosa cells, 

so that the gonads should initially differentiate as 

ovotestes. This is in agreement with the report of 

Bradbury. 

The cell-autonomous Y-action model also pre- 

dicts that granulosa cells should be exclusively XX 

in XX@XY female chimaeras. However, there is 

a report of two XX@XY female chimaeras in 

which XY cells could contribute to the granulosa 

cells [146]. Recently, Burgoyne et al. [147], and 

Palmer and Burgoyne [148] also found that XY 

cells could contribute granulosa cells in the ovary 

of XX@XY female chimaeras. Further, Palmer 
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and Burgoyne [149] have shown that a minor 

proportion of XX Sertoli cells is also present in 

testes of fetal, prepuberal and adult XX@XY 

chimaeras. Although the Sertoli cells were not 

exclusively XY cells, there was a strong XY bias 

that was already established at fetal stage. On the 

other hand, there was no XY bias in any of other 

cell types at all three stages. Patek et al. [150] also 

demonstrated in the gonads of a series of adult 

XX<XY chimaeras generated by injecting male 

embryonal stem cells into unsexed host blastocysts 

that both XX and XY cells were found in all 

somatic tissues of the gonads, but Sertoli cells were 

predominantly XY and granulosa cells predomi- 

nantly XX. Two groups have argued that XY 

Sertoli cells form first by cell-autonomous mechan- 

ism and XX cells are locally recruited at a step 

between the expression of Tdy and the formation 

of testicular cord [149, 150]. 

All studies on the fate of the supporting cell 

lineage in XX@XY chimaeras seem to lend sup- 

port the cell-autonomous Y-action model. The 

sequence of Sry has suggested that it codes for a 

DNA-binding protein which would be expected to 

act cell-autonoumously, which is also compatible 

with the model. The model assumes that Sertoli 

cells and granulosa cells develop from a common 

bipotential progenitor. There are evidences sup- 

porting this view [151, 152], but this question 

remains unsolved [153]. 

There are several instances of “transdifferentia- 

tion” phenomenon of granulosa cells into Sertoli 

cells, whether naturally occurring or experimental- 

ly induced. When twin bovine fetuses of opposite 

sex share a common circulation as a result of fusion 

of placental blood vessels the ovaries of the female 

fetus are transformed into sterile testes, showing 

somewhat masculinized phenotype (freemartin). 

According to the histological observation of Jost’s 

group [2], freemartin gonad does not show any 

sign of masculinization during the period of tes- 

ticular differentiation in the male cotwin. Subse- 

quently, during the period when the masculine 

organogenesis of the genital tract of the normal 

male fetuses proceeds rapidly, oogonial prolifera- 

tion and gonadal growth are severely inhibited in 

the freemartin gonad in contrast to the normal 

female gonad, followed by depletion of germ cells 

and eventually the formation of small cords of 

Sertoli-like cells. Recently, Vigier et al. [154] have 

reported that fetal rat ovaries exposed to purified 

bovine anti-Mullerian hormone (AMH) show mas- 

sive loss of germ cells around the time of onset of 

meiotic prophase, and then ovarian inhibition, 

tunica albugenia formation and subsequent forma- 

tion of seminiferous cord-like structure, indicating 

that AMH causes gonadal lesions similar to that 

described in the freemartin gonad. Carpentier and 

Magre [155] showed that when cultured in contact 

with female genital tracts from 14.5 d.p.c-rat 

fetuses, comprising both ovaries and sex ducts, 

testes from 17.5 d.p.c-rat fetuses, but not adult rat, 

induced the formation of seminiferous cord-like 

structure in the ovary delineated by a basement 

membrane, and functional masculinization evi- 

denced by AMH production. Across a distance, 

the fetal testes failed to induce masculinization. 

They concluded that the capacity of developing rat 

testes to induce both morphological and functional 

masculinization of the fetal ovaries in vitro was 

restricted to those testes producing diffusible 

AMH in large amounts. Behringer et al. [156] 

observed that in ovaries of transgenic female mice 

chronically expressing human AMH the germ cells 

was markedly depleted after birth and the somatic 

cells became organized into seminiferous cord-like 

structure. These results suggest that the transdif- 

ferentiation of pregranulosa cells into Sertoli cells 

and appearance of seminiferous cord-like structure 

are secondary to the loss of germ cells caused by 

AMH. However, seminiferous cord-like struc- 

tures were also observed in the ovaries of aged 

female rat, indicating that not only pregranulosa 

cells but also granulosa cells seem able to trans- 

differentiate into Sertoli cells [157]. A detailed 

study of the experimentally induced “transdif- 

ferentiation” phenomenon in mice has been per- 

formed by Taketo-Hosotani et al. [158, 159]. 

Mouse fetal ovaries grafted beneath the kidney 

capsules of adult male host first continues to 

develop morphologically as normal ovaries, pre- 

granulosa cells differentiate and form the sex cords 

containing oocytes, but gradually the oocytes de- 

generate and pregranulosa cells transdifferentiate 

into Sertoli cells, followed by the formation of 

seminiferous cord-like structure. They have pro- 
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vided convincing ultrastructural evidence that the 

Sertoli cells are derived from pregranulosa cells. 

They also found both peritubular myoid cells and 

testosterone-producing Leydig cells only around 

well-developed seminiferous cord-like structure. 

They emphasized that granulosa cells needed to 

attain an advanced developmental stage before 

these cells transdifferentiate into Sertoli cells. 

There are many reports on the alteration of ova- 

rian development experimentally induced by graft- 

ing fetal ovaries into adult hosts or by culturing 

them in vitro together with testes. Most of the 

studies indicated severe deletion of germ cells and 

differentiation of seminiferous cord-like structures 

in the female gonads. However, recently Hashi- 

moto et al. [160] showed that when 12.5-d.p.c 

mouse ovaries were dissociated, reaggregated by a 

gyratory culture and then transplanted into ova- 

rian bursa in ovary-ectomized nude mice, XX 

supporting cell could morphologically transdiffe- 

rentiated into Sertoli cells in the absence of the 

germ cells, forming empty testicular cord. But 

differentiation of other cell lineages required the 

contributions of XY cells. In contrast, aggregates 

containing both XX germ cells and XX somatic 

cells developed into ovaries instead of testicular 

tissues. Based on these observations, they sug- 

gested that Tdy action was not involved in dif- 

ferentiation of Sertoli cells. 

Tdy expression is crucial for testis determina- 

tion. How can we explain these transdifferentia- 

tion phenomenon, especially those without in- 

volvement of the genes on the Y chromosome? 

Burgoyne et al. [144] suggested that the gene 

activity which defines the Sertoli cell phenotype 

does not involve genes on the Y chromosome. But 

it seems necessary to think that the expression of 

one of the genes acting after Tdy in the hierarchy 

of the regulatory genes somewhat changes. 

CONCLUSION 

The basic embryonic plan of sexual differentia- 

tion in mammals is inherently feminine. The 

development of a mammal as male is triggered by a 

gene (Tdy) on the Y chromosome. Recently TDF 

and Tdy have been almost certainly identified with 

new genes (SRY in humans and Sry in mice) on the 

Y chromosome. As described above, Sry has 

genetic and biological properties expected of Tdy 

as follows: 1) It is a sequence conserved on the Y 

chromosomes of all mammals shown to adopt the 

Y-chromosomal sex-determining mechanism. 2) It 

maps to Sxr’, the minimal portion of the Y 

chromosome shown to confer maleness. 3) It is 

deleted in the Tdy™ X¥ female mouse. 4) It is 

transcribed at the predicted time in embryonic 

urogenital ridges. For these reasons, Sry has been 

proposed to be a candidate for Tdy. This gene 

seems to encode a DNA-binding protein with 

activity of transcription factor, is thought to act 

cell-autonomously in the ancestral supporting cell 

lineage of the gonadal ridge, and to trigger their 

differentiation along the Sertoli cell pathway. In 

the absence of the gene, the bipotential gonad 

follows the ovarian pathway. 

Sex determination in mammals is thought to be 

controlled by a series of genetic regulatory systems 

that constitute an orderly hierarchy. The Tdy has 

been believed to be a master gene positioned at the 

top of the hierarchy. However, the transient 

induction of Sry transcription at a critical stage of 

testis differentiation implies the existence of reg-- 

ulatory genes controlling Tdy. The hierarchy of 

genes involved in sex determination in Drosophila 

and Caenorhabditis has been explored and well 

established [111]. In mammals, there are evi- 

dences for involvement of both X chromosomal 

and autosomal genes in the process of sex deter- 

mination [161], but how they cooperate with the 

gene on the Y chromosome is unknown. As 

McLaren [162] mentions in her short review, “we 

may be at the beginning of a gene-regulatory 

cascade at least as complex and as fascinating as 

those that are being unravelled in Drosophila and 

Caenorhabditis” . 

ACKNOWLEDGMENTS 

This work was supported by Grant-in-Aid for Scientific 

Research on Priority Areas (63640001) from the Ministry 

of Education, Science and Culture of Japan. 

REFERENCES 

1 Jost, A. (1972) John Hopkins Med. J., 130: 38-53. 

2. Jost; Ay, Viger; B: and) Perchellem ies Pa@973) 



Nn 

25 

26 

27 

28 

Primary Sex Determination in Mammals 

Recent Progr. Horm. Res., 29: 1-41. 

Picard, J-Y. and Josso, N. (1984) Mol. Cell Endo- 

crinol., 34: 23-29. 

Lyon, M. F. (1972) Biol. Rev., 47: 1-35. 

Davis, R. M. (1981) J. Med. Genet., 18: 161-195. 

Sinclair, H. A., Berta, P., Palmer, M. S., Hawkins, 

J. R., Griffiths, B. L., Smith, M. J., Foster, J. W., 

Frischauf, A-M., Lovell-Badge, R. and Goodfel- 

low, P. N. (1990) Nature, 346: 240-244. 

Gubbay, J., Collignon, J., Koopman, P., Capel, 
B., Economou, A., Munsterberg, A., Vivian, N., 

Goodfellow, P. and Lovell-Badge, R. (1990) Na- 

ture, 346: 245-250. 

Koopman, P., Gubbay, J., Vivian, N., Goodfel- 

low, P. and Lovell-Badge, R. (1991) Nature 351: 
117-121. 

Eddy, E. M., Clark, J. K., Gong, D. and Fender- 

son, B. A. (1981) Gamete Res., 4: 333-362. 

Merchant-Larios, H. (1984) In “Ultrastructure of 

reproduction”. Ed. by J. Van Blerkom and P. M. 

Motta, pp.19-30. 

Byskov, A. G. (1986) Physiol. Rev., 66: 71-117. 

Wartenberg, H. (1983) Differentiation, 23 

(Suppl.): S64—-S71. 

Jost, A. and Magre, S. (1988) Phil. Trans. Roy. 
SocesWond:1Bs322255_6l. 

Merchant, H. (1975) Dev. Biol., 44: 1-21. 

McCoshen, J. A. (1982) Am. J. Obstet. Gynecol., 

142: 83-88. 

Yamamoto, T. (1953) J. Exp. Zool., 123: 571-594. 

Chang, C. Y. and Witschi, E. (1956) Proc. Soc. 

Exp. Biol. Med., 93: 140-144. 

Sheib, D. (1983) Differentiation, 23 (Suppl.): S87- 

Son 

Jacobs, P. A. and Strong. J. A. (1959) Nature, 

183: 302-303. 

Ford, C. E., Jones, K. W. Polani, P. E., de 

Almeida, J. C. and Briggs, J. H. (1959) Lancet, I: 

711-713. 

Welshons, W. J. and Russel, L. B. (1959) Proc. 

Natl. Acad. Sci. (USA), 45: 560-566. 

Goodfellow, P., Darling, S. and Wolfe, J. (1985) J. 

Med. Genet. 22: 329-344. 

Evans, H. J., Buckton, K. E., Spowart, G. and 

Carothers, A. D. (1979) Hum. Genet., 49: 11-31. 

McLaren, A., Simpson, E., Epplen, J. T., Studer, 

R., Koopman, P., Evans, E. P. and Burgoyne, P. 

S. (1988) Proc. Natl. Acad. Sci. (USA), 85: 6442- 

6445. 

Roberts, C., Weith, A., Passage, E., Michot, J. L., 

Mattei, M. G. and Bishop, C. E. (1988) Proc. 

Natl. Acad. Sci. (USA), 85: 6446-6449. 

Ohno, S. (1976) Cell, 7: 315-321. 

Ohno, S. (1977) J. Steroid Biochem., 8: 585-592. 

Lyon, M. F. and Hawks, S. G. (1970) Nature, 227: 

29 

30 

31 

3 

33 

34 

35) 

36 

37 

38 

39 

40 

4] 

42 

43 

44 

45 

46 

47 

48 

49 

50 

Sl 

3 

33) 

54 

495 

1217-1219. 

Gehring, U., Tomkins, G. M. and Ohno, S. (1971) 

Nature New Biol., 232: 106-107. 

Beato, M. (1989) Cell, 56: 335-344. 

Attardi, B. and Ohno, S. (1974) Cell, 2: 205-212. 

Eichwald, E. J. and Silmser, C. R. (1955) Trans- 

plant. Bull., 2: 148-149. 

Eichwald, E. J., Silmser, C. R. and Weissman, I. 

L. (1958) J. Natl. Cancer Inst., 20: 563-575. 

Billingham, R. E. and Silvers, W. K. (1960) J. 

Immunol., 85: 14-26. 

Gasser, D. L. and Silvers, W. K. (1972) Adv. 

Immunol., 15: 215-247. 

Goldbere, E> He Boyse; Es Aq; Bennet; Db”, 

Scheid, M. and Carswell, E. A. (1971) Nature, 

232: 478-480. 

Scheid, M., Boyse, E. A., Carswell, E. A. and 

Old, L. J. (1972) J. Exp. Med., 135: 938-955. 

Krco, C. J. and Goldberg, E. H. (1976) Science, 

193: 1134-1135. 

Wachtel, S. S., Koo, G. C., Zuckermann, E. E., 

Hammerling, U., Scheid, M. and Boyse, E. A. 

(1974) Proc. Natl. Acad. Sci. (USA), 71: 1215- 

1218. 

Wachtel, S. S., Koo, G. C. and Boyse, E. A. 

(1975) Nature, 254: 270-272. 

Moscona, A. (1957) Proc. Natl. Acad. Sci. (USA), 

43: 184-193. 

Wachtel, S. S., Ohno, S., Koo, G. C. and Boyse, 

Ee Aca 1975) Natures 2575 235—230; 

Ohno, S. (1985) Endocrine Rev., 6: 421-431. 

Nagai, Y. (1981) Cong. Anom., 21: 465-476 (in 

Japanese). 

Wachtel, S. S. (1983) H-Y antigen and the Biology 

of Sex Determination. Grune & Stratton, Inc. New 

York, pp. 82-98. 

Ohno, S., Nagai, Y. and Ciccarese, S. (1978) 
Cytogenet. Cell Genet., 20: 351-364. 

Zenzes, M. T., Wolf, U., Gunther, E. and Engel, 

W. (1978) Cytogenet. Cell Genet., 20: 365-372. 

Taylor, R. B., Duffs, W. P. H., Raff, M. C. and de 

Petris, S. (1971) Nature New Biology, 233: 225- 

229) 

Beutler, B., Nagai, Y. 

13: 509-513. 

Nagai, Y., Ciccarese, S. and Ohno, S. (1979) 

Differentiation, 13: 155-164. 

Koo, G. C. (1981) Hum. Genet., 58: 18-20. 

Bradley, M. P., Ebensperger, C. and Wiberg, U. 

H. (1987) Hum. Genet., 76: 352-356. 

Nagai, Y. (1984) In “Experimental Biology Series 

13 ; Genetic Biology”. Ed. by K. Moriwaki 

Maruzen, Tokyo, pp. 34-48 (in Japanese). 

Kohler, G. and Milstein, C. (1975) Nature, 256: 

495-497. 

and Ohno, S. (1978) Cell, 



496 

30) 

56 

S// 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

ial 

72 

18 

74 

Ts 

76 

77 

78 

79 

80 

Koo, G. C., Tada, N., Chaganti, R. and Hammer- 

ling, U. (1981) Hum. Genet. 57: 64-67. 

Farber, C-M., Wachtel, S. S. and Cunningham- 

Rundles, C. (1982) Clin. Exp. Immunol. 50: 450- 

453. 

Meck, J. M. and Goldberg, E. H. (1984) J. 
Immunol. Meth., 73: 293-299. 

Booman, P., Kruijt, L., Tieman, M., Piedrahita, J. 

A., Veerhuis, R., de Boer, P. and Ruch, F. E. 

(1989) J. Repro. Immunol., 15: 195-205. 

Goldberg, E., Boyse, E. A., Scheid, M. and Ben- 

nett, D. (1972) Nature New Biology, 238: 55-57. 

Silvers, W. K. and Billingham, R. E. (1967) Scien- 

ce, 158: 118-119. 

Melvold, R. W., Kohn, H. I., Yerganian, G. and 

Fawcett, D. W. (1977) Immunogenetics, 5: 33-41. 

Engel, W., Klemme, B. and Erbrecht, A. (1981) 

Hum. Genet., 57: 68-70. 

Silvers, W. K., Gasser, D. L. and Eicher, E. M. 

(1982) Cell, 28: 439-440. 

Goldberg, E. H., Shen, F. and Tokuda, S. (1973) 

Transplantation, 15: 334-336. 

Simpson, E. and Gordon, R. T. (1977) Immunol. 

Rev., 35: 59-75. 

Tomonari, K. (1983) J. Immunol., 131: 1641- 

1645. 

Zinkernagel, R. M. and Doherty, P. C. (1974) 

Nature, 251: 547-548. 

Von Boehmer, H. (1990) Eur. J. Biochem., 194: 

693-698. 

Braciale, T. J. and Braciale, V. L. (1991) Im- 

munol. Today, 12: 124-129. 

Lindahl, K. F. (1991) Trends in Genetics (TIG), 7: 

219-224. 

Simpson, E., Chandler, P. and Pole, D. (1981) 

Cell. Immunol., 62: 251-257. 

R6tzschke, O., Falk, K., Wallny, H-J., Faath, S. 

and Rammensee, H-G. (1990) Science, 249: 283- 

287. 

Griem, P., Wallny, H-J., Falk, K., R6tzschke, O., 

Arnold, B., Schonrich, G., Hammerling, G. and 

Rammensee, H-G. (1991) Cell, 65: 633-640. 

Goldberg, E. H. (1988) Phil, Trans. R. Soc. Lond. 

Brs22275— ole 

Cattanach, B. M., Pollard, C. E. and Hawkes, S. 

G. (1971) Cytogenetics, 10: 318-337. 

Singh, L. and Jones, K. W. (1982) Cell, 28: 208- 

216. 

Evans, E. P. and Burtenshaw, M. D. and Catta- 

nach, B. M. (1982) Nature, 300: 443-445. 

Burgoyne, P. S. (1982) Hum. Genet., 61: 85-90. 

Rouyer, F., Simmler, M-C., Johnsson, C., Verg- 

naud, G., Cooke, H. J. and Weissenbach, J. (1986) 

Nature, 319: 291-295. 

Bennett, D., Mathieson, B. J., Scheid, M. Yanagi- 

Y. NAGAI 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

il 

2 

93 

94 

95 

96 

D7 

98 

99 

100 

101 

102 

103 

104 

sawa, K., Boyse, E. A., Wachtel, S. and Catta- 

nach, B. M. (1977) Nature, 265: 255-257. 

Simpson, E., Edwards, P., Wachtel, 

McLaren, A. and Chandler, P. (1981) 

munogenetics, 13: 355-358. 

Shapiro, M., Erickson, R. P. Lewis. S. and Tres, 

L. L. (1982) J. Repro. Immunol., 4: 191-206. 

McLaren, A. and Monk, M. (1982) Nature, 300: 

446-448. 

Cattanach, B. M. (1974) Genet. Res., 23: 291- 

306. 

Simpson, E., McLaren, A., Chandler, P. and 

Tomonari, K. (1984) Transplantation, 37: 17-21. 

McLaren, A., Simpson, E., Tomonari, K., Chand- 

ler, P. and Hogg, H. (1984) Nature, 312: 552-555. 

Simpson, E., Chandler, P., Goulmy, E., Disteche, 

C. M., Ferguson-Smith, M. A. and Page, C. D. 

(1987) Nature, 326: 876-878. 

Mandel, J-L., Willard, H. F., Nussbaum, R. L., 

Romeo, G., Puck, J. M. and Davies, K. E. (1989) 

Cytogenet. Cell Genet., 51: 384-437. 

Ohno, S. (1967) Sex Chromosomes and Sex-linked 

Genes. Springer-Verlag. Berlin, pp. 5-24. 

Burgoyne, P. S. (1986) Nature, 319: 258-259. 

Ellis, N. and Goodfellow, P. N. (1989) TIG, 5: 

406-410. 

Tiepolo, L. and Zuffardi, O. (1976) Hum. Genet., 

34: 119-124. 

Kunkel, L. M., Smith, K. D. and Boyer, S. H. 

(1976) Science, 191: 1189-1190. 

Cooke, H. (1976) Nature, 262: 182-186. 

Bostock, C. J., Gosden, J. R. and Mitchell, A. R. 

(1978) Nature, 272: 324-328. 

Baron, B., Métézeau, P., Hatat, D., Roberts, C., 

Goldberg, M. E. and Bishop, C. (1986) Somatic 

Cell Mol. Genet., 12: 289-295. 

Bishop, C. E., Guellaen, G., Geldwerth, D., Voss, 

R., Fellous, M. and Weissenbach, J. (1983) Na- 

ture, 303: 831-832. 

Singh, L., Purdom, I. F. and Jones, K. W. (1976) 

Chromosoma, 59: 43-62. 

Singh, L., Purdom, I. F. and Jones, K. W. (1981) 

Cold Spring Harb. Symp. Quant. Biol., 45: 805- 

813. 

Epplen, J. T., McCarrey, J. R., Sutou, S. and 

Ohno, S. (1982) Proc. Natl. Acad. Sci. (USA), 79: 

3798-3802. 

Singh, L., Phillips, C. and Jones, K. W. (1984) 

Cell, 36: 111-120. 

Singh, L. and Jones, K. W. (1986) Hum. Genet., 

73: 304-308. 

Kiel-Metzger, K., Warren, G., Wilson, G. N. and 

Erickson, R. P. (1985) New Eng. J. Med., 313: 

242-245. 

Ferguson-Smith, M. A. (1966) Lancet, If: 475- 

SyeS3: 

Im- 



105 

106 

107 

108 

109 

110 

id 

112 

ILS) 

114 

HIS) 

116 

iv) 

118 

119 

120 

121 

122 

123 

124 

125 

126 

127 

Primary Sex Determination in Mammals 

476. 

Page, D. C. and de la Chapelle, A. (1984) Am. J. 

Hum. Genet., 36: 565-575. 

Werenaud: G- Page. D: C.;) Simmier”M-C., 

Brown, L., Rouyer, F., Noel, B., Botstein, D., de 

la Chapelle, A. and Weissenbach, J. (1986) Am. J. 

Hum. Genet., 38: 109-124. 

Page, D. C., Mosher, R., Simpson, E. M., Fisher 

M. C., Mardon, G., Pollack, J., McGillivray, B., 

de la Chapelle, A. and Brown, L. G. (1987) Cell, 

51: 1091-1104. 

Miller, J., McLachlan, A. D. and Klug, A. (1985) 

EMBO J., 4: 1609-1614. 

Nothiger, R. and Steinmann-Zwicky, M. (1987) 

Development, 101 (Suppl.): 17-24. 

Hodgkin, J. (1987) Development, 101 (Suppl.): 5— 

16. 

Hodgkin, J. (1990) Nature, 344: 721-728. 

Schneider-Gadicke, A., Beer-Romero, P., Brown, 

L. G., Nussbaum, R. and Page, D. C. (1989) Cell, 

57: 1247-1258. 

Mardon, G., Mosher, R., Disteche, C. M. 

Nishioka, Y., McLaren, A. and Page, D. C. (1989) 

Science, 243: 78-80. 

Nagamine, C. M., Chan, K., Kozak, C. A. and 

Lau, Y-F. (1989) Science, 243: 80-83. 

Klug, A. and Rhodes, D. (1987) TIBS, 12: 464- 

469. 

Erickson. R. H. and Verga, V. (1989) Am. J. 

Hum. Genet., 45: 671-674. 

Koopman, P., Ashworth, A. and Lovell-Badge, R. 

(1991) TIG, 7: 132-136. 

ScmelaingAGcH.;)-Foster, J. W-,.Spencer, J. A.; 

Page D. C., Palmer, M., Goodfellow, P. N. and 

Graves, J. A. M. (1988) Nature, 336: 780-783. 

Bull, J. J., Hillis, D. M. and O’Steen, S. (1988) 

Science, 242: 567-569. 

Koopman, P., Gubbay, J., Collignon, J. and 

Lovell-Badge, R. (1989) Nature, 342: 940-942. 

de la Chapelle, A. (1988) Am. J. Hum. Genet., 43: 

1-3. 

Palmer, M. S., Sinclair, A. H. Berta, P., Ellis, N. 

A., Goodfellow, P. N., Abbas, N. E. and Fellous, 

M. (1989) Nature, 342: 937-939. 

Kelly, M., Burke, J., Smith, M., Klar, A. and 

Beach, D. (1988) EMBO J., 7: 1537-1547. 

Einck, L. and Bustin, M. (1985) Exp. Cell Res., 

156: 295-310. 

Page, D. C., Fisher, E. M. C., McGillivray, B. and 

Brown, L. G. (1990) Nature, 346: 279-281. 

Berta, P., Hawkins, J. R., Sinclair, A. H., Taylor, 

A., Griffiths, B. L., Goodfellow, P. N. and Fel- 

lous, M. (1990) Nature, 348: 448-449. 

Jager, R. J., Anvret, M., Hall, K. and Scherer, G. 

(1990) Nature, 348: 452-454. 

128 

129 

130 

131 

132 

133 

134 

135 

136 

7) 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

148 

497 

Sutcliffe, M. J. and Burgoyne, P. S. (1989) De- 

velopment, 107: 373-380. 

Burgoyne, P. S., Levy, E. R. and McLaren, A. 

(1986) Nature, 320: 170-172. 

Mitchell, M. J., Woods, D. R., Tucker, P. K., 

Opp. J..S. and Bishop, C. E. (1991) Nature, 354: 

483-486. 

Kay, G. F., Ashworth, A., Penny, G. D., Dunlop, 

M., Swift, S., Brockdorff, N. and Rastan, S. (1991) 

Nature, 354: 486-489. 

Lovell-Badge, R. and Robertson, E. (1990) De- 

velopment, 109: 635-646. 

Gubbay, J., Koopman, P., Collignon, J., Bur- 

goyne, P. and Lovell-Badge, R. (1990) Develop- 

ment, 109: 647-653. 

Koopman, P., Miinsterberg, A., Capel, B., Vivian, 

N. and Lovell-Badge, R. (1990) Nature, 348: 450- 

452. 

Tiersch, T. C., Mitchell, M. J. and Wachiel, S. S. 

(1991) Hum. Genet., 87: 571-573. 

lanley. Ve) Re Jackson) D> I Hextall- Pee, 

Hawkins, J. R., Berkovitz, G. D., Sockanathan, 

S., Lovell-Badge, R. and Goodfellow, P. N. (1992) 

Science, 255: 453-456. 

McLaren, A. (1991) BioEssay, 13: 151-156. 

Tarkowski, A. T. (1964) J. Embryol. Exp. Mor- 

phol., 12: 735-757. 

McLaren, A. (1984) In “Chimeras in Developmen- 

tal Biology”. Ed. by N. Le Douarin and A. 

McLaren, Academic Press, London, pp. 381-399. 

Mintz, B. (1969) In “First Conferences on the 

Clinical Delineation of Birth Defects” series S., 

Ed. by D. Bergsma and V. McKusick, National 

Foundation, New York, pp. 11-22. 

Ohno, S., Ciccarese, S., Nagai, Y. and Wachtel, S. 

S. (1978) Arch. Androl., 1: 103-109. 

Burgoyne, P. N., Ansell, J. D. and Tournay, A. 

(1986) In “Development and Function of the 

Reproductive Organs”. Ed. by A. Eshkol, B. Eck- 

stein, N. Dekel, H. Peters and A. Tsafriri, Ares- 

Serono Symposia, Rome, pp. 23-39. 

Bradbury, M. W. (1987) Develop. Genet., 8: 207- 

DNS: 

Burgoyne, P. © , Buehr, M., Koopman, P., Ros- 

sant, J. and McLaren, A. (1988) Development, 

102: 443-450. 

Burgoyne, P. S. (1988) Phil. Trans. R. Soc. Lond. 

Bey 32220372. 

ROKGh Cres Vans-ee ob. burtenshaws Me Dr 

Clegg, H., Barnes, R. D. and Tuffrey, M. (1974) 

Differentiation, 2: 321-333. 

Burgoyne, P. S., Buehr, M. and McLaren, A. 

(1988) Development, 104: 683-688. 

Palmer, S. J. and Burgoyne, P. S. (1991) Develop- 

ment, 111: 1017-1019. 



498 

149 

150 

151 

152 

153 

154 

1595) 

Palmer, S. J. and Burgoyne, P. S. (1991) Develop- 

ment, 112: 265-268. 

Patek, C. E., Kerr, J. B., Gosden, R. G., Jones, 

K. W., Hardy, K., Muggleton-Harris, A. L., 

Handyside, A. H., Whittingham, D. G. and Hoop- 

er, M. L. (1991) Development, 113: 311-325. 

Ciccarese, S. and Ohno, S. (1978) Cell, 13: 643- 

650. 

Vigier, B.; Picard) J:°¥:5 Gran, Di Leveai, IL. and 

Josso, N. (1984) Endocrionology, 114: 1315-1320. 

Byskov, A. G. and H@gyer, P. E. (1988) In “The 

physiology of Reproduction”. Ed. by E. Knobil, J. 

Neill, L. Ewing, L. Markert, S. Greenwald and D. 

Pfaff, Raven Press, New York, pp. 265-302. 

Vigier, B., Watrin, F., Magre, S., Tran, D. and 

Josso, N. (1987) Development, 100: 43-55. 

Charpentier, G. and Magre, S. (1990) Develop- 

Y. NAGAI 

156 

157, 

158 

159 

160 

161 

162 

ment, 110: 839-849. 

Behringer, R. R.; Cate; RivL., Froelick iG, ge 

Palmiter, R. D. and Brinster, R. L. (1990) Nature, 

345: 167-170. 

Crumeyrolle-Arias, M. and Ascheim, P. (1981) 
Gerontology, 27: 58-71. 

Taketo-Hosotani, T., Merchant-Larios, H., Thau, 

R. B. and Koide, S. S. (1985) J. Exp. Zool., 236: 

DIY 

Taketo-Hosotani, T. and Scinclair-Thompson, E. 

(1987) Develop. Biol., 124: 423-430. 

Hashimoto, N., Kubokawa, R., Yamazaki, K. 

Noguchi, M. and Kato, Y. (1990) J. Exp. Zool. 

253: 61-70. 

Eicher, E. M. and Washburn, L. L. (1986) Ann. 

Rev. Genet., 20: 327-360. 

McLaren, A. (1990) Nature, 346: 216-217. 



ZOOLOGICAL SCIENCE 9: 499-513 (1992) © 1992 Zoological Society of Japan 

REVIEW 

C-reactive Protein (CRP) in Animals: Its Chemical 

Properties and Biological Functions 

WATARU NUNOMURA 

Nippon Bio-Test Laboratories. Inc. and Tumour Laboratory 

Kokubunji, Tokyo 185, Japan 

ABSTRACT—C-reactive protein (CRP), which was found in the sera of pneumococci in 1930 and has 

been used as a marker protein for inflammation in clinical laboratories, has been isolated as well from 

the sera of fishes and body fluids of invertebrates. Taking it into consideration that the evolutionary 

origin of this protein may be early enough, the CRP is supposed to act an important role. Recent 

studies on CRP have revealed the biological functions of this protein. 

macrophages make up an amplification mechanism in primary stage of immune response. 

For example, CRP and 

On the 

other hand, it was revealed that the serum level of CRP was controlled by not only interleukin(s) but 

also sex hormone(s). 

INTRODUCTION 

The animals, in their serum, have les jumellaux 

that function in the first stage of defence system, 

being neither immunoglobulins nor proteases such 

as complements. They are C-reactive protein 

(CRP) and serum amyloid P component (SAP). 

Both have similar physicochemical properties and 

electronmicroscopically a cyclic pentamer form. 

Although CRP has been used as a marker protein 

for inflammation in clinical laboratories, its evolu- 

tionary conservation suggests an important role of 

this protein. Recent studies have been revealed 

immunological functions of CRP, for example 

activation of marcophages and tumoricidal activ- 

ity. Furthermore, CRP solubilizes endogenous 

substances derived from damaged cells such as 

chromatin cooperating with complements. 

In this article, I would like to summerize the 

chemistry of CRP and discuss its biological and 

immunological functions, focusing the  ex- 

perimental results with rats and japanese eel 

(Anguilla japonica) in our laboratory. 

Received March 5, 1992 

SHORT HISTORY OF STUDIES ON CRP 

In 1930, Tillett and Francis observed that sera of 

patients during acute febrile illnesses produced a 

precipitation with a component in the extract of 

pneumococcus, first designated Fraction C and 

later C-polysaccharide [1]. The substance re- 

sponsible for this reaction was termed “C- 

precipitin”. In 1941, Abernathy and Avery [2] 

showed that the substance bound to C- 

polysaccharide in the membrane of Streptococcus 

pneumoniae in the presence of calcium ion, and 

the reaction was inhibited by phosphorylcholine 

(PC). The authors designated the substance as 

“C-reactive protein”. In 1947, McCarty succeeded 

in crystalization of CRP and raising specific anti- 

body in rabbit [3]. Since 1947, the serum level of 

CRP has been measured by the immunoassay, for 

example single radial immuodiffusion and/or en- 

zyme-immunoassay using specific antibody [4-6]. 

Gotshclich and Edelman observed that CRP con- 

sisted of 24 kDa of five identical subunits associ- 

ated hydrophobically [7]. In 1977, an electron- 

microscopic observation by Osmand et al. demon- 

strated the shape of CRP being cyclic pentamer [8]. 

The authors proposed in their report that CRP and 
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SAP were termed “pentraxin”. 

The interaction of CRP and complements has 

been studied since 1974. Once CRP has com- 

plexed with PC residues of phospholipids such as 

lecithin and sphingomyelin, the complex activates 

the classical pathway [9]. In 1980, DiCamelli et al. 

reported the binding of CRP to polycations [10]. 

The in vitro experiments clarified that the CRP 

bound to nuclear proteins, such as histone and 

protamine, more strongly than PC [11-13]. CRP 

seems to relate to the solubilization of chromatin 

following complement activation by CRP- 

chromatin complex [14]. 

The tumoricidal effect of human CRP has been 

studied since 1982. It was observed that human 

CRP inhibited metastases of melanoma to lung in 

mouse [15-17]. Several reports described that 

tumor cells were killed by human CRP, having 

mouse macrophages to produce superoxide-anion 

in vitro [18-21]. 

The CRPs are found in the sera of some verte- 

brates including fishes, for example rabbit [22, 23], 

bovine [24], dog [25], goat [26], plaice (Pleuro- 

nectes platessa) a marine teleost [27], rainbow trout 

(Salmo gairdneri) [28, 29], and dogfish (Mustelus 

canis) [30]. Almost phylogenic studies on CRP 

have dealed with its purification and physicochemi- 

cal analysis, but there are few studies on its 

biological activity. However, in 1981, a CRP was 

isolated from the body fluid of horseshoe crab 

(Limulus polyphemus) and its lectin activity was 

studied by Robey and Liu [31]. In our laboratory, 

a CRP was isolated from the serum of japanese eel 

(Anguilla japonica) {32] and the CRP analogue 

from the serum of female whiteedged rockfish 

(Sebastes taczanowskii), a typical viviparous 

marine teleost [33]. It was demonstrated that these 

molecules have also lectin activity. 

A topological analysis of CRP from hoseshoe 

crab, human, rabbit and human SAP indicated 

that these proteins may originate from the same 

ancestral gene [34]. 

Since 1982, the epitopes of human CRP have 

been analysed by using mouse monoclonal anti- 

body by Kilpatrick et al. [35] and Roux et al. [36]. 

CRP has at least two different epitopes; the one is 

locted near or at the PC binding site, the con- 

formation of which is changed by chelation with 

calcium ion. In 1987, Potempa et al. [37] observed 

that the subunit of CRP, termed “neo-CRP”, had 

a different antigenecity from the native CRP mol- 

ecule. However, there is few reports on the 

analysis of epitope(s) and biological significance of 

“neo-CRP” in other animals [38]. 

CHEMICAL APPROACH TO CRP 

Purification of CRP 

The ligand specificity of CRP and SAP in the 

presence of calcium ion differes completely [39]. 

The CRP specifically binds to PC and the SAP to 

agarose, respectively. The CRP can be specifically 

precipitated by being mixed with PC or C- 

polysaccharide in the presence of calcium ion. 

CRP in the serum of rat or eel was purified by the 

lecithin precipitation method described by Hoka- 

ma et al. [40]. In brief, serum was mixed with 

soy-bean lecithin and then the mixture was di- 

alyzed against 0.01 M CaCl,. The precipitate was 

dissolved in sodium citrate buffer, pH 7.0 and then 

chloroform was add to the mixture. After cen- 

trifugation, the upper aqueous layer was dialyzed - 

against CaCly. The precipitate was again dissolved 

in sodium citrate buffer pH 7.0. Further purifi- 

cation was carried out chromatography on DEAE- 

Sephacel and gel filtration on S-300. The purifi- 

cation procedure was previously reported in detail 

[32, 41]. Recently, a new method for purification 

of CRP in rat serum has been developed in our 

laboratory. Rat sera were brought to between 209 

g/l and 409 g/l of ammonium sulfate at pH 7.2. 

The precipitate was extensively dialysed against 10 

mM Tris-HCl buffer, pH 8.0 containing 0.14 M 

NaCl and 10mM CaCl, (Buffer A) and then 

applied to a column of Sepharose 4B loaded with 

100 mg of protamine (derived from salmon sperm, 

grade X, Sigma). Washing the column with 10 mM 

Tris-HCI buffer, pH 8.0 containing 1.14 M NaCl, 

bound CRP was eluted with 10mM Tris-HCl 

buffer, pH 8.0 containing 1.14 M NaCl and 0.5 M 

arginine-HCl. Eluted fraction was dialysed against 

Buffer A and then applied to a column of Argi- 

nine-Sepharose 4B (Pharmacia). The CRP was 

eluted with 50mM sodium citrate buffer pH 7.0 

containing 0.2 M NaCl. Further purification was 
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carried out by gel filtration on S-300 [42]. The 

recovery by the new method was higher than that 

by lecithin-precipitation. On the other hand, PC- 

or C-polysaccharide-Sepharose affinity column 

chromatographies are widely used for the purifi- 

cation of CRP [43, 44]. However, not only the 

coupling of PC with Sepharose is rather difficult, 

but also a sufficient amount C-polysaccharide for 

an affinity column is not easy to obtain [45]. We 

tried to purify CRP from rat serum using the 

PC-Sepharose, however, many contaminating pro- 

teins of a similar characteristics as CRP appeared. 

De Beer et al. succeeded in purification of rat CRP 

by C-polysaccharide-Sepharose affinity chroma- 

tography [46]. Using the PC-Sepharose, the CRPs 

were actually purified from sera of human, rabbit, 

goat [47], white-edged rockfish [33] and eel in our 

laboratory. Figure 1 shows a cellulose-acetate 

membrane electrogram of purified human and eel 

CRP. In addition, using Sepharose coupled with 

mouse monoclonal antibody, human CRP was 

highly purified without destroying its hydrophobic 

association [48]. 

Perse 

hCRP ES eCRP NHS 

Fic. 1. Cellulose-acetate membrane electrophoresis of 

human and eel CRP. NHS, normal human serum; 

hCRP, human CRP; ES, eel serum; eCRP, eel 

CRP. Anode is top. 

Physicochemical chracteristics of CRP 

The molecular weight of rat CRP was 165 kDa 

determined by gel filtration and that of its subunits 

- H R 4H 

94> : 94> 

ors 67 
43> 

485 eo 

30> ee 

= alia 
BESS 

20:1> 201> , 

144> 
144> 

Fic. 2. SDS-PAGE of CRP under reducing (A) with 

2-mercaptoethanol and non-reducing (B) condi- 

tions. R and H represent rat and human CRP, 

respectively. Marker proteins are as follows: rabbit 

muscle phosphorylase b (94kDa), bovine serum 

albumin (67kDa), ovalbumin (43 kDa), bovine 

erythrocyte carbonic anhydrase (30 kDa), soybean 

trypsin inhibitor (20.1 kDa) and bovine milk a- 

lactalbumin (14.4 kDa).O, origin. Each CRP sam- 

ple (20 ug) were run in plural lanes. 

was 29 kDa estimated by SDS-PAGE (Fig. 2). On 

SDS-PAGE, without reducing by 2-mercap- 

toethanol (2ME), CRP appeared as two bands, 27 

kDa and 53.5kDa. The results indicate that the 

rat CRP has a disulfide bond between in its sub- 

units [41, 46]. By gel filtration and SDS-PAGE, 

eel CRP was found to consist of 24kDa five 

identical subunits [32]. No disulfide bonds among 

the subunits was detected in the eel CRP molecule 

as well as CRPs of human, rabbit and goat. 

The electrophoretical mobilities of CRPs dif- 

fered each other among the animal species. In 

electrophoresis at pH 8.6, rat CRP [41] and eel 

CRP moved near the region of albumin. In 

contrast human CRP moved to the region of 

gamma globulin as shown in Fig. 1. The CRPs of 

rabbit and goat moved as slowly as the latter CRP. 

The isoelectric points of rat CRP were 4.29, 

4.22, 4.21 and 4.16 determined by the thin layer 

polyacrylamide isoelectricfocusing. In O’Farrell’s 

two dimension electrophoresis [49], the first 

dimension being isoelectricfocusing in polyacryl- 

amide gel containing 9.6 M urea and the second 

dimension being SDS-PAGE, rat CRP gave two 

spots of pH 5.3 and 5.4, each molecular weight 
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Fic. 3. O’Farrell’s two dimension electrophoresis of rat 

CRP. The first dimension is isoelectricfocusing 

containing 9.6M urea in polyacrylamide and the 

second is SDS-PAGE in gradient gel. 

being 27 kDa (Fig. 3). Since rat CRP could move 

in a gel containing high concentration of urea, 

hydrophobic binding of CRP would disociate. The 

results suggest that the isoelectric points of the 

subunits of rat CRP were different from the native 

pentameric molecule. 

AGGLUTINATING ACTIVITY OF CRP 

CRPs of rat, eel and white-edged rockfish 

strongly agglutinate Streptococcus pneumoniae in 

the presence of calcium ion and the agglutinting 

activity is inhibited by PC or chelation of calcium 

ion (EDTA addition), as in the case of human 

CRP. However, bacteria having “Type 4” polysac- 

charide which does not contain PC residue were 

agglutinated by human CRP [50]. 

The CRP of horseshoe crab agglutinated horse 

red blood cells and the activity was inhibited sialic 

acid [31]. The result suggests that the CRPs of 

animals in lower classes may have a lectin activity. 

Actually, eel CRP strongly agglutinated rabbit red 

blood cells in the presence of calcium ion (Fig. 4). 

This agglutinating activity was inhibited by D- 

glucosamine and D-mannose [32]. A lectin 

purified from eel serum [51] agglutinated human 

H(O) type red blood cells via fucose residue [52]. 

The physicochemical and biological characteristics 

A BO zeae int Gp Ne Ge 

Fic. 4. Agglutinating activity of eel and human CRP in 

the presence of calcium ion (GVB**). Lanes 1-3 
are eel serum, eel CRP and human CRP, respective- 

ly. The final concentration of each CRP was 20 yg/ 

ml. Abbreviations A, B, O, AB, human blood cell 

types; Rb, rabbit; Rt, rat; Gp, gunia pig; Ho, horse; 

Sh, sheep; Gs, goose red blood cells. Fresh blood 

cells were used for this experiment. 

of the lectin completely differ from those of eel 

CRP. Furthermore, CRP purified from the serum 

of female white-edged rockfish also agglutinated 

rabbit red blood cells and the activity was inhibited 

by D-glucosamine and _ N-acethyl-D-galacto- 

samine. In contrast, rat and human CRP could not 

agglutinate any red blood cells. Uhlenbruck et al. 

reported that human CRP formed a precipitin line 

with galactan in haemolymph of Helix pomatia and 

Octopus vulgaris in agarose gel containing calcium 

ion [53, 54]. Soelter and Uhlenbruck described 

that the anti-galctan activity of the human CRP 

was attributed to its anti-PC activity and not to the 

lectin activity [55]. However, it is possible to 

consider that the lectin-like activity remains in the 

human CRP. Fish CRPs belong to a “lectin 

family”, but rat and other mammals’ ones do not. 

The animals in low classes do not have active 

immunoglobulins, such as immunoglobulin G 

(IgG). Fish, for example chum salmon 

(Oncorhynchus keta) have only one class of 

immunoglobulin M (IgM) [56]. The results suggest 

that the CRP may possibly be one of the major 

defence substances in animals of lower classes. 

The role of CRP has been changed along the 

development of the defence system through the 

evolution of animals. Two lectins were purified 

from the plasma of ascidia Didemnum candidum, 

termed DCL-I and DCL-II. The N-terminal 

amino acid sequence of DCL-I showed up to six 

identities in a stretch of 19 residues with human 

CRP [57]. In addition, DCL-I cross-reacted in 
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TABLE 1. Biochemical Properties of CRPs 

human rat eel 

Molecular Weight 110 165 120 Gel filtration (S-300) 

(kDa) 24 29 24 SDS-PAGE (+2ME)” 

24 i AS oo) 24 SDS-PAGE (—2ME) 

Shape pentamer pentamer pentamer 

Mobility Y a Albumin pH 8.6, ~=0.05 

Isoelectricpoint 6.4” 4.16—4.29 N.D. 

N.D. 5.3+5.4 N.D. O’Farrell’s method” 

Binding activity 

phosphorylcholine Yes Yes Yes 

polycation Yes Yes Yes 

nuclear protein Yes BYIES Yes 

sugars galactan no D-glucosamine 

N.D. not determiend. 

*) 2-mercaptoethanol 
>) Potempa et al. [91] 
° O'Farrell [49] 

enzyme-linked immunosorbent assays (ELISA) 

with antibodies made against human CRP. 

Although Sir M. Burnet long ago suggested that 

invertebrates lectins might be related to the early 

precursors of immunoglobulins found in verte- 

brates, little subsequent information has been 

obtained to support this hypothesis. Recent evi- 

dences of amino acid sequence, immunochemical 

cross-reaction and agglutination activity suggest 

that CRP seems to be ascribed to invertebrates 

lectins. 

Both eel CRP and human CRP reacted with 

polycations in agarose gel [32]. Robey et al. [14] 

reported a precipitation reaction of rabbit CRP 

with nucleosome core particles in agarose gel, and 

suggested a possibility of CRP for acting as a 

scavenger of chromatin fragments from damaged 

cells. As eel has only undevelopoed immune net 

work, it has not known whether the autoimmune 

response seen in mammals actually occur in eel as 

well. That is a very interesting problem of CRP in 

phylogeny. The biochemical properties of CRPs 

are summerized in Table 1. 

ANTIGENECITY OF CRP 

Rat CRP does not react with antiserum raised 

D-mannose 

Fic.5. Immunochemical cross-reactoin among the 

CRPs in agarose gel. A, rat CRP; B, human CRP; 

C, rabbit CRP; a, goat antiserum to rat CRP; b, goat 

antiserum to human CRP. 

against CRP of the other species (Oucterlony’s 

method, Fig. 5). In addition, mouse monoclonal 

antibodies to human CRP recognizing two differ- 

ent epitopes [58] also did not react with rat CRP in 

ELISA system. However, the immunochemical 

cross-reactions were observed among the human, 

rabbit and goat CRPs. Maudsley and Pepys re- 

ported that immunochemical cross-reactions 

among CRPs of 30 kinds of animals including 

lower classes [59]. They observed no immuno- 

chemically cross-reaction between rat CRP 
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CRP (mg/ml) 

Fic. 6. Rocket immunoelectrophoresis of rat CRP (A) and the standard curve of rat CRP for rocket immunoelec- 

trophoresis (B). The numbers (1-8) are samples of rat sera and a-f are standards of rat CRP. a, 0.402 mg/ml; b, 

0.268 mg/ml; c, 0.134 mg/ml; d, 0.067 mg/ml; e; 0.05 mg/ml. In B, 1.2% and 1.8% represent the concentration 

of rabbit antiserum to rat CRP in agarose gel. 

and CRPs of other 9 kinds of mammals. Although 

the chemical characteristics of rat CRP are differ- 

ent from those of human, Taylor et al. reported 

that 45 residues of carboxyl terminal of rat CRP 

had 71.7% similarity to that of human CRP [60, 

61]. Three dimensional conformation of both 

CRPs seem to be so different each other as to yield 

a common antigenecity. On the other hand, an 

antibody to eel CRP formed a precipitin line with 

the CRP analogue of white-edged rockfish [32, 33]. 

The precipitin line is spur, indicating a partial 

identical antigenecity between them. However, 

there are no reports on the cross-reaction among 

neo-CRP (subunit of CRP) of various animals. 

CRP AS A TYPICAL ACUTE PHASE 

REACTANT 

Serum level of CRP 

The serum level of rat CRP was measured by 

so-called “rocket immunoelectrophoresis” [62] as 

shown in Fig. 6, and by sandwich ELISA. CRP 

level of normal adult rat is approximately 0.5 mg/ 

ml, being 100-5000 times higher than other ani- 

mals, for example 100 ng/ml in human [4-6], 1.5 

pg/ml in rabbit [63], 60 ug/ml in dog [25], 30 ug/ 

ml in rainbow trout [29], 1 ~g/ml in eel [32]. The 

concentration of CRP in the body fluid of the 

4 
& 

D 
2 

Days 

Fic. 7. Serum CRP levels in rats with chemically- 

induced inflammation. Four rats were injected 

intramuscularly with 1 ml of turpentine-oil on Day 0 

(indicated by the arrow) and the serum levels were 

followed up to Day 5 by rocket immuno- 

electrophoresis. 
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horseshoe crab was 40% of total protein [31]. The 

differences of serum level of CRP in various 

species may be caused by their adptation to the 

environment. 

CRP in chemical inflammation 

The serum level of CRP immediately increases 

after destruction of tissues, for example bacterial 

infection or intoxication of turpentine-oil injec- 

tion. Although this increase in inflammation was 

1000-times in human and rabbit [39, 63], rat CRP 

elevated approximately 3-4 times after the injec- 

tion of turpentine-oil (Fig. 7). Rats have also 

plural acute phase reactants in the serum as well as 

human. In rat, the a,-acid glycoprotein (AGP) is a 

major acute phase reactant [64]. By immunohisto- 

chemical method, CRP was demonstrated in the 

cytoplasm of hepatocytes but not in macrophages 

in liver, named specially “Kupffer cells” (Fig. 

ac! @ 

Fic. 8. 

= 
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8A) and thymus and spleen. It has been evi- 

denced by in vitro experiment that CRP localizes 

in hepatocytes but not lymphoid tissues. In rat, 

CRP was detected in the medium of primary 

culture of hepatocytes but not in that of lympho- 

cytes [65]. 

CRP was immunohistochemically detected on 

the surface of injured tissues (Fig. 8C) and the 

surface of white blood cells infiltrated to the site of 

the inflammation (Fig.8D). It is interesting 

whether lymphocytes have a specific receptor for 

CRP or not. Zeller et al. reported that human 

monocytes had CRP binding site distinct from IgG 

receptor [66, 67]. According to Tseng and Morten- 

sen, CRP binds to fibronectin in the presence of 

calcium [68]. Therefore, it is considered that CRP 

binds to white blood cells through the fibronectin 

on the cells. It is interesting to investigate the 

mechanism of binding of CRP and lymphocytes. 

D 
Immunohistochemical localization of CRP. (A) in hepatocytes of a rat injected with turpentine-oil 2 days in 

advance (X660), (B) in hepatocytes of a rat injected with CCl, (8 hr after injection), x 1000, (C, D) muscle 

tissues 2 days after the turpentine-oil injection, C; x 330 and D; x500. CRP deposits were found injured muscle 

and in intravenous space between mucle fibers (C) and in cytoplasm of infiltrated white blood cells (D). 
Specificity of antibody in rat CRP was examined by immunoelectrophoresis [41]. The avidin-biothin complex 

method was employed for the immunostaining. 

macrophages (Kupffer cells) or red blood cells. 

Note CRP was not detected in the normal muscle, liver 
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Fic. 9. Changes in serum levels of CRP (A), GOT (B) 

and AFP (C) in CCl, injected rats. CRP was 

determined by rocket immunoelectrophoresis, GOT 

by the method of Karmen [92] and AFP level by 

enzyme-immunoassay [77]. 

Figure 9 shows the changes of the serum level of 

CRP, GOT and a-fetoprotein (AFP) in CCl- 

intoxication. CRP markedly decreased to 0.03- 

0.05 mg/ml within 2 to 3 days and returned to the 

initial level on day 7. GOT rapidly elevated on the 

Ist day after injection. The increasing serum AFP 

level indicates the appearence of regenerating cells 

in liver [69]. Immunohistochemical staining of 

CRP revealed that CRP appeared in the nuclei of 

CCly-intoxicated hepatocytes (Fig. 8B). These 

results confirm that rat CRP actually bind to the 

nuclei in vivo. Furthermore, the CRP in rat plays a 

role as a scavenger of endogenous material such as 

nuclei derived from damaged cells [41]. 

The changes in serum levels of CRP during 

chemical carcinogenesis were observed. The rats 

(Donryu strain, male) were fed on a diet contain- 

ing 0.06% 3°-methyl-4-dimethylaminoazobenzene 

(3'-MeDAB) for 10 weeks and then the normal 

diet until sacrifice [70]. CRP level did not change 

remarkably through the first 8 weeks, but signif- 

icantly decreased to about half level of normal 

(0.28 mg/ml) in the 10th week. Then it gradually 

increased until the 15th week (Fig. 10). Immuno- 

histochemically, CRP was strongly stained in the 

non-cancerous area but not in the cancer cells [41]. 

CRP is able to bind to damaged cells but not intact 

cells including malignant cells except some kinds of 

lymphocytes. It seems unlikely that CRP itself 

plays an important role in carcinogenesis by affect- 

ing the metabolism of the azo-dye. Onoe et al. [70] 

observed that normal heptocytes gradually dis- 

CRP (mg/ml) 

AFP (ln ng/ml) 

Weeks 

Fic. 10. Changes in serum levels of CRP (A) and AFP 

(B) during hepatocarcinogenesis. Sixteen rats were 

fed with diet containing 3;Me-DAB for 10 weeks, 
followed by normal diet. The CRP was determined 

by rocket immunoelectrophoresis and AFP by en- 

zymeimmunoassay [77]. Results are expressed as 
mean+S.E. of 16 rats. Note that AFP level is 

represented In ng/ml. 
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appeared in the first 10 weeks after 3-MeDAB 

ingestion, being replaced by regenerating hepato- 

cytes and a new type cells (named “oval cells”). In 

the present study, the decrease of serum CRP was 

found after the 9th to 10th week when the liver was 

occupied by the regenerating cells. Such regener- 

ating cells do not produce CRP. Summerizing 

these observations, CRP is thought to be produced 

by normal adult hepatocytes, but neither by re- 

generating hepatocytes nor cancer cells. 

INTERACTION OF CRP WITH 

MACROPHAGES 

Immunohistochemical observation of rat CRP 

indicates that there may be some interactions 

between CRP and lymphocytes. Several reports 

demonstrated the relationship between CRP and 

macrophages [16-21]. Rat CRP is somewhat differ- 

ent in structure and the serum level from human as 

described above. 

In rat, the interaction of CRP and lymphocytes 

was investigated in vitro and in vivo. Although 

CRP was detected in the culture medium of 

hepatocytes, the concentration of CRP gradually 

decreased with time. By adding the culture 

medium of macrophages obtained from rats eli- 

cited by an intraperitoneal injection of glycogen, 

the sysnthesis of CRP was sustained. However, 

the culture of thymocytes or splenocytes obtained 

from rat injected with turpentine-oil, yielded no 

such effect (Fig. 11). CRP was detected neither in 

the culture medium of each lymphocyte nor macro- 

phages culture. The effect of the culture 

medium of macrophages on the serum level of 

CRP in 10-day-old rats was observed [65]. The 

serum level of CRP was significantly increased by 

injecting the culture medium of macrophages com- 

pared with rats injected with plane culture medium 

or no treatment [65]. The synthesis of CRP in 

heptocytes is initiated by interleukin (IL)-6 pro- 

duced by macrophages. In preliminary examina- 

tion, a recombinant human IL-6 strongly enhanced 

a production of CRP by rat hepatocytes in vitro, 

but not recombinant human IL-1. When !*I 

labeled recombinant human IL-6 was injected into 

rat, the radioactivity was localized in hepatocyts. 

[71]. It was demonstrated that the acute phase 

50 

a0 

30] 

20 

CRP (ng/m1/10°cells/24hr) 10 

N T 
Effect of culture media of lymphocytes on the 

production of CRP by the primary culture of rat 

hepatocytes. N, none (control); T, thymocytes; S, 

splenocytes and M, macrophages. The hepatocytes 

were cultured for 54 hr. The concentration of CRP 

in culture media were determined by enzyme- 

Fic. 11. 

immunoassay [77]. Thymocytes and splenocytes 
were obtained from rats 24hr after njection of 

turpentine-oil, and macrophages obtained from rats 

5 days after an intraperitoneally injection of 5% 

glycogen. Vertical bars represent S.D. 

reactants, for example AGP, a -macroglobulin 

and albumin in rat, were controled by recombinant 

human IL-6 [72, 73]. However, it has not been 

known whether CRP in fishes are also controlled 

by soluble factor(s) derived from macrophages 

such as IL-6 or not. 

Release of superoxide anion from rat macro- 

phages increased by adding CRP to the culture of 

macrophages [65]. The findings, including 

immunohistochemically localization of CRP, may 

suggest that CRP serves as a physiolosical macro- 

phage activator, contributing to the acceleration 

of a nonspecific host resistance in inflammatory 

response. In its subunits, human CRP has an 

analogous structure to “Tuftsin” which is a peptide 

consisted of four amino acid, THR-LYS-PRO- 

ARG, and strongly activates macrophages [74, 
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75]. Although the complete amino acid sequences 

of rat CRP has not been known, 45 carboxyl 

terminal residues were determined [61]. The rat 

CRP also has a Tuftsin analogue sequence, ILE- 

LYS-PRO-GLN. The results would indicate that 

CRP may be a source of the macrophage- 

activating peptide. I propose that CRP locally 

gathering around the site of inflammation is bound 

to macrophages, and then by digestive protease(s) 

of the cells a small peptide such as Tuftsin is 

derived from subunits of CRP to activate the 

macrophages. Actually, Robey et al. reported that 

the peptide(s) produced by the proteolysis of hu- 

man CRP have an immunomodulating activity 

[76]. There may be a system for amplification by 

CRP and macrophages in the primary stage of 

defence. 

SEX HORMONES AND CRP 

The mean concentration of rat serum CRP was 

1000 

100 

a 
= 
~ 
'o)) 
= 

2 10 

1] 

f= 

Birth 
Fic. 12. 

3.6+0.8 g/ml (n=5) at the birth and no apparent 

change was observed during the first 15 days. 

Thereafter it increased rapidly until day 30 

reaching 0.1 mg/ml and further increased gradual- 

ly to the adult level of 0.4-0.8 mg/ml. No differ- 

ences were observed between male and female 

[77]. The change of serum AFP, which is a typical 

onco-fetal protein in mammals [78], in newborn 

rats is also shown in Figure 12, decreasing with age 

in contrast to CRP. 

Serum CRP level after conception showed two 

peaks before deliverly. The first peak was seen on 

the day of fertilization and the second peak was 

observed on day 15 of gestation. The mean levels 

at the peaks were 0.70+0.06 and 0.77+0.10 mg/ 

ml, respectively. Then the CRP decreased 

markedly to 0.42+0.05 mg/ml on the day of par- 

turition (day 20 of gestation) and elevated again to 

the normal level within 2 days. The CRP levels on 

day 0, 15 and 20 significantly were high, as com- 

pared to the control (P<0.05), examined by the 

10 

1 

C 
o Female 

® Male tgs 

| Unsexed los ss 

10.01 

Age (days) 

The changes in serum levels of CRP and AFP during development of rats. Both levels were determiend by 

rocket immunoelectrophoresis, and represented as the value of 5-10 rats. 
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immunoelectrophoresis. 

2-tailed Student t-test (Fig. 13). 

It is interesting that the CRP level in rats 

changed with its development, especially, during 

10 days after 15-day-old, increasing 60-times. 

Zouaghi et al. [79] reported that in neonatal rats, 
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The changes in serum CRP levels of pregnant rats. The levels of CRP were determined by rocket 

injection of turpentine-oil caused the decline of 

serum level of AFP, a well known carrier of 

estrogen [80], with a marked increase of hapto- 

globin being one of the acute phase reactants. 

Although, it is not clear whether the production of 

CRP relates to that of AFP or not, the serum levels 

of both proteins may be controlled by estradiol. 

According to Dohler and Wuttke, the serum level 

of estrogen in newborn rat is 10 times higher than 

that of adult [81]. The serum level of estradiol 

increases towared the parturition [82]. These 

results suggest that the production of CRP in rat is 

controled by estradiol. In fact, when a rat was 

injected with estradiol-178, the serum level of 

CRP was decreased. However, no significant 

effect of other steroid hormones was observed 

(Fig. 14). In contrast, the serum level of AGP, a 

Fic. 14. Effect of steroid hormones on the serum level 

of CRP in rats. E>; estradiol-17, PR; progestrone, 

TS, testosterone; CS, corticosterone; CT, control. 

Five rats were dialy (2 days) injected s.c. with a dose 

of 1 mg/kg in sesame oil or oil alone as contorl. The 

serum level of CRP was determined by rocket 

immunoelectrophoresis. The values were repre- 

sented as the ratio to the initial level (0.57+0.12 

mg/ml). Open and meshly horizontal bars indicate 

intact and ovariectomized rats, respectively. * Sta- 

tistically significant over the control: P<0.05. 
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major acute phase protein in rat, was remarkably 

increased by administration of estradiol [83]. 

These results indicate that the changes of serum 

level of CRP might be a hormonal effect but not 

acute injuries of hepatocytes. In both syrian 

hamster and white-edged rockfish, CRPs are so- 

called “female protein”. In syrian hamster, the 

serum level of CRP in female is as high as 1.5-3 

mg/ml and that of male is 4-20 ng/ml [84, 85]. 

The serum level of CRP in male syrian hamster 

was increased by removing the testis. By injection 

to female animals of testosterone, the serum level 

of CRP in female was decreased. The production 

of CRP was suppressed by testosterone in syrian 

hamster. On the other hand, the serum level of the 

CRP analogue in white-edged rockfish was en- 

hanced by estradiol-178 but not testosterone and 

cortisol. In the male fish, the level was remarkably 

elevated from the initial level of 25.0+19.0 ug/ml 

to 1533.3 +484.0 ug/ml (n=5) during 10 days af- 

ter injection with estradiol-17@ (1 mg/kg) [33]. 

Although it is well known that human chorionic 

gonadotropin (hCG) has an immunosuppressive 

activity during pregnancy [86], there is no report 

describing the effect of hCG on the serum level of 

acute phase reactants. Injection of hCG to normal 

male rats significantly elevated the serum level of 

CRP as well as AGP (Table 2). This elevation was 

independent of the dose commonly used for rat 

experiments. At present, the mechanism of hor- 

monal control of CRP production in hepatocytes 

has not been known yet. It is important to 

TABLE 2. Serum levels of acute phase reactants in 

rats injected with hCG 

G CRP AGP 
te eS (mg/ml) (mg/dl) 

Control 0.41+0.01 Galea 

hCG treated 

I 20 IU 57 ae 0Bs S) ae" 

II 100 IU O263—5 2038205 9.8+0.9* 

Ill 300 IU Ol63 ee OL03 Fa 1056220285" 

IV 1000I1U OSs8ee OOS ss Boar Lege 

IMIGANSES IE TP AO ee OI OT 

Serum was collected 24 hr after injection. Serum 

CRP and AGP levels were determiened by rocket- 

immunoelectrophoresis and single radial immuno- 

diffusion [93], respectively. 

investigate carefully the relationship between the 

sex hormones and CRP synthesis in hepatocytes. 

CRP IN STRESS 

The topic in recent studies on CRP is a rela- 
tionship with stress. The serum level of CRP in 
rainbow trout markedly elevated when fish reared 
in water of high tempareture [87]. A preliminary 
experiment in our laboratory, when 8 rats reared 

in a cage of 29X34 16 cm for 16 days (crwoding 
stress), the serum level of CRP was slightly in- 

creased at Day 3 and then decreased to the initial 

level on Day 16 (unpublished data). The rela- 

tionship between CRP and stress has not been 

studied in detail. 

CONCLUSIONS 

Since 1930, CRP has been used only as a marker 

for inflammation in the clinical laboratories, how- 

ever, a number of studies let us know that this 

protein has active functions related to the defence 

system. The biological functions of CRP are 

summerized in Fig. 15. CRP is synthesized in - 

hepatocytes, stimulated by IL-6 derived from 

macrophages in inflammatory sites. CRP activates 

macrophages and inhibit the action of T-cell [88- 

90] to block production of antibody against en- 

dogenous materials. CRP acts as a scavenger of 

endogenous materials, cooperating with comple- 

ments. In rat, CRP does not activate complement, 

C3 [46]. On the other hand, production of CRP is 

controlled by sex hormone(s). 

The studies on CRP have remained a lot of 

problems to be solved, for example the evolution- 

ary origin of this protein, to act really as a scaven- 

ger of endogenous substances in lower classes of 

animals having undeveloped immune net works, 

functional relationship with lectin, the activity as a 

modulator of immune response and relationship 

with stress. It is neccesary to investigate what role 

CRP plays in the reproduction. Unfortunately, 

studies on this protein have been carried out in the 

field of medicine and veterinary, and few reports 

have been brought from zoological field. I hope 

that more investigators will be intersted in CRP 

and the mechanism of defence system in animals 
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will be soon clarified. 

ACKNOWLEDGMENTS 

I thank late Dr. H. Hirai, former President of Tumour 

Laboratory for his continuous guidance, and Dr. T. 

Higashi, President of Tumour Laboratory, for his critical 

reading of this manuscript and encouragement. I also 

thank Dr. Y. Takakuwa, professor of Tokyo Women’s 

Medical College, Dr. K. Takano, professor of University 

of Ryukus, Dr. K. Mukhopadhyay, Tumour Laboratory 

and Dr. M. Mikuni, National Institute of Neuro Science, 

National Center of Neurology and Psychiatry for their 

valuable advices. I am grateful to Dr. A. Takemura, 

University of Ryukus for providing the samples and the 

stafs of Tumour Laboratory for their kindest help. 

REFERENCES 

1 Tillett, W. S. and Francis, T. (1930) J. Exp. Med., 

52: 561-571. 

2 Abernethy, T. J. and Avery., O. T. (1941) J. Exp. 

Med., 73: 173-182. 

3 McCarty, M. (1947) J. Exp. Med., 85: 491-498. 

4 Claus, D. R., Osmand, A. P. and Gewurz, H. 

(1976) J. Lab. Clin. Med., 87: 120-128. 

5 Salonen, E. M. (1982) J. Immunol. Methods, 48: 

45-50. 

6 Siboo, R. and Kulisek, E. (1978) J. Immunol. 

Methods, 23: 59-67. 

7 Gotshclich, E. C. and Edelman, G. M. (1965) Proc. 

Natl. Acad. USA, 54: 558-566. 

LIVER 

T-cell 
The mechanism of sysnthesis and the biological functions of CRP. 

10 

iLil 

12 

13 

14 

iI) 

16 

i, 

18 

19 

20 

aN 

SEX HORMONE 

HY 
is = Get — F880 009) REPRODUCTION 

cre O; ACTIVATE 
€: INHIBIT 

Osmand, A. P., Friedenson, B., Gweurz, H., Pain- 

ter, R° A Hofmann, “i 'and Shelton; "22 (1977) 

Proc. Natl. Acad. Sci. USA, 74: 739-743. 

Kaplan, M. H. and Volanakis, J. E. (1974) J. 

Immunol., 112: 2135-2147. 

DiGamelli= WR Lotempa, ls AGxSiegels JE 

Suyehira, L., Petras, K. and Gewurz, H. (1980) J. 

Immunol., 125: 1933-1938. 

Robey, F. A., Jones, K. D., Tanaka, T. and Liu, T. 

Y. (1984) J. Biol. Chem., 259: 7311-7316. 

Du Close. W.. -Zlocke si) de and Rubing Rs I. 

(1988) J. Immunol., 141: 4266-4270. 

Shephard, E. G., van Helden, P. D., Strauss, M., 

Bohem, L. and De Beer, F. C. (1986) Immunology, 
58: 489-494. 

Robey, F. A., Jones, K. D. and Steinberg, A. D. 

(1985) J. Exp. Med., 161: 1344-1356. 

Deodhar, S. D., James, K., Chiang, T., Edinger, M. 

and Barna, B. P. (1982) Cancer Res., 42: 5084- 

5088. 

Barna, B. P., Deodhar, S. D., Gautam, S., Yen- 

Lieberman, B. and Roberts, D. (1984) Cancer Res., 

44: 305-310. 

Thombre, P. S. and Deodhar, S. D. (1984) Cancer 

Immunol. Immunother., 16: 145-150. 

Zahedi, K. and Mortensen, R. F. (1986) Cancer 

Res., 46: 5077-5083. 

Barna, B. P., James, K. and Deodhar, S. D. (1987) 

Cancer Res., 47: 3959-3963. 

Barna, B. P., Thomassen, M. J., Wiedmann, H. P., 

Ahmad, M. and Deodhar, S. D. (1988) J. Biol. 

Response Mod., 7: 1-5. 

Gautam, S. and Deodhar, S. D. (1989) J. Biol. 



22 

23 

24 

DS 

26 

27 

28 

29 

30 

31 

Sy) 

33 

34 

35 

36 

Si] 

38 

3) 

40 

41 

42 

43 

512 

Response Mod., 8: 560-569. 

Anderson, H. C. and McCarty, M. (1951) J. Exp. 

Med., 93: 25-36. 

Croxatto, H. D., Nishimura, E. T., Yamada, K. and 

Hokama, Y. (1968) J. Immunol., 100: 563-568. 

Maudsley, S., Rowe, I. F., De Beer, F. C., Munn, 

E. A., Herbert, J., Feinstein, A. and Pepys, M. B. 

(1987) Clin. Exp. Immunol., 67: 662-673. 

Caspi, D:, Baltz, M_ySnel, F., Gruys, E.; Niv, D:, 

Batt, R. M., Munn, E. A., Buttress, N. and Pepys, 

M. B. (1984) Immunology, 53: 307-313. 

Maudsley, S., Baltz, M. L., Munn, E. A., Buttress, 

N., De Beer, F. C., Herbert, J., Feinstein, A. and 

Pepys, M. B. (1987) Biochim. Biophys. Acta, 924: 

75-80. 

Pepys, Ma Bi Der Beers Ee (C= Milstein, «©: Ps 

March, J. F., Feinstein, A., Buttress, N. Clamp, J. 

R., Taylor, J., Bruton, C. and Fletcher, T. C. (1982) 

Biochim. Biophys. Acta, 704: 123-133. 

Winkelhake, J. L. and Chang, R. J. (1982) Dev. 

Comp. Immunol., 6: 481-489. 

Murai, T., Kodama, H., Naiki, M., Mikami, T. and 

Izawa, H. (1990) Dev. Comp. Immunol., 14: 49-58. 

Robey, F. A., Tanaka, T. and Liu, T. Y. (1983) J. 

Biol. Chem., 258: 3889-3894. 

Robey, F. A. and Liu, T. Y. (1981) J. Biol. Chem., 

256: 969-975. 

Nunomura, W. (1991) Biochim. Biophys. Acta, 

1076: 191-196. 

Takemura, A., Nunomura, W., Takano, K. and 

Hirai, H. Proceedings of The 3rd Meeting of 

Japanese Association for Developmental and Com- 

parative Immunology. Dev. Comp. Immunol. (in 

press). 

Nguyen, N. Y., Suzuki, A., Boykins, R. A. and Liu, 

T. Y. (1986) J. Biol. Chem., 261: 10456-10465. 

Kilpatrick, J. M., Kearney J. F. and Volanakis, J. E. 

(1982) Molecul. Immunol., 19: 1159-1165. 

Roux, K. H., Kilpatrick, J. M., Volanakis, J. E. and 

Kearney, J. F. (1983) J. Immunol., 131: 2411-2415. 

Potempa, L. A., Siegel J. N., Fiedel, B. A., Potem- 

pa, R. T. and Gewurz, H. (1987) Molecul. Im- 

munol., 24: 531-541. 

Ress, R. F., Gewurz, H., Siegel, J. N., Coon, J. and 

Potempa, L. A. (1988) Clin. Immunol. Immuno- 

pathol., 48: 95-107. 

Pepys, M. B. and Baltz, M. L. (1983) Adv. Im- 

munol., 34: 141-212. 

Hokama, Y., Tam, R., Hirano, W. and Kimura, L. 

(1974) Clin. Chim. Acta, 50: 53-62. 

Nunomura, W. (1991) Zool. Sci., 8: 277-286. 

Nunomura, W. and Hatakeyama, M. (1990) Hok- 

kaido J. Med. Sci., 65: 474-480. 

Pepys, M. B., Dash, A. C. and Ashley, M. J. (1977) 

Clin. Exp. Immunol., 30: 32-37. 

44 

45 

46 

47 

48 

49 

50 

51 

a2 

53 

54 

35) 

56 

i 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

W. NUNOMURA 

Volanakis, J. E., Clements, W. L. and Schrohenloh- 

er, R. E. (1978) J. Immunol. Methods, 23: 285-295. 

Gotschlich, E:"C,and Liu, TY. (i967) J Biel: 

Chem., 242: 463-470. 

De Beer, Fr C., “Baltz, Mea.” Minne 

Feinstein, A., Taylor, J., Bruton, C., Clamp, J. R. 

and Pepys, M. B. (1982) Immunology, 45: 55-70. 

Nunomura, W. and Higashi, T. (1990) Zool. Sci., 7: 
1053. 

Nunomura, W., Hatakeyama, M. and Hirai, H. 

(1990) J. Biochem. Biophy. Methods, 21: 75-80. 

O'Farrell, P. H. (1975) J. Biol. Chem., 250: 4007- 

4021. 

Mold, C., Rodgers, C. P., Kaplan, R. L. and 

Gewurz, H. (1982) Infect. Immunity, 38: 392-395. 

Bezkorovainy, A., Springer, G. F. and Desai, P. R. 

(1971) Biochemistry, 10: 3761-3764. 

Matsumoto, I. and Osawa, T. (1974) Biochemistry, 

13: 582-588. 

Uhlenbruck, G., Sdlter, J., Janssen, E. and Haupt, 

H. (1982) Ann. N. Y. Acad. Aci., 389: 476-479. 

Uhlenbruck, G., Karduck, D., Haupt, H. and 

Schwick, H. G. (1979) Z. Immunol. Forsch., 155: 

262-266. 

Soelter, J. and Uhlenbruck, G. (1986) Immunology, 

58: 139-144. 

Kobayashi, K., Hara, A., Takano, K. and Hirai, H. 

(1982) Molecul. Immunol., 19: 95-103. 

Vasta, G. R., Hunt, J. C., Marchalonis, J. J. and 

Fish, W. W. (1986) J. Biol. Chem., 261: 9174-9181. 
Nunomura, W., Hatakeyama, M. and Hirai, H. 

(1987) Proc. Jap. Soc. Immunol., 17: 594. 

Maudsley, S. and Pepys, M. B. (1987) Immunology, 
62:22? 

Woo, P., Korenberg, J. R. and Whitehead, A. S. 

(1985) J. Biol. Chem., 260: 13384-13388. 

Taylor, J. A., Bruton, C. J., Anderson, J. K., Mole, 

J. E., De Beer, F. C., Baltz, M. L. and Pepys, M. B. 

(1984) Biochem. J., 221: 903-906. 

Laurell, C. B. (1966) Anal. Biochem., 15: 45-52. 

Kushner, I. and Feldmann, G. (1978) J. Exp. Med., 

131: 466-477. 

Jamieson, J. C., Ashton, F. E., Friesen, A. D. and 

Chou, B. (1972) Can. J. Biochem., 50: 871-880. 

Nunomura, W., Watanabe, H. K. and Hirai, H. 

(1990). Zool. Sci., 7: 767-770: 

Zeller, Jv M.," Landay, A: i) Einte aise and 

Gewurz, H. (1986) J. Lab. Clin. Med., 108: 567- 

576. 

Zeller, J. M., Kubak, B. M. and Gewurz, H. (1989) 

Immunology, 67: 51-55. 

Tseng, J. and Mortensen, R. F. (1988) Molecul. 

Immunol., 25: 679-686. 

Watanabe, M., Miyazaki, M. and Taketa, T. (1976) 

Cancer Res., 36: 2171-2175. 



70 

7A 

U2 

73 

74 

1S 

76 

Td 

78 

79 

80 

CRP in Animals 

Onoe, T., Dempo, K., Kaneko, K. and Watabe, H. 

(1973) In “Gann Monograph on Cancer Research 

14” Ed. by H. Hirai and T. Miyaji. University of 

Tokyo Press, Tokyo. pp. 233-247. 

Castells. V.. Geiger, T.; Andus; @.; Walter, E., 

Hirano, T., Kishimoto, T. and Heinrich, P. C. 

(1988) Eur. J. Biochem., 177: 357-361. 

Geiger, T., Andus, T., Klapproth, J., Hirano, T., 

Kishimoto, T. and Heinrich, P. C. (1988) Eur. J. 

Immunol., 18: 717-721. 

Marinkovic, S., Jahreis, G. P, Wong, G, G. and 

Baumann, H. (1989) J. Immunol., 142: 808-812. 

Tzehoval, E., Segal, S., Stabinsky, Y., Fridkin, M., 

Spirer, Z. and Feldman, M. (1978) Proc. Natl. 

Acad. Sci. USA, 75: 3400-3404. 

Buchta, R., Fridkin, M., Pontet, M. and Romeo, D. 

(1986) Peptides, 7: 961-968. 

Robey, F. A., Ohura, K., Futaki, S., Fujii, N., 

Yajima, H., Goldman, N., Jones, K. D. and Whal, 

S. (1987) J. Biol. Chem., 262: 7053-7057. 

Nunomura, W. (1990) Comp. Biochem. Physiol., 

96A: 489-493. 

Watabe, H., Hirai, H. and Sato, H. (1972) Gann, 

63: 189-199. 

Zouaghi, H., Savu, L., Vranckx, R., Martin, M. E. 

and Nunez, E. A. (1984) Marker Proteins in In- 

flammation, 2: 549-552. 

Nunez, E. A., Benassayag, C., Vallette, G., Savu, 

L., Clerc-Hofmann, F., Delorme, J. and Christeff, 

N. (1983) Ann. N. Y. Acad. Sci., 417: 137-148. 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

S13 

Dohler, K. D. and Wuttke, W. (1975) Endocrinol., 

97: 898-907. 

Taya, K. and Greenwald, G. S. (1981) Biol. Repro- 

duction, 25: 683-691. 

Diarra-Mehrpour, M., Bourguignon, J., Leroux- 

Nicollet, I., Marko-Vercaigne, D., Biou, D., Hiron, 

M. and Lebreton, J. P. (1985) Biochem. J., 225: 

681-687. 

Coe; J. E-, Margossian; S- S:, Slyater, H. S. and 

Sogn, J. A. (1981) J. Exp. Med., 153: 977-991. 

Coc; =e] andsRoss. MM: I= (1983) oe Exp, Med, 

157: 1421-1433. 

Adcock, E. W., Teasdale, F., August, C. S. Cox, S., 

Meschia, G., Battaglia, F. C. and Naughton, M. A. 

(1973) Science, 181: 845-847. 

Kodama, H., Nakanishi, Y., Mikami, T. and Izawa, 

H. (1988) Proceedings of the 105th Meeting of The 

Japanese Society of Veterinary Science. p. 221. 

Whisler, R. L., Newhouse, Y. G. and Mortensen, 

R. F. (1986) Cell. Immunol., 102: 287-298. 

Mortensen, R. F., Osmand, A. P. and Gewurz, H. 

(1975) J. Exp. Med., 141: 821-839. 

Mortensen, R. F. and Gewurz, H. (1976) J. Im- 

munol., 116: 1244-1250. 

Potempa, L. A., Maldonado, B. N., Laurent, P., 

Zeuel, E. S. and Gewurz, H. (1983) Molecul. 

Immunol., 20: 1165-1175. 

Karmen, A. (1955) J. Clin. Invest., 34: 131-133. 

Mancini, G., Carbonara, A. O. and Heremans, J. F. 

(1965) Immunochem., 2: 235-254. 



BO Pere bud ai ante a oe : 
‘e Mee ase (DEG idl de aannasogT. (deer Sabha 

= ae ee Stag, Re eeeice <TR hile Slee campus a hs ie Ae 
"Aaengnont Lyte, at nein Sd 442 shew: oo 

rat ; noe “yee KE Sphi: Jegpatntn, diss (BCL Ieg oP Shy yaar 

Bs ewes ‘<> tae at: doitaebe sg aoe Asha tOM 28 

“S098” Sara 7. Reb! IRE el NEE “aid 
a Limit da) ; ‘eae Seema. be ster er aOR 

le Ee eee E Sito Ri Ais) (es eee at sort: saan 

Se. Aras ait: mist ae Haiweblunt A uns sd erie at: el 

x ‘Ae zhi AB) an kag Iie oS a Tihs a2 

ral 2 a " Hpk nue + af 

iff es Serie c by 

eet isiiemnb vete Lane) art 
i. ‘ he ie rg, : oa leat ue ea! : 

Ine = a re . . wee Gl 
, 

re y 
= “J o 

F - - 

“¥ 
2 = 4 
oe 2 

- y ol 
ae : ie 

= ‘ H 

oes 2 Fi = = ee 
‘ Py oe * 

+ am 

é ; ra 

‘ I -) 

bk 7 

: ‘pe 
i. 2 

¢ 
) be 

a 

I> 

*e 

. i 

, 4 

¥ 

4 x a3 

i 

a 

ko = 

F 

1 

Noe 

y, B 

2 



ZOOLOGICAL SCIENCE 9: 515-527 (1992) 

Self-generated Zigzag Turning of Bombyx mori Males 

during Pheromone-mediated Upwind Walking 

Ryoue! Kanzaki', NAoKo Suci and TATSUAKI SHIBUYA 

Institute of Biological Sciences, University of Tsukuba, 1-1-1 Tennodai, 

Tsukuba-shi, Ibaraki 305, Japan 

ABSTRACT— In order to further understand the pheromone-oriented walking of the male silkworm 

moth Bombyx mori, we have analyzed the movement of free walking males in a laboratory wind tunnel 

using a continuous pulsed stimulation of various frequencies with pheromones. 

Single and brief pulsed stimulation (100 msec) with pheromones to either antenna elicited a 

long-lasting zigzag turing pattern (<4 sec) which consisted of left and right turns or vice versa. The 
direction of the first turn of the zigzag turning was strongly related to which antenna was stimulated. 

While continuous pulsed stimulation was applied, similar zigzag turnings to those triggered by a single 

pulsed stimulation were repeatedly observed with each stimulation. The tempo and the angle of the 

zigzag turning gradually increased turn by turn and were successively reduced with each stimulation. 

We exposed two control mechanisms during upwind walking to the pheromone odor source: (1) a 

self-generated zigzag turning program triggered by a pulsed pheromonal stimulation, and (2) reset 

mechanisms of this program. We propose that walking B. mori males use similar control mechanisms 

© 1992 Zoological Society of Japan 

for movements toward a pheromone source to those of flying moths. 

INTRODUCTION 

Male silkworm moths Bombyx mori respond to 

the sex-attractant pheromone released by conspe- 

cific females with a characteristic behavioral reper- 

toire called the “mating dance” including wing 

vibrations, walking, and abdominal curvature [1- 

3]. Neurons in the brain of the male moths process 

information about the pheromone, integrating this 

information with sensory information of other 

modalities, then initiate and possibly regulate the 

motor outflow that results in oriented behavior [4— 

7|. Recent findings using several species of moths 

have indicated that, in addition to optomotor 

anemotaxis (steering with respect to the wind), 

flying males employ a self-steered program of 

counterturns in the process of locating the phero- 

mone source [8-13]. 

It has been observed that B. mori [14] and 

Periplaneta americana [15] males, which exclusive- 

ly or primarily walk to sources of their pheromone 

Accepted February 26, 1992 

Received December 2, 1991 
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[14-17], execute frequent and spontaneous turns 

while walking in an airstream uniformly permeated 

with pheromones. In contrast, Willis and Baker 

[18] reported that Grapholita molesta males do not 

use a counterturning program while walking up- 

wind to pheromones, whereas they do while flying 

upwind. 

We now know that the odor plume formed 

downwind from the female has a highly variable 

structure [19, 20], and that an intermittent phero- 

monal stimulus greatly improves a male moth’s 

ability to orient upwind to a pheromone source [8, 

21-23]. Kramer [23] analyzed the B. mori walking 

behavior on a “Kramer’s sphere” using pulsed 

pheromonal stimulation, and showed general fea- 

tures of the behavior. However, the detailed 

walking pattern of individual B. mori males has 

not yet been analyzed well. In order to further 

understand the walking pattern, in this study we 

analyzed the movement of free walking B. mori 

males in a laboratory wind tunnel using a con- 

tinuous pulsed stimulation of various frequencies 

with pheromones. 

We exposed two control mechanisms during 

upwind walking to the pheromone odor source: (1) 
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a self-generated zigzag turning program triggered 

by a pulsed pheromonal stimulation, and (2) reset 

mechanisms of this program. We propose that 

walking B. mori males use similar control mecha- 

nisms for movements towards a pheromone source 

to those of flying moths expected from Baker’s 

model [22], rather than just walking directly up- 

wind to the source. 

MATERIALS AND METHODS 

Insects 

Bombyx mori (Lepidoptera, Bombycidae) were 

reared in the laboratory on an artificial diet at 25°C 

and 50-60% relative humidity under a 12:12 LD 

cycle, and were used within 3 days after eclosion. 

Pheromonal stimulation 

Two pheromonal stimuli were used in this ex- 

periment: (1) Crude pheromone extract was pre- 

pared by washing the tip of a virgin-female moth’s 

abdomen, which contains the pheromone gland, in 

100 ul of n-hexane (Wako reagent-grade) for 15 

min, yielding “1 female equivalent (FE)” of 

“female extract”, and (2) synthetic (£, Z)-10, 

12-hexadecadien-1-ol, bombykol, the principal 

pheromone component of Bombyx mori, kindly 

provided by Shin-Etsu Chemical Co. Ltd. 

Each pheromonal stimulant was applied to a 

piece of filter paper (12cm), which was then 

inserted into a plastic cartridge (1 ml). The car- 

tridge was placed in the wind tunnel 1 cm above 

the floor and upwind. Pulsed olfactory stimulation 

was produced by switching the clean air stream to 

the stimulant cartridge, which was controlled by a 

3-way solenoid valve [24]. The frequency (0.25-2 

Hz) and duration (100 msec) of the stimulation 

was controlled by an electronic stimulator. Odor- 

ants were thus introduced into the wind tunnel 

(1.67 ml/100 msec). The stimulation was moni- 

tored by later video observation of a synchronized 

green light-emitting diode (LED) connected to the 

electronic stimulator, which was on the floor of the 

wind tunnel. 

Wind tunnel and data recording 

The wind tunnel was constructed using clear 

polycarbonate plastic which had a working section 

49 cm long, 49 cm wide at floor level, and 32 cm 

high. Air flow was introduced into the tunnel by 

negative pressure generated by a voltage regulated 

fan. The odors used were removed from the room 

by an exhaust duct attached to the fan at the 

downwind end of the tunnel. The wind velocity 

was ().5 m/sec, which was determined by measur- 

ing the flow rate of the exhausted air with a flow 

meter. The shape and position of the pheromone 

plume was simulated by applying TiCl4, which 

makes a smoke plume, to the same size filter paper 

as used for pheromone sources, and then placing it 

in the same location in the wind tunnel as the 

pheromone would be during an experiment. 

To prevent pheromonal contamination on the 

floor of the wind tunnel, the brown paper on the 

floor was replaced for every experiment. Indi- 

vidual males were placed on the center of the 

plume 20-25 cm away from the tip of the stimulant 

cartridge. A continuous clean air stream did not 

arouse males on the floor of the wind tunnel. The 

room temperature was approx. 26°C. 

Walking tracks of individual males were re- 

corded on a Sony SLO-333 video recorder using a 

Sony HVC-80 video camera positioned above the 

wind tunnel. All recordings were played back 

frame-by-frame through a 53cm (21 inch) NEC 

video monitor. The computer (NEC PC-9801VX) 

screen was superimposed on the video monitor by 

a video-converter system and the consecutive loca- 

tions of the head and tail of each moth were 

digitized and input every 0.1 sec into the computer 

by pointing the position by moving a ‘mouse’ 

cursor on the screen and pushing the ‘mouse’ 

button. The position, walking speed, and body 

axis with respect to the upwind direction of each 

moth were calculated by the computer. 

RESULTS 

Upwind walking to various frequencies of con- 

tinuous pulsed pheromonal stimulation 

Continuous pulsed pheromonal stimulation was 

applied to free walking Bombyx mori males to 

determine the affect of the frequency of the stimu- 

lation on the upwind walking movement. In 
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these experiments the duration of the stimulation 

was constant (100 msec). Female extract (1 FE) 

was used as pheromonal stimulant. In some cases 

0.1-10 ug synthetic bombykol was used. Approxi- 

mately 1 zg of bombykol was found to be present 

in 1 FE of solution using gas chromatographic 

analysis (data not shown). Both stimulants 

affected the initiating walking (197 out of 200 trials 

(98.5%) in 35 males, Table 1), of which >85% (in 

average) located the source (Table 1). All males 

TABLE 1. Percent of Bombyx mori males responding to different frequencies of continuous pulsed 

stimulation with pheromone 

oil bhetscte of those of those | 2 

ee itage banoiy VANE xc ltieting wallinen a PMN MINING. CRS Par % locating upwind the pattern 

constant*° 17 100.0 88.2 0.0 nt 

2.00 66 97.0 93.8 0.0 0.12 

1.00 40 Dies 94.9 3)3)ae) 0.71 

0.50 34 100.0 Oie2 94.1 1.28 

0.33 22 100.0 86.4 WI nt 

0.25 Pash 100.0 162 90.5 2.36 

*! Duration of the stimulation was constant (100 msec). 

*2 Total number of turns were divided by the number of stimulation. 

*3 Constnant stimulation was introduced into the air stream. 

nt: not tested. 

Sip\ 2 take 

CENTIMETERS 

o) 

255, 20 15 10 5 
CENTIMETERS (P) 

Fic. 1. Plots of the tracks, as viewed from above, B. mori males walking upwind to various frequencies (Hz) of 

continuous pulsed pheromonal stimulation (1 FE). Duration of the stimulation was 100 msec. Wind was from the 

right (0.5 m/sec). Pheromonal stimulation was introduced into the air stream of the wind tunnel as (A) 2 Hz, (B) 

2 Hz, (C) 1 Hz, (D) 0.5 Hz, (E) 0.25 Hz pulses. Filled circles indicate the head position when the olfactory 

stimulation was introduced into the air stream. Plots of B-E are of the same moth. Lines indicate the average 

boundaries of the pheromone plumes simulated by TiCl, smoke. Outer borders are the dimensions of the wind 

Ee OrZoutlz 

(9) 20 1 10 5 0) 
CENTIMETERS (P) 

tunnel and the diagrams are of linear scale from the pheromone source (P). 
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walking upwind did so while fluttering their wings. 

No significant differences in the walking move- 

ment were observed while using female extract or 

synthetic bombykol. In a few cases, males did not 

walk all the way to the source but stopped and sat 

in the plume area or turned away from the plume 

and sat outside it (e.g., Fig. 1C). 

Figure 1 shows plots of tracks of a male moth 

walking upwind in response to various freqeuncies 

of continuous pulsed stimuli with pheromones (1 

FE). A clean air pulse introduced into the wind 

tunnel did not arouse males (data not shown). 

When male moths received a constant or a high 

frequency (e.g., 2 Hz) of pheromonal stimulation, 

most walked in nearly a straight line, steering 

directly upwind (Fig. 1A). In a few cases they 

walked at angles between 20° and 50°, and some- 

times more than 70° oblique to the direction of 
upwind (Fig. 1B), as described by Kramer [14]. 

Although their side to side movement was less 

than their wing-span (approximately 4cm, Fig. 

ANGLE OF THE BODY AXIS TO UPWIND (degrees) 

@) ro) 10 15 

1A), the angle of the body axis with respect to 

upwind (0°) changed dramatically as the frequency 

of pulsed stimulation was reduced (Figs. 1, 2). 

A turn was defined as when the body axis 

changes from clockwise to anticloskwise (or vice 

versa) of more than 10° and the time interval 

(tempo) of the turn was more than 0.2 sec, in order 

to eliminate angular error during digitizing. 

Figure 2 shows the angles of the body axis with 

respect to upwind plotted against times. In 0.25 

Hz stimulation (Fig. 2E), when the male received 

the stimulation puff while the angle of the body 

axis was between 0° and 90°, the male attempted to 

turn to the right and flipped to the left. On the 

other hand, males showed symmetrical movements 

when the angle was between 270° and 360’; i.e., 

they turned to the left then flipped to the right. 

The tempo of the first turn elicited just after the 

stimulation was 1.1+0.1 sec (mean+SE, n=48, 

Table 3). The angle of the turn was 68+5° (n=48, 

Table 3). Each time a male received the stimu- 

20 29 30 39 

TIME (sec) 

Fic. 2. The angles of the body axis with respect to upwind (0°) plotted against time when the male was in the 

pheromone plume. Replotted from the same data shown in Fig. 1. (A) The angle of the body axis of the male is 

measured with respect to upwind. The angle of the male in (A) is 45°. The arrow indicates the wind direction. 

(B-E) Plots of the angle against time when a various frequency of continuous pulsed stimulation was applied. 

Solid lines beneath plots represent the period of olfactory stimulation. The region of plot (E) indicated by the bar 

is expanded in Fig. 4B. 
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lation at any phase of the turn, the switching of the 

movement occurred. More than 85% (in average) 

of males which were locating upwind showed this 

zigzag turning pattern when the frequency was 

between 0.5 and 0.25 Hz (Table 1). Thus, the 

direction of the first turn elicited by the stimulation 

was strongly related to the angle of the body axis to 

upwind. The zigzag turning pattern was repeatedly 

observed when the frequency was reduced (Fig. 

2C-E). 

We then, applied continuous pulsed stimulation 

to males for which an antenna had been removed 

completely from the basal segment; such males 

could receive the pheromones only by one intact 

antenna. In 0.25 Hz stimulation, most of the 

treated males could not orient to the pheromone 

source. Although they showed a similar zigzag 

turning pattern when the antenna had been stimu- 

lated, they turned away from the plume. It may be 

because that the treated males usually began to 

turn in the same direction as the intact antenna and 

the possibility to turn away from the plume be- 

came high. In some cases, as shown in Fig. 3B, the 

male succeeded to orient to the source with show- 

ing a typical zigzag pattern similar to the intact 

males. By contrast, when a treated moth received 

2 Hz stimulation, >80% of treated males could 

180 

0 
360 

180 

(degrees) 180 

0 
360 

ANGLE OF THE BODY AXIS TO UPWIND 

BIG 3: 

basal segment, are plotted against time. 

orient to the source as shown in Fig. 3A. In this 

case, at first the male continued to turn in the same 

direction as the intact antenna, and then walked in 

nearly a straight line, steering directly upwind. 

thus, such treated males showed a similar zigzag 

turning pattern to intact ones. 

The average number of turns per stimulation is 

shown in Table 1. Males showed 2.36 turns on the 

average per stimulation of 0.25 Hz. The number 

of turns decreased with increases in frequency. 

With a stimulation frequency of 2 Hz, turning was 

rarely observed (0.12/stimulation). Thus, the zig- 

zag turning pattern gradually disappeared with 

increased frequency of pulsed olfactory stimula- 

tion. 

Figure 4 illustrates the walking tracks and the 

angles of the body axis with respect to upwind 

against time: Plots of the same data are shown in 

Fig. 2E (solid line above the plots). In some cases, 

before showing the turning pattern, males walked 

virtually straight along the body axis (i.e., their 

body axis angle changed only slightly compared 

with the zigzag turns). This straight line walking 

was also elicited in response to higher frequencies 

of stimulation (0.5—1 Hz) and lasted <0.5 sec, and 

then the zigzag turns followed this straight line 

walking (Figs. 2-4). In many other cases, how- 

TIME (sec) 

The angles of the body axis of the treated males for which the left antenna was completely removed from the 

(A) 2 Hz pulsed pheromonal stimulation. (B) 0.25 Hz pulsed 

stimulation. Plots of (A) and (B) are of the different moth. Even treated males showed zigzag turnings in 

response to the stimulation. Solid lines beneath plots represent the period of stimulation (1 FE). 
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A 

ep) 
ae 
Lu 
= 
Lu 

= 
= 
FZA 
Lu 
O 

B 

ANGLE OF THE BODY 
AXIS TO UPWIND(degrees) 

TIME (sec) 

Fic. 4. Plots of the tracks (A) and the angles of the 

body axis with respect to upwind, are plotted against 

time (B): Same data as in Figs. 1E and 2E. In some 

cases, B. mori males walked virtually straight along 

the body axis (S) before typical zigzag turnings (T). 

This straight line walking lasted <0.5sec. Filled 

circles in (A) indicate the head position when the 

olfactory stimulation was introduced into the air 

stream. Solid lines from the filled circles indicate the 

body axis. Solid lines beneath plots in (B) represent 

the stimulation. 

ever, it was difficult to distinguish any brief straight 

line walking from the turns. It is sometimes 

observed that the walking speed became relatively 

higher when the moths showed the straight line 

walking (data not shown). 

Males whose eyes were pained black to prevent 

visual affects on the movement could also orien- 

tate towards the goal with a similar zigzag walking 

pattern (data not shown) [25]. 

Single pulsed pheromonal stimulation to either 

antenna 

In order to know the detail of this zigzag turning 

pattern against time, single pulsed pheromonal 

stimulation (100 msec of duration) was applied to 

either antenna of a resting male on the open field 

without wind (Fig. 5). The stimulant cartridge was 

placed in front of either antenna approximately 1 

cm apart. In 170 out of 172 trials (98.8%) using 29 

males, single pulsed stimulation elicited initiation 

of walking (Table 2). 87.3% (in average) of those 

initiating walking showed identical zigzag turning 

patterns to those triggered by a low frequency of 

pulsed stimulation; that is, the male showed back 

and forth turning by applying the pulsed stimu: 

lation to the antenna (e.g:, Fig. 5Aa,b). We predict 

that with single pulsed stimulation there is a tem- 

poral difference in the pheromone concentration 

and/or a delay in signal reception between one 

antenna and the other. To prevent contamination 

of the stimulant to the other antenna, we also used 

treated males for which one antenna had been 

removed from the basal segment as described 

previously (Figs. 3, 5Ac, d). 

Figure 5B illustrates relative changes of the 

angle of the body axis against time with single 

TABLE 2. Percent of Bombyx mori males responding to single pulsed stimulation with 

pheromone 

of those 
stimulation*’ n Yoinitiating walking initiating walking 

Yoshowing the pattern 

intact left 71 98.6 84.3 

right 68 98.5 77.6 

treated left 13 100.0 95.0 

right 20 100.0 9273 

*! Treated males for which other antenna was removed completely from the basal segment. 
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REL.ANGLE OF THE BODY AXIS 

(degrees) 

@) 5 10 1S 20 

TIME (sec) 

Fic. 5. 

@) 5 10 1S 20 

TIME (sec) 

Single pulsed stimulation (100 msec) with pheromones (1 FE) was applied to the antenna. (A) Stimulation 

was applied independently to the left antenna (a, c) and right antenna (b, d) of the intact moths (a, b) and treated 

moths (c, d) for which one antenna had been removed completely from the basal segment. Arrows indicate the 

direction of the stimulation. (B) Plots of the relative angles of the body axis against time when single pulsed 

stimulation was applied to the antenna as shown in (A). Plots of (a, b) and (d) are of the same moth. Solid lines 

beneath the plots in (B) indicate the stimulation period. 

pulsed stimulation (1 FE). For approximately 4 

sec after the stimulation, both treated males (Fig. 

5Ac, d) and intact males (Fig. 5Aa, b) showed a 

turning pattern which was identical to the pattern 

shown in Fig. 4B. A symmetrical zigzag turning 

pattern was elicited by applying the pheromones to 

one antenna or the other (Fig. 5B). When the 

stimulation was applied to the left antenna (Fig. 

5Aa, c), the male turned to the left first, then 

flipped to the right (Fig. 5Ba, c), while the male 

turned to the right first, then flipped to the left, 

when the stimulation was applied to the right 

antenna (Fig. SAb, d, 5Bb, d). More than 80% (in 

average) of intact maies and >90% (in average) of 

treated males showed similar turning patterns 

(Table 2). The tempo of the first turn was 1.2+0.1 

sec (mean+SE, n=16, Table 3). The angle of the 

first turn was 91+14° (n=16, Table 3). Other 

males stopped walking before complete turning 

and a few males turned in the opposite direction 

from the stimulated antenna. 

In general, the direction of the first turn depends 

strongly on the antenna stimulated with phero- 

mones. A brief straight line walking was some- 

times observed in this set of experiments. After 

males showed the zigzag turning pattern two or 

three times, the pattern was shifted to a “looping” 

(turns of more than 360° or greater). Seven out of 
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TABLE 3. 

stimulation and 0.25 Hz pulsed stimulation 

Single Pulsed 
Stimulation 

tempo 

(sec) 

angle 

(degrees) 

n 

0.25 Hz Pulsed 
Stimulation 

tempo 

(sec) 

angle 

(degrees) 

n 

R. KANZzAKI, N. SuGI AND T. SHIBUYA 

Ist 2nd 
turn turn 

abs*! 1.2+0.13 1.9+0.3° 

rel 12 1.5+0.2° 

abs 91+14? 168+31° 

rel 12 1.8+0.2° 

16 16 

1st 2nd 
turn turn 

abs 1.1+0.1° 1.6+0.1° 

rel te 1.5+0.1° 

abs 68 +5? 121+10° 

rel 12 2.0+0.2° 

48 48 

Mean and SE of tempo and angle of the zigzag turn in response to single pulsed 

3rd 
turn 

2.1+0.4° 

2.4+0.4° 

161s=35" 

3.20%" 

8 

3rd 
turn 

1.7+0.1° 

159 Olas 

132 ==22 

De." 

29 

Means in the same row having no letters in row are significantly different according to t-test (P<0.05). 

*! abs: absolute time or angle; rel: relative to the Ist turn 
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Fic. 6. Histograms of the relative tempo (A, C) and angles (B, D) of each turn of the zigzag turns, which were 

elicited in response to single pulsed stimulation (A, B) and 0.25 Hz pulsed stimulation (C, D). All the values 

were calculated by the computer and the mean and standard error are indicated. 
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10 (70%) males tested looped in the same direction 

as the antenna stimulated. One way looping 

continued for more than 10sec (Fig. 5B). Then, 

the direction of the looping was irregularly 

changed (e.g., Fig. 5Ba). In many cases the total 

period of looping lasted more than 30 sec. 

Changes of tempo and angle of the zigzag pattern 

against time 

Changes of tempo and angle of the zigzag turn- 

ing pattern elicited by 0.25 Hz (e.g., Fig. 2E) and 

single pulsed stimulation (e.g., Fig. 5B) with phero- 

mones were measured against time (Table 3). 

These two parameters (i.e., tempo and angle) of 

each turn were compared with those of the first 

turn which occurred after each stimulation. The 

results are represented as histograms in Fig. 6. 

Figures 6A and 6B illustrate the relative changes 

of the tempos and angles turn by turn in response 

to a single pulsed stimulation to either antenna. 

The average tempos relative to the first turn were 

1.5+0.2 (mean+SE, n=16) in the second turn 

and 2.4+0.4 (n=8) in the third turn. The average 

angles were 1.8+0.2 (n=16) in the second turn 

and 3.2+0.4 (n=8) in the third turn. The values 

of both tempo and angle were significantly differ- 

ent turn by turn (f-test, P<0.05). Thus, the values 

of both parameters in each turn were increased 

turn by turn (Table 3). 

Figures 6C and 6D illustrate the relative changes 

of the tempos and angles turn by turn in response 

to 0.25 Hz pulsed stimulation. The average tem- 

pos relative to the first turn were 1.5+0.1 (n=48) 

in the second turn and 1.9+0.1 (n=29) in the third 

turn. The average angles were 2.0+0.2 (n=48) in 

the second turn and 2.7+0.3 (n=29) in the third 

turn. The values of the tempo were singificantly 

different turn by turn (P<0.05). The values of the 

angles between the first turn and the second turn 

were significantly different (P<0.05). Thus, the 

values of each parameter were increased turn by 

turn between the stimuli as in the case of single 

pulsed stimulation. However, each value was 

successively reduced by the new pulsed stimu- 

lation. Then, each value again, gradually increased 

turn by turn until the next stimulation (Fig. 6C, 

D). Similar characteristics were observed on the 

treated males for which one antenna was com- 

pletely removed from the basal segment (Fig. 3B). 

These results imply that the zigzag turning pattern, 

which was triggered by a brief pheromonal stimu- 

lation, is “reset” every time the new pheromon- 

al stimulation is applied to either antenna. In 

addition, the reset mechanisms occurred at any 

phase of the turning (Figs. 2, 3). 

DISCUSSION 

Kramer [23] previously investigated similar be- 

havioral experiments as this study using his 

“Kramer’s sphere”. In his study, he averaged a 

great number of runs on the sphere and showed 

the general features of the pheromone-oriented 

walking of B. mori males. In this study, we have 

analyzed a detailed walking pattern of individual 

male walking freely in a laboratory wind tunnel 

using a continuous pulsed stimulation of various 

frequencies with pheromones. 

Self-generated zigzag turning program 

Single pulsed stimulation (100 msec) with phero- 

mones to either antenna exposed a zigzag turning 

pattern which consisted of left and right turns or 

vice versa, as shown in Fig. 5. Even the treated 

males for which one antenna was removed showed 

a similar zigzag turning pattern in response to the 

single pulsed stimulation (Fig.5Bc, d). Brief 

pulsed stimulation elicited the zigzag turning pat- 

tern repeatedly for a longer period (approximately 

4 sec) than the stimulation period (100 msec): We 

did not have to keep applying the constant stimu- 

lation to the male during the zigzag turning pattern. 

The tempo and angle of the zigzag turning gradual- 

ly increased turn by turn when the male was 

stimulated with pulsed pheromones (Figs. 5, 6A, 

B, Table 3). 

It has been reported in flying moths that the 

tempo at which turns occur becomes progressively 

longer during “casting” flight and that turns persist 

for seconds when the moth loses contact with the 

pheromone plume [11, 13]. We propose that 

walking moths also have a self-generated zigzag 

turning program with characteristics similar to the 

counterturning program of the “casting” flight. 

In this study, we have not examined the affect of 

the wind speed and pheromone concentrations on 
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the zigzag walking pattern. In order to further 

understand the program, we must clarify the affect 

of these factors on the program [23]. 

Although Kramer [23] showed a rate of change 

of direction during the walk and the cosine of the 

walking direction with respect to the upwind, such 

a zigzag turning found in this study, was not 

detected by his sphere experiments. This differ- 

ence might have any of several explanations: (1) 

We have analyzed an movement of an individual 

moth, whereas in the Kramer’s experiments, a 

great number of runs were averaged. (2) Kramer 

averaged a rate of change of direction and the 

cosine of the walking direction, whereas, we have 

analyzed the actual changes of the body axis of an 

individual moth (i.e., the tempo and the angle). 

(3) Discrepancies might be due to the differences 

in the experimental methods, i.e., we have used a 

freely walking moth in the wind tunnel, whereas a 

moth was on the Kramer’s sphere. 

As illustrated in Fig. 5 the direction of the first 

turn of this zigzag turning was strongly related to 

which antenna was stimulated with pheromones. 

It is possible that the direction of the first turn may 

be related to the concentration differences and/or 

delay between one antenna and the other. How- 

ever, Kramer [23] suggested it was unlikely that 

the B. mori males detected and utilized small 

differences between the time of stimulation of the 

two antennae. He did not report the direction of 

the first turn just after the stimulation. Again, 

these differences may reflect differences in experi- 

mental methods and so on described above. 

It is reported by Kramer [23] that the pulsed 

stimulation increased the walking speed of B. mori 

rapidly. We have measured the changes of the 

walking speed of an individual B. mori. It is 

sometimes observed that the walking speed be- 

came relatively higher when the moths showed the 

straight line walking just after the stimulation. 

“Reset mechanisms” of the zigzag turning program 

As illustrated in Fig. 6C, D. and Table 3, when 

continuous pulsed stimulation (0.25 Hz) was ap- 

plied during upwind walking, the tempo and the 

angle of the turn just before the stimulation were 

successively reduced with each stimulation, and 

then the tempo and angle gradually increased turn 

by turn until the next stimulation. Similar charac- 

teristics were observed on the treated males for 

which one antenna was completely removed from 

the basal segment (Fig. 3B). These results imply 

that the zigzag turning program, which was trig- 

gered by a brief pheromonal stimulation, is “reset” 

every time the new pheromonal stimulation is 

applied to either antenna. In addition, the reset 

mechanisms occurred at any phase of the turning 

(Figs. 25:3): 

Straight line walking during higher frequencies of 

pulsed stimuli with pheromones 

We found that some males walked in almost 

straight lines along the body axis for <0.5 sec just 

after each of the continuous pulsed stimuli, and the 

zigzag turning pattern followed to the brief straight 

line walking (Fig. 4). The results of continuous 

pulsed stimulation indicated that the turning pat- 

tern gradually disappeared with increases in the 

stimulation frequency and that males walked in 

almost straight paths, steering directly upwind 

(Figs. 1A, 2B, 3A, Table 1). Kramer [23] reported 

similar results in a male B. mori with the “Kram- 

er’s sphere” experiments. 

We predict that as the frequency of the stimu- 

lation is increased, the “reset mechanisms” as de- 

scribed above and a “brief straight line walking” 

occur more frequectly. Under this condition, 

changes in the angle of the body axis may become 

smaller, until finally the axis is almost directly 

upwind. This might be part of the reason why the 

males may walk in almost a straight line when the 

frequency is higher (i.e., 2 Hz). 

Willis and Baker [18] reported that male 

Grapholita molesta do not use a counterturning 

program while walking upwind to pheromone, 

whereas they do while flying upwind. Constant 

olfactory stimulation, or in other words, high 

frequency of pulsed stimulation, was applied in 

their experiments. We are very interested in 

whether G. molesta males show similar zigzag 

walking patterns to those observed in B. mori 

males when continuous low frequency pulsed 

stimulation is applied. 

On the other hand, when the frequency of the 

pulsed stimulation is lower (e.g., <0.5 Hz), we 

propose that following things happen on the male 
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as a part of the pheromone-oriented mechanisms 

of B. mori males. The pulsed pheromonal stimu- 

lation triggers the zigzag turning program includ- 

ing the straight line walking. Then, the male 

begins to display a zigzag turning pattern. The first 

turn of the zigzag turns is strongly related to which 

antenna is stimulated. The tempo and the angle of 

the turn are gradually increased turn by turn until 

the next stimulation is applied to the antenna. 

When the next new pulse stimulates the antenna, 

the zigzag turning program is “reset” and the male 

begins to turn to the same direction as the antenna 

stimulated, and then repeats the procedure. 

The upwind walking of B. mori males mediated 

by pheromonal stimulation may contain several 

control mechanisms. In this study we found that 

the upwind walking contains at least following two 

control mechanisms: (1) a self-generated zigzag 

turning program, and (2) reset mechanisms of this 

program. And the direction of the first turn of this 

zigzag turning might be strongly related to which 

antenna is stimulated with pheromones. 

As described above, it is possible that the direc- 

tion of the first turn may be related to the concen- 

tration differences and/or delay between one 

antenna and the other. While, treated males, for 

which one antenna had been removed, also 

showed similar characteristics of zigzag turnings to 

intact ones (Figs. 3, 5). For example, some of the 

treated males walked in nearly a straight line, 

steering directly upwind in 2 Hz stimulation (Fig. 

3A) and in 0.25 Hz stimulation, they showed a 

typical zigzag turning and oriented toward the 

odor source (Fig. 3B). Though the treated males 

could not detect the concentration differences or 

delay between one antenna and the other, they 

could detect the upwind and orient toward the 

pheromone source. This suggests that the male 

moths may have some other upwind detecting 

mechanisms while orienting toward the odor 

source. 

Walking moths vs. flying moths 

Baker [11] proposed a model to explain the 

generation of zigzagging upwind flight in moths. 

This model invokes the complementary action of a 

dual flight control system in which contact with 

pheromone filaments in the turbulent plume would 
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produce: (1) longer-lasting activation of a counter- 

turning program, which would continue to produce 

the turns that constitute “casting” flight, and (2) 

rapidly activated surges of upwind flight that would 

also rapidly cease upon the next encounter with 

clean air. 

These two control mechanisms seem similar to 

those we found in B. mori males in this study; 1.e., 

(1) a self-generated zigzag turning program and (2) 

“reset” mechanisms of the program and a brief 

straight line walking. We still do not know 

whether this brief straight line walking occurs 

every time stimulation is applied. However, re- 

sults of this study basically support Baker’s model; 

that is, it is possible that a similar control system 

exists in both walking B. mori males and flying 

moths while they are orienting to the pheromone 

source. 

The zigzag turning pattern was sustained for 

approximately 4 sec after the pheromonal stimu- 

lation was applied to either antenna (Fig. 5B). This 

turning was elicited even by a single and brief (100 

msec) pulsed stimulation. Therefore, it is sug- 

gested that some neurons in the central nervous 

system maintain this neural information. Long- 

lasting increases in firing elicited by pheromones 

have been described by Olberg [4] in a class of 

descending neurons (DNs), which project from the 

brain toward the thoracic motor center, termed 

“flip-flopping” interneurons, in male B. mori. 

These neurons exhibited conditional or state de- 

pendent responses, in which stimuli applied when 

a neuron was in a state of low-frequency firing 

elicited accelerated firing, while identical stimuli 

applied when the neuron was in a state of high- 

frequency firing caused decelerated firing (hence 

the term flip-flop). The activity states correlated 

with changes in turnings during the olfactory- 

mediated walking. Olberg [4] did not report the 

initial activity changes of the flip-flop activity. We 

are interested in the activity changes of these DNs 

when a short pulsed olfactory stimulation is ap- 

plied to either antenna. While, in flying male 

moths Manduca sexta, Kanzaki et al. [24] have 

reported DNs which show state-dependent activ- 

ities to stimulation of the antenna by their phero- 

mone blend. Another group of DNs has been 

physiologically and morphologically identified by 
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Kanzaki et al. in B. mori {7| and M. sexta [24] that 

showed long-lasting excitation (LLE) responses to 

stimulation of the antenna by pheromones, but did 

not give conditional responses similar to flip- 

flopping. The morphology of these DNs are simi- 

lar in both species [7, 24]. These LLE responses 

were elicited only by pheromonal stimulation in 

both B. mori [7| and M. sexta [24]. Stimulation of 

other modalities (e.g. visual and mechanosensory 

stimuli to the antennae) did not elicit such re- 

sponses [7, 24]. Thus, similar neural activities exist 

in pre-motor DNs of both walking and flying 

moths. This also supports that the orientation of 

walking and flying moths may be controlled by 

similar neural systems. 

B. mori males usually walk with fluttering their 

wings and they really try to fly, but their bodies are 

obviously too heavy. We know that they use the 

wing system similar to flying moths Manduca sexta 

[26-28] after the analysis of the wing movements 

(especially wing remote) using a high-speed video 

camera system (1000 frames/sec), and they show 

similar zigzag turning only by their wings when 

their legs have been completely removed [Kanzaki 

et al. unpublished observation]. It seems that the 

degeneration of the flight system of B. mori males 

may not have gone. We predict, therefore, that 

the zigzag turning program also affects the wing 

system of the B. mori. 

Using intracellular recording and _ staining 

methods, we hope to clarify the role(s) of LLE and 

state-dependent activity changes of olfactory DNs 

in the generation of motor activity (1.e., the zigzag 

turning program) underlying pheromone-mediated 

upwind walking with fluttering. 
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Step-Up and Step-Down Photoresponses in Blepharisma 

TATSUOMI MATSUOKA and Kojl TANEDA 

Department of Biology, Faculty of Science, Kochi University, 

Kochi 780, Japan 

ABSTRACT—The cells of Blepharisma responded to a step-up in light intensity (step-up response) by 

ciliary reversal, while the cells showed a temporal repression of ciliary reversal which was accompanied 

by swimming acceleration when light intensity was suddenly decreased (step-down response). The 

step-up response occurred only in anterior fragments obtained by bisection of the cells, while the 

step-down response occurred in both of fragments. The topographical difference in photosensitivity 

indicates that the photoreceptor systems responsible for the step-up photophobic response might be 

different from those for the step-down photoresponse (repression of ciliary reversal accompanied by 

acceleration of swimming velocity). 

INTRODUCTION 

The cells of Blepharisma show photodispersal 

that is caused by step-up photophobic response 

and changes in swimming velocity (photokinetic 

response) which depends on absolute light inten- 

sities [1]. The distribution of photoreceptor sys- 

tems inducing the step-up photophobic response is 

different from that responsible for the photokinet- 

ic response; the photoreceptor systems responsible 

for the step-up photophobic response localize on 

anterior portion of a cell, while those for photo- 

kinetic response occur over the entire cell [2]. 

In the present study, we found that the cells of 

Blepharisma showed a repression of ciliary rever- 

sal accompanied by swimming acceleration in re- 

sponse to a step-down in light intensity. The 

present paper reports on the distribution of photo- 

receptor systems that cause these response. 

MATERIALS AND METHODS 

Blepharisma japonicum was cultured in 100-fold 

diluted lettuce juice at 23°C. The cells were 

collected by low-speed centrifugation, and washed 

in a standard saline solution containing 1mM 

CaCl, 1 mM KCI and 5 mM Tris-HCl buffer (pH 
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7.2). Bisection of the cell was performed with a 

fine glass needle. 

Prior to analysis of response, the motility of cells 

was recorded on a video tape through a dissecting 

microscope. White light intensity was varied by 

using neutral density filters, and was determined 

by a silicon photodiode (S1226-SBK, Hamamatsu 

Photonics Co.) photometer. To eliminate effects 

of heat rays, infrared-absorbing filters were placed 

in front of a light source. Temperature-controlled 

water (23°C) was circulated beneath the chamber 

to keep the temperature of the cell suspension 

HV 

\ cell 

cover slip 

hy paint 

Fic. 1. A side-view of an apparatus for local photosti- 

mulation. A small circular region (diameter; 0.5 

mm) of lower cover slip was painted black. The 
lower slip was fixed to a stage of microscope which 

could be manipulated. Upper cover slip (bottom of 

a chamber) on which the cell suspension was placed 

was fixed not to move. Double rays of white light 

(1.3 W/m? each) was applied to the cells for adapta- 

tion. 
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constant, except for an experiment of local sti- 

mulation (Figs. 1, 3). To locally shade a cell, an 

apparatus shown in Fig. 1 was employed. Double 

beams of white light (1.3 W/m? each) were applied 

for at least 30 sec to adapt the cells. One of the 

beams was applied from the bottom, the other 

from the upper direction at an angle of 45°C 

against a horizontal line. In order to shade a 

certain portion of a cell, one of beams was ob- 

stracted with a small black-painted area (diameter; 

0.5 mm) of a cover slip (Fig. 1, lower slip) which 

was placed just beneath a fixed chamber. This slip 

was fixed to a stage which could be manipulated in 

two dimensional directions. 

RESULTS AND DISCUSSION 

When light intensity was suddenly raised, most 

of intact cells of Blepharisma responded by ciliary 
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reversal which continued for 15-20 sec (Fig. 2A), 

followed by a continuous increase in swimming 

velocity (Fig. 2B). On the other hand, the intact 

cells displayed a temporal repression of ciliary 

reversal (Figs. 2A, 2D) accompanied by a tempor- 

al increase in swimming velocity (Figs. 2B, 2E) 

when light intensity was suddenly decreased. The 

rate of the response gradually decreased to a 

constant level. anterior fragments responded by 

ciliary reversal in response to a step-up in light 

intensity, whereas posterior fragments did not 

(Fig. 2A). In intact cells, all of the cilia (even in 

posterior portion) can reverse in response to light 

irradiation. Therefore, the fact that the posterior 

Ciliary reversal (%) 
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Fic. 2. Photoresponses of anterior fragments (open circles), posterior fragments (closed circles) and intact cells 

(open squares) of Blepharisma to a step-up and step-down in light intensity. (A) Changes of degree of ciliary 

reversal to stepwise changes in light intensity. The degree of the response was expressed as the percentage of the 

total number (n=30-40 cells) showing ciliary reversal in 5 sec. (B) Changes of forward swimming velocity to 

stepwise changes in light intensity. Bars correspond to the means and SE (determinations of 25-30 cells). (C) 

Changes in light intensity with time (sec). Light intensities were changed between 0.27 and 2.7 W/m’. The 

swimming velocity was not measured in a period (dashed line) in which cells rerponded by ciliary reversal. The 

swimming velocity was determined by tracing the forward swimming cells for 0.5 sec. (D), (E) Scaled-up figures 

of the step-down responses showed in (A) and (B). (F) Changes in light intensity with time (sec). 
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fragments can not respond indicates that photore- 

ceptor systems for the step-up photophobic re- 

sponse do not exist in the posterior portion. 

However, strong light irradiation of the posterior 

fragments often induced a slight increase in degree 

of ciliary reversal. This may be attributed to 

existence of a few photoreceptor systems around 

middle portion of a cell where the cell is bisected. 

When light intensity was decreased, both of the 

fragments responded by a temporal repression of 

ciliary reversal (Figs.2A, 2D) and swimming 

acceleration (Figs. 2B, 2E). In bisected fragments, 

swimming acceleration occurred in 4—5 sec after 

light intensity was decreased, although the intact 

cells responded just after stimulation (Fig. 2E). 

The delay of the response in bisected fragments 

may be due to some damages by bisection. 

Uusing intact cells, a local stimulus (a step-down 

in light intensity) was applied. When either the 

anterior or posterior was shaded, swimming veloc- 

ity of the cells increased (Fig. 3). The results also 

suggest that the photoreceptor systems inducing 

the step-down response distribute over the entire 

cell. Degree of temporal acceleration of swimming 

velocity of the cells which were locally shaded (Fig. 

3) was different from that of the cells entirely 

shaded (Fig. 2). This may be attributed to reasons 

as follows: (1) Differences in excitability of diffe- 

rent cell populations. (2) Temperature effect on 

the response by light irradiation (In Fig. 3, we 

failed to control the temperature of cell suspen- 

sion, because gap between two sheets of cover slips 

reduced the conduction of heat). 

The topographical difference in photosensitivies 

of the cells of Blepharisma to a step-up and 

step-down in light intensity indicates that photore- 

ceptor systems mediating these responses show in 

different distribution. In Blepharisma, ciliary re- 

versal is caused by an increase in intracellular 

Ca** concentration [3] as well as Paramecium [4]. 

In Paramecium bursaria, depolarizing photorecep- 

tor potential which is probably mediated by local- 

ized photoreceptor systems [5] is caused by a 

transient increase in the membrane conductance to 

Ca** [6]. It is presumed that step-up photophobic 

response (ciliary reversal caused by the step-up in 

light intensity) of the cells of Blepharisma may be 

mediated by an activation of photoreceptor Ca 
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Fic. 3. Acceleration of forward swimming velocity of 

the intact cells of Blepharisma which were locally 

shaded. The forward swimming velocity (relative 

unit) was expressed as the rate of the velocity of the 

cell in 1 sec before the step-down stimulation was 

applied. Before shading, the cells were adapted to 

the double beams of white light at least 30sec. 

Open and closed circles indicate the forward swim- 

ming velocities of the cells shaded in anterior and 

posterior portions, respectively. Points and bars 

correspond to the means and SE (determinations of 

20-30 cells). The velocity was determined by trac- 

ing the swimming cells for 0.5 sec. The cells were 

shaded in about 1/3 portions from the anterior or 

posterior end. Duration of the shading was 0.2-0.5 

sec. Abscissa; time course (sec) after cells were 

locally shaded. ; 

channels. Localization of photosensitivity of the 

cells of Blepharisma to the step-up in light intensity 

is possibly attributed to that of photoreceptor Ca 

channels associated with photoreceptor pigments. 

In Paramecium, mechanical stimulation of the 

anterior portion induces a trasient depolarization 

of the membrane triggered by an activation of 

mecahnoreceptor Ca channels that is responsible 

for ciliary reversal, whereas stimulation of the 

posterior portion leads a temporal hyperpolariza- 

tion of the membrane triggered by an activation of 

mechanoreceptor K channels which might be in- 

volved in a temporal acceleration of swimming 

velocity [4, 7, 8]. In Blepharisma, a temporal 

acceleration of swimming velocity induced by a 
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step-down in light intensity might be responsible 

for photoreceptor K channels as well as the mecha- 

noreceptor K channels in Paramecium. If so, 

distribution of photosensitivity of the Blepharisma 

cells to the step-down in light intensity may be due 

to the distribution of photoreceptor K channels 

associated with some photoreceptor pigments. 

The acceleration of swimming velocity induced 

by a step-down in light intensity is a temporal 

photoresponse. In contrast, an increase in swim- 

ming velocity of Blepharisma caused by a step-up 

in light intensity, which is not temporal response, 

is possibly related to continuous hyperpolarized 

membrane potential, because continuous irradia- 

tion of strong light reduce frequency of spon- 

taneous ciliary reversal (unpublished). 

Preparation works showed that action spectrum 

for the step-up photophobic response (ciliary re- 

versal) had three peaks at 580, 540 and 480 nm in 

visible range. Further examinations involve, by 

determining action spectrum for the swimming 

acceleration caused by a step-down in light inten- 

sity, to compare the action spectrum for the step- 

up photophobic response with that for the step- 

down swimming response. 

Photoreceptor systems responsible for the step- 

up photophobic response (ciliary reversal) localize 

anterior portion of the cell; especially anterior end 

of the cell is most sensitive to light [2]. The cells of 

Blepharisma avoid from light by step-up photo- 

phobic response [1]. Therefore, such a localization 

of photoreceptor systems might be significant, 

because anterior portion of cell faces light source 

when the cell is swimming toward light source. On 

the other hand, swimming acceleration induced by 

a step-down in light intensity might contribute for 

the cell to rapidly escape for light when the cell is 

swimming toward darker region. Hence, photore- 

ceptor systems responsible or the step-down re- 

sponse (swimming acceleration) would distribute 

over the entire cell. 
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Nervous System and Reproductive Apparatus of Helix aspersa 

BERNADETTE GRIFFOND!, JAN VAN MINNEN? and 

CLAUDE COLARD! 

‘Laboratoire de Zoologie et Embryologie, SDI CNRS 6319, Faculté des 

Sciences, place Maréchal Leclerc, 25030 Besancon Cedex, France, and 

"Department of Biology, Vrije Universiteit, De Boelelaan 1087, 

1081 HV Amsterdam, The Netherlands 

ABSTRACT—The distribution of substances related to the tetrapeptide APGWa was investigated in 

the central nervous system (CNS) and the reproductive apparatus of Helix aspersa by immunocytoche- 

mistry. In the CNS, APGWa immunoreactive neurons were detected in all ganglia except the pedal 

ganglia. Concerning the mesocerebrum of the cerebral ganglia, only neurons of the right mesocerebral 

lobe reacted positively to the antiserum. In the genital apparatus, positive neurons fibres were seen in 

the muscular layer of the penis and, in the gonad, an immunoreactive material occurred on the heads of 

some spermatozoa. 

On the basis of these observations and of previous electrophysiological studies, an implication of 

AGPWa-like peptides in the control of mating behaviour is proposed. The significance of the positive 

reaction of the spermatozoa remains unclear. 

INTRODUCTION 

During the last ten years, many neuropeptides 

have been isolated and sequenced from inverte- 

brates. Among these, the tetrapeptide APGWa 

was isolated and purified from the ganglia of the 

mollusc Fusinus ferrugineus [1]. At the same time, 

Smit et al. [2] were able to clone a gene from the 

anterior lobe of the cerebral ganglia of Lymnaea 

stagnalis which codes for APGWa. This peptide 

exerts a biological action on various molluscan 

muscles [3]; in Lymnaea stagnalis for instance, it is 

supposed to play a role in the control of the penial 

complex, especially during copulation [2, 4]. 

In order to collect some informations on the 

control of reproduction and sexual behaviour in 

Helix aspersa, we have undertaken immuno- 

cytochemical studies using antibodies directed 

against biologically active neuropeptides such as 

a-caudo-dorsal cell peptide (eaCDCP), a peptide 

encoded by the genes of the egg-laying hormone of 
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Lymnaea stagnalis (unpublished results). In the 

present work, we investigated for the occurrence 

of APGWa-like substances in the central nervous 

system and the genital apparatus. The nature of 

the factors which control the male copulatory 

behaviour in Helix is not known as yet but some 

morphological and physiological observations sug- 

gest that the right mesocerebrum is associated with 

a sexual function(s). Thus a special attention was 

paid to this part of the brain. 

MATERIALS AND METHODS 

Animals 

Adult snails (Helix aspersa), bred in the Centre 

Universitaire d’Héliciculture* under controlled 

conditions (photoperiod: 18 h light 6 h dark, tem- 

perature: 20°C, humidity: 100%) were used. 

Three were sacrificed during copulation, three 

other were in an active non-reproductive state. 

* Centre Universitaire d’ Héliciculture—5, rue Ron- 

chaux—25000 Besancon. 
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Methods 

Central nervous systems (CNS) and different 

parts of genital apparatus (ovotestis, sperm- 

oviduct, prostate, penis, dart pouch and multifid 

glands) were fixed in Bouin-Hollande fixative 

(+10% mercuric chloride) for 24hr at room 

temperature. They were embedded in paraffin and 

serially sectioned at 6 um. 

Antibodies to APGWa were raised in rabbits. 

They were prepared and tested for specificity in 

the Department of Biology of the free University 

of Amsterdam according to a previously described 

procedure [6]. For immunocytochemical observa- 

tions, the sections were processed with the PAP 

method [7]. After suppression of possible endoge- 

nous peroxidase activity by a rinse in phosphate 

buffer saline (PBS) containing 0.0125% H,Od;, 

sections were incubated overnight with the pri- 

mary antiserum (anti-APGWa, dilution 1/1000; 

4°C). They were then treated with the second 

antiserum (goat anti-rabbit, dilution 1/200, 1 hr at 

room temperature) followed by PAP solution 

(dilution 1/100; 1 hr at room temperature). The 

peroxidase was visualized with 0.05% 3,3° diamino- 

benzidine tetrahydrochloride in PBS containing 

0.01% H2Od>. 

RESULTS 

Central nervous system 

Immunoreactive cells were found in all ganglia 

except the pedal ganglia (Fig. 1). Depending on 

the animals, weak differences were observed for 

example in the intensity of staining or in the 

Fic. 1. Diagram of the central nervous system of Helix 

aspersa showing APGWa-immunoreactive perikarya 

(irregular circles) and fibres (short lines). 

CC, cerebral commissure; CG, cerebral ganglia; 

PA, parietal ganglia; PD, pedal ganglia; PL, pleural 

ganglia; V, visceral ganglion; MSC, mesocerebrum; 

MTC, metacerebrum; PC, procerebrum. 

number of immunoreactive cells but they do not 

seem to be correlated with the mating or non- 

FiG. 2. Immunoreactive perikarya in the left cerebral ganglion. Two groups of small neurons (arrows) and one 

bigger cell (arrowhead) are located at the external margin. Note the presence of a large positive fibre in the 

cerebral commissure (CC). 

FiGe 3: 

positive reaction (arrow) whereas those of the left lobe (arrowhead) are not stained. 

commissure; DB, dorsal body area. 

Fic. 4. 

< 120. MT, metacerebrum. 

Section through the cerebral ganglia (CG). The neurons located in the right mesocerebral lobe exhibit a 

x80. CC, cerebral 

Right cerebral ganglion. The axons (arrowheads) of the immunoreactive neurons (arrow) of the mesocereb- 

ral lobe project toward the right interganglionic connectives. 100. MS, mesocerebrum; MT, metacerebrum; 

PC, procerebrum. 

Gao) 

close to the pleural ganglion (PL). 

Right parietal ganglion (PA). Note the presence of a group of positive cells (arrow) at the posterior margin, 

120. n, neuropil. 

Fic. 6. Small strongly labelled perikarya (arrows) in the left pleural ganglion (PL). Immunoreactive fibres are visible 

in the cerebro-pleural connective (arrowhead). x 100. 



535 AGPWa-immunoreactive Substances in Helix 



536 B. GRIFFOND, J. V. MINNEN AND C. COLARD 



AGPWa-immunoreactive Substances in Helix 537 

mating state. 

Cerebral ganglia: Three major groups of posi- 

tive cells could be distinguished in each cerebral 

ganglion. Two cell groups were located at the 

lateral external margin of the metacerebrum (Fig. 

1). The first group consisted of about 20 small cells 

(10 wm in diameter) and 1 larger cell (diameter= 

25-30 wm) (Fig. 2). The second group, located 

posteriorly, consisted of about 15 cells measuring 

20 wm in diameter (Fig. 2). The third group was 

exclusively found in the anterior lobe of the right 

mesocerebrum only (Figs.3, 4). Among the 

population of pear-shaped cells (40-45 mm in dia- 

meter) characteristic of this area, 40 to 60 showed 

a positive reaction; their perikarya exhibited a less 

intense staining than those of the other groups; 

their axons formed a bundle running across the 

right cerebral ganglion to the origin of the cerebro- 

pleural and pedal connectives (Fig. 4); from this 

area, it was difficult to follow the axonal projec- 

tions, most of them apparently ran through the 

right cerebro-pedal connective to the pedal gan- 

glia. The right cerebro-pedal and cerebro-pleural 

connectives contained many more fibres than those 

on the left side. Positive fibres were present in the 

neuropil of each cerebral ganglion and large axons 

crossing the commissure were found (Fig. 2). 

Furthermore, immunoreactive fibres were found in 

some nerve roots such as the labial, penial and 

peritentacular nerves. 

Parietal ganglia: About 10 cells of 25-30 ~#m in 

diameter in the anterior part of the ganglia, close 

to the pleural ganglia showed a positive reaction. 

At the posterior part, 7 elongated cells (20 10 

wm) and 2 larger cells (30 4m) were found, 

occupying similar positions near the pleural gan- 

glia (Fig. 5). In addition, a cluster of 7 to 10 darkly 

stained cells (15 um in diameter) were located in 

the left parietal ganglion close to the anterior 

margin of the visceral ganglion. Several other 

positive perikarya were occasionally dispersed in 

the anterior half of the left parietal ganglion. A 

network of immunoreactive varicose fibres could 

be observed in the neuropils. 

Pleural ganglia: Most of the positive cells were 

located at the lateral external side of the ganglia, 

16 cells (12-15 xm) at the anterior part and about 

15 cells (diameter 25 um) posteriorly. In each 

ganglion a cluster of 40 small, strongly labelled, 

neurons (10-12 ~m) occurred at the basis of the 

cerebro-pleural connective (Fig.6). Another 

group consisting of about 40 intensely stained cells 

(10-15 ~m) was observed medially on the anterior 

face of the ganglia (Fig. 7). About 12 additional 

cells of 15 ~m in diameter were scattered in each 

ganglion and 2 neurons (25-30 um) were visible 

posteriorly, near the parietal ganglia. Prominent 

bundles of immunoreactive fibres were observed in 

the neuropils (Fig. 7). 

Visceral ganglion: 2 or 3 large neurons (140 

ym) located at the posterior face stained moder- 

ately (Fig. 8). Positive fibres were revealed in the 

neuropil and in the nerve roots. 

Pedal ganglia: Although no immunoreactive 

perikarya were found, many positive fibres were 

present in the neuropils, running in different direc- 

tions towards the connectives and the nerves leav- 

ing these ganglia. Many more fibres were present 

in the right ganglion than in the left. 

Genital apparatus 

Among the investigated organs, immunoreac- 

tivity was only found in the penis and the gonad. 

In the penis, positive fibres were relatively numer- 

ous, especially in the proximal half. Thick tracts of 

varicose and non-varicose fibres, usually oriented 

in a longitudinal direction, ran in the well- 

developed muscular layer (Fig. 9). Small lightly 

stained peripheral neurons were seen occasionally 

(Fig. 9). In some gonads, a clear label occurred on 

Fic. 7. Cluster of strongly stained neurons (arrow) in the medial part of the right pleural ganglion. 

Arrowheads: positive fibres in the neuropil. 

x 290. 

Fic. 8. Visceral ganglion (VG). Note the presence of a large neuron whose perikaryon and axon are moderately 

stained (arrow). 120. n, neuropil. 

Fic. 9. Longitudinal section of the penis. Positive fibres (arrows) are observed in the muscular layer (M). A small 

lightly stained cell is visible (arrowhead). 120. E, epithelial layer. 
Fic. 10. Gonadal acini. Note the strong reaction (arrows) on the heads of bundled spermatozoa. 290. 
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the heads of bundles of spermatozoa (Fig. 10) 

whereas the heads on other bundles: remained 

negative. 

DISCUSSION 

Our study demonstrates the presence of 

APGWa-immunoreactive substances in the CNS, 

the penis and the gonad of Helix aspersa. Whether 

the immunoreactive material is APGWa or cross- 

reacting substances cannot be determined by im- 

munocytochemistry and should be determined by 

means of biochemical and/or molecular biological 

techniques. However, since APGWa had been 

demonstrated in distantly related molluscan spe- 

cies such as Lymnaea stagnalis (pulmonates) and 

Fusinus ferrugineus (prosobranchs), it may be 

assumed that APGWa occurs in Helix aspersa. 

Except the pedal ganglia, all ganglia contain im- 

munoreactive neurons and most of the nerves 

possess immunoreactive fibres. This large distribu- 

tion is consistent with the proposed role of 

APGWa in the muscular physiology: it has mod- 

ulatory effects on the contractions of various mol- 

luscan muscles; depending on the muscles, it shows 

a stimulatory or an inhibitory action [1]. Concern- 

ing the penis, the peptide is probably involved in 

the contraction or the relaxation of the muscular 

layer during copulation. A comparable action of 

APGWa was also demonstrated in Lymnaea stag- 

nalis, where APGWa antagonizes dopamine- and 

serotonin-induced contractions of the penis retrac- 

tor muscle [2]. The origin of the positive fibres in 

the penis of Helix is unknown; according to pre- 

vious descriptions, the axons of the penial nerve 

originate from the right pedal ganglion [8, 9]. As 

we never observed immunoreactive neurons in this 

ganglion, we can hypothesize that 1) a number of 

processes travel directly from the cerebral ganglia 

to the penis, 2) axons from different ganglia follow 

a lengthy way via the pedal ganglia to the penis. 

The presence of APGWaz-like substances in the 

right mesocerebral lobe is of great interest. Other 

peptides were immunocytochemically revealed in 

the mesocerebrum but they always show a bilateral 

distribution; this is the case for example for 

methionine-enkephalin [10], FMRFa [10] and 

somatostatin [11]. The asymmetrical occurrence of 

APGWa-like substance suggests that they might be 

responsible for the control of asymmetrical organs, 

in particular the reproductive organs which are 

located on the right side of the body. According to 

Chase [5], a mean number of 138 cells was counted 

in the right mesocerebrum of Helix aspersa. In our 

investigations, a high proportion of these cells 

(more than a quarter to a third) were APGWa- 

positive; their axons were traced to the right 

cerebro-pedal connective. This observation is in 

agreement with the results of dye-injections in 

mesocerebral neurons of the right side, demon- 

strating that the axons project almost without 

exception in the ipsilateral cerebro-pedal connec- 

tive to the right pedal ganglion [5]. From elec- 

trophysiological studies [5, 12], we know that the 

mesocerebrum is a centre for coordinating the 

execution of mating. Firstly, electrical stimula- 

tions of the right mesocerebrum provoke large 

movements of the penis and the dart sac; these 

effects are mediated by axons that travel directly to 

the right pedal ganglion in which the motor- 

neurons lie [5]; secondly, the right mesocerebrum 

is responsible for the suppression of withdrawal 

responses during mating, by acting on the parietal 

command [12]; and thirdly, it can inhibit simul- 

taneously a group of serotonergic neurons located 

in the pedal ganglia and capable of sensitizing the 

afferent excitation of the avoidance command cells 

[12]. Interestingly, also in Lymnaea stagnalis a - 

group of serotonergic neurons in the right pedal 

ganglia, the so called pedal Ib cluster, are inner- 

vated by APGWa containing neurons in the right 

anterior lobus of the cerebral ganglia [4]. Our 

results suggest that APGWa-immunoreactive sub- 

stances of the right mesocerebral participate at 

least at one of these functions but their mechanism 

of action remains to elucidate. 

The presence of APGWa-immunoreactive sub- 

stances on the head of spermatozoa is surprising. 

It is unlikely that the immunoreactive material 

could be the neuropeptide because we did not 

observe positive nervous fibres around the gonad; 

it consists more probably of immunologically re- 

lated substances whose nature and significance 

must be investigated. 
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Isolation of a Fibronectin-like Molecule from a Marine Bivalve, 

Pinctada fucata, and Its Secretion by Amebocytes 
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Nansei, Mie, 516-01 Japan 

ABSTRACT—A gelatin-binding protein (GBP) was isolated from the hemolymph of the pearl oyster, 

Pinctada fucata, by affinity chromatography using gelatin-Sepharose. The purified product was a 

monomer of 220 kDa that showed weak cell spreading activity toward baby hamster kidney cells. GBP 

was also detected in connective tissues in an insoluble form polymerized by disulfide bonds. Thus, GBP 

seems to be a fibronectin-like molecule, sharing some properties with vertebrate fibronectin except for 

the subunit structure of the soluble form. Amebocytes secreted GBP as a component of the 

extracellular matrix (ECM) in vitro, and in vivo GBP was deposited together with type I-like collagen in 
the amebocyte sheath formed at wound sites. 

It is known that amebocytes of the pearl oyster synthesize an ECM containing collagen and 
proteoglycans upon which epithelial cells migrate at wound sites. Therefore, GBP may play a role in the 

© 1992 Zoological Society of Japan 

healing process as a cell-adhesion molecule. 

INTRODUCTION 

Cell-cell and cell-extracellular matrix (ECM) 

interactions play crucial roles during wound heal- 

ing. Experimental wounding can serve as a good 

model for investigating the functions of cells and 

molecules correlated with morphogenesis. When 

molluscs are experimentally wounded, amebocytes 

synthesize ECM at the wound site on which the 

epidermis is regenerated [1-4]. It has been de- 

monstrated in the pearl oyster, Pinctada fucata, 

that agranular amebocytes (hemocytes) can sec- 

rete collagen and proteoglycans as components of 

the ECM and that epithelial cells migrate on the 

new ECM at wound sites [5]. In the cockroach, 

Leucophaea maderae, hemocytes secrete a protein 

that mediates the outgrowth of epithelial cells [6- 

8]. It has been hypothesized that amebocytes 

secrete some type(s) of cell-adhesive molecule 

which help epithelial cells adhere to the substra- 

tum. At present, it is unknown what kind of 

cell-adhesive molecule may be present in inver- 

tebrate wound healing. 

Accepted February 26, 1992 

Received December 2, 1991 

Fibronectin, a major cell-adhesive protein, 

forms a complex with fibrin and mediates the 

adhesion of epithelial cells as a provisional matrix 

for skin wound healing in mammals [9]. In corneal 

healing, fibronectin appears at wound sites after 

damage [10]. Fibronectin is a macromolecular 

glycoprotein which binds a number of ligands 

including cells, collagens, fibrin and proteoglycans 

[11]. In addition to the role in healing, fibronectin 

is important in various morphogenetic processes 

such as embryogenesis, for its binding ability [12- 

14]. 

There are substances immunologically related to 

mammalian fibronectin in a wide range of inverte- 

brates [15]. Fibronectin(-like) molecules have 

been isolated from the body fluids and somatic 

tissues of various invertebrates [16-19]. It is 

involved in cell aggregation in the sponge [20], 

migration of the primary mesenchyme cells in the 

sea-urchin embryo [21-22] and gastrulation in 

Drosophila {18]. Thus, fibronectin(-like) mol- 

ecules occur widely in invertebrates and may cor- 

relate with invertebrate wound healing. 

To better understand the wound healing system 

of bivalves, a fibronectin-like substance was iso- 

lated from the pearl oyster and the ability of 
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amebocytes to secrete this substance was studied. 

MATERIALS AND METHODS 

Purification 

Hemolymph was collected from pearl oysters, 

Pinctada fucata, as previously described [23]. 

Phenylmethylsulfonyl fluoride (PMSF) and EDTA 

were immediately added to the hemolymph to give 

a final concentration of 0.1 mM and 5 mM, respec- 

tively. 

Gelatin-binding protein (GBP) was purified 

from the hemolymph using a slightly modified 

procedure for mammalian plasma fibronectin de- 

veloped by Ruoslahti et al. [24]. The batch method 

was used to adsorb and elute GBP from the 

gelatin-column. In brief, ten ml of fresh 

hemolymph was passed through a Sepharose 4B 

(Pharmacia) column, and the flow through frac- 

tions were pooled and then gently agitated with 5 

ml of gelatin-Sepharose 4B (porcine skin; Pharma- 

cia) in a plastic tube for 1 hr. The gel was then 

placed into a column (4X 10 cm) and first washed 

with 50 mM Tris/HCl buffer, pH 7.5 containing 

0.5M NaCl, followed with phosphate buffered 

saline (PBS). The retained protein was recovered 

from the gel with 3 ml of 4 M urea in 50 mM Tris/ 

HCl, pH7.5. All procedures were performed at 

4’C. 

Protein content was determined using the Bio- 

Rad Protein Assay. 

Cell spreading assay 

Affinity-purified GBP was dialyzed exhaustively 

against PBS. Bovine fibronectin (20 ug/ml; Nitta 

Gelatin Co.,) or GBP (20 ug/ml) of 200 ul was 

placed in plastic dishes (24 well plate; Nunc) and 

incubated for 1hr at 37°C. After washing the 

dishes with PBS, a suspension (200 pl) of baby 

hamster kidney (BHK) cells in Basal Eagle’s 

Medium (10° cells/ml) was added and incubated at 

37°C for 1 hr. After incubation, the ratio of cells 

spread on the surface was counted. 

Antisera 

An aliquat of affinity-purified GBP was emul- 

sified with the same volume of Freund’s complete 

adjuvant, and subcutaneously injected into the 

back of a rabbit four times at weekly intervals. 

One week after the final injection, blood was 

collected from the ear vein and allowed to clot, 

after which the serum (anti-GBP) was removed 

after centrifugation at 500g. 

Rabbit anti-human fibronectin and rabbit anti- 
bovine fibronectin were purchased from Wako 

Chemical Ltd. and UCB Bioproducts, respective- 

ly. Rabbit anti-type I-like collagen of the pearl 

oyster (anti-collagen) was prepared as previously 

reported [5]. 

Electrophoresis and immunoblotting 

Procedures as for placenta fibronectin [25] were 

used to solubilize tissue GBP which was then 

subjected to immunoblot analysis. In brief, tissue 

_ was homogenized with 0.1 M NaCl in buffer A (50 

mM Tris/HCl buffer, pH 7.5, 1 mM PMSF, 1 mM 

EDTA, 20 mM ¢e-aminocaproic acid, 0.02% NaN3;, 

5 ug/ml pepstatin, 5 ug/aprotinin). The tissue 

homogenate was centrifuged at 20,000g for 10 

min and the precipitate was resuspended in fresh 

buffer A. This procedure was repeated four times. 

The precipitate was resuspended in 0.1 M NaCl in’ 

buffer A, mixed with urea to give final concentra- 

tion of 4M and stirred overnight at 4°C. The 
mixture was centrifuged, and the supernatant was 

collected. This is referred to a 4M urea extract. 

Sodium dodecylsulfate-polyacrylamide gel elec- 

trophoresis (SDS-PAGE) was performed accord- 

ing to Laemmli [26]. Molecular weights were 

estimated using Bio-Rad high molecular weight 

standards and thyroglobulin (Pharmacia). Pro- 

teins in the gels were stained with Coomassie 

Brilliant Blue R-250 or by a silver staining kit 
(Wako Chemical Ltd.). 

A western blot [27] of the proteins was per- 

formed at 2mA/cm* for 1hr. Proteins were 

detected by immunostaining. Anti-GBP, anti- 

human fibronectin and bovine fibronectin were 

used at a dilution of 1:1000. Horseradish peroxi- 

dase (HRP)-conjugated swine anti-rabbit im- 

munoglobulins (HRP anti-rabbit Ig; Dakopatts) 

was used at a dilution of 1:500. Chloronaphthol- 

H,0> solution (3 mg 4-chloro 2-naphthol in 1 ml 

ethanol, 5 ml Tris-buffered saline, pH 7.4, and 1 yl 

3% H,O>) was used as the HRP substrate. 
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Immunohistochemistry 

For the immunohistochemical detection of GBP 

in the pearl oyster, specimen was dissected and 

fixed in Bouin’s fixative at 4°C for 6hr. After 

washing in PBS three times for 1 hr each, the 

samples were embedded in paraffin and sliced into 

5 wm sections. After removing paraffin, the sec- 

tions were incubated with 5% BSA, then with 

anti-GBP or normal rabbit serum (1: 100 dilution 

with PBS) for 20min. The sections were then 

washed with PBS and incubated with fluorescein 

isothiocyanate (FITC)-conjugated swine anti- 

rabbit Ig (FITC anti-rabbit Ig; Dakopatts) at a 

dilution of 1:100. 

To detect GBP and type-I like collagen in 

amebocytes, blood was dropped onto glass slides 

which were then maintained for 20 min at room 

temperature to help amebocytes adhere. Cells 

were fixed with 5% paraformaldehyde in PBS for 

20 min and treated with acetone. Samples were 

treated with anti-GBP or anti-collagen and then 

FITC anti-rabbit Ig as described. 

To observe GBP in the ECM synthesized in 

vitro, amebocytes were cultured for 6 days and 

fixed as previously reported [5]. The samples were 

incubated with anti-GBP (1:100) for 20min, 

washed and incubated with HRP anti-rabbit Ig 

(1:100) for 20min. Diaminobenzidine (DAB)- 

HO; solution (1 mg 3,3’-diaminobenzidine in 5 ml 

of 50 mM Tris/HCl buffer, pH 7.6, and 5 wl 5% 

H,0O>) was used as the substrate for HRP. 

In the wound experiment, a shell bead, 7mm 

diameter, was implanted into the gonad of a pearl 

oyster by means of an incision as previously re- 

ported [5]. The gonad was dissected from the 

specimen 7 days after the operation and processed 

for indirect immunofluorescence as described. 

RESULTS 

Purification of GBP 

Pearl oyster hemolymph was passed through a 

column of Sepharose 4B, and the flow through 

fractions were applied to an affinity column with 

gelatin-Sepharose using the batch method. The 

retained proteins were recovered from the gel with 

a small volume of buffered 4M urea. The eluate 

gave a homogeneous protein band at the position 

of 220 kDa in SDS-PAGE (Fig. la, b). A subse- 

quent elution of the column with 8 M urea did not 

yield any detectable proteins. When Sepharose 

coupled with bovine serum albumin was used for 

affinity chromatography instead of  gelatin- 

Sepharose, the 220kDa polypeptide was not 

obtained. Therefore, the adsorption of the mol- 

ecule on the gelatin-Sepharose in probably due to 

specific binding with gelatin. Thus, we refer to the 

substance as gelatin binding protein (GBP). 

Approximately 20 ug of GBP was isolated from 10 

ml of hemolymph containing 0.9-1.2 mg protein/ 

ml. 

Molecular structure 

Affinity-purified GBP gave a molecular mass of 

220 kDa in the SDS-PAGE under reducing and 

non-reducing conditions (Fig. la, b). These results 

suggest that GBP is a 220kDa monomer of 

polypeptide in the hemolymph. 
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Silver—staining Immunoblot Immunoblot 

Fic. 1. SDS-PAGE and immunoblot analyses of gela- 

tin-binding protein (GBP) purified from pearl oyster 
hemolymph. Affinity-purified GBP using gelatin- 

Sepharose was electrophoresed using 7.5% (a-d) or 

5.0% (e-f) polyacrylamide gel and subjected to 

protein-staining or western blotting. a and D: silver- 

stained gel. c-f: nitrocellulose sheet immunostained 

using anti-GBP. In each lane, 0.14 wg of protein 

was run. R, reduced by 2-mercaptoethanol; N, 

non-reduced. 
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Cell-spreading activity 

The cell-spreading activity of GBP was studied 

using BHK cells. Some of the cells elongated on 

the GBP-coated dish (Fig. 2b). However, the 

degree of spreading was incomplete as compared 

with the cells on the bovine fibronectin-coated dish 

which were fully flattened (Fig. 2c). When partial- 

ly spread cells were included, the ratio of spread- 

ing cells was 16% higher on the GBP-coated than 

on the non-coated dish (Table 1). 

Fic. 2. Effect of GBP on the spreading of BHK cells. 

BHK cells were incubated for 1 hr on non-coated 

(a), GBP-coated (b) and bovine fibronectin-coated 

(c) dishes. 

TABLE 1. Ratio of BHK cells spread on non- 

coated, GBP-coated and bovine fibronectin- 

coated dish. 

Cells spread on dish 
Coating x 100 

Total cells 

None 8* 

GBP 24* 

Bovine fibronectin 94 

* Cells as arrowed in Fig. 2a, b were included. 

Localization 

In the immunoblot analysis using 7.5% poly- 

acrylamide gel, anti-GBP recognized a 220 kDa 

polypeptide under non-reducing conditions, but 

the staining intensity was weak under reducing 

conditions (Fig. lc, d). By using a 5.0% gel a 

protein was recognized by anti-GBP under both 

conditions (Fig. le, f). 

Tissue localization of GBP was investigated by 

indirect immunofluorescence. Fluorescent staining 

was noted at the following connective tissues; 

those under the epithelium in the byssus gland, 

body wall and kidneys (Fig. 3b, d, f); endomysium 

of the muscle (Fig. 3h); and loose connective tissue 

distributed between the digestive diverticula and 

the body wall (Fig. 3j). In particular, intense 

staining was observed adjacent to the basement 

membrane of the epithelium in the byssus gland 

and body wall. No fluorescence was detected in 

tissues when normal rabbit serum was used as a 

control. 

The 4M urea extract (adductor muscles tissue) 

was immunoblotted using 5% polyacrylamide gel 

to determine the structure of tissue GBP. The 

adductor muscle was chosen for study because of 

its immunohistochemical reactivity with anti-GBP 

and the availability of large quantities. Under 

reducing conditions, anti-GBP produced an in- 

tense band at the 220kDa position (Fig. 4c). 

Under non-reducing conditions, a weakly stained 

~ band was detected at the position of approximately 

450 kDa (Fig. 4d), suggesting that the 220kDa 

polypeptide was dimerized or more highly poly- 

merized in the tissue. These bands were not 

visualized when using Coomassie Brilliant Blue for 

protein staining (Fig. 4a, b), probably because the 

concentration was below a detectable level. 

Immunological properties 

Immunological cross-reactivity of GBP with 

mammalian fibronectins was tested by immunoblot 

analysis. Anti-GBP did not react with either 

human or bovine fibronectin. Neither did anti- — 

human and anti-bovine fibronectin react with 

GBP. Thus, GBP and mammalian fibronectins 

lack mutual immunological cross-reactivity. In 

addition, since no hemolymph proteins reacted 

with anti-human and anti-bovine fibronectin, the 

pearl oyster has no detectable level of immuno- 

logically relevant substances to mammalian 

fibronectins in the hemolymph. 

Production of GBP. by amebocytes 

GBP in pearl oyster amebocytes was observed 

by indirect immunofluorescence. The agranular 

amebocytes exhibited a reaction to anti-GBP in 

the cytoplasm, as granular staining (Fig. 5a). On 

the other hand, the cells did not react with anti- 

collagen. 

Next, we examined the location of GBP in 

amebocytes cultured for 6 days to determine 
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Fic. 3. Immunolocalization of GBP in the pearl oyster. The photographs on the right are of indirect im- 

munofluorescence using anti-GBP. Those on the left are of phase contrast micrography of the same field as that 
on the right. a and b: byssus gland. The arrows indicate the basement membrane. c and d: body wall. The 

arrows show the basement membrane. e and f: kidney. g and h: muscle. i and j: loose connective tissue between 

digestive diverticula and body wall. 
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whether amebocytes secrete GBP into ECM. An 

ECM started to be deposited inside the aggregates 

of amebocytes after 3-4 days of culture, as re- 

ported by Suzuki et al. [5]. When enzyme-labeled 

staining was applied to 6-day cultured aggregates, 

the gel-like matrix in the aggregates displayed 

intense reaction with anti-GBP (Fig. 5d). Fibrillar 

staining was also detected around it. Thus, GBP 

was deposited de novo in the ECM secreted by 

amebocytes. In the control, using pre-immune 

serum, neither amebocytes nor the in vitro matrix 

Fic. 4. Detection of GBP in pearl oyster adductor 

muscle of western blotting. 4M urea extract of 

adductor muscle was electrophoresed in 5% poly- 

acrylamide gel and subjected to protein staining or 

immunoblotting. a and b: Coomassie-stained gel. c 

and d: nitrocellulose sheet immunostained using 

anit-GBP. In each lane, 20 ug of protein was run. R 

and N, same as in Fig. 1. 
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Fic. 6. Immunolocalization of GBP and type I-like collagen in the amebocyte sheath formed around an abiotic 

implant (shell bead) inserted into gonad (on day-7 after wounding). a: hematoxylin-eosin staining. b and c: 

indirect immunofluorescence using anti-GBP and anti-type I like collagen, respectively. G, gonad; I, abiotic 
implant; S, amebocyte sheath. 

were stained. 

Finally, GBP was localized at the experimental 

wound site. In this experiment, an abiotic implant 

(shell bead) was inserted into the gonad via an 

incision. At 7-day post wounding, the agranular 

amebocytes formed a cellular sheath, covering the 

implant (Fig.6a). Reactions to anti-GBP and 

anti-collagen were detected in the amebocyte 

sheath (Fig. 6b, c). 

DISCUSSION 

Mammalian fibronectin exists in a soluble form 

in plasma and as an insoluble form in tissues and 

cell surfaces [28]. Plasma fibronectin has an 

approximate 450 kDa molecular mass and consists 

of two similar subunits of 220-240 kDa covalently 

bound by two disulfide bonds [29]. Plasma 

fibronectin is synthesized and secreted mainly by 

hepatocytes [30]. On the other hand, cellular 

fibronectin is synthesized by various cells such as 

fibroblasts, myoblasts and endothelial cells, and is 

highly polymerized as an insoluble form with other 

ECM components [31]. One major biological 

function of fibronectin is mediation of cell- 

adhesion. 

In invertebrates, fibronectin(-like) molecules 

have been isolated and some of their biochemical 

properties have been described in coelenterates 

[19], sea-urchin Pseudocentrotus depressus [16, 

32], snail Helix aspersa [17] and Drosophila {18}. 

Each type has the ability to bind to denatured 

mammalian collagen (i.e., gelatin). Tissue 

fibronectins of these animals structurally coincide 

well with mammalian fibronectin in both molecular 

weight and the possession of interchain disulfide 

bonds. However, the subunit structure of the 

soluble form of invertebrate fibronectins has not 

been described. Sea-urchin fibronectin promotes 

the spreading of BHK cells [32], so that the 

mediation of cell-adhesion seems to be a universal 

property of both vertebrate and invertebrate 

fibronectin(-like) molecules. 

In this study, we fractioned hemolymph of the 

i ee ee ee ee ae 

Fic. 5. Immunolocalization of GBP in agranular amebocytes (a and b) and in an amebocyte aggregate depositing 

extracellular matrix (c and d). a: indirect immunofluorescence using anti-GBP. The cells were stained soon after 

blood collection. b: phase contrast micrography of the same field as that on a. c: phase contrast micrography of 

amebocyte aggregate cultured for 6 days. The extracellular matrix deposited inside the aggregate is shown by the 

arrows. d: enzyme-labeled antibody staining using anti-GBP showing that the matrix (arrows) is reactive. 
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pearl oyster, Pinctada fucata, by gelatin-affinity 

chromatography under conditions used for purify- 

ing mammalian plasma fibronectin [24]. This pro- 

cedure yielded a monomeric gelatin-binding pro- 

tein (GBP). GBP was similar in size to fibronectins 

with regard to the single polypeptide chain, but 

differed from it in subunit structure. Proteolysis of 

fibronectin yields a fragment almost as large as the 

original subunits when the first proteolytic cleav- 

age occurs at the C-terminal end [33]. Among 

bivalves which have not developed a humoral 

clotting system [34], it is inconceivable that 

hemolymph proteins had rapidly degenerated 

under the purification conditions used _ here. 

However, it remains possible that the 220 kDa 

polypeptide is a product of proteolytic cleavage 

which may occur in vivo. 

GBP was localized at the connective tissues of 

various organs using immunohistochemical techni- 

ques. Immunoblot analysis suggested the exis- 

tence of an insoluble form of GBP in the tissues, 

which is polymerized by disulfide linkages. Thus, 

GBP seems to be present in the connective tissues 

as an insoluble component of the ECM. 

GBP exhibited a low level of cell-spreading 

activity toward BHK cells compared with that of 

bovine fibronectin. One hypothesis is that the 

affinity of GBP for plasma membrane receptors of 

BHK cells is low due to the wide evolutionary 

distance between mammals and molluscs. For 

critical evaluation, GBP cell-spreading activity 

should be examined with cells of the pearl oyster. 

Therefore, we prepared primary cells (fibroblast- 

like) from several tissues of the pearl oyster, but, 

unfortunately, all cells rapidly spread in non- 

coated (control) plastic wells even in the physio- 

logical saline (data not shown). 

In conclusion, GBP may be a cell-adhesive 

protein of the pearl oyster which exists in blood as 

a single 220 kDa polypeptide and also in tissue as 

polymerized insoluble form. GBP of the pearl 

oyster is a probable homologue (fibronectin-like 

molecule) to mammalian fibronectin, with which it 

shares some properties. Immunologically, GBP 

had no_ cross-reactivity with mammalian 

fibronectins. Since sea urchin and _ bovine 

fibronectins lack mutual cross-reactivity [16], im- 

munological properties do not always serve as 

criteria for identifying fibronectin. 

The molluscs have a wound healing system 

which widely differs from that of mammals [1-5]. 

In these animals, the wound site is healed via 

following four cellular reactions; the removai of 

tissue debris, cellular sheath formation, ECM pro- 

duction and epithelial regeneration. The cellular 

sheath formation is thought to be a hemostatic 

reaction in molluscs, which lack a humoral clotting 

system. In the pearl oyster, the agranular amebo- 

cytes, which are macrophage-like cells, are re- 

sponsible for not only phagocytosis of debris but 

also the two successive healing reactions [5]. The 

epithelial cells migrate along the ECM newly sec- 

reted by the sheath amebocytes [5]. 

The agranular amebocytes have ability to se- 

crete type I-like collagen and proteoglycans as 

components of the ECM, in vitro [5]. The present 

study demonstrated that GBP exists in the ECM 

produced by the amebocytes, suggesting that it is 

secreted with other ECM components by the cells. 

At the experimental wound site in the gonad, 

where an abiotic implant (shell bead) was inserted 

via an incision, the agranular amebocytes formed a 

sheath of 10-20 cell layers to cover the implant, 

after which the ECM began to be deposited in the 

spaces between sheath cells [5]. It was ascertained 

that GBP is deposited with type I-like collagen in 

the amebocyte sheath. These data suggest that 

GBP is synthesized and secreted by the agranular — 

amebocytes with other ECM components during 

wound healing. It is hypothesized that GBP acts as 

a mediator of cell-adhesion for migrating epithelial 

cells at wound sites in the pearl oyster. 
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ABSTRACT—Hemocytes from hemolymph of the tunicate, Halocynthia roretzi were investigated by 

transmission electron microscopy (TEM). Nine types were identified according to their ultrastructural 

characteristics: phagocytes or macrophages (PH cells), granulocytes with small granules (GS cells), 

granulocytes with large granules (GL cells), vesicle-containing cells (VC cells), fibrous material- 

containing cells (FM cells), vacuolated cells type 1 (VA1 cells), vacuolated cells type 2 (VA2 cells), 

basophilic cells (BA cells) and lymphoid cells (LY cells). Among these hemocyte types VC cells and FM 

cells were unique and novel. One functional assay, i.e. phagocytic activity against sheep red blood cells 

(SRBC) and rat red blood cells (RRBC) was developed. This investigation resulting from improved 

fixation has served as the basis for standardizing hemocyte types and for defining future analyses that can 

be used in functional assays. 

INTRODUCTION 

Tunicate hemolymph contains many hemocyte 

types often referred to as coelomocytes or coelo- 

mic cells. They have long been investigated by 

light and phase contrast microscopy in diverse 

species [1-9]. In addition, more recent studies 

have correlated fine structure with certain func- 

tional assays [10-13]. Despite attempts to define 

certain hemocyte functions such as coagulation, 

excretion, nutrition, immune responses and tunic 

formation [14-19], as summarized by Wright 

(1981), most of these functional analyses require 

more extended experimentation [20]. 

The ultrastructural characterization of hemo- 

cytes has been established, in some species [21- 

23], leaving us with confusion in terminology with 

respect to common features of hemocytes from 

different species. Recently we classified hemo- 
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cytes of the tunicate, Halocynthia roretzi, into ten 

groups according to morphology by light, phase 

and fluorescence microscopy [24]. The present 

study was undertaken for several reasons. First, 

confusion in reaching a consensus concerning 

hemocyte types may result from inadequate fixa- 

tion. Second, to rectify this, improved fixation 

revealing fine structural features of hemocytes was 

then investigated. Third, structure was viewed 

together with phagocytic activity as one assay for 

hemocyte function. 

MATERIALS AND METHODS 

Tunicates 

Tunicate, Halocynthia roretzi, a Urochordate 

was collected in the Mutsu Bay, Aomori prefec- 

ture, Japan. 

Harvesting hemocytes 

Hemocytes were harvested in tubes from live 
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tunicates by cutting the tunic near the point of 

attachment. Hemolymph was centrifuged at 250 g 

for 5 min and the pellets were fixed for electron 

microscopy. 

Preparation for transmission electron microscopy 

(TEM) 

Since any single method of fixation was not 

always suitable for all cell types (generally one 

fixative was reasonably good for only a few), we 

tried several approaches changing composition and 

concentration of fixatives and buffers. After sever- 

al trials, we found that a mixture of 3% glutaral- 

dehyde and 3% paraformaldehyde preserved 

many cell types reasonably well. In most cases 

hemocytes were fixed in a mixture of 3% glutaral- 

dehyde and 3% paraformaldehyde in 0.2M 

sodium cacodylate, pH 7.4. To examine the effect 

of pH on preservation of hemocyte structure, 

fixatives at four different pH, 6.4, 7.4, 8.0 and 8.5 

were often used. Hemocytes were post-fixed in 

2% osmium tetroxide in cacodylate buffer for 1 hr, 

and dehydrated in alcohol or acetone. The speci- 

mens were embedded in Epon 812, ultrathin sec- 

tions cut with an LKB Ultrotome Nova, stained 

with uranyl acetate and lead citrate and then 

examined with a JEM-200CX electron microscope 

(Japan Electron Optics Ltd.). 

Phagocytosis 

Fresh tunicate hemolymph was mixed with 

SRBC or RRBC immediately after harvesting and 

incubated at room temperature for 20 min. Hemo- 

cytes were thent= collected3 fixed’ Gintt93% 

glutaraldehyde/ paraformaldehyde for 2 hr, post- 

fixed in 2% osmium tetroxide and embedded in 

Epon. In other experiments 0.35-3.5 ml of 10% 

RRBC, which were first fixed with 2% glutaral- 

dehyde and paraformaldehyde, then injected into 

the coelomic cavity via papillae and hemocytes 

prepared for TEM by the usual method. 

Young tunicate (stage of organogenesis) 

Specimens of young tunicates 8-10 days after 

hatching were supplied by Drs. Yasuo Sugino and 

Yu Ishikawa. These were also examined as de- 

scribed above to ascertain the ontogeny of hemo- 

cytes. 

RESULTS 

CHARACTERIZATION 

CYVGRE TYE 

General features 

Many different hemocyte types were observed in 

tunicate hemolymph. By TEM we classfied them 

into nine groups: phagocytes (or macrophages; PH 

cells), granulocytes with small granules (GS cells), 

granulocytes with large granules (GL cells), vesi- 

cle-containing cells (VC cells), fibrous material- 

containing cells (FM cells), vacuolated cells type 1 

(VAI cells), vacuolated cells type 2 (VA2 cells), 

basophilic cells (BA cells) and lymphoid cells (LY 

cells). This classification was based on observa- 

tions of hemocytes fixed in a mixute of 3% 

glutaraldehyde/paraformaldehyde in 0.2M 

sodium cacodylate, pH 7.4. Correlation of TEM 

with LM classification together with TEM studies 

in different species is summarized in Table 1. 

Phagocytes or macrophages 

Phagocytes had numerous cell shapes and often 

pseudopodia. We found lysosomal granules and 

many vesicles with contents of variable electron: 

density in their cytoplasm (Figs. 1-3). Some 

phagocytes had a tube-like anastomosing structure 

which contained high electron-dense substances 

(Fig. 1). Phagosome-like large vesicles containing 

amorphous substances or myelinated figures were - 

often observed. Active phagocytic activity was 

observed when hemolymph was incubated with 

SRBC or RRBC. Their phagocytic activity was 

also demonstrated by experiments using an in vivo 

system when fixed RRBC were injected into the 

coelomic cavity (Fig.3). Phagocytized RRBC 

were found in phagocytic vacuoles and electron 

dense tubular or globular structures were often 

encountered around the engulfed RRBC (Fig. 3). 

Granulocytes 

Granulocytes with small granules (GS cells) 

were generally spherical and contained many gran- 

ules which varied in electron density and size (Fig. 

4). The granules were usually smaller than 0.5 um. 

GS cells had several mitochondria, rough- 

endoplasmic reticulum (RER) with long slender 

cisternae and numerous small vesicles. Golgi 

complex was also observed. Granulocytes with 

OF EACH HEMO- 



. TABLE l. 

with other reports 

Cell types 
in this report Major 
H. roretzi characteristics 
by TEM 

Phagocytes lysosome 
fe Pee pseudopodia 
PH) tubular 

structure 
phagocytic 

Granulocytes small granules 
with (0.5 um) 
small granules 

(GS) 

Granulocytes 
with 
large granules 
GL) 

Vesicle- 
containin 
cells (VC 

Fibrous 
material- 
containing cells 
(FM) 

Vacuolated cells 
type 1 (VA1) 

large granules 
(1-2 um) 

vesicles 
(0.5 ~m) 
SER/Golgi 
complex 

fibrous material 
in vesicles 
RER/Golgi 
complex 

Vacuolated cells 
type 2 (VA2) 

Basophilic cells 
(BA) 

one large 
vacuole 
RER 

several vacuoles 
central nucleus 

vesicular RER 
Golgi complex 
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Overton [21] 
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Characteristics of nine types of hemocytes in the tunicates, Halocynthia roretzi and correlation 

Lymphoid cells poor organella 

(LY) (ly) 

large granules (GL cells) contained numerous 

large granules whose diameter was approximately 

1-2 um (Fig. 5), but the volume which they occu- 

pied was not as large as it was in vacuolated cells. 

Granulocytes also contained small vesicles, slender 

RER and their nuclei were located near the cyto- 

plasm’s center. 

Vesicle-containing cells 

Vesicle-containing cells (VC cells) possessed 

numerous spherical vesicles (about 0.5 um in dia- 

meter) filled with material of low electron density 

(Figs. 6, 7). Many of the spherical vesicles seemed 

to lose their contents during fixation and dehydra- 

[24] Fuke [32] Burishel [231 “Perophora Wright (20) 
H. roretzi “TEM hl ee viridis Review LM schlossori TEM 

TEM 

Phagocytic cells Fine granular Macrophages Phagocytes Hyaline 
type 1 (pl) amoeboid cells leucocytes? 
and 

type 2 (p2) 

Granular cells Minute Microgranular 
type 1 (gl) granular amoebocytes 

amoeboid cells 
Granular Granular 
amebocytes leucocytes 

? Macrogranular 
amoebocytes 

Granular cells 
type 3 (g3)? 

Granular cells 
type 2 (g2)? 

Vacuolated cells Signet ring 
type 1 (vl) cells 
and type 3 (v3)? 

Vacuolated 
Vacuolated cells OSH ai GELS Morula cells? Compartment cells 
type 2 (v2) cells 
and/or type 4 
(v4)? 

Granular cells 

type 2 (g2)? 

Lymphoid cells Lympho- 
cytes 

tion. The cytoplasm had long, flexible and rod 

shaped mitochondria, abundant smooth-surfaced 

endoplasmic reticulum (SER) but a small amount 

of RER. The Golgi complex was well developed. 

Immature VC cells (figure not shown) had numer- 

ous globular RER and a prominent Golgi complex 

as well as the specific vesicles. 

Fibrous material-containing cells 

Fibrous material-containing cells (FM cells) 

were Oval or spherical. The nucleus of high 

electron-density occupied a central position and it 

often appeared to be compressed by tightly packed 

cytoplasmic vesicles. These tightly-packed vesicles 
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Fics. 1, 2. Phagocytes (or macrophages; PH cells) with small vesicles (arrow heads) and granules (thick arrows). 
Note electron dense anastomosing canalicular structure (thin arrows) in a phagocyte of Fig. 1. n, nucleus. scale 

bar, 1 um. 

Fic. 3. A phagocyte engulfed three RRBC (R) in its phagosomes. Three hours after intracoelomic injection of 

RRBC. Arrow heads, phagosome membrane; Arrows, electron dense substances; n, nucleus. scale bar, 1 um. 
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ey 

Fics. 4, 5. 

granules; n, nucleus. scale bar, 1 “m. 

filled with fibrous material were the most promi- 

nent feature (Figs. 8, 9, 10). Rather immature cell 

types contained large amounts of vesicular or 

spherical RER (Fig. 8). High electron-density of 

their cytoplasmic matrix was a characteristic fea- 

ture of mature cells (Figs. 9, 10). Vesicles varied 

in size, shape and were often fused together. 

Certain vesicular structures in the cytoplasmic 

periphery appeared to be open. A prominent 

Golgi complex with dense contents, electron dense 

bodies and small vesicles were also observed in the 

cytoplasm (Figs. 9, 10). 

Vacuolated cells 

Vacuolated cells type 1 (VA1 cells) had an 

eccentric nucleus and a large vacuole which usually 

contained electron dense material (Fig. 11), while 

the vacuolar content often appeared to be lost 

during preparation (Fig. 12). Small vesicles with 

or without electron-dense substances were 

observed. RER was well developed in some of 

these cell type (Fig. 12). Vacuolated cells type 2 

(VA2 cells) contained variable numbers of large 

vacuoles which occupied most of the cell’s volume 

(Fig. 13). The content of vacuoles appeared 

homogeneous in certain cells but heterogeneous in 

others. The nucleus occupied a central position. 

x ee 

Granulocyte with small granules (GS; Fig. 4) and granulocyte with large granules (GL; Fig. 5).  g, 

Basophilic cells 

Basophilic cells (BA cells) has numerous dis- 

tended RER (Fig. 14) and a centrally located 

nucleus. Spherical or ellipsoidal mitochondria and 

well developed Golgi complex were usually pre- 

sent. 

Lymphoid cells 

Lymphoid cells (LY cells) were small round or 

oval (figure not shown). We observed only a small 

quantity of cytoplasmic organelles without a char- 

acteristic component. Sparse organelles consisted 

of a few spherical mitochondria, a few short and 

slender RER, and clusters of free ribosomes. 

HEMOCYTES IN YOUNG TUNICATE 

All adult hemocyte types were also found in the 

coelom of young tunicates, 8-10 days after hatch- 

ing. The fibrous material-containing cells (FM 

cells) seemed to be more abundant in younger 

tunicates than in adults. Vacuolated cells type 2 

(VA 2 cells) were observed in the larval tunic. 

EFFECT OF FIXATIVE’S pH ON PRESERVA- 

TION OF HEMOCYTE FINE STRUCTURE 

Four different pHs, 6.4, 7.4, 8.0 and 8.5 were 

examined. Generally the preservation of hemo- 
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Fics. 11, 12. Vacuolated cells type 1 (VA1) with a single large vacuole (va). Vacuolar content of the cell in Fig. 11 

preserved well with high pH fixative. The cell in Fig. 12 contains well developed rough-endoplasmic reticulum 

(re). scale bar, 1 um. 

Fic. 13. Vacuolated cell type 2 (VA2) with several large vacuoles (va) and central nucleus (n). scale bar, 1 um. 

Fic. 14. Basophilic cell (BA) with numerous dilated rough-endoplasmic reticulum (re). scale bar, 1 um. 
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cytes was suboptimal when a lower pH, such as 6.4 

was used. Contents of vesicular structures found in 

phagocytes and the contents of vacuolated cells 

were well preserved at higher pHs (Fig. 11). 

DISCUSSION 

Recently much attention has been devoted to 

the immune system of tunicates, since they seem to 

be one of the key animals necessary for under- 

standing evolution of sophisticated immune recog- 

nition mechanisms [25]. There are numerous 

tunicate species, and for several reasons, Halocy- 

nthia roretzi is particularly an ideal experimental 

animal for immunological investigations. First, a 

single individual has large quantities of 

hemolymph which in turn contains numerous 

hemocytes. Second, and perhaps most importantly 

this species can be obtained throughout the year. 

Third, certain humoral factors, which play a role in 

immuno-defense mechanisms, have been isolated 

and characterized [26-30]. Still there is a need to 

classify and characterize hemocytes of H. roretzi as 

one basic study essential to reveal the cellular 

components of the immune system and to mini- 

mize confusion concerning functional cells. To 

begin this approach, we investigated hemocytes in 

a previous study by light microscopy [24] and here 

we describe their ultrastructure. 

Correlation with the previously-reported classifica- 

tion 

In the previous LM study, we classified hemo- 

cytes into ten groups: Phagocytes type 1 and 2 (p1- 

and p2-cells), granular cells type 1, 2, 3 (gl-, g2- 

and g3-cells), vacuolated cells type 1, 2, 3 and 4 

(vl-, v2-, v3- and v4-cells) and lymphoid cells 

(ly-cells) [24]. Due to limited power of resolution 

by LM and limited information from thin slices of 

TEM materials, we are only able to provide a 

partial correlation. Nevertheless, considering our 

own results and those of others we propose four or 

five major cell groups; phagocytes, granulocytes, 

vesicle- and fibrous material-containing cells, and 

vacuolated cells (Table 1). 

Phagocytes or macrophages 

In our previous LM study [24] we described the 

presence of two types of phagocytic cells with 

different characteristics (pl and p2 cells). Two 

forms of phagocytic cells, one with a tubular 

structure containing highly electron-dense sub- 

stances (Fig. 1) and the other without the tubular 

structure (Fig. 2), were also identified in the pre- 

sent TEM observation. The biological significance 

of this ultrastructural difference is obscure and 

thus it is difficult to present a definite correlation 

with the results of LM classification [24]. The most 

important finding is that both cell forms have 

pseudopodia, lysosomal granules and _ exhibit 

strong phagocytic activity, characteristics which 

strengthen their important role in front line, cellu- 

lar immuno-defense mechanisms. 

Granulocytes 

Milanesi and Burighel [23] identified two gran- 

ulocytes in the tunicate, Botryllus schlossori which 

agrees with our classification (Table 1). Although 

the GS cell clearly corresponds to gl-cells (Table 

1), a cell viewed in LM which could correspond to 

the GL cell is not conclusive. Differences between 

the chemical components and functional analysis 

of the two types of granules remain to be solved.’ 

Vesicle- and fibrous material-containing cells 

We observed two types of unique cells whose 

structural details have not been adequately de- 

scribed in the past. One is the 0.5 um vesicle 

containing cell (VC cells). We assume that VC 

cells correspond to granular cells type 3 (g3-cells) 

of our LM classification [24]. The fibrous material- 

containing cell (FM cell) is another novel cell 

which we describe for the first time in H. roretzi. 

Glomerulocytes, which contained intracytoplasmic 

fibrous material, were described in the hemocoel 

of a styelid ascidian [31]. Since the cell shape of 

the glomerulocyte is different from that of the FM 

cell, disk-like in the glomerulocyte but oval or 

spherical in the FM cell and distibution patterns of 

fibrous material in two cells are entirely different, 

the glomerulocyte seems to be another unique cell 

type in certain ascidians. Although structural 

differences between these two cells are empha- 

sized above, we cannot rule out the possibility that 

contents of fibrous materials from these two cells 

are the same nor are they similar in their charac- 
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ters. By LM the FM cell is probably equivalent to 

granular cell type 2 (g2-cell) because of the size of 

its vesicles and cytoplasmic basophilia [24]. 

Vacuolated cells 

Vacuolated cells were classified into two types, 

one had a single, large vacuole with an eccentric 

nucleus (vacuolated cells type 1, VA1 cells) and 

the other had several vacuoles with central nuclei 

(vacuolated cells type 2, VA2 cells). VA1 cells are 

apparently the same type as signet ring cells and 

VA2 cells are the compartment cells according to 

Overton [21]. For these two types Wright [20] 

recommended the term vacuolated cells (Table 1). 

VAI cells also seem to correspond to the vesicular- 

cells described by Fuke (1979), which reach with 

allogeneic cells during contact reactions [17, 32]. 

As shown in Fig. 12 some of the VA1 cells had well 

developed RER suggesting active protein synthesis 

and storage of synthesized protein in the large 

vacuole. Perhaps the protein contents of the 

vacuole are excreted during contact reactions. For 

clarity, preservation of vacuolar contents largely 

depends on pH of fixatives. When cells were fixed 

in a solution of higher pH, such as pH 8-8.5, the 

contents were well preserved reflecting the stabil- 

ity of their chemical components. 

Differentiation of hemocytes 

We have classified the hemocytes of H. roretzi 

into nine groups and each of them had ultrastruc- 

turally distinguishable features. However, we are 

unable to dismiss the possibility that certain cell 

types may merely represent differentiation stages 

of the other hemocytes. For example, certain 

basophilic cells (BA cells) may be considered as 

immature because of transitional forms which con- 

tain large amounts of RER together with 0.5 u~m 

vesicles or vacuoles. Now we have only insufficient 

evidence to delineate cell differentiation pathways. 

Thus further experimentation should be conducted 

to solve this important question. One approach 

would be to do extensive investigations of hemo- 

poietic tissues, homolymph, and hemocytes in 

young tunicates. These may provide information 

necessary for understanding developmental cell 

lineages especially if compared with adult stages 

that have been combined with successful in vivo 

and in vitro assays [33-35]. 
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Diacyl Choline Phosphoglyceride: The Endogenous Substrate 

for Energy Metabolism in Sea Urchin Spermatozoa 

MASATOSHI MITA 
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Itabashi-ku, Tokyo 173, Japan 

ABSTRACT— Endogenous choline phosphoglycerides (CPG) are substrates for energy metabolism in 

the spermatozoa of the sea urchin, Hemicentrotus pulcherrimus. It has also been reported that 

alkenylacyl, alkylacyl and diacyl phosphoglycerides are distributed in sea urchin spermatozoa. This 

study was undertaken to determine whether CPG available for utilization in energy metabolism is a 

diacyl and/or ether-containing compound. After incubation of spermatozoa in seawater, only the diacyl 

choline CPG content was found to have decreased significantly, and no changes were detectable in the 

other phospholipids. Analysis by gas-liquid chromatography indicated that 16:0, 18:0, 20:1, 20:4 and 

20:5 at the 1-position and 20:4 and 20:5 at the 2-position of diacyl CPG had decreased during 

incubation. Phospholipase A, activity also had high substrate specificity for diacyl CPG. Thus it seems 

likely that sea urchin spermatozoa obtain energy throught the oxidation of diacyl CPG. 

INTRODUCTION 

Flagellar movement in sea urchin spermatozoa 

occurs partly through reactions catalyzed by dyne- 

in ATPase [1-4]. Thus, energy metabolism for 

production of ATP is indispensable for swimming. 

Sea urchin spermatozoa have been shown to 

obtain energy for movement from oxidation of 

endogenous phospholipid [5-7]. It has also been 

reported that sea urchin spermatozoa contain va- 

rious phospholipids and cholesterol [8, 9]. 

Triacylglycerol and glycogen are also present in 

trace amounts [7-9]. Choline, ethanolamine and 

serine phosphoglycerides (CPG, EPG and SPG) 

are the predominant components. After incuba- 

tion of spermatozoa in seawater, the content of 

endogenous CPG has been shown to be decreased 

significantly, with no change in the levels of other 

phospholipids [8, 10]. CPG thus appears to be a 

substrate for energy metabolism in sea urchin 

spermatozoa. The preferential hydrolysis of CPG, 

among the phospholipids available for energy 

metabolism, is related to the properties of phos- 

pholipase A>, which in sea urchin spermatozoa has 

high substrate specificity for CPG [10]. 
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In addition to diacyl phospholipids, ether- 

containing derivatives, such as alkenylacyl EPG, 

plasmalogen, have been shown to be present in sea 

urchin spermatozoa [11, 12]. It was shown recently 

that CPG contained alkylacyl (19%) and diacyl 

(81%) components [13]. However, previous 

studies [8, 10] on energy metabolism have been 

done using mixtures of diacyl and ether-containing 

phosphoglycerides. Thus, whether the CPG avail- 

able for utilization in energy metabolism is a diacyl 

and/or ether containing compound is still unclear. 

For further clarification of energy metabolism us- 

ing phospholipids, alkenylacyl, alkylacyl and di- 

acyl phospholipids in spermatozoa of Hemicentro- 

tus pulcherrimus were analyzed in this study. 

MATERIALS AND METHODS 

Materials 

Spermatozoa of the sea urchin, H. pulcherrimus, 

were obtained by forced spawning induced by 

injection of 0.5 M KCI into the coelomic cavity. 

Semen was always collected freshly as ‘dry sperm’ 

and kept undiluted on ice. The number of sperma- 

tozoa was calculated on the basis of protein con- 

centration, as determined by the method of Lowry 

et al. [14], using bovine serum albumin as the 



564 M. Mita 

standard. The protein content per 10’ spermato- 

zoa was 0).50 mg. | 

Extraction of lipids 

Dry sperm were diluted 100-fold in artificial 

seawater (ASW) containing 458mM NaCl, 9.6 

mM KCl, 10mM CaCl, 49mM MgSO, and 10 

mM Tris-HCl at pH 8.2, and incubated for 1 hr at 

20°C. Each sample was centrifuged at 3,000 x g for 

5 min at 0°C. Total lipids were extracted from the 

precipitate by the method of Bligh and Dyer [15]. 

Individual phospholipids were separated by thin- 

layer chromatography (TLC) as described pre- 

viously [8, 9]. 

Separation of alkenylacyl, alkylacyl and diacyl 

phospholipids 

Alkenylacyl, alkylacyl and diacyl choline, etha- 

nolamine and serine phosphoglycerides were sepa- 

rated as 1,2-diradyl-3-acetylglycerol derivatives as 

described previously [16, 17]. The contents of each 

type of 1,2-diradyl-3-acetylglycerol were estimated 

by gas-liquid chromatography (GLC) assays of 

amounts of fatty acyl moieties in the lipid class, 

using 17:0 methyl ester as the internal standard 

[16]. 

Determination of fatty acid composition 

The fatty acyl residues of diacyl CPG were 

analyzed as the methyl esters by GLC [8, 9]. To 

investigate the positional distribution of fatty acids 

in 1,2-diacyl-3-acetylglycerol, fatty acids at the 

1-position were liberated by Rhizopus delemain 

lipase (Sigma) and the resulting monoglycerides 

were separated by TLC and transmethylated as 

described previously [16, 18]. The fatty acid 

methyl-esters were extracted with n-hexane, fol- 

lowed by N>-blow evaporation. The residues were 

dissolved in a small amount of n-hexane and 

analyzed using a GC-R1A gas-liquid chromato- 

graph (Shimadzu, Kyoto) equipped with a coiled 

column packed with 15% EGSS-X. 

Estimation of phopholipase A> activity 

Dry sperm were homogenized with 10mM 

MgCl, 10 mM CaCl, 1 mM dithiothreitol and 50 

mM Tris-HCl at pH 7.5. The homogenate was in- 

cubated with either 4.6 kBq 1-palmitoyl-2-[1-'*C]- 

arachidonyl-CPG(2.18 GBq/mmol)(Du Pont-New 

England Nuclear) or 18.5 kBq 1-O-hexadecyl-2-[5, 

6,8,11,12,14,15--H(N)]-arachidonyl-CPG (2749.1 

GBq/mmol) (Du Pont-New England Nuclear) for 

1 hr at 20°C in a total volume of 0.4 ml, followed 

by extraction of total lipids. Radioactivity in the 

free fatty acid fraction separated by TLC was 

measured by liquid scintillation spectrometry. 

RESULTS 

CPG, EPG and SPG extracted from sea urchin 

spermatozoa have been shown to have an ether- 

containing component in addition to the diacyl 
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Fic. 1. Changes in levels of CPG (a), EPG (b) and SPG 

(c) in sea urchin spermatozoa following incubation 

with seawater. Dry sperm were diluted 100-fold in 

seawater and incubated for 1 hr at 20°C. Before 

(clear) and after (dotted) incubation, total lipids 

were extracted from spermatozoa. CPG, EPG and 

SPG separated by a thin-layer chromatography were 

used for analysis of alkenylacyl, alkylacyl and diacyl 

derivatives. Each value is the mean of three sepa- 

rate experiments. Vertical bars show S.E.M. 
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component [13]. An experiment was carried out to 

confirm this, and to determine whether the con- 

tents of the alkenyl-acyl, alkylacyl and diacyl com- 

ponents of CPG, EPG and SPG decreased during 

incubation in seawater. Before incubation, CPG 

contained alkylacyl ether (19%) and diacyl (81%) 

components (Fig. 1). A trace amount of alkenyl- 

acyl analog was also present. EPG consisted of 

47% alkenyl ether, 2% alkyl ether and 51% diacyl 

compounds. The SPG fraction contained a con- 

siderable amount of the diacyl compound (91%). 

The content of the alkyl ether compound was only 

9%, and the alkenyl ether analog was present only 

at a trace level. After incubation of sea urchin 

spermatozoa for 1 hr at 20°C, the preparation of 

alkylacyl CPG had increased from 19% to 27%, 

and diacyl CPG had decreased from 81% to 73%. 

The level of the CPG mixture in dry sperm (25 yg/ 

10° spermatozoa) thus decreased (20 yg/10” sper- 

matozoa) following incubation. Similarly, the net 

content of diacyl CPG decreased from 20+1 yg/ 

10° spermatozoa to 15+1 4g/10’ spermatozoa 

(Fig. 1). However, the alkyl ether CPG content 

was almost constant (5+1 ~g/10’ spermatozoa) 

during incubation. 

Previous studies have shown that CPG, com- 

posed partly of unsaturated fatty acids, is con- 

sumed preferentially during incubation [8, 9, 19]. 

The fatty chain moieties at the 1- and 2-positions in 

diacyl CPG metabolized during incubation were 

also examined. Fatty acids at the 1-position of 

diacyl CPG were mostly of the saturated and 

monoenoic type, such as 16:0 (22%) and 20:1 

(19%) (Table 1). 20:4 (13%) was also present at 

the 1-position. By contrast, significant amounts of 

20:4 (47%) and 20:5 (23%) were found primarily 

among fatty acids at the 2-position. During dilu- 

tion and incubation in ASW for 1 hr at 20°C, the 

relative percentages of fatty acids at the 1- and 

2-positions of diacyl CPG remained almost con- 

stant (Table 1). 

Based on the net content of diacyl CPG shown 

in Fig. 1, changes in the levels of fatty acid 

moieties at the 1- and 2-positions in diacyl CPG 

TABLE 1. Fatty acid composition of diacyl choline phosphoglyceride in sea urchin spermato- 

zoa before and after incubation in seawater 

Dry sperm Incubation for 1 hr 
Fatty acid 

1-position 2-position 1-position 2-position 

14:0 1.8+0.2 th 2.4+0.4 tr. 

5730) 0.7+0.1 tie 0.6+0.1 n.d. 

16:0 DD lests OFZ Deda Oil 723) 7zic\), J) Dp Sista 

16:1 3).5) a0) di 2eSac\)), it ac il 2,.9)ack)3 

18:0 3-08 Zac), Il 4.1+0.1 O-Aae(s it 

Ihe} ¢ 1 11.6+0.4 3Qac())Qil (il Zae Oil 3022052 

ilte} 32 eitseW. tt 1.0+0.1 1.0+0.1 1.0+0.1 

SES V.daeQ, Il n.d. O.d 220) il n.d. 

18:4 @,3)a20).3) NOLAacO) 6.4+1.0 LO%3 22188 

20:1 19.1+0.8 2e2a2|0 11 17.4+1.0 pita Ol 

A a7 3.8+0.6 n.d. 3), 5802 n.d. 

203 2.4+0.4 5. 7ac U6 2.0+0.1 Dest 028 

20:4 (n-6) 13.0+0.8 46.9+1.2 132022056 46.8+1.4 

20:5 (n-3) Y),9220,6 rigs) a2 (V9) 9.2+0.8 rp faa Wess 

22:4 0.8+0.3 10 = 053 1.0+0.1 0.7+0.2 

2255 0.4+0.1 tr. OBEEOW 0.2+0.1 

DRO 0.20, 1.4+0.4 0.6+0.1 1.4+0.3 

Dry sperm were diluted 100-fold in seawater and incubated for 1 hr at 20°C. Each value is the 

percentage of the total and the mean+S.E.M. of three separate experiments. tr., trace amount 

(less than 0.1%); n.d., not detectable. 
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during incubation for | hr were calculated. 16:0, 

18:1, 20:1, 20:4 and 20:5 at the 1-position and 

20:4 and 20:5 at the 2-position were decreased 

(Fig. 2). During incubation for 1 hr, about 7 nmol 

of fatty acids per 10’ spermatozoa was liberated 

from the 1- and 2-positions of diacyl CPG, respec- 

tively. In contrast to CPG, no change could be 

detected in the compositions of EPG and SPG in 

each lipid class. 

Relative fatty acid content in CPG 

(nmol/10° sperm) 

QO © = Tea Ke) 

@ GC). Co). “C) © TS 
- — —E WN WN WA 

Fatty chain 

Fic. 2. Changes in levels of fatty acid moiety at the 1- 

(a) and 2-positions (b) of diacyl CPG following 

incubation with seawater. Content of fatty acids in 

diacyl CPG was calculated from the absolute value 

and the relative percentage of its fatty acid moiety. 

Each value is the mean of three separate experi- 

ments. Vertical bars show S.E.M. 

Since the hydrolysis of CPG was shown pre- 

viously to occur via the action of phospholipase A> 

[8, 10], an examination was conducted to deter- 

mine whether the phospholipase A> is capable of 

catalyzing alkylacyl CPG in addition to diacyl 

CPG. The homogenate from dry sperm was incu- 

bated with 1-O-hexadecyl-2-[5,6,8,11,12,14,15- 

°H(N)]-arachidonyl-CPG and 1-palmitoyl-2-[1- 

'C]-arachidonyl-CPG for 1 hr, followed by extrac- 

tion and separation of free fatty acid by TLC. The 

radioactivities of *H- and '‘C-free fatty acids were 

calculated after hydrolysis of alkyl ether and diacyl 

CPG, respectively. The hydrolysis of alkylacyl 

CPG was only one tenth of that of diacyl CPG 

(Table 2). Phospholipase A, thus appears to have 

greater substrate specificity for diacyl CPG. 

TaBLE 2. Phospholipase A, activity in sea urchin 

spermatozoa 

Specific activity 
Substrate (nmol CPG hydrolyzed 

/hr per mg protein) 

1-O-Alkyl-2-acyl-CPG 0925022 

1,2-Diacyl-CPG 8.8+1.4 

The homogenate of dry sperm was incubated with 1- 

O-hexadecyl-2-[5,6,8,11,12,14,15-°H(N)] arachidonyl- 
CPG or 1-palmitoyl-2-[1-'*C]arachidonyl-CPG for 1 hr 
at 20°C. Each value is the mean+S.E.M. obtained in 
four separate experiments. 

DISCUSSION 

The results presented above are further evi- 

dence of our previous proposal [8] that CPG is 

consumed during incubation to provide energy for 

flagellar movement in sea urchin spermatozoa. 

CPG available for utilization in energy metabolism 

was found here to be composed of diacyl com- 

pounds (Fig.1). This preferential hydrolysis of 

diacyl CPG is due to the particular properties of 

phospholipase A>. It was also found that phospho- 

lipase A» in sea urchin spermatozoa possesses 

greater substrate specificity for diacyl CPG (Table 

2). This appears to confirm the specific use of 

diacyl CPG for energy metabolism. 

In this study, about 5 ug of diacyl CPG was 

consumed in 10’ spermatozoa following incubation 

for 1 hr (Fig. 1). The fatty acids of the consumed 

diacyl CPG increased 16:0, 18:1, 20:1, 20:4 and 

20:5 at the 1-position and 20:4 and 20:5 at the 

2-position (Fig. 2). This observation is consistent 

with data obtained using a mixture of diacyl and 

ether-containing CPG in previous reports [8, 19, 

20]. Previous studies also indicated that 'C- 
labeled diacyl CPG and fatty acid are oxidized to 

SCO, in a cell-free system of sea urchin spermato- 

zoa [8, 10]. Thus possibly, the fatty acid obtained 

by hydrolysis of diacyl CPG is metabolized for 

ATP production through (-oxidaton. 
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In ram spermatozoa, the choline-containing 

plasmalogen, alkenylacyl CPG, has been shown to 

be a predominant lipid [21], which is metabolized 

during aerobic incubation [22]. However, the 

plasmalogen content of sea urchin spermatozoa 

remains constant during incubation [11], as con- 

firmed by the present data. Alkenylacyl CPG in 

sea urchin spermatozoa has been shown to be 

present in a trace amount [13]. Although a con- 

siderable amount of EPG as an alkenylacyl deriva- 

tive was observed, the levels of alkenylacyl EPG 

were certainly unchanged after incubation (Fig. 1). 

Thus, it is unlikely that sea urchin spermatozoa use 

ether-containing phospholipids as a substrate for 

energy metabolism. Alkylacyl CPG is well known 

to be related to the production of a platelet- 

activating factor (PAF) in leukocytes [23, 24]. 

Therefore it is of interest that CPG in sea urchin 

spermatozoa contains an alkylacyl component in 

addition to the diacyl component [13] (Fig. 1). 

However, it is unclear whether alkylacyl CPG 

serves as a PAF precursor in sea urchin sperma- 

tozoa. 
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ABSTRACT—Muscle cells of the ascidian tadpole larva originate from two different lineages, the 

primary (B4.1 line) and secondary (A4.1 and b4.2 lines) lineages. Experiments with 8-cell embryos 

have indicated that isolated blastomeres of the primary lineage show autonomous muscle development, 

whereas blastomeres of the secondary lineage rarely develop the differentiation markers (muscle- 

specific antigens and specific enzyme activity) in isolation. However, there is the possibility that A4.1 

and b4.2 quarter embryos might express a muscle-specific gene but the transcripts might not be 

translated into proteins, thus we would not be able to detect the muscle differentiation. In order to 

examine the possibility, four blastomere-pairs (a4.2, b4.2, A4.1, and B4.1 pairs), isolated from the 8-cell 

embryo of Halocynthia roretzi, were allowed to develop into quarter embryos, and the occurrence of 

transcripts of myosin heavy-chain gene was determined by in situ hybridization of whole-mount 

specimens. The transcripts were evident only in B4.1 quarter embryos and not in A4.1, b4.2 and a4.2 

quarter embryos. Thus, the proportion of A4.1 and b4.2 quarter embryos that develop muscle cells does 

not increase even when examined at the transcriptional level. 

INTRODUCTION 

A tadpole larva of the ascidian H. roretzi con- 

tains forty-two unicellular, striated muscle cells 

(twenty-one cells on each of the right and left sides 

of the tail). The lineage of the muscle cells is well 

documented [1, 2]. Twenty-eight muscle cells in 

the anterior and middle part of the tail originate 

from a pair made up of the right and left B4.1 cells 

(posterior-vegetal blastomeres) of the 8-cell 

embryo, while four cells in the posterior region 

and ten in the caudal tip region are derived from 

the A4.1 (anterior-vegetal) and b4.2 (posterior- 

animal) pairs, respectively. A pair of a4.2 cells 

(anterior-animal) in the 8-cell embryo does not 

contribute to formation of muscle. Many inves- 

tigations have been carried out to elucidate the 

cellular and molecular mechanisms involved in the 
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specification of muscle cells in ascidian embryos 

[for recent reviews see 3-8]. The extensive poten- 

tial for self-differentiation of muscle cells from 

isolated B4.1 cells has been demonstrated by the 

assessment of the occurrence of several markers of 

muscle differentiation [9-14]. Muscle differentia- 

tion was also evident in partial embryos developed 

from isolated a4.2+b4.2+A4.1 cells [12, 15]. By 

contrast, few of A4.1 and b4.2 quarter embryos 

developed muscle cells [9, 13-16], suggesting a 

difference in mechanisms for specification between 

primary and secondary muscle cells. 

Recently, cDNA probes for an ascidian gene for 

muscle-specific actin [17, 18] and a similar gene for 

myosin heavy chain [19, 20] have been prepared. 

Analysis by Northern blotting and in situ hybridi- 

zation with the aid of these probes has shown that 

transcripts of the two genes are detectable at stages 

as early as the gastrula stage [17-20]. It is highly 

probable that the genes for muscle-specific actin 

and myosin heavy chain become transcriptionally 
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activated at around the time of the initiation of 

gastrulation. Therefore, it remains a possibility 

that the differentiation of muscle cells in A4.1 and 

b4.2 quarter embryos might be evident at the 

transcriptional level but, for unknown reasons, the 

transcripts might not be _ translated into 

polypeptides. Thus, we would not be able to 

detect the development of muscle by assessing the 

occurrence of muscle-specific antigens and the 

histochemically detectable activity of acetyl- 

cholinesterase. The present study was, therefore, 

designed to determine whether the quarter asci- 

dian embryos that originate from isolated A4.1 

and b4.2 pairs differentiate as muscle cells at the 

transcriptional level. Using the technique of in situ 

hybridization, we examined the occurrence of 

transcripts of the gene for myosin heavy chain in 

quarter embryos of H. roretzi. The transcripts 

were detected only in B4.1 quarter embryos and 

not in A4.1, b4.2 and a4.2 quarter embryos. 

MATERIALS AND METHODS 

Embryos 

Naturally spawned eggs of Halocynthia roretzi 

were fertilized with a suspension of sperm from 

another individual. Fertilized eggs were raised in 

filtered seawater at about 13°C. At this tempera- 

ture, they developed to gastrulae about 9 hr after 

insemination and to early-tailbud embryos after 

about 15 hr of development; they hatched about 35 

hr after fertilization. 

Isolation of blastomeres and production of quarter 

embryos 

Eggs were dechorionated with sharpened tung- 

sten needles about 20min after fertilization. 

Naked eggs were cultured to the 8-cell stage in 

1.0% agar-coated petri dishes. Only 8-cell 

embryos with a normal appearance were used for 

the isolation of blastomeres. The four blastomere- 

pairs of the 8-cell embryo (a4.2, b4.2, A4.1, and 

B4.1 pairs) were separated with a glass needle 

under a dissecting microscope. They were reared 

to quarter partial embryos. Features, such as the 

location of polar bodies, the configurations of the 

blastomeres, and the distribution of pigments were 

used to assess orientation of the embryos. Isolated 

blastomere-pairs were cultured separately in 24- 

well multiwells plates (Falcon) coated with 1% 

agar. Millipore-filtered (pore size, 0.2 ~m) sea- 

water containing 50 ug/ml streptomycin sulfate 

was used for culture of dechorionated eggs and 

isolated blastomere-pairs. Quarter embryos were 

cultured until normal embryos hatched and then 

they were fixed for in situ hybridization. 

In situ hybridization of whole-mount specimens 

In situ hybridization with a digoxigenin-dUTP- 

labeled DNA probe was carried out on whole- 

mount specimens basically according to the 

method described by Makabe et al. [20]. The 

original cDNA probe used for in situ hybridization 

was a 1.6-kb EcoRI fragment of cDNA that en- 

codes a part of myosin heavy chain of H. roretzi 

[19]. Labeling of the 1.6-kb fragment with digox- 

igenin-dUTP (Boehringer Mannheim, Germany) 

was carried out by the random primer method 

according to the protocol from Boehringer. 

Quarter embryos, as well as middle-tailbud 

embryos (as controls), were fixed for 30 min in 

ice-cold ethanol : acetic acid (3:1, v/v). The fixed 

specimens were washed extensively with PBT 

(phosphate-buffered saline that contained 0.1% 

Tween 20) and treated with 10 “g/ml proteinase K 

in PBT for 30 min at 37°C. After washing with 

PBT, the specimens were post-fixed with 4% para- — 

formaldehyde in PBT for 20 min at room tempera- 

ture, and then they were washed again with PBT. 

Specimens were then treated with PBT: hybridi- 

zation buffer (1:1, v/v) for 10 min at room tempera- 

ture and then with hybridization buffer alone for 

10 min at room temperature. After a 1-hr pre- 

hybridization at 42°C, the specimens were hybridi- 

zed with the digoxigenin-labeled DNA probe for 

18 hr at 42°C. The hybridization buffer consisted 

of 5XSSC (1XSSC comprises 0.15 M NaCl and 

0.015 M Naz citrate), 100 “g/ml sonicated salmon 

sperm DNA, 50 ug/ml heparin, 50% formamide, 

and 0.1% Tween 20. After hybridization, the 

solution was gradually exchanged for PBT. The 

samples were then incubated for 1 hr with 500 yl of 

Dig-AP conjugate (polyclonal antibodies raised in 

sheep against digoxigenin-Fab fragments, conju- 

gated to alkaline phosphatase; Boehringer Mann- 
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heim) diluted in PBT (1:2000). After washing 

with PBT and then with colour-developing buffer 

(100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCh, 

pH 9.5), the samples were transferred into 1 ml 

buffer contained 4.5 ul NBT (nitroblue tetra- 

zolium salt) and 3.5 ul X-phosphat (5-bromo-4- 

chloro-3-indol phosphate) solutions. Colour was 

allowed to develop for about 1 hr, and the reaction 

was stopped by addition of stop solution (10 mM 

Tris-HCl, 1 mM EDTA, pH 8.0). Samples were 

treated with a mixture of benzyl alcohol : benzyl- 

benzoate (1:2, v/v) [21] so that the embryos 

became transparent and the reaction products 

could be easily distinguished. 

RESULTS AND DISCUSSION 

The four blastomere-pairs of the 8-cell embryo 

of H. roretzi were separated and allowed to de- 

velop into quarter embryos. They were fixed at the 

time when control, intact embryos hatched, and 

the occurrence of transcripts of the gene for 

myosin heavy chain in the quarter embryos was 

examined by whole-mount hybridization in situ. In 

| faa 2 

each of hybridization experiments, the quarter 

embryos were processed with control middle- 

tailbud embryos. After all hybridizations, the 

control middle-tailbud embryos showed distinct 

positive signals in the differentiating muscle cells 

on the right and left sides of the tail (Fig. 1A). 

Isolated a4.2 and b4.2 cells gave rise to partial 

embryos that looked like permanent blastulae co- 

vered with transparent tunic (Fig. 1B, C) while 

A4.1 and B4.1 quarter embryos consisted of a 

tail-like cluster of smaller cells to which larger cells 

were attached (Fig. 1D, E). 

Results of the experiment can be summarized by 

reference to Table 1 and Figure 1. In the first 

series of experiments, all of the twenty-five B4.1 

quarter embryos examined showed distinct ex- 

pression of the gene for myosin heavy chains (Fig. 

1E, F). The positive staining was detected only in 

the larger cells (Fig. 1E, F). The total number of 

positive cells was around 25, but the exact number 

could not be determined. By contrast, none of the 

A4.1 quarter embryos (0/22; Fig. 1D) and none of 

the b4.2 quarter embryos (0/27; Fig. 1C) showed 

positive signals for the occurrence of the trans- 

E F 

Fic. 1. Detection of transcripts of the gene for muscle-specific myosin heavy chain by in situ hybridization using a 

digoxigenin-labeled DNA probe and whole-mount preparations. (A) Control early-tailbud embryos showing 

distinct expression of the gene for the muscle-specific protein in differentiating muscle cells on the right and left 
sides of the tail (arrows). (B) a4.2 quarter embryo, (C) b4.2 quarter embryos, (D) A4.1 quarter embryo, and (E, 

F) B4.1 quarter embryos. The presence of transcripts of the gene for the muscle-specific protein is evident only in 

the B4.1 quarter embryos (arrows). Scale bars represent 50 um in all photographs. 
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TABLE 1. 

Halocynthia roretzi 

Occurrence of myosin heavy chain mRNAs in quarter embryos of the ascidian 

Number of embryos expressing the transcripts 
Experiment 

a4.2 b4.2 A4.1 B4.1 

I 0/18 0/27 0/22 25/25 

II 0/32 0/38 0/47 — 43/43 

total 0/50 0/65 0/69 68/68 

cripts of the gene for the muscle-specific protein 

(Table 1). The transcript was undetectable in the 

a4.2 quarter embryos (0/18; Fig. 1B, Table 1). 

A year later, we carried out the second series of 

experiments, and the results were the same as 

those of the first one. The transcripts for myosin 

heavy-chain gene were detected only in all of the 

forty-three B4.1 quarter embryos (Table 1). The 

gene expression was not observed in A4.1 (0/47), 

b4.2 (0/38) and a4.2 (0/32) quarter embryos 

(Table 1). 

The present results demonstrated that, even 

when muscle differentiation is assessed by use of a 

specific cDNA probe, the gene transcripts can be 

detected only in quarter embryos that originated 

from the primary-lineage presumptive muscle cells 

and not in quarter embryos that developed from 

the secondary-lineage cells. Thus, this study 

confirms the results of previous experiments in 

which differentiation of muscle cells in B4.1 quar- 

ter embryos was assessed by morphology [9], by 

histochemical detection of the enzymatic activity 

of acetylcholinesterase [10, 12, 14-16], by ultra- 

structural observations of the development of 

myofibrils [11], and by immunocytochemical de- 

tection of the muscle-specific antigens [13, 14]. 

Very few A4.1 and b4.2 quarter embryos of H. 

roretzi develop acetylcholinesterase activity (only 

about 3%) [16] or showed evidence of the muscle- 

specific antigen [13]. A recent experiment by 

Nishida [14] has demonstrated that the secondary- 

lineage presumptive muscle cells do not show 

evidence of muscle differentiation even if isolated 

from 64-cell embryos. The present study has 

confirmed such a tendency of non-autonomous 

development of the secondary-lineage presump- 

tive muscle cells at the transcriptional level. Cellu- 

lar mechanisms for the determination of the fate of 

muscle cells in the ascidian embryo, may differ 

between the primary and secondary lineages. As 

recently discussed by Davidson [8], the differentia- 

tion of the primary-lineage presumptive muscle 

cells takes place autonomously and is controlled by 

intrinsic factors, while the specification of progeni- 

tors of the secondary-lineage b4.2 and A4.1 cells 

occurs conditionally (subject to regulation by ex- 

trinsic factors). However, in some experiments 

about 15% of b4.2 quarter embryos of H. roretzi 

developed the muscle-specific antigen (myosin 

heavy chain protein) [13]. In addition, in the case 

of Ascidia ceratodes, Meedel et al. [15] reported 

that all of the A4.1 quarter embryos develop 

acetylcholinesterase, although less than 5% of the - 

animal-half embryos (a4.2+b4.2) showed the en- 

zyme activity. These positive partial-embryos 

might express muscle-specific genes. Therefore, 

the proportion of A4.1 or b4.2 quarter embryos 

that develop muscle cells is not always the same, 

depend on species and sometimes on batches of 

eggs. 

In summary, quarter ascidian embryos that origi- 

nated from the secondary-lineage presumptive 

muscle cells did not express the gene for muscle- 

specific myosin heavy chain, even though they 

have the developmental potential to form muscle 

during normal embryogenesis. 
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Effect of Delay in Anterior or Posterior Amputation on 

Regeneration of Short Fragments of Planaria 

SHINGO KURABUCHI and YoOsHIKAzU KisHIDA! 

Department of Histology, School of Dentistry, Nippon Dental University, 

Tokyo 102, and ‘Department of Biology, School of Education, 

Okayama University, Okayama 700, Japan 

ABSTRACT— Regeneration of fragments obtained by two transverse amputations, with the second 

amputation being delayed for various periods of time after the first, was examined in the freshwater 

planarian Dugesia japonica. When the two amputations were performed simultaneously, all of the 

fragments isolated from pre- and postpharyngeal regions regenerated as normal worms. However, 

when the second amputation was performed later than the first, a delay from 12 hours to 3 days 

occasionally caused the reversal of axial polarity and the regeneration of bipolar heteromorphs. In the 

first group, which consisted of fragments in which the anterior amputation was performed later than the 

posterior one, bipolar tails were obtained predominantly and the incidence of such regenerates 

increased considerably with a delay of 1 to 2 days, with the exception of cases in which bipolar heads 

were formed on the fragments isolated from the prepharyngeal region. In the second group, which 

consisted of fragments in which the posterior amputation was performed later than the anterior one, 
bipolar heads were obtained, and their incidence also increased considerably with a delay of 1 to 2 days 

betweer amputations. However, when the second amputaiton was delayed for more than four days, no 

bipolar heteromorphs were obtained in either group. Based on these results, a discussion is presented 

© 1992 Zoological Society of Japan 

on the role of the anterior and posterior cut ends of a regenerating fragment in body patterning. 

INTRODUCTION 

Every section of the body of a freshwater pla- 

narian can normally regenerate a head from the 

anterior cut end and a tail from the posterior cut 

end and, thus, it develops into a new individual 

with normal proportion. The mechanism that 

allows the sections to maintain the information 

related to the original axial polarity has been 

investigated and discussed for a long time. 

According to up-to-date model of biological pat- 

tern formation of planaria [1], it is suggested that 

the planarian body and regenerating sections are a 

system with an organizing center at each end, as in 

the case of the body of hydra [2]. In other words, 

the tail and regenerating tail are a second organiz- 

ing area, in addition to the head and regenerating 

head. Chandebois [3] showed that a tail part was 

not remolded by a head piece in contact with it but, 

Accepted February 9, 1992 
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rather, the tail part brought about morphallaxis of 

the head piece. Our previous transplantation 

experiments [4, 5, 6] also indicated that a tail has a 

considerable capacity for determining polarity, as 

a head does. These experimental results provide 

strong support for Meinhardt’s suggestion [1]. On 

the other hand, it was ascertained by several 

groups of reserchers that determination of whether 

cut surfaces after amputation will regenerate a 

head or a tail occurs soon after amputation, when a 

blastema has not yet formed [7-13]. The ingenious 

experiment of Sengel [14] showed that the early 

blastema, separated from the stump and cultured 

in vitro, can differentiate into a head or a tail 

according to the original position of the fragments. 

These findings suggest that new positional in- 

formation within the body section has been already 

established prior to the formation of the blastema 

and, possibly, that the stump tissue plays an impor- 

tant role to the determination of the blastema. So, 

such dynamic actions should be occurred not only 

at the anterior cut end but also at the posterior 
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one. 

Very short fragments of the planarian body tend 

to become bipolar heteromorphs, namely, bipolar 

heads, referred to as Janus heads, or bipolar tails, 

Janus tails, as reported in Dugesia lugubris and 

Dugesia maculata by Morgan [15, 16], in Dugesia 

tigrina (maculata) by Child [17] and in Polycelis 

sapporo by Watanabe [18]. However, if the 

second amputation that engenders the fragments is 

delayed for some periods of time after the first 

amputation, even short fragments that often de- 

velop into bipolar-head regenerates never produce 

such heteromorphs [18]. If the tail is an organizing 

area, as mentioned above, and if it plays some role 

in determining the blastema, does a similar event 

occur in the case of the bipolar tail? To examine 

this question, we monitored the regeneration of 

short fragments, making anterior and posterior 

transverse amputations at different times. 

MATERIALS AND METHODS 

Specimens of the freshwater planarian Dugesia 

Japonica were collected from a stream in Kanaza- 

wa City. Asexual worms, 15 mm in length, were 

selected and fasted for at least for one week before 

sectioning. The operations on the worms were 

performed as follows. After the worms ceased to 

move as a result of being placed on a piece of wet 

filter paper on an ice plate, each was cut in a 

relaxed condition to generate sections of as uni- 

form length as possible. The first transverse 

amputation was made through the mid portion of 

the prepharyngeal or postpharyngeal region to 

divide the worm into two parts. After various 

intervals the second amputation was made at a 

level 0.5mm away from the first cut surface. 

Consequently, two groups of 0.5-mm-long frag- 

ments were prepared from the prepharyngeal and 

postpharyngeal regions; the first series consisted of 

fragments whose anterior cut surfaces after 

amputation were generated later than the post- 

erior ones, referred to as anterior later than post- 

erior amputation. The second series consisted of 

fragments whose posterior cut surfaces after 

amputation were generated later than the anterior 

ones, referred to as posterior later than anterior 

amputation. In Dugesia japonica, the organism 

used in this study, it was confirmed by preliminary 

experiments that a length of 0.5 mm for the frag- 

ments was suitable. The survival ratio of the 

fragments declined markedly if they were made 

shorter than 0.5mm in length, and longer frag- 

ments, for example, those of 1.0 mm or 1.5 mm in 

length, did not give rise to any bipolar hetero- 

morphs. 

The fragments, prepared as mentioned above, 

were kept in separate Petri dishes with aged tap 

water, maintained at 14+1°C. The water was 

changed every three days for one month. After the 

regeneration from the anterior and posterior cut 

surfaces was completed, the newly regenerated 

individuals were carefully examined under the 

binocular microscope and photographed. 

RESULTS 

Under the present condition (14+1°C), a blas- 

tema occurred from the cut surface was observed 

about the foruth day and the eye in the blastema 

about the fifth day after amputation. The 0.5 mm 

long fragments, as showing in Tables, frequently 

produced bipolar heteromorphs. However, any 

bipolar heteromorphs were not obtained ‘in the 

fragments of 1.0mm and 1.5 mm in length made 

by the same way as those in the present experi- 

ment, of which particular data were not presented 

here. 

Five types of the regenerate, namely, normal, 

no-head, no-tail, bipolar-head and bipolar-tail re- 

generates, were obtained. The normal type with a 

head at the anterior end and a tail at the posterior 

end was obtained predominantly in each ex- 

perimental group. The no-tailed and no-headed 

types (Fig. la, b), in which regeneration of head or 

tail occurred only at one end of the body piece, 

were also found in each groups. However, these 

individuals were not considered to be a type of 

axial heteromorphs because they developed main- 

ly as a result of simple fusion of the right and the 

left margins of the cut surface, preventing the 

formation of a blastema in one-sided amputation 

stump. The bipolar-head and bipolar-tail regener- 

ates (Fig. 1c, d) are axial heteromorphs in the true 

sense, because the characteristics of one end of 

each was reversed with respect to the original body 
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Fic. 1. 

head; d, bipolar tail. x30. 

polarity. 

As summarized in Table 1 and 2, the 0.5mm 

long fragments, which were isolated by two simul- 

taneous transverse amputations from the pre- and 

postpharyngeal region of the worms, regenerated 

as normal worms in all cases examined. No-head 

and no-tail specimens occasionally occurred in 

every case of delayed second amputation, but it 

Four types of heteromorph that developed from isolated short fragments. a, No-head; b, no-tail; c, bipolar 

appears that there is scarcely any relationship 

between the appearance of such worms and the 

interval between the two amputations. The 

appearance of bipolar heteromorphs, whether with 

bipolar heads or bipolar tails, was closely related 

to the interval between the first to the second 

amputation. 

TABLE 1. Rogeneration of fragments, of which posterior cut ends were made earlier than the anterior 

cut ends 

NOMBCEKGE Type of regenerate 

Eaation Heme N N Bipol : praguicdbesg =Nommalt sa A Mrz NG in ody MM anle RA 
Isolated from the prepharyngeal region 

0 18 18(100) 0(0) 0(0) 0(0) 0(0) 

0.5 D5 22(88) 0(0) 0(0) 3(12) 0(0) 

1 32 21(66) 3(9) 5(16) 2(6) 1(3) 

2 30 19(63) 5(17) 3(10) 0(0) 3(10) 

3) 25 25(100) 0(0) 0(0) 0(0) 0(0) 

4 20 15(75) 2(10) 3(15) 0(0) 0(0) 

6 58 55(95) 1(2) 2(3) 0(0) 0(0) 

Isolated from the postpharyngeal region 

0 Zl 21(100) 0(0) 0(0) 0(0) 0(0) 

0.5 48 40(84) 5(10) 1(2) 0(0) 2(4) 

1 45 32(71) 7(16) 0(0) 0(0) 6(13) 

2 43 33(77) 2(5) 4(9) 0(0) 4(9) 

3 26 20(76) 1(4) 3(12) 0(0) 2(8) 

4 25 22(88) 3(12) 0(0) 0(0) 0(0) 

6 35 33(86) 2(14) 0(0) 0(0) 0(0) 

The numbers in brackets are the percentages. 

reversal of axial polarity. 

Values indicated in boldface correspond to the cases of 
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TABLE 2. Regeneration of fragments, of which posterior cut ends were made earlier than the posterior 

cut ends : 

Numiberor Type of regenerate 

= eee fragments No No Bipolar Bipoalr 
5 Ses Nein head tail head tail 

Isolated from the prepharyngeal region 

0 15 15(100) 0(0) 0(0) 0(0) 0(0) 

0.5 48 41(86) 3(6) 2(4) 2(4) 0(0) 

1 38 19(50) 0(0) 9(24) 10(26) 0(0) 

2 46 26(57) 2(4) 9(20) 9(20) 0(0) 

3 Sy 18(56) 1(3) 11(34) 2(6) 0(0) 

4 73) 19(83) 0(0) 4(17) 0(0) 0(0) 

6 33 25(76) 0(0) 8(14) 0(0) 0(0) 

Isolated from the postpharyngeal region 

0 18 18(100) 0(0) 0(0) 0(0) 0(0) 

0.5 42 37(88) 1(2) 2(5) 2(5) 0(0) 

1 46 40(87) 0(0) 1(2) 5(11) 0(0) 

2 49 33(67) 0(0) 10(20) 6(12) 0(0) 

3 De 19(83) 0(0) 3(13) 1(4) 0(0) 

4 Dig) 21(95) 0(0) 1(5) 0(0) 0(0) 

6 46 43(94) 1(2) 2(4) 0(0) 0(0) 

The numbers in brackets are the percentages. Values indicated in boldface correspond to the cases of 

reversal of axial polarity. 

Anterior later than posterior amputation 

The results are summarized in Table 1. In the 

fragments isolated from the prepharyngeal region, 

when the second amputation was delayed for 12 

hours (0.5 day), bipolar-head regenerates were 

found in 3 (12%) out of 25 cases examined. With 

the second amputation delayed for one day, two 

(6%) bipolar-head and one (3%) bipolar-tail re- 

generate out of 32 cases were obtained. Further- 

more, with the second amputation delayed for two 

days, bipolar-tail regenerate developed in three 

(10%) out of 30 cases. However, no bipolar 

heteromorphs were obtained from the fragments 

in which the second amputation was delayed for 

more than three days. In the fragments isolated 

from the postpharyngeal region, the bipolar-tail 

regenerates were obtained exclusively as hetero- 

morphs as a result of the delayed second amputa- 

tion. When the second amputation was delayed 

for 12 hours, two regenerates (4%) out of 48 were 

bipolar-tail. With the second amputation delayed 

for one day, 6 cases (13%) of bipolar-tail rege- 

nrates out of 45 were obtained, which was the 

maximum percentage obtained. With amputations 

delayed still further, the incidence of these re- 

generates gradually decreased as the second 

amputation was delayed for three days. When the 

second amputation was delayed for more than four 

days no bipolar-tail regenerates were formed. 

Posterior later than anterior amputation 

The results are summarized in Table 2. When 

the posterior amputation was performed from 12 

hours to three days after the first amputation, the 

bipolar-headed type of regenerate appeared. In 

the case of regeneration of fragments isolated from 

the prepharyngeal region, the rate of appearance 

of bipolar heads, brought about by the delay in the 

second amputation, was 2 (4%) out of 48 cases 

with a delay of 12 hours, and then the rate reached 

a maximum of 26% with a delay of one day, 

thereafter decreasing gradually to zero in the case 

of a delay of 4 days or more. In the case of 

regeneration of the fragments isolated from the 

postpharyngeal region, the pattern of occurrence 
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of the bipolar-headed type of regenerate was 

almost the same as that with the fragments isolated 

from the prepharyngeal region, that is, a delay in 

the second amputation of 12 hours gave 2 (5%) 

bipolar heads out of 42 cases. Subsequently, the 

incidence increased as the delay in the second 

amputations was prolonged, and the incidence 

reached a maximum of 12% with a delay of two 

days. Then the appearance of the bipolar heads 

decreased as the duration of the delay increased, 

and, when the second amputation was delayed for 

more than four days, no bipolar heads were 

obtained. 

DISCUSSION 

In regeneration of Dugesia japonica, within less 

than 24 hours of amputation needs the determina- 

tion of the blastema to be a head or a tail under 

condition of about 20°C [10, 12], on which condi- 

tion a blastema forms approximately at the second 

day after amputation. However, in the present 

experiments, the regeneration went on at a slow 

pace under low temperature. Therefore, the 

periods requiring for the determination of a blas- 

tema seem to be delayed. Such periods shall be 

seriously related to the production of bipolar 

heteromorphs from the short fragments made with 

the second amputation being delayed for some 

intervals after the first, as follows. 

The 0.5mm long body pieces that were long 

enough to be expected to maintain the original 

antero-posterior polarity when isolated as a result 

of two simultaneous amputations. It is noteworthy 

that the bipolar heteromorphs were developed 

when they were prepared with a limited interval of 

time between the two amputations. Such interval 

of time ranged from 12 hours to three days, when a 

blastema was not formed yet from the first cut 

surface. They appeared at the highest frequency 

with an interval of one or two days between 

amputations. Furthermore, the characteristics of 

the bipolar form, either bipolar-head or bipolar- 

tail, could be almost controlled at will by varying 

the order of the two amputations; the fragments 

for which anterior amputation was performed later 

than the posterior one tended to become bipolar- 

tail regenerates, while the fragments for which 

posterior amputation was performed later than the 

anterior one tended to become _ bipolar-head 

regnerates. The formation of bipolar hetero- 

morphs is clearly due to the interval between the 

two amputations. So, what occurred in the body 

pieces which were prepared with an interval? It is 

conceivable that an area organized previously for 

differentiation of either a head or a tail is estab- 

lished near the cut surface of the stump made by 

the first amputation prior to formation of a blas- 

tema there. That is, if the cut surface is situated at 

the anterior end of a section, a covert area with 

head-forming potential is established, and if the 

cut surface is situated at the posterior end of the 

sections, a covert area for a tail is established. The 

potential for regeneration of a head or tail in such 

covert areas increases with the passage of time. If 

the second amputation is made within the confines 

of the covert area, regeneration from the new cut 

surface will conform to preexisting developmental 

potential and, thus, some of the fragments isolated 

should show the mirror-image regeneration. In the 

case of short fragments made by two simultaneous 

amputations, covert areas with potential for head 

and tail coexist in the respective areas near the 

anterior and posterior cut surfaces at the same 

time. The effective range of the covert area seem 

not to extend far away. It is because almost of all 

the 1.0mm and 1.5 mm long fragments normally 

regenerated, even though they were made in the 

same way as the 0.5 mm long fragments, as shown 

in our preliminary experiments. 

Several fragments regenerated as the bipolar- 

headed type, in spite of belonging to the group in 

which posterior amputation was performed first. 

Such exceptional regenerates appeared in the case 

of pieces isolated from the prepharyngeal region, 

only if the second amputation was done within 24 

hours, and not in the case of pieces from the 

postpharyngeal region. The occurrence of the 

bipolar head in this experimental group may be 

due to the fact that the capacity for producing a 

head is greater in the anterior region and decrease 

in the posterior direction along the body axis, as 

pointed out by Kanatani [10]. Accordingly, the 

covert area for forming a head initiated by the 

second amputation seems to have priority, because 

the second amputation was done before th tail- 
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forming covert area prepared by the first amputa- 

tion was not fully established. 

With an interval of more than four days between 

two amputations in the present experiments, any 

bipolar heteromorphs, either bipolar heads or 

bipolar tails, were not produced. The effect of 

such a delay in the second amputation clearly 

varied with the intervals between two amputa- 

tions. It appears that, after a blastema to be a head 

or a tail is determined by the covert area, the 

potential as the covert area seems to disappear 

gradually, and the regenerating head or tail acts as 

a organizing center, one of which actions is to 

inhibit regeneration of identical characteristics in a 

feedback system, as shown in our previous experi- 

ments [6]. Child [19] lately found that the fre- 

quency of bipolar heads decreased with delays in 

amputation intervals, in which isolation of the 

fragments is almostly the same as in the present 

experiment, and he considered that the anterior 

cut end of the fragment, once determined as the 

position at which a head regenerates, dominates 

the posterior regeneration. However, as above 

mentioned, both cut ends coordinate the body 

patterning. Conceivably, the posterior cut end, 

once determined as the position as which a tail 

regenerates, is a second organizing area, in addi- 

tion to the anterior cut end, both of which are 

determined by the covert areas, as suggested by 

the present experiment. 

It is probably that, for the establishment of such 

covert areas with regenerative capacity, some 

dynamic changes in the cells included therein 

should occur near the cut surface. Indeed, remark- 

able increases in rates of synthesis of DNA, RNA 

and protein, and cell division are found in tissues 

near the cut surface [11, 20-22]. Although the 

determinative factors associated with the develop- 

ment of potential for formation of a head or a tail 

in the covert areas are known so far, it is clear that 

they are affected by the exposure of fragments to 

various inhibitors of protein synthesis and to anti- 

mitotic drugs [8, 10, 22-24], since treatment with 

such drugs causes the development of bipolar-head 

regenerates. Thus, at least one of the factors 

needed for establishment of the regenerating area 

is proteinaceous in nature and may be involved in 

cell division. By contrast, the nervous system is 

known to play an important role in controlling the 

normal proportions of the body during regenera- 

tion; the fragments deprived of ventral nerve cords 

regenerated to be bipolar heads in high frequency 

[25-27] and the strips of nerve cord and cordless 

strips could not regenerate to be normal worms 

[28-30]. Although specific factors have not yet 

been found from the nervous system, it is quite 

possible that the patterning in planarian regenera- 

tion is closely related to the nervous system. 
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Mouse Embryo Biopsy: Abnormal Development 

with Trophoblastic Vesicle Formation 

W. E. RoupesusH!” and J. G. Kim 

Department of Obstetrics and Gynecology, James H. Quillen College 

of Medicine, East Tennessee State University 

Johnson City, Tennessee 37614, USA 

ABSTRACT— Preimplantation mouse embryos at the four- and eight-cell stages were subjected to 
biopsy and evaluated for abnormal (trophoblastic vesicle) development in vitro. A maximum of two 
blastomeres can be removed from four-cell embryo, whereas four blastomeres can be taken at biopsy 
from an eight-cell mouse embryo, without significantly increasing trophoblastic vesicle formation. A 
significant increase in trophoblastic vesicle formation was observed only when the cellular mass per 
four-or eight-cell embryo was reduced to less than 50%. 

INTRODUCTION 

Removal of one or more blastomeres from the 

preimplantation embryo has been proposed for the 

early diagnosis of genetic disease, detection of 

chromosomal abnormalities, and the pretransfer 

detection of transgenic incorporation [1]. The 

ability to successfully biopsy embryos is dependent 

upon the cell-stage, number of cells removed and 

the biopsy technique [1, 2]. Blastomere biopsy has 

been accomplished at various preimplatation 

stages of embryonic development from the two- 

cell to the blastocyst cell [2-6]. Handyside et al. [3] 

have reported the establishment of pregnancy fol- 

lowing the uterine transfer of biopsied-sexed hu- 

man embryos. A barrier to successful utilization of 

this technique could be abnormal growth patterns. 

Abnormal growth patterns include trophoblastic 

vesicles (no inner cell mass, ICM) or multiple 

blastocoel cavities. While the abnormal growth 

patterns may be seen in nonmanipulated embryos 

[7], they are more common in manipulated 
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embryos [5]. Single blastomeres removed from 

four- or eight-cell mouse embryos uniformly de- 

velop into trophoblastic vesicles [8]. It is impera- 

tive that the largest possible number of cells be 

obtained for assay while protecting the develop- 

mental integrity of the conception. Whether re- 

moval of a single blastomere from a four-cell 

embryo is detrimental is controversial. 

Removal of one blastomere from a four-cell 

mouse embryo does not significantly reduce in 

vitro or in vivo development [2, 9]. However, 

Krzyminska et al. [6] reported that biopsy of 

four-cell embryos significantly impaired develop- 

ment in vitro. Biopsied four-cell embryos often fail 

to undergo subsequent division or compaction and 

it has been suggested that the biopsy technique 

may interfere with development [6]. The dissimi- 

larity between in vitro development rates may be 

attributed to differences in mouse strains, culture 

media and/or biopsy technique used [2, 10]. Re- 

ports on the efficiency of mouse embryo biopsy 

have suggested that the ideal developmental stage 

is the eight-cell embryo [2, 6]. 

The present study was performed to determine 

the effect of cell-loss (via biopsy) and cell-stage on 

trophoblastic vesicle (no ICM present) formation 

in the mouse nondifferentiated embryo. 



584 W. E. RouDEBUSH AND J. G. Kim 

MATERIALS AND METHODS 

Embryos at the one-cell stage were flushed from 

the excised oviducts of female B,D.F,/J (The 

Jackson Laboratory, Bar Harbor MA) mice 

primed with pregnant mare serum gonadotropin (7 

IU, Sigma Chemical Co., St. Louis) followed 48 

hours later with human chorionic gonadotropin (7 

IU, Sigma). Females were bred with fertile 

B.D2F,/J males immediately after administration 

of human chorionic gonadotropin. Embryos were 

collected, manipulated and cultured in Ham’s F-10 

(Sigma) medium supplemented with 0.3% bovine 

serum albumin (BSA; Sigma) in an atmosphere of 

5% CO> in air, 95% relative humidity at 37°C [2]. 

Mouse embryos were biopsied by the displace- 

ment technique at the four- and eight-cell stages as 

previously described [2]. Briefly, embryos were 

held in place with a fire polished holding pipette 

and gentle suction while an opening was made in 

the zona pellucida with a beveled pipette. The 

beveled pipette was withdrawn and then reinserted 

throught a second site, a gentle flow (1-2 psi) of 

medium injected through the pipette was used to 

dislodge and displace the blastomeres; subsequent- 

ly pushing them out of the zona pellucida through 

the first puncture site. Biopsied embryos were 

transferred to microdrops (25 yl) of Ham’s F-10 

medium, under filtered (0.22 ~m; Corning, Corn- 

ing N.Y.) sterilized light mineral oil (Fisher; Fair 

7o 
25 

20 

Lawn, N.J.) in 35 mm tissue culture dishes (Corn- 

ing). Embryonic development was evaluated after 

72 hours in culture. Formation of trophoblastic 

vesicles, no ICM within a single cellular wall were 

judged abnormal. 

Data were analyzed by the Chi square two-by- 

two contingency table. 

The care and use of the animals were approved 

by the Animal Care Committee of East Tennessee 

State University. 

RESULTS 

A total of 527 nondifferentiated mouse embryos 

were collected from 30 mice; 339 were subjected to 

biopsy and 188 served as controls. There were no 

significant differences in trophoblastic vesicle 

formation at the four-cell stage between controls 

(0%) and removal of one or two blastomeres (1% 

and 7%, respectively) by biopsy (Fig. 1). Biopsy 

of three (21%) blastomeres from the four-cell 

mouse embryo resulted in a statistically significant 

increase in formation of trophoblastic vesicles (P< 

0.001; Fig. 1). 

There were no significant differences in tropho- - 

blastic vesicle formation between controls (0%; no 

blastomeres biopsied) and one, two, three, or four 

blastomeres (0%, 1%, 2%, and 9%, respectively) 

biopsied from eight-cell mouse embryos (Fig. 2). 

The biopsy of five (75%) blastomeres from eight- 

blastomeres/embryo 

a:significant difference (P<0.001) 

Fic. 1. Trophoblastic vesicle formation in biopsied 4-cell mouse embryos. 
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5/8 4/8 al 
blastomeres/embryo 

a: significant difference (P<0.001) 

Fic. 2. 

cell mouse embryos was found to significantly 

increase trophoblastic vesicles formation when 

compared with controls (P<0.001; Fig. 2). 

DISCUSSION 

The present study confirms our earlier report 

that mouse embryos can be biopsied and have 50% 

of the cells removed without a significant increase 

in the formation of abnormal blastocysts [2]. We 

have previously reported that a maximum of one 

(25% of embryonic mass) or three (37.5% of 

embryonic mass) blastomeres can be biopsied from 

four- or eight-cell mouse embryos without signif- 

icantly affecting normal development in vitro or in 

vivo [2]. Kelly [11] reported that blastomeres from 

four- to early eight-cell mouse embryos maintain 

totipotentiality. However, cells from compacted 

eight-cell mouse embryos will develop into 

trophoblastic vesicles [8]. This suggests a loss of 

cellular totipotency in the late eight-cell mouse 

embryo. It may be that blastomeres from early 

embryos require a minimal cellular mass (e.g. 

50%) to maintain developmental totipotentiality. 

Fetal and term development has been estab- 

lished in a number of species, including humans, 

following biopsy and oviductal or uterine transfer 

ae ao lls pa lowever manipulated 

embryos do not develop in vivo as well as non- 

manipulated embryos [13]. Early _ post- 

Trophoblastic vesicle formation in biopsied 8-cell mouse embryos. 

implantation half embryos have significantly more 

trophoectodermal cells than ICM [15]. The poor 

post-transfer development of biopsied pre- 

embryos can not be solely due to abnormal de- 

velopment (trophoblastic vesicle formation) of the 

developing embryos. 

The poor post-transfer development success of 

biopsied preembryos may be attributed to bacte- 

rial, viral, or immune attack through the violated 

zona pellucida. Nichols and Gardner [14] reported 

that damage to the zona pellucida will impair 

embryo development in vivo. They suggested that 

the intact zona pellucida protects the developing 

embryo from damage by oviductal compression. 

However, Cohen [16] reported that improved im- 

plantation and clinical pregnancy rates can be 

achieved following the uterine transfer of partial 

zona dissection (PZD) of in vitro fertilized human 

embryos. Further studies are required to under- 

stand why biopsied embryos do not develop as well 

as non-manipulated or PZD-manipulated embryos 

following transfer. 

Cell differentiation is first grossly apparent at 

the blastocyst stage when two distinct cell types are 

found, the ICM and trophectoderm. Radially 

polarized blastomeres in 8-cell embryos is the first 

identifiable stage of cell differentiation in the 

mouse [17]. Prior to differentiation the embryonic 

cells must become determined. The process of cell 

determination is not fully understood as to how or 
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what influences it to occur. However, several 

theories exist, these include: (1) epigenetic: depend- 

ent upon blastomere position at time of determina- 

tion-differentiation [11, 18-20]; (2) cell apposi- 

tion: based on the epigenetic hypothesis, where 

the differentiation signal arises from the sensitivity 

of the cell’s metabolic activity to the percentage of 

the cell’s surface that is apposed vs. free to the 

external environment [21]; (3) cell division asyn- 

chrony: first division cells are more likely to de- 

velop as ICM [11]; (4) cytoplasmic determinants 

[17]; and (5) cellular interactions [22]. Cosby et al. 
[23] suggested that cell determination occurs at or 

prior to the eight-cell stage in the developing 

mouse embryo. The removal of trophoec- 

todermal-detemined but non-differentiated ceils 

may result in the reduction of sufficient quantities 

of cells required for implantation and subsequent 

placental formation. Krzyminska et al. [6] sug- 

gested that the biopsy of embryos might result in 

fewer cells to form the ICM. However, several 

studies have reported fetal development following 

the transfer of trophoectodermal biopsied embryos 

[12, 13]. There may be a critical number of 

trophoectodermal cells required for sufficient 

placental development. 
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Morphology of Filaments on the Chorion of Oocytes 

| and Eggs in the Medaka 

TAKASHI IWAMATSU 

Department of Biology, Aichi University of Education, Kariya 448, Japan 

ABSTRACT— The morphology of filaments on the chorion of oocytes and eggs of the medaka, Oryzias 

latipes, was investigated as a step in the clarification of the mechanism for the determination of egg 
polarity. In mature oocytes, long attaching filaments arising from the vegetal pole area (VPA) of the 

egg membrane (chorion) were wound spirally on the axis between the animal and the vegetal poles of 

the egg, and covered the chorionic surface in the vegetal hemisphere. Short non-attaching filaments 

which were distributed on the chorionic surface in the area other than the VPA were also bent in a 

unilateral direction on the egg axis. In the previtellogenic stage of oogenesis, both attaching and 

non-attaching filaments appeared as verruciform structures on the oocyte surface before appearance of 

the chorion. The VPA at the one end of the animal-vegetal axis was first recognizable morphologically 

by the appearance of a cluster of verruciform structures which were destined to develop into attaching 

filaments. As these primitive filaments grew to form horn-shaped structures, their distal parts bent and 

pointed either to the right or the left around the axis. Six inbreedings of fish selected for right-handed 

filament pattern failed to demonstrate a hereditory determination of the pattern. In addition, it was 

ascertained that eggs of several other species of Oryzias also possessed both attaching and non-attaching 

filaments on the chorionic surface which showed an unilateral spiral pattern on the animal-vegetal axis. 

The results of this study suggest that in the medaka, egg polarity is established by localization of the 

© 1992 Zoological Society of Japan 

VPA, followed by the unilateral bending of non-attaching filaments on the chorion. 

INTRODUCTION 

In teleostean fishes, the oocyte surrounded by 

developing follicular cells differentiates and grows 

to form a large telolecithal egg. This specialized 

cell has a thick extracellular envelope (chorion) 

resembling the cell wall of a plant cell. Young 

oocytes prior to formation of the chorion are 

driven to differentiate into eggs as a result of their 

interaction with the surrounding granulosa cells. 

The heterogeneous differentiation of the follicular 

cells and the formation of unequal structures in the 

chorion determine egg polarity, i.e. the regional 

differences in intracellular structures and reactivity 

of the egg itself. The micropylar cell which forms a 

pore (micropyle) in the chorion differentiates from 

granulosa cells [1]. The side of the oocyte where 

the micropylar cell is located becomes the animal 

pole of the egg. On the other hand, hair-like 

structures are located on the chorionic surface at 

Accepted March 10, 1992 
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the pole (vegetal pole) opposite to that of the 

micropylar cell. These structures are termed 

“attaching filaments” in Oryzias [2-5] and cho- 

rionic fibrils in Fundulus [6]. The attaching fila- 

ments differentiate in the previtellogenic stage of 

oogenesis in Oryzias [7]. The egg axis between the 

animal and the vegetal poles is easily distinguish- 

able due to these morphological characteristics of 

the chorion, as well as to the unequal distribution 

of ooplasmic inclusions. The Oryzias egg seems to 

be a suitable model for clarification of the mecha- 

nism by which egg polarity is determined during 

oogenesis in the teleost. 

The main purpose of the present study was to 

obtain basic information on the dynamic rela- 

tionship between the oocyte and its surrounding 

follicular cells, because this information is most 

likely to clarify the mechanism of determination of 

egg polarity. It has previously been reported that 

attaching filaments extend in a spiral pattern from 

the animal-vegetal axis and cover the chorionic 

surface in the vegetal hemisphere of the Oryzias 

ege [8]. In a single batch of eggs, eggs bearing 
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filaments wiht both left- and right-handed spirals 

can be found. In connection with the spiral pattern 

of the attaching filaments, the present author is 

interested in (a) the process by which the egg axis 

is determined and the spiral pattern of the cho- 

rionic filaments is formed during oogenesis, (b) 

whether or not the spiral pattern of attaching 

filaments is inherited, and (c) whether or not the 

spiral pattern is common in this genus. The 

present study was performed to clarify these 

points. The results indicate that (a) the spiral 

pattern around the animal-vegetal axis of the 

oocyte is first recognized in non-attaching fila 

ments on the oocyte in the early previtellogenic 

stage of oogenesis, (b) the pattern is probably not 

inherited, and (c) in all species of Oryzias ex- 

amined, the attaching filaments are arranged in a 

left- or right-handed spiral pattern. 

MATERIALS AND METHODS 

Most of the medakas used in the present study 

were Oryzias latipes (Yamato-koriyama, Nara 

Pref.). In order to compare egg of O. latipes with 

those of other species of Oryzias, spawned eggs of 

O. celebensis, O. curvinotus, O. javanicus, O. 

mekongensis, O. melastigma and O. minutillus, 

which had been breeding in our laboratory, were 

also examined to determine the spiral pattern or 

the distribution of attaching filaments. 

A light-microscopic survey of the spiral patterns 

of the attaching filaments and non-attaching fila- 

ments was conducted on living eggs (oocytes) in 

each of ovaries using both a binocular dissecting 

microscope (X20) and an ordinary light micro- 

scope (100, Olympus). In cases in which it was 

difficult to determine the spiral pattern of the 

attaching filaments, the direction in which the tops 

of the non-attaching filaments bent was used to 

make a determination. Fertilized eggs with the 

right-handed spiral pattern were selected and 

allowed to develop to fry. Newly hatched fry were 

raised to adults in a glass bowl (30 cm in diameter, 

ca. 12cm in water-depth, 28°-30°C) with con- 

tinuous lighting. Both the fry and the adults were 

fed a powdered diet [9]. They were inbred by 

sister-brother matings for six generations during a 

period of two years from 1989 to 1991. 

For observations by transmission electron micro- 

scopy, previtellogenic follicles in ovarian tissue 

were fixed with modified Karnovsky’s fixative for 

more than 6hr at 4°C. After the samples were 

rinsed, post-fixed for 60 min in phosphate-buffered 

(pH 7.2) 1% OsOy, at 0-4°C, and dehydrated in an 

alcohol and acetone series, they were embedded in 

Epon 812. Ultrathin sections were stained with 

uranyl acetate and lead citrate and examined with 

a JOEL JEM-100C electron microscope. 

The data were statistically analysed by the Stu- 

dent’s t-test. 

RESULTS 

The spiral pattern of attaching and non-attaching 

filaments in various sized oocytes during oogenesis 

Primitive attaching and non-attaching filaments 

were first recognized as verruciform structures in 

the space between the surface of transparent small 

oocytes (about 120 ~m in diameter: Stage IV in 7) 

and the surrounding follicular cells just after the 

formation of very thin rudiments of chorion (Fig. 

1). Most of the verruciform structures were distri- ° 

buted at intervals of about 12.5 ~m on the ‘cho- 

rionic surface in St. IV oocytes [7]. The primitive 

attaching filaments, which were distributed at in- 

tervals of about 8 “m, were clustered in the vegetal 

pole area (VPA). The non-attaching filaments first 

became horn-shaped (Fig. 1), then candle-like 

(Fig. 2), which caused them to bend in the same 

direction in St. IV oocytes (130-140 ~m in dia- 

meter). They bent at right angles to the oocyte 

axis, one end of which was determined by the VPA 

with its verruciform structures (primitive attaching 

filaments). Attaching filaments situated at the 

VPA of the oocyte became unilaterally curved 

candle-like structures in St. [IV oocytes 140-150 

ym in diameter (Fig. 2, Table 1). When the oocyte 

diameter reached about 350 «zm (St. VI), the mean 

distance between adjacent attaching filaments was 

about 14 um (the diameter of the VPA, ca. 160 

ym) which represented an increase of only 5 um 

per 100 um increase in oocyte diameter. In con- 

trast, the interval between non-attaching filaments 

was about 23 um and increased about 8 um per 100 

em increase in oocyte diameter (Fig. 3). As the 
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Fic. 1. Early previtellogenic oocytes showing verruciform or horn-shaped non-attaching filaments on the oocyte 
surface in Oryzias latipes. 

A: Electron micrograph of a part of an oocyte (a) with rudiments non-attaching filaments present as verruciform 

structures (asterisks). 2,100. 

B: Electron micrograph of a part of an oocyte (b) with horn-shaped nonattaching filaments (asterisks). 2,700 

C: Micrograph of intact intrafollicular previtellogenic oocytes showing verruciform filaments as dots (asterisk in 

oocyte a) and horn- or stickle-shaped non-attaching filaments (asterisk in oocyte b). These oocytes correspond to 

those in Figs. A and B, respectively. Arrows indicate fibrous structures connecting with the other ovarian tissues. 

G, granulosa cell layer; N, oocyte nucleus; T, thecal cell layer. 415. 

vitellogenic oocytes grew rapidly, the surface of 

the chorion expanded accordingly except for the 

VPA which expanded only slightly and occupied 

an area 410-450 4m in diameter in mature 

oocytes. 

Attaching and non-attaching filaments arose 

from the chorion and elongated among the granu- 

losa cells within the basement membrane (Fig. 

4A). These filaments were composed of bundles of 

tubular structures (18-19 nm outside diameter), as 

reported by Hart and Donovan [10]. They arose 

from and morphologically resembled the outer 

layer of the chorion, which also consisted of elec- 

tron-dense and microtubular structures (16-18 nm 

outer diameter) (Fig.4B). The numbers of 

attaching and non-attaching filaments on an oocyte 

of O. latipes (25-35 and 190, respectively) did not 

change regardless of the size of the growing 

oocytes. The attaching filaments clustered at the 

vegetal pole of the oocyte axis elongated in a 

unilateral direction around the oocyte axis. Long 

attaching filaments, which began to form in pre- 

vitellogenic oocytes eventually formed a special 

cap over the vegetal hemisphere as they elongated 

progressively in the vitellogenic oocyte (Figs. 2 

and 5). As shown in Table1, both left- and 

right-handed spiral patterns of attaching filaments 

(Fig. 6) were present. 

Inheritance of the spiral pattern of attaching fila- 

ments of O. latipes eggs 

Fifteen fertilized eggs (Fo) showing the right- 

handed spiral pattern of attaching filaments were 

selected from a batch of eggs spawned by a single 

pair (sister-brother mating) of orange-red type O. 

latipes and developed to adulthood. Three pairs 



592 T. IWAMATSU 

Mi A 
Ips I] ff ai 

aN 

Fic. 2. A diagram of the changes in attaching and non-attaching filaments during oocyte growth in Oryzias latipes. 
This diagram displays the successive changes in non-attaching (Non-AF) and attaching (AF) filaments (the 
left-handed spiral type) of growing oocytes. The filaments bend in a unilateral direction around the animal 
(AP)-vegetal (VP) axis (oblique bars). Attaching filaments (AF) are spun over the chorion in the vegetal 
hemisphere of a large oocyte (400 ~m). A presumptive direction (the right-handed) of the rotation of oocytes is 
indicated by an arrow. 

TABLE 1. Differentiation of filaments on the chorion and the left- or right-handed spiral pattern 

of the filaments in Oryzias latipes eggs 

Sao ret glace Speaoattenneiia eine MA ee 
oocytes oocytes filaments 
(um) (Females) Right Left (%)’ Vv H B 

<110 56 — — ND ND ND — 

110-119 3 — — ND 100 0 0 

120-139 44 — — ND 54 39 7 

140-149 41 36 64 UY 0 17 83 

150-199 116 45 35 100 0 0 100 

200-299 121 46 54 100 0 0 100 

300-399 51 63 3m 100 0 0 100 

400-499 33 70 30 100 0 0 100 

500-600 16 44 56 100 0 0 100 

> 600 65 58 42 100 0 0 100 

* Percentages of the number of oocytes showing attaching filaments or non-attaching filaments among 

the total number of oocytes in each size. Abbreviations for non-attaching filaments: B, unilaterally 

bended; H, short horn-shaped; V, verruciform. 
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Distance (ym) between filaments 

Fic. 3. 

7 8 9 10 11 12 
Oocyte diameter (x10? um) 

Change in the distance between filaments during oocyte growth. The change in the distance between 

adjacent filaments on the chorion in proportion to the increase in the oocyte diameter (um) is diagramed at the 

upper left. The mean distances between filaments in the VPA (open squares) and in the remainer of the chorion 

surface (AE: the animal pole and the equatorial area, closed circles) was spotted against oocyte diameter. 

selected at random from among the sexually ma- 

ture fish were mated yielding 218 fertilized eggs in 

16 ovipositions. Among these spawned eggs (F1), 

about 64% (a right-handed to left-handed type (R/ 

L) ratio, 1.6) showed the right-handed spiral pat- 

tern of attaching filaments. Six pairs that de- 

veloped from these right-handed type eggs were 

selected again for mating (each pair was mated in a 

separate aquarium). A total of 623 eggs was 

obtained in 41 ovipositions. The total R/L ratio 

among these F, eggs was 1.1, although the number 

of right-handed type eggs among these eggs of two 

pairs (FR-F,_,, FR-F2_>) was significantly higher. 

The F3; (FR-F3_ 15) eggs spawned by the FR-F)_ 

pair in Table 2 were reared and again pair-mated. 

The right-handed spiral pattern among the Fy, 

(FR-F4_19) eggs (1625) spawned by these pairs 

(FR-F3_4) was not significantly more prevelant 

than the left-handed pattern. Two pairs (FR- 

F;_ 43) of the off-spring of FR-F4,_5; spawned 604 

eggs (F.), which showd a R/L ratio of 1.0. In the 

right-handed type pedigrees, the R/L ratio among 

5,002 eggs in six generations was about 1.1. 

The spiral pattern of attaching filaments in several 

species of Oryzias 

Table 3 lists the R/L ratios of the spiral pattern 

of attaching filaments on the chorions of O. 

celebensis, O. curvinotus, O. javanicus, O. 

mekongensis, O. melastigma and O. minutilus 

eggs. The right-handed pattern tended to occur 

more frequently than the left-handed pattern, but 

the difference was not statistically significant. 

DISCUSSION 

Both the left- and the right-handed spiral pat- 

terns are found in the attaching filaments on the 

chorion of the medaka egg. A similar observation 

on the spiral pattern of filamentous structures on 

the chorion was reported early by Kurakami [11] 

for the pacific saury Cololabais saira. In a pre- 
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Fic. 4. Micrographs of previtellogenic oocytes showing non-attaching filaments among granulosa cells. 

A: An oocyte at the late previtellogenic phase of oogenesis exhibits non-attacing filaments (asterisks) among the 

granulosa cells (G) between the chorion (E) and the basement membrane (B). T, thecal cell. 13,000. 

B: An oocyte at an early vitellogenic phase exhibits non-attaching filaments (asterisks) originating from the 

chorion, which consists of an outer layer (E) and an inner layer (L). G, granulosa cells. 9,700. Inset: the outer 

layer of the chorion which is composed of electron dense amorphous and tubular structures. 92,000. 
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Fic. 5. Microphotographs of vitellogenic oocytes of Oryzias latipes showing attaching filaments on the chorion in the 

vegetal hemisphere. These oocytes at the early stage (A: the right-handed spiral type) and at the late stage (B: 

the left-handed spiral type) of vitellogenesis have different spiral patterns. Non-attaching filaments in the animal 

hemisphere bend and the thread-like attaching filaments elongating from the VPA are wound on the vegetal 

hemisphere of the oocyte in a unilateral direction. The proximal part of the attaching filaments bends in the 

direction of the animal pole of the oocyte. In Fig. 5B, early previtellogenic oocytes (ca. 115 ~m in diameter, 
arrow) are present showing verruciform primitive filaments. 210. 

liminary note [8], It has been reported that eggs 

showing the right-handed spiral of attaching fila- 

ments might be counted more frequently than 

those showing the left-handed spiral. This tenden- 

cy was also recognized in eggs of other Oryzias 

species in the present study, although the higher 

frequency was not statistically significant, and eggs 

spawned by only a single female of each species 

were studied. 

In addition, we tried to select genetically for the 

eggs showing the right-handed spiral pattern of 

attaching filaments. The results seem to indicate 

that the spiral pattern is not hereditory. That is, 

the spiral pattern may be randomly determined 

during oogenesis. The tendency for the right- 

handed type to somewhat predominant in frequen- 

cy is possibly caused by some unknown factor(s) 

such as the revolution of the earth. 

The spiral of attaching filaments and the un- 

ilateral bending of non-attaching filaments on the 

chorion are both at right angles to the oocyte axis 

and appear to be involved in the formation of egg 

polarity. All filaments must elongate in haphazard 

and random directions among the granulosa cells if 

no force is exerted on them. However, since all 

elongating filaments arise from the chorion and 

elongate among the granulosa cells, they should 

bend in the same direction if the oocyte itself 

rotates within the non-motile follicular consti- 

tuents connected to the other tissue of ovary, or if 

all the granulosa cells translocate in a unilateral 

direction in response to unknown stimulation. 

Granulosa cells directly contact to the oocyte 

surface by inserting their cytoplasmic extensions 

into the chorion, and the cytoplasmic extensions of 

the oocyte also closely attach to the granulosa cells 

through numerous pores in the chorion until ovula- 

tion [12]. For this reason, it is unlikely that either 

translocation of the granulosa cells or the rotation 

of the oocyte within the non-motile granulosa cell 
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Fic. 6. Diagrams illustrating the patterns of attaching and non-attaching filaments on the chorion of mature Oryzias 

eggs. 
a: A view of the animal pole side (Arrow indicates a micropyle: non-attaching filaments, the right-handed 

pattern). 

b: A lateral view from the equatorial side. c and c’: In these views of the vegetal pole side, attaching filaments (A) 

exhibit either the left-handed (c) or the right-handed (c’) spiral pattern. NA, non-attaching filaments. 

layer can occur because both would have to be 

accompanied by mutual separation of the oocyte 

and granulosa cells before ovulation. It is plausible 

that the oocyte intimately connected with its sur- 

rouding granulosa cells can translocate within the 

basement membrane. In young previtellogenic 

oocytes, the granulosa cell layer is extremely thin, 

so the tops of the elongating filaments are com- 

pressed by the basement membrane and the thecal 

layer. Consequently, unilateral rotation of the 

oocyte and the surrounding granulosa cell layer 

within the basement membrane may cause un- 

ilateral bending at the distal part of the elongating 

filaments on the chorion. Rotation of the oocyte 

must result in bending of only the attaching and 

non-attaching filaments that are directly in contact 

with the basement membrane, and the bending 

must be in the opposite direction to that of the 

rotation. The basal regions of attaching filaments, 

which are surrounded by tall granulosa cells, and 

the long basal parts of attaching filaments in the 

vegetal hemisphere are not affected by the oocyte 

rotation and are radially straight from the VPA 

toward the animal pole after slightly bending dur- 
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TaBLE2. Inheritance of the right-handed spiral pattern of attaching filaments in Oryzias eggs 

ee eee No. of NOME Spiel pattern of attaching filaments | 

Ovipositions eggs Right-handed (L) Left-handed (R) ratio 

FR-Fo May 790 1 DS 13 12 1.0 

FR-F, Aug. 790 16 218* 140 78 1.6* 

FR-F>_; Oct. 790 5 54# 35 19 LG 

FR-F,_ > 2, 7 95 54 4] 13" 

FR-F,_ 3 Z, 6 113 57 56 1.0 

FR-F,_4 2 16 209 98 111 0.9 

FR-F3_ 5 2 4 73 40 33) LZ 

FR-F>_6 2 3) 79 38 4] 0.9 

FR-F3_; Rebae.9il 16 439 UD) 210 1.1 

FR-F3_ 5 2 22 471 Dail 220 lea 

FR-F3_ 3 2 14 364(145) 185(72) S735) EO 

FR-F3_ 4 2 16 417(117)# 224(66) 193(51) eZ 

FR-F3_ 5; 2 11 ASD) 121(74) 94(98) 13 

FR-F,_; Aug. 791 10 DS) IZ 125 1.1 

FR-F,4_ > y 10 12) 91 104 0.9 

FR-F,_ 3 2 10 159(103) 74(47) 85(56) 0.9 

FR-F,4_4 2; 11 121(87) 63(47) 58(40) loll 

FR-F,_ 5 2, 18 Das 126 98 3 

FR-F,4_ 6 2 16 284 1377 52 0.9 

FR-F,_7 2 1) 163 96 67 1.4 

FR-F,_ 2 13 139 2 67 1.1 

FR-F,4_9 7; 2 84 41 43 1.0 

FR-Fs_; Oct. °91 8 244 130 114 ted 

FR-F;_ 3 7 8 142 66 76 0.9 

FR-F;_ 3 2 iit 218 fe: 106 lel 

P/L ratio: the ratio of the number of eggs with the right-handed spiral pattern of attaching filaments to the 

nubmer with the left-handed spiral pattern. F3 were obtained from a single pair of FR-F,_3 adults. 

*Significant in Student’s t-Test. * Mature fish derived from these eggs were used for mating. The number in 

parentheses indicates the number of oocytes in ovaries. 

TABLE 3. The spiral pattern of attaching filaments in eggs of several species of Oryzias 

No. of Natiot Spiral pattern of attaching filaments 

STSCI Ovipositions eggs Right-handed (R) Left-handed (L) ae 

O. celebensis 13 340 188 152 2 

O. curvinotus 2 82 48 34 1.4 

O. javanicus 10 55 35 20 1.8 

O. mekongensis 5 93 53 40 ed) 

O. melastigma A) 480 287 193 15 

O. minutilus 6 69 39 30 13 

ing the early stage of oogenesis (Fig. 3). Thus, itis | rotate within the basement membrane before or 

inferred that in medaka follicles, oocytes sur- when the oocyte axis is established in the very 

rounded by a granulosa cell layer may begin to early stage of oogenesis, although the transloca- 
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tion of the granulosa cell layer within the basement 

membrane remains to be investigated. | 

Associated with the rotation of the oocyte and 

granulosa cells on the oocyte axis, the first mor- 

phological evidence of Oryzias egg polarity is the 

appearance of the VPA. The VPA appears as 

cluster of verruciform structures, which are pri- 

mordia for the attaching filaments, prior to forma- 

tion of the chorion. As these filaments become 

progressively horn-shaped, they bend in a unilater- 

al direction with the rotation of the oocyte around 

its axis. This axis corresponds to the future animal- 

vegetal axis of the egg prior to differentiation of 

the long, slim attaching filaments at the VPA and 

the micropylar cell at the animal pole [1]. The 

oocyte axis may be established by an unknown 

factor(s) that determines the position of the VPA. 

Investigations on determination of the origin and 

the formation process of these filamentous struc- 

tures on the chorion may contribute to clarifying 

the determination of egg polarity in some fishes. 

However, it remains to be determined whether 

these filaments, as well as the chorion, are derived 

from the oocyte itself [13], the follicle cells or both 

[10, 14]. 

As described above, the animal-vegetal axis of 

Oryzias eggs is first recognized by the appearance 

of the VPA and the unilateral bending of non- 

attaching filaments prior to the initiation of vitel- 

logenesis. Therefore, the egg axis is not induced 

by an unequal distribution of the yolk that accumu- 

lates in the ooplasm during vitellogenesis. These 

observations with Oryzias oocytes are consistent 

with those with Xenopus oocytes, which may have 

an animal-vegetal polarity that is further differenti- 

ated by the endocytotic process for vitellogenin 

(15). In addition to yolk accumulation, a change in 

the distribution of attaching and non-attaching 

filaments on the chorion is recognized as the 

vitellogenic oocyte grows rapidly. The interfila- 

ment distance between non-attaching filaments on 

the chorion increases in proportion to the increase 

in diameter of vitellogenic oocytes, in contrast to 

the distance between attaching filaments on the 

chorion in the VPA. This suggests that the outer 

layer of the chorion is stretched except in the VPA 

where the attaching filaments elongate extremely 

during vitellogenesis. Attaching filaments consist 

of the same components as the chorion [10] or the 

outer layer of the chorion as shown in the present 

study. Therefore, in the chorion of the VPA the 

components which are supplied for formation of 

the outer layer probably by follicular cells [4, 10] 

should be limited due to their use in formation of 

the elongating attaching filaments. Consequently, 

less chorion is formed in the VPA than in the 

remaining area of the chorion. That is, since there 

is no change in the total number of filaments on the 

chorion, the lesser distance between attaching 

filaments must result from a lesser expansion of the 

chorion in the VPA than in the remaining area of 

the chorion. Further experimentation is being 

conducted currently in order to analyse the process 

of formation of the VPA and the mechanism 

responsible for the spiral pattern of attaching 

filaments in this fish. 
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ABSTRACT—The effectiveness of separation of murine X- and Y-bearing sperm by free-flow 

electrophoresis was evaluated by the polymerase chain reaction (PCR). The ratio of X- and Y-bearing 

sperm from cauda epididymis was analyzed before and after free-flow electrophoresis. AL Ye 

chromosome-specific sequence (pY353/B) and an autosomal sequence (myogenin) were used to 
estimate the ratio between X- and Y-sperm in the separated fractions. 

Cauda epididymal mice sperm were separated into two peak fractions under the electric field. Each 

peak fraction contained sperm of normal shape, however, the motility of the sperm was extremely 

diminished after separation by electrophoresis. DNA was extracted from 10* sperm from each fraction 

and from the unseparated sperm, and Y-chromosome specific PCR was performed. thes BCR 

experiment revealed that fraction No. 16 (the peak near the cathode) was a Y-sperm rich fraction, 
whereas fraction No. 22 (the peak near the anode) was a Y-sperm poor one. 

These results suggested that murine X- and Y-sperm could be successfully separated by free-flow 

electrophoresis. Analysis of the chromosome-specific sequence by PCR was demonstrated to be a direct 

and adequate method to evaluate the separation of X- and Y-sperm. 

INTRODUCTION 

For the purpose of preselecting the sex of 

offspring in domestic and laboratory animals as 

well as in humans, many methods have been 

developed for separating X- and Y-sperm [1, 2]. 

Recently, Johnson and collaborators [3-5] suc- 

ceeded in separating X- and Y-sperm from bull, 

boar, chinchilla, rabbit, and ram by flow 

cytometry. However, to distinguish the two frac- 

tions, they used the DNA dyes DAPI or H33342 

and a high energy laser beam, so the risk of 

carcinogenesis, DNA damage etc., could not be 

eliminated. Other methods have been reported to 

be successful in a limited number of animal spe- 

cies, especially in humans [1]. 

Attempts to separate sperm by means of galva- 
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nization have been made by many workers using 

various animals [6-9]. We succeeded in separating 

human sperm by free-flow electorphoresis when 

examined for the presence or absence of the 

F-body, a marker for Y-bearing sperm after stain- 

ing with quinacrine mustard [10-12]. Preliminary 

results have indicated that various animal sperm 

also show profiles indicating separation in the 

electric field. In these animals, however, the 

F-body test by quinacrine staining can not be used 

successfully at present. Thus, the evaluation must 

depend on either chromosome analysis using the 

zona-free hamster ova [13] or the sex check of 

offspring. 

In recent years, DNA sequences of some specific 

genes on either X- or Y-chromosome have been 

determined. These provide useful probes for dis- 

tiguishing the two sperm populations. In the case 

of the mouse, Zfy [14], pY353/B [15, 16], and Sry 

[17] are examples of specific probes for the Y- 
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chromosome: Of these pY353/B is highly sensitive 

because it recognizes a repeating sequence. 

In this paper, we shall describe the separation of 

murine X- and Y-sperm by free-flow elec- 

trophoresis and evaluation of purities of the sepa- 

rated fractions by a PCR method for the Y- 

chromosome-specific repeating sequence. 

MATERIALS AND METHODS 

Sperm preparation 

Sperm were obtained from the cauda epididymis 

of 4- to 5-month-old ICR male mice and were 

suspended in a culture dish (35X10 mm, Nunc) 

containing 0.5 ml of Hanks’ balanced salt solution 

(BSS) and 1% bovine serum albumin (BSA) on a 

hot plate, followed by preincubation for 15 min at 

37°C. The sperm were washed by centrifugation 

(600 x g, 10 min) with the chamber buffer, which 

contained 0.226M sucrose, 30mM MgSQg, 0.5 

mM MgCl, 1mM CaCl, and 10mM HEPES 

(N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic 

acid)-NaOH buffer, pH 7.2. The supernatant was 

then discarded, and 0.5 ml of fresh chamber buffer 

was added to the loosely packed sperm. 

Separation of X- and Y-bearing sperm 

Separation of murine X- and Y-sperm was car- 

ried out using a free-flow electrophoretic appar- 

atus (ACE 710, Hirschmann, FRG) as previously 

described [10-12]. The separation chamber was 

composed of two glass plates (4 x 13 cm) separated 

by a narrow gap (0.3 mm) in which chamber buffer 

streamed down with a laminar flow from the top of 

the chamber to the bottom. While an electric field 

of 75-V/cm was applied perpendicularly to the 

buffer stream, the actively motile sperm suspen- 

sion in a total volume of 0.5 ml was injected 

continuously into one spot at the top of the cham- 

ber. Sperm having different electrophoretic mobi- 

lities descended along different paths and were 

collected into 35 microtubes at the bottom of the 

chamber. The cell distribution was monitored by 

measurement of the intensity of scattering light at 

520 nm by use of a video camera equipped with a 

vidicon tube. The internal computer system calcu- 

lated the cell mass from a series of densitometric 

tracings, and the results were recorded both on a 

monitor and on chart paper. Electrophoresis was 

done at 25°C. Electrode buffer consisted of 100 

mM HEPES and 80 mM NaCl, pH 7.0. 

DNA extraction from the murine sperm 

DNA was extracted from the sperm of each 

fraction and from the unseparated sperm in capped 

1.5-ml polypropylene microcentrifuge tubes. The 

sperm were suspended in 300 ul of a lysis buffer 

consisting of 100mM NaCL, 9mM EDTA 

(ethylenediaminetetraacetic acid), 1.5% SDS 

(sodium dodecyl sulfate), 40mM DTT (dithio- 

threitol), 187 ug proteinase K, and 10 mM Tris 

(tris-hydroxymethyla-minomethane)-HClI buffer, 

pH 8.0. The mixture was incubated for 90 min at 

37°C. Organic extraction was performed as fol- 

lows; 300 wl of water-saturated phenol/chloroform 

(1:1) was added to each polypropylene tube. 

Then the mixture was vortexed 4 times for 20s 

each time and centrifuged at 12,000 rpm for 10 min 

using a TOMY MC-15A centrifuge. The phenol 

extraction was repeated once and was followed by 

extraction with Sevag solution (24:1, chloroform: 

isoamyl alcohol). After the organic extraction, the - 

DNA in the aliquot layer was precipitated over- 

night at —20°C by the addition of two volumes of 
99.9% ethanol. The DNA recovered by centri- 

fugation was resuspended in 70% ethanol for 

desalting, and then suspended in 60 yl of distilled 

water. 

Standard PCR 

About 50 ng of sperm DNA from each fraction 

obtained by free-flow electrophoresis was am- 

plified enzymatically in 100 wl of a reaction mix- 

ture, which include a 1 ~M concentration of each 

primer, 200 ~M deoxynucleotide (Pharmacia), 1 

unit of Thermus aquaticus DNA polymerase (Taq 

polymerase) (Perkin-Elmer Cetus), 50mM KCl, 

1.5mM MgCl, 10 mM Tris-HCl (pH 8.4), and 20 

yvg/ml gelatin, and was overlaid with mineral oil. 

PCR was performed in a programmable thermal 

cycler (Perkin-Elmer Cetus) for 25 or 50 cycles, 

each consisting of 1 min of denaturation at 94°C, 2 

min of annealing at 55°C, and 2 min of polymeriza- 

tion at 72°C. At the end of the cycles, the samples 

were held at 72°C for 7 min and then cooled. 
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TaBLE 1. List of primers for PCR 

Locus Primer sequence "eae Ref. 

myogenin 5’-TTACGTCCATCGTGGACAGC-3’ 746 [14] 

5’-TGGGCTGGGTGTTAGTCTTA-3’ 

pY353/B 5’-GAATTCATATATATGACAGACGC-3’ 102 [15, 16] 

5’-CCATTCCCTTCAAATATCATACT-3’ : 

Samples were then either analyzed immediately by cathode anode 

agarose gel electrophoresis or frozen overnight at = ; 

—20°C and analyzed on the following day. Prim- = 

ers used in this experiment are summarized in > 

Table 1. a 
=e 

Gel Electrophoresis = , 

Eighteen wl of the PCR product was mixed with 

2 wl of a loading buffer containing 40% sucrose, 

0.25% bromphenol blue, and 0.25% xylene cyanol 

and run at 90 V for 2 h in an agarose gel containing x105 

2.4% SeaKem LE and 1.2% NuSieve in TBE- E 

buffer consisting 45mM_ Tris-borate and 1mM = : 

EDTA, pH 8.0. — 3 

Densitometric analysis of the PCR products on z ; 

agarose gel was performed with a DMC-33C de- = 

nsitometer (Toyo Sci. Co. Ltd., Japan). = i 

: 14 15 16 17 18 19 20 21 22 23 

RESULTS Fraction Number 

Fic. 1. A typical profile of electrophoretically sepa- 
Separation of sperm by free-flow electrophoresis 

Sperm from the cauda epididymis of ICR mice 

were separated into two distinct peaks by free-flow 

elctrophoresis. Both peaks migrated toward the 

anode at pH7.2. Fig. 1 shows at typical elec- 

trophoretic profile obtained with the ACE 710 

apparatus and the cell count of each fraction. The 

two peaks contained virtually the same number of 

sperm. The separated sperm in both peaks were 

normally shaped and uncontaminated with other 

cells but their motility was essentially zero. To 

evaluate what type of sperm were contained in 

these two peaks, PCR was performed with the 

DNA isolated from sperm in each fraction. 

PCR of unseparated sperm 

As a control experiment, the PCR was per- 

formed with DNA extracted from male and female 

rated murine sperm from cauda epididymis. The 

upper shows the densitometric trancing by ACE710 

and the lower shows the sperm count of each 

fraction obtained. 

mouse blood and from unseparated sperm. As 

shown in Fig. 2, both male blood DNA and sperm 

DNA showed a strong band corresponding to 

amplified pY353/B. The density of pY353/B was 

much higher than that of myogenin (an autosomal 

sequence; lanes 2 and 3 from the left). On the 

other hand, pY353/B was not detected in female 

blood DNA, although a good amplification of 

myogenin was observed (lanes 4 and 5 from the 

left). 

PCR of electrophoretically separated sperm 

Sperm fractionated by free-flow electrophoresis 
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Fic. 2. Ethidium-bromide stained agarose gels of con- 

trol PCR experiments of pY353/B (Y) and myoge- 

nin (A) loci in male blood DNA, female blood 

DNA, and sperm DNA. M represents molecular 

size markers of 4,870, 2,016, 1,360, 1,107, 926, 658, 

489, 267, 80 bp (pHY marker: Takara Shuzo Co., 

Ltd., Kyoto, Japan). @: pY353/B, —«: myogenin 

gene. 

were counted under the microscope and DNA 

from 10° sperm from each fraction was extracted 

for PCR experiments. A portion of each extracted 

DNA sample was used for a control experiment for 

the myogenin gene. Fig. 3 compares the results of 

the PCR experiments on fractionated and unfrac- 

tionated sperm. All fractions and control sperm 

exhibited an equivalent density of the amplified 

myogenin gene. In other words, all fractions and 

unfractionated sample contained the same amount 

of DNA under the present extraction conditions 

(Fig. 3b). On the other hand, when the Y- 

chromosome specific sequence pY353/B was am- 

plified by PCR, the fluorescence of etidium- 

bromide was intense in fractions nearer the 

M. Oxuno, H. Opbaairi et al. 

Meh eIGGAS Salma) i7eoai8 1D 20K 2. 

Fic. 3. PCR experiment of unseparated (C) and elec- 

trophoretically separated murine sperm. Each num- 

ber represents the fraction number of free-flow 

electrophoresis as shown in Fig. 1. For each frac- 

tion, DNA was extracted from 10* sperm. M 

represents the same molecular size markers as in 

Fig. 2. @: pY353/B, —a: myogenin gene. 

cathode. Peak fraction No. 16 exhibited the high- 

est fluorescence of pY353/B, and the fluorescence 

of the bands gradually diminished toward the 

anode. 

Densitometric analysis of PCR products 

The relative value of the density of the pY353/B 

band in fraction No. 16 was 1.6 times higher than 

that in the unfractionated sperm, but little differ- 

ence was seen in the myogenin density. On the 

other hand, peak fraction No. 22 showed a relative 

value of 0.2 for the density of the pY353/B band; 
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and again there was little difference in myogenin 

band. These results suggested that the cathodic 

peak fraction No. 16 contained Y-bearing sperm in 

a high ratio, while the other peak fraction No. 22 

did X-bearing sperm by means of the Y- 

chromosome specific sequence pY353/B. 

DISCUSSION 

In the present study, the efficiency of sperm 

separation by means of free-flow electrophoresis 

was tested by use of the PCR methodology rather 

than quinacrine staining. The results indicated a 

successful separation of murine X- and Y-bearing 

sperm. We clearly demonstrate that DNA analysis 

is anew and direct method to test the separation of 

animal sperm. The nonisotopic PCR method used 

here is more rapid than Southern’s technique using 

specific labeled probes [18]. The former takes 

about 8 hours, whereas 6 days or more are needed 

for the latter. 

The separation of murine X- and Y-sperm under 

an electric field was also observed with a zeta- 

potentialmeter Photal ELS-800 (Otsuka Electro- 

nics Co., Tokyo; data not shown). The same was 

true with human sperm [12]. Furthermore, sperm 

of other animals such as hamster and mongolian 

gerbil exhibited similar two-peak profiles (data not 

shown). This paper is the first description of the 

electrophoretic separation of X and Y-sperm in a 

species other than human by means of free-flow 

electrophoresis. For human sperm, the F-body 

test by quinacrine staining is the conventional 

method to detect Y-sperm; but for other animal 

sperm, the F-body test is not useful and no practic- 

al methods, except the measurement of DNA 

content by flow cytometry has hitherto been avail- 

able. 

The reproducibility of the PCR method was 

confirmed in a calibration experiment using blood 

DNA from 50 ng to 1 ug (data not shown). When 

the amplification of DNA by PCR is performed up 

to the saturation level, quantitative analysis to 

estimate the amount of DNA is not appropriate. 

The present study, however, was carried out at low 

amplification levels so that the amount of DNA 

amplified by PCR was roughly proportional to that 

of applied pY353/B. To eliminate the possibility 

of artifactral amplification in experiments where 

only sex chromosome-speicfic sequence were used, 

the murine autosomal myogenin gene was used to 

standardize the amplification procedure and the 

obtained results. Equal portions of each sperm 

fraction was subjected to pY353/B and myogenin 

PCR. These reactions were carried out indepen- 

dently to eliminate the possibility that reactions 

initiated by the two sets of primers would interfere 

with one another. 

Attempts at separating X- and Y-bearing sperm 

by means of flow cytometry and cell sorting have 

been made by several workers using various anim- 

als, [3-5, 19]. Those have used activation the dyes 

DAPI or H33342 for staining DNA and a high 

energy laser beam. Even though the wavelength 

was relatively long, the risk of hereditary defects 

such as carcinogenesis could not be excluded. 

Percoll density gradient centrifugation was effec- 

tive in obtaining active X-bearing human sperm as 

the sediment, although the proportion of Y- 

bearing sperm did not increase in the upper layers 

[20]. When this techinique was applied to dairy 

cattle, two thirds of the delivered calves were 

female, but this result was not statistically signi- 

ficant [1]. 

Following free-flow electrophoresis, sperm 

motility was much reduced. Improvements in the 

Separation conditions are needed to maintain 

sperm activity. However, even in their present 

condition, separated sperm have a practical ap- 

plication by microinjection into ova. Most impor- 

tantly, free-flow electrophoresis is performed with 

intact sperm cells and is applicable not only to 

human [10-12] but also to murine sperm as de- 

monstrated in this paper. This method therefore 

to be widely applicable for separating X- and 

Y-sperm. 
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ABSTRACT—The present experiment was performed in order to investigate the response of walking 

catfish to human chorionic gonadotropin (HCG) and the resultant hormonal changes during ovulation. 

Mature female walking catfish were given a single intramuscular injection of 0.8 IU HCG/g body 

weight. Of 14 fish treated with a single injection of HCG, 5 fish ovulated at 20 hr and 9 fish at 24 hr 

following treatment. Germinal vesicle breakdown occurred after an elapse of 12-16 hr. After HCG 

injection, plasma testosterone peaked at 4hr, and then gradually decreased to initial levels at 24 hr. 

Progesterone levels started to increase at 4hr, and exhibited a small peak at 12hr. Plasma 

17a-hydroxyprogesterone levels began to increase at 8 hr, peaked at 12 hr, and returned to basal levels 

at 20 hr. Plasma 17a,20-dihydroxy-4-pregnen-3-one (17a,208-P)levels suddenly increased and peaked 

at 12 hr following treatment. 17a,208,21-trihydroxy-4-pregnen-3-one (20/-S) also increased at 12 hr and 

peaked at 16 hr. Meanwhile, 17a,20a-dihydroxy-4-pregnen-3-one, a stereoisomer of 17a,208-P, started 

to increase at 4 hr, reaching a peak at 12 hr, with maximum levels lower than those of 17a,206-P or 

206-S. These peaks were concomitant to the first occurrence of GVBD. Plasma estradiol-17/ levels in 

HCG-treated fish remained constant throughout the experiment, whereas levels in the control group 

were seen to decrease. These results indicate that HCG is effective in inducing ovulation in walking 
catfish and suggest that 17a,208-P and/or 208-S are the maturation inducing steroid(s) in this species. 

© 1992 Zoological Society of Japan 

INTRODUCTION 

Changes in plasma gonadotropin (GtH) and/or 

steroid hormone levels during ovulation have been 

investigated intensively in several teleost species in 

order to understand the endocrine control of 

ovulation in fish. These investigations showed that 

the process of ovulation occurred following an 

increase of internal GtH secretion from the pitui- 

tary gland. This GtH mediates the process of final 

oocyte maturation and ovulation by inducing the 

synthesis of the maturation inducing steroid 

(MIS), 17a,20f-dihydroxy-4-pregnen-3-one (17a, 

208-P), in ovarian follicles [1, 2]. It has been 

proposed recently that 17a,208,21-trihydroxy-4- 

pregnen-3-one (208-S) is also an MIS in the Atlan- 
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tic croaker [3] and the spotted seatrout [4]. 

17a,20a-dihydroxy-4-pregnen-3-one (17a,20a-P) is 

reported to be produced during ovulation in 

flatfish [5]. At present, however, available in- 

formation concerns a limited number of species, 

and information on tropical fishes is insufficient. 

The walking catfish, Clarias batrachus, is a tro- 

pical freshwater fish belonging to the order Siluri- 

formes. In the natural habitat of this species, 

spawning occurs during the rainy season and can 

be induced by manipulating the water level of the 

culture pond for practical purposes. Normal 

ovulation in walking catfish can be induced not 

only by environmental means, but also by artificial 

stimulation such as HCG injection [6]. However, 

equivalent information on hormonal changes dur- 

ing ovulation in Clarias batrachus is not yet avail- 

able. Therefore, in this investigation hormonal 

changes during ovulation were studied using fish 

treated with HCG. Changes in plasma testoster- 
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one, progesterone, 17a-hydroxyprogesterone (17a- 

P), 17a,208-P, 208-S, 17a,20a-P and estradiol-17 

were monitored during ovulation, and simul- 

taneously, the timing of germinal vesicle break- 

down (GVBD) was examined. 

MATERIALS AND METHODS 

Fish stock 

Two-months old walking catfish were trans- 

ported from Bogor, Indonesia, to Japan in 1988, 

and reared in an indoor concrete pond (width x 

length x depth=1.5 <3 X0.5 m) supplied with run- 

ning freshwater (23-25°C) of deep-well origin at 

the Fisheries Laboratory, the University of Tokyo, 

Maisaka, Shizuoka Prefecture. During this rearing 

period, fish were subjected to a photoperiodic 

cycle of 12L12D. Fish were fed twice per day with 

commercially available trout pellets at a daily 

ration of 2-3% of body weight. Under the above 

stocking conditions, fish began to mature at an age 

of 9 months and thereafter, conditions of maturity 

were maintained without undergoing natural 

spawning (Zairin et al., unpublished data). 

Experimental fish 

Twenty four 18-months old mature female walk- 

ing catfish (325-675 g in weight and 34-40 cm in 

total length) were selected from the stock pond, 

and then randomly assigned to two groups, HCG- 

injected and control groups. Each group was 

further divided into two sub-groups. Each sub- 

group was kept separately in an indoor concrete 

tank (width x length x depth=1x3X0.5 m)_ sup- 

plied with running fresh water of deep-well origin 

23-25°C. Photoperiod was maintained 12L12D. 

Fish did not receive feed during the experiment. 

Treatment 

HCG was purchased from Teikoku Zoki Phar- 

maceutical Company, Japan. In order to meet the 

required dosage, the original hormone was diluted 

with 0.6% saline solution into a 1 [U/yl solution. 

The HCG-treated group received an intramuscu- 

lar injection of 0.8IUHCG/g body weight, 

whereas the control group received an equal 

volume of saline injection, just below the front 

edge of the dorsal fin. A single injection was given 

to each fish at 0800 hr. 

Blood and oocyte sampling 

Initial blood and oocyte samples were taken 

from all fish before administering the hormone 

solution or saline. Thereafter, sampling was car- 

ried out as follows. Up until 24hr of post- 

treatment, sampling was performed alternately 

between the two HCG sub-groups as well as 

between the control sub-groups. The first sub- 

groups were sampled at 4, 12, 20, 24, 28 and 52 hr, 

and the second sub-groups were sampled at 8, 16, 

24, 28 and 54 hr. Data from two sub-groups were 

combined in order to obtain 4 hour interval data 

for each type of treatment. 

Approximately 0.8 ml of blood was drawn from 

the caudal vasculature with a heparinized syringe 

fitted with a 24-gauge, 1-inch needle after anesthe- 

tizing fish with 600 ppm of 2-phenoxyethanol 

(Wako, Japan). Blood samples were centrifuged 

at 3000 rpm, and plasma was stored in 1.5 ml 

polypropylene centrifuge tubes at —20°C until 

analysis by enzyme immunoassay (EIA, for 20/-S) 

or radioimmunoassay (RIA, for other steroids). 

Following blood sampling, a small amount of 

oocytes was drawn by using a polyethylene cannula 

(2.0 mm in inner diameter, 2.5 mm in outer dia- 

meter). Oocytes were treated with clearing solu- 

tion (ethanol: formalin: acetic acid=6:3:1) for 

ascertaining whether GVBD had occurred. 

RIA 

Steroid extraction from 0.25 ml plasma was car- 

ried out twice using 2 ml diethylether. The ether 

was evaporated using a centrifugal evaporator at 

room temperature. Samples were reconstituted 

with 0.5 ml of PBS containing 0.1% gelatin, 10 

mM phosphate buffer and 140 mM NaCl (pH 7.5). 

In this experiment, plasma testosterone, prog- 

esterone, 17a-P, 17a,208-P, 17a,20a-P and estra- 

diol-172 were determined by RIA. Details for 

RIAs for each steroid have been described pre- 

viously [7-10]. 

Testosterone was determined using [1,2,6,7-°H] 

testosterone (Amersham, England) and an anti- 

serum against testosterone-1la-succinate-BSA. 

The antiserum was kindly provided by Prof. M. 
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Honma, Laboratory of Veterinary Physiology, the 

University of Tokyo, Japan. This antiserum 

against testosterone -cross-reacted with 11- 

ketotestosterone, 5a-dihydrotestosterone, andros- 

tenedione, and androstenediol at 1.5, 30, 1.0, and 

0.25%, respectively. 

Progesterone was determined using [1,2,6,7-°H] 

progesterone purchased from New England Nuc- 

lear, England, and an antiserum against progester- 

one-3-carboxy-methyl-oxime-BSA (Teikoku Zoki 

Pharm. Co., Tokyo). This antiserum cross-reacted 

with 17a-P, 20a-hydroxyprogesterone, pregneno- 

lone, 11-deoxycorticosterone at 0.89, 6.73, 1.46, 

and 6.60%, respectively. 

17a-P was determined using [1,2,6,7-*H] 17a-P 
(New England Nuclear) and an antiserum against 

17a-hydroxyprogesterone-3-oxime BSA (Teikoku 

Zoki Pharm. Co.). The antiserum cross-reacted 

with progesterone, 20a-hydroxyprogesterone, and 

pregnenolone at 7.85, 3.23, and 0.52%, respec- 

tively. 

17a,208-P was determined using [22657 

17a,208-P and an antiserum against 17a,20/- 

dihydroxy-4-pregnen-3-oxime-BSA which was 

kindly provided by Dr. Y. Nagahama, National 

Institute for Basic Biology, Okazaki, Japan. The 

antiserum to 17a,208-P cross-reacted with 17a, 

208-P, 17a,20a-P, and 5f-pregnane-3,17a,20/- 

triol at 2.54, 1.55, and 0.82%, respectively. 

17a,20e-P was determined using [1,2,6,7-*H] 

17a,20a-P and an antiserum against 17a,20a- 

dihydroxy-4-pregnen-3-oxime-BSA_ which was 

kindly provided by Dr. A. Kambegawa, Depart- 

ment of Obstetrics and Gynecology, Teikyo Uni- 

TABLE 1. 

binding rate, respectively 

versity School of Medicine, Tokyo, Japan. The 

antiserum to 17a,20a-P cross-reacted with 17a,20/- 

P, progesterone, and deoxycortisol at 0.48, 0.17, 

and 0.10%, respectively. 

Plasma levels of estradiol-17@ were determined 

using [2,4,6,7--H] estradiol-17@ (New England 

Nuclear) and an antiserum against estradiol-173-6- 

CMO-BSA (Teikoku Zoki Pharm. Co.). The 

antiserum against estradiol-17 cross-reacted with 

estrone, estriol, and testosterone at 3.2, 1.77, and 

0.29%, respectively. 

Validation of the system for use in walking 

catfish plasma was achieved by obtaining parallel 

curves for serial dilutions of plasma samples col- 

lected from several fishes. Intraassay and interas- 

say coefficients of variation at binding rates of 

25% , 50% and 75% are presented in Table 1. 

EIA 

Plasma 208-S levels were measured using a 

specific EIA. The method for steroid extraction 

for EIA was the same as that for RIA. Samples 

were reconstituted with 0.05% borate buffer 

containing 0.5% BSA (pH7.8). An antiserum 

was raised against 17a,20,21-trihydroxy-4- 

pregnen-3-CMO-BSA. This antiserum cross- 

reacted with progesterone, 17a-P, 17a,208-P, and 

17a,20a-P at 1.0, 0.01, 0.01 and 0.8%, respective- 

ly. Horseradish peroxidase (Sigma, USA) was 

used for labeling the antigen. Absorbance at 492 

nm was measured using an EIA reader (Bio Rad, 

England) for microtiter plates. Intraassay and 

interassay coefficients of variation at binding rates 

of 25%, 50% and 75% are presented in Table 1. 

Intraassay and interassay coefficients of variation measured at 25, 50, and 75% of 

Intraassay Interassay 
Steroids 

25% 50% 75% 25% 50% 75% 

Testosterone 19.6 6.6 6.0 22.6 leg) 18.0 

Progesterone 4.0 Sil 8.3 4.7 Sail 4.3 

17a-P 55 6.0 Teal 15.4 jOZ2) 1320 

208-S 13.0 2S EZ 19.5 17.4 12.6 

17a, 20a-P 9.7 6.8 4.0 OZ 8.7 11.0 

17a, 208-P 353 4.7 De) 320 533 9.0 

Estradiol-17 10.9 4.8 3.0 ee 5) 8.6 
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Details for this EIA will be published separately 

(Asahina et al., unpublished data). 

Statistics 

The Student-t test was used to compare means 

between treated and control groups. The multiple 

range test of Duncan and the Kruskal-Wallis test 

were used to analyze the time course changes in 

each group. 

RESULTS 

Ovulation occurred in all fish in the HCG- 

treated group. Of 14 fish treated with HCG, 5 fish 

ovulated at 20hr and 9 fish ovulated at 24 hr 

following treatment. GVBD was observed at 12 

and 16 hr. However, all fish in the control group 

failed to ovulate. 

Changes in plasma testosterone levels both in 

the HCG-treated and control group are shown in 

Fig. 1. In the HCG-treated fish, plasma testoster- 

one levels showed a rapid increase (P< 0.01; 0 hr 

vs 4 hr), peaking at 4 hr (38.3 ng/ml), and gradual- 

ly returned to initial levels at 24 hr (P<0.01; 4 hr 

vs 24 hr). Plasma testosterone levels in the control 

group started to decrease at 16 hr (P<0.01; 0 hr vs 

50 

40 

30 

20 

TESTOSTERONE (ng/ml) 

10 

0 4 8 12 

16 hr) without returning to initial levels at the end 

of the experimental period (P<0.01; Ohr vs 52 

hr). 

Changes in plasma progesterone levels both in 

the HCG-treated and control groups are presented 

in Fig. 2. The change of amplitude in levels of this 

hormone was small but could be considered signi- 

ficant (P<0.01; 0 hr vs 12 hr). Progesterone levels 

in HCG-treated fish started to increase at 4 hr after 

the treatment (P<0.01; 0 hr vs 4 hr) and reached a 

peak (1.7 ng/ml) at 12 hr, and subsequently de- 

creased below the detectable limit at 20 hr. With 

the exception of the beginning and at the end of 

the experimental period, plasma progesterone 

levels in the control group were always below the 

detectable limit. 

Changes in plasma 17a-P levels both in the 

HCG-treated and control groups are shown in Fig. 

3. Plasma 17a-P levels in the HCG-treated group 

increased at 8 hr (P<0.01; 0 hr vs 8 hr), peaked at 

12 hr (20.0 ng/ml) (P<0.01; 8hr vs 12 hr), and 

then rapidly returned to initial levels after 16 hr (P 

<0.01; 12hr vs 16hr). Thereafter, hormone 

levels showed small fluctuations. No significant 

change was observed in the control group. 

Changes in plasma 17a,20-P levels both in the 

e——e HCG-Treated 

o——o Control 

GVBD 

MUA 

OVULATION 
Wy 

0 O O O tne 

l6aieh 20: Vi) 24" 28, eee 
HOURS AFTER TREATMENT 

Fic. 1. Changes in plasma testosterone levels during HCG-induced ovulation in walking catfish. Data from 4-20 hr 

represent 7 and 5 fish for treated and control groups, respectively. Subsequent data represent 14 and 10 fish for 

treated and control groups, respectively. Each point is represented as mean+SEM. 
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Fic. 2. Changes in plasma progesterone levels during HCG-induced ovulation in walking catfish. Arrow indicates 

the detectable limit of the assay. See Fig. 1 for experimental detail. 

25 

20 

17a-P (ng/ml) 

an 

—_ So 

0 4 8 12 

v——v HCG-Treated 
GVBD 

Wan v——v Control 

OVULATION 

MUM 

16 20 24 28 52 

HOURS AFTER TREATMENT 

Fi. 3. 

experimental detail. 

HCG treated and control group are shown in Fig. 

4. In the HCG-treated fish, plasma 17a,20,-P 

levels were below the detectable limit of 0.24 ng/ 

ml until 8 hr after injection followed by a sudden 

increase (P<0.01; 8hr vs 12 hr) until reaching a 

peak (8.3 ng/ml) at 12 hr in association with the 

initiation of GVBD. Thereafter, the levels drop- 

Changes in plasma 17a-P levels during HCG-induced ovulation in walking catfish. See Fig. 1 for 

ped below the detectable limit at 24 hr (P<0.01; 

12 hr vs 24hr). Plasma 17a,208-P levels of the 

control group were always below the detectable 

limit during the course of the experiment. 

Changes in plasma 20£-S levels both in the HCG 

treated and control group are shown in Fig. 5. As 

just observed in 17a,208-P levels, plasma 20{-S 
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10 
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Fic. 4. Changes in plasma 17a, 208-P levels during HCG-induced ovulation in walking catfish. Arrow indicates the 

detectable limit of the assay. See Fig. 1 for experimental detail. 

GVBD 

Mu“ 

20£-S (ng/ml) 

0 4 8 12 

u—an HCG-Treated 

o——o Control 

OVULATION 

We 

16 20 24 28 52 

HOURS AFTER TREATMENT 

Fic. 5. 

experimental detail. 

levels stayed low during 8 hr after injection, then 

increased rapidly at 12 hr (5.6 ng/ml; P<0.01; 8 

hr vs 12 hr). Levels ramained high until 16 hr and 

then decreased returning to the initial levels 

threafter. On the other hand, no significant 

changes occurred in the control group during the 

course of the experiments. 

Changes in plasma 17a@,20a-P levels both in the 

Changes in plasma 206-S levels during HCG-induced ovulation in walking catfish. See Fipsl tor 

HCG treated and control group are shown in Fig. 

6. The hormone started to increase at 4 hr (P< 

0.01; 4hr vs 12 hr), peaked at 12 hr (2.2 ng/ml), 

and then decreased. The magnitude of its peak 

was lower than those of 17a,208-P or 208-S. Plas- 

ma 17a,20a-P in the control group remained under 

detectable limits throughout the experiments. 

Changes in plasma estradiol-17? levels both in 
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Fic. 6. Changes in plasma 17a, 20a-P levels during HCG-induced ovulation in walking catfish. Arrow indicates the 
detectable limit of the assay. See Fig. 1 for experimental detail. 
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ESTRADIOL -17/3 (ng/ml) 

1) 4 8 12 16 20 24 28 52 

HOURS AFTER TREATMENT 

Fic. 7. Changes in plasma estradiol-17f levels during HCG-induced ovulation in walking catfish. See Fig. 1 for 
experimental detail. 

the HCG-treated and control groups are presented Changes in the seven sex steroid hormone levels 

in Fig. 7. In the HCG-treated group, no singificant —_ during ovulation in the HCG-treated female walk- 

change was observed, and plasma levels were ing catfish are summarized in Fig. 8. 

maintained at relatively high levels. In the control 

group, however, a gradual decrease occurred dur- 

ing the experiment (P<0.01; 0 hr vs 20 hr). 
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Fic. 8. Changes in the seven sex steroid hormone levels during HCG-induced ovulation in walking catfish. Arrow 

indicates the detectable limit of the assay. See Fig. 1 for experimental detail. 

DISCUSSION 

HCG has been used effectively in Clarias mac- 

rocephalus [11] and Clarias lazera [12] in the 

induction of ovulation. Recently, HCG has been 

successfully employed in inducing normal ovula- 

tion of Clarias batrachus [6]. In the present 

experiment, of 14 fish treated with HCG, 5 fish 

ovulated at 20 hr and 9 fish ovulated at 24 hr. 

These results indicate that the function of internal 

GtH in catfish can be replaced by HCG. 

Various doses of HCG (0.2, 0.4, 0.8, and 1.6 

IU/g body weight) have been tried in inducing 

ovulation of walking catfish (Zairin et al., unpub- 

lished data). In all the trials, HCG treatment 

succeeded in inducing ovulation at dosages of 0.4 

IU/g body weight or higher. At 0.41TU/g body 

weight, the quantity of ovulated eggs was small 

and practically negligible, whereas a large number 

of ovulated eggs were observed in the group 

treated with 0.8 and 1.6 IU HCG/g body weight. 

Detail about the experiment above will be re- 

ported in the next paper. Considering that there is 

no significant difference between dosages of 0.8 

and 1.6 IU/g body weight, dose of 0.8 IU HCG/g 

body weight has been chosen in the present experi- 

ment. 

Testosterone levels peaked at 4hr. Among the 

sex steroids monitored, this peak is the earliest and 

highest. This suggests that the injection of HCG 

activates steroidogenesis in the follicular layer. It ” 

is commonly accepted at present that GtH works 

on the theca cells of the follicle and stimulates the 

synthesis of testosterone which in turn is converted 

into estradiol-172 in granulosa layer [13]. In 

contrast, testosterone levels in the control groups 

decreased during the experiment. This decrease is 

probably due to some unknown problems in the 

sampling protocol, such as repeated blood sam- 

pling, stress caused by handling or an effect of 

anesthetics. 

HCG injection caused testosterone to peak at 4 

hr which was followed by the increase in 17a-P, a 

precursor of 17a,208-P. This suggests that the shift 

in the steroidogenic pathway, from androgen to 

progestin synthesis, is induced by HCG injection 

as iS proposed according to in vitro studies in 

Clarias macrocephalus [14]. 17a-P secreted from 

thecal layer is likely converted into 17a,208-P in 

the granulosa layer where HCG, an external GtH, 

acts to enhance the activity of 208-HSD, which is a 

key enzyme in this conversion [1]. As a result, a 

peak of 17a,208-P occurs and propels the oocytes 

to final maturation. 
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Progesterone levels in this experiment increased 

over the basal level. It is not known whether this 

hormone possesses any role in oocyte maturation 

and ovulation in fishes. Jn vitro studies in Clarias 

lazera [15], however, showed that no changes in 

progesterone levels occurred at and after ovula- 

tion. Most likely, progesterone is not involved in 

either final maturation or ovulation. 

In this experiment, 17a-P levels, a precursor of 

17a,208-P, increased prior to those of 17a,20/-P, 

showing their precursor-product relationship. 

Both of these hormones showed characteristic 

changes: very high levels during the oocyte 

maturation process, declining levels at ovulation. 

In unovulated fish of the same species, 17a-P was 

detected in low levels throughout the year (Zairin 

et al., unpublished data), whereas 17a,208-P was 

under detectable limit of our assay. Accordingly, 

these changes strongly suggest that both steroids 

play important roles in oocyte maturation in this 

species. The occurrence of prominent peak in both 

hormones around the time of oocyte maturation 

and ovulation has been reported in goldfish [16], 

bitterling [7], carp [17], and salmonids [18-19]. 

The pattern of increase in both 17a,208-P and 

17a-P seems to differ according to species. In 

bitterling, 17a,208-P increased over 17a-P at peak 

[7]. However, in the present investigation, 17a-P 

increased over 17a,208-P. Similar results were 

obtained in the winter flounder, Pseudo- 

pleuronectes americanus [20]. 

In the present study, we found that the plasma 

levels of 206-S also increased during several hours 

prior to ovulation. Since 20{-S is as effective as 

17a,208-P in inducing final oocyte maturation in 

some teleost species [2], it is probable that both 

17a,208-P and 206-S act as MIS in this species. 

Some in vitro experiments are being undertaken to 

ascertain this. 

The status of the maturation inducing steroid in 

catfish has been a source of controversy for quite a 

while. Formerly, corticosteroid was regarded as an 

oocyte maturation inducing substance in an Indian 

catfish, Heteropneustes fossilis [21-23]. However, 

subsequent results from in vitro studies on the 

same species [24] did not support this hypothesis. 

It was later reported that MIS in another Indian 

catfish, Mystus vitiatus is 17a,208-P [25]. As men- 

tioned previously, both 17a,206-P and 20/-S levels 

increased prior to ovulation in walking catfish. 

This result seems to lead to the so-called “multiple 

MIS” theory in teleosts. This also suggests the 

existence of a correlation between the ovary and 

interrenal kidney as shown in old maturation 

theories of catfish, because 208-S is a form of 

corticoid. On the other hand, although 17@,20a-P 

also increased prior to ovulation, the role of this 

steroid, the isomer of 17a,20{8-P, is of yet uncer- 

tain, since the activity of 20a-HSD is very low 

compared to that of 206-HSD both in vitro and in 

VIVO. 

Patterns of fluctuation in estradiol-17f in this 

experiment are particularly interesting, as this 

hormone did not peak following a peak of testos- 

terone. HCG injection did not change the plasma 

estradiol-17 levels. This is in contrast to goldfish 

[26], where a peak of estradiol-17£ is subsequent 

to a peak of testosterone. Estradiol-17/ levels in 

the control groups decreased during the experi- 

ment, and did not return to the basal levels as 

expected, likely due to some unknown problems in 

the sampling protocol, such as repeated blood 

sampling, stress caused by handling or an effect of 

anesthetics. Considering this possibility, it could 

be assumed that estradiol-178 production in the 

HCG-treated group is actually stimulated during 

ovulation. In another experiment, when spawning 

is induced experimentally by water and tempera- 

ture level manipulation, the occurrence of high 

levels of estradiol-17@ in ovulated- and _ just- 

spawned females were observed (Zairin et al., 

unpublished data). In the present experiment, 

higher estradiol-17@ levels in the HCG-treated 

group than in the control group may be due to the 

action of HCG on the vitellogenic oocytes, as this 

fish possesses various sizes of oocytes throughout 

the year (Zairin et al., unpublished data). 
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Dipsogenic Action of Brain Natriuretic Peptide and 

Endothelin-1 in the Japanese Quail, 

Coturnix coturnix Japonica 

Yoko TEZUKA, HipEsHI Kopayasut’ and HARUKo UEMURA 

Biological Laboratory, Kanagawa Dental College, Yokosuka, 

Kanagawa 238, and ‘Research Laboratory, Zenyaku 

Kogyo Co., Ltd., Nerima, Tokyo 178, Japan 

ABSTRACT— Porcine brain natriuretic peptide (pBNP) elicited a significant increase in water intake, 

when administered intraperitoneally (5 and 10 “g/bird) or intracerebroventricularly (0.3 ~g/bird), in 

the water-replete Japanese quail, Coturnix coturnix japonica. Intraperitoneal injection of endothelin-1 

(ET-1; 0.3, 1 and 3 ug/bird) did not affect water intake, but intracerebroventricular administration of 

ET-1 (10 ng/bird) slightly enhanced water intake in the water-replete Japanese quail. The possible 
involvement of these peptides in thirst mechanisms is discussed. 

INTRODUCTION 

Porcine brain natriuretic peptide (pBNP) is 

composed of 26 amino acid residues [1, 2], and 

exhibits high sequence homology to a-human atrial 

natriuretic peptide (a-hANP). Injections of pBNP 

have natriuretic, diuretic and hypotensive actions 

similar to those induced by a-hANP in rats {1}. 

Furthermore, intracerebroventricular (i.c.v.) in- 

jections of pBNP [3] or rat BNP (rBNP) [4, 5] 

suppress the water intake that is stimulated by 

angiotensin II (ANG IJ) or dehydration in rats, as 

seen also with i.c.v. injections of a-rANP (5-28) 

[6, 7], a-rANP [7], and a-hANP [7-9]. However, 

pBNP [3] and rBNP [5] appear not to suppress 

water intake in water-replete rats. In the water- 

replete Japanese quail, by contrast, both intraperi- 

toneal (i.p.) and i.c.v. injections of e-hANP stimu- 

lated water intake [10]. One of the purposes of this 

study was to examine whether or not pBNP is 

antidipsogenic or dipsogenic in the Japanese quail. 

Endothelin (ET) is a potent pressor/vasocon- 

strictor peptide, and there are at least three iso- 

forms of this peptide, ET-1, ET-2 and ET-3, in 

mammals [11, 12]. Samson et al. [13] reported that 
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ET-3 administered into the third ventricle inhi- 

bited drinking that was stimulated by dehydration, 

hyperosmotic challenge or ANG II in the rat. A 

second purpose of this study was to test whether or 

not ET is involved in thirst mechanisms in the 

water-replete Japanese quail. 

MATERIALS AND METHODS 

Male Japanese quail, Coturnix coturnix japonica 

(8 weeks old) were purchased from a commercial 

source. They were housed in a room maintained at 

21-25°C under a 12L photoperiod (07 : 00-19 : 00 

h). Birds were kept individually in bird cages [30 

(D)x15.5 (W)x22 (H)cm*] and screened one 

from another by pieces of cardboard inserted 

between the cages. Water and food were available 

ad libitum before and during the experimental 

period. Food consisted of crushed corn, kaoliang, 

wheat and crushed dry fish meat (Showasangyo 

Co., Ibaragi). The average body weight was 100.4 

g, ranging from 84 to 121g, at 20 weeks after 

hatching. 

Synthetic porcine BNP, ANG II (Val?-ANG II) 
and ET-1 were obtained from the Peptide Insti- 

tute, Inc., Osaka. Each was dissolved in saline 

solution, and injections were given between 12 : 00 

and 13:30h. During the observation period (10: 
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00-17:00h), the drinking rate was usually almost 

constant in the Japanese quail [14]. 

Measurement of water intake 

Birds were trained to drink water from a small 

hole at the end of a glass tube attached to an 

up-ended 20-ml cylinder for about 2 weeks before 

the first injection. The amount of water ingested 

was estimated by reading the scale on the cylinder 

to the nearest 0.1 ml. Measurements of water 

intake started from 2hr before injections, and 

were recorded every 30 min. 

I.c.v. injection 

Birds were anesthetized with Nembutal, and a 

stainless-steel guide cannula (o.d., 0.7 mm; length, 

13mm) was implanted stereotaxically into the 

brain with the aid of X-rays, with the tip being 

guided until it was located in the third ventricle. 

The cannula was fixed securely to the skull with 

dental resin and two anchoring screws. The details 

of the cannulation technique have been described 

in an earlier paper [15]. The implanted cannula 

was closed off with nylon thread when it was not in 

use to prevent blood coagulation in the cannula. 

Birds were allowed to recover from the operation 

for at least one week before the i.c.v. injections. 

Injections were performed with a stainless-steel 

injector (o.d., 0.4mm), which was | mm longer 

than the guide cannula. The injector was con- 

nected to a 10-1 microsyringe with a 10-cm piece 

of polyethylene tubing (o.d., 0.4mm). To verify 

that the tip of the guide cannula had been success- 

fully located in the third ventricle, ANG II (30 or 

50 ng/bird) was injected into the brain through the 

cannula, and the dipsogenic response of the birds 

was verified. Only those birds that responded to 

ANG II by drinking, as shown in a previous paper 

[10], were used for subsequent experiments. 

Experiment I: i.p. injection of pBNP and water 

intake 

Thirty-seven birds (10-19 weeks old) received a 

single i.p. injection of pBNP at a dose of 0 (saline, 

n=11), 1 (@=9), 5 M@=8), 10 (n=6) or 25 “xg / bird 

(n=3). The injection volume was 0.1 ml/bird. 

Water intake after the injection was measured at 

intervals of 30 min for 2 hr. Dose-response curve 

was depicted from the data obtained 30 min after 

the injection. 

Experiment IT: i.c.v. injection of pBNP and water 

intake 

Seven birds (24-27 weeks old) were given a 

single i.c.v. injection of pBNP at a dose of 0 

(saline), 0.03, 0.1 and 0.3 ug/bird. Each bird 

received each dose once on different days in 

random order. Injection volume was 1 yl/bird. 

Water intake after the injection was measured at 

intervals of 30 min for 2 hr. 

Experiment III: i.p. injection of ET-I and water 

intake 

Thirty-four birds (10-19 weeks old) received a 

single i.p. injection of ET-1 at a dose of 0 (saline, 

n—9), 0:3 @—7), | @—8)s 3 — 7) orld bind 

(n=3). The injection volume was 0.1 ml/bird. 

Water intake after the injection was measured at 

intervals of 30 min for 4 hr. 

Experiment IV: i.c.v. injection of ET-1 and-water 

intake 

Seven birds (25-28 weeks old) were given a-° 

single i.c.v. injection of ET-1 at a dose of 0 

(saline), 10 and 30 ng/bird. Birds were injected in 

random order, each bird receiving each dose once. 

Injection volume was 1 ywl/bird. Water intake 

after the injection was measured at intervals of 30 

min for 3 hr. 

Statistical analysis 

Data from Experiments I and III were analyzed 

by the Kruskal-Wallis test. When differences were 

significant, Mann-Whitney’s U-test was also em- 

ployed. Data from Experiment II were analyzed 

by Friedman’s test. When differences were signi- 

ficant, Wilcoxon’s test was also employed. Wilcox- 

on’s test was also employed for data from Experi- 

ment IV. | 

RESULTS 

Experiment I: i.p. injection of pBNP and water 

intake 

Water intake for 30 min after an injection of 



BNP, ET-1 and Drinking in the Quail 

pBNP (1 to 10 yg/bird) increased in a dose- 

dependent manner (Y =0.220X + 0.147, P<0.001; 

Fig. 1). Copious water intake was induced by a 

single i.p. injection of pBNP (5 and 10 »g/bird), 

starting at 12.4+3.3 min (5 wg/bird) and 15.8+ 

2.7 min (10 “g/bird) after the injection. The effect 

of pBNP on water intake persisted for 60 min (5 

Water intake (ml/30 min/ bird) 

O41 5 10 

Dose of BNP (yg/bird ) 

Fic. 1. Dose-response curve for the effects of single i.p. 

injections of porcine brain natriuretic peptide 

(pBNP) on water intake over a 30-min period in the 

Japanese quail. Each point shows the mean with 

SE. Numbers of birds are shown in parentheses. ©, 

Saline control; @, experimental. ** P<0.01 com- 

pared with saline control. 
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Time after i.p. injection of BNP 

Fic. 2. Cumulative water intake after i.p. injection of 

pBNP in the Japanese quail. Injection volume was 

0.1 ml. Each point shows the mean with SE. Num- 

bers of birds are shown in parentheses. ** P<0.01 

compared with saline control. 
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yg/bird) and 90 min (10 ug/bird) (Fig. 2). No 

behavioral changes were observed after the injec- 

tion of pBNP at any dosage used, except when the 

dose was 25 ug/bird (n=3). Since behavioral 

depression was observed at this dosage, the data of 

water intake of these birds were excluded. 

Experiment II: t.c.v. injection of pBNP and water 

intake 

I.c.v. administration of pBNP (0.3 “g/bird) 

stimulated water intake (Fig. 3), and the latency 

was 9.7+2.2 min (n=7). Significant increases in 

cumulative water intake were observed 60 (P< 

0.05) and 90 (P<0.05) min after injection. I.c.v. 

injections of 0.03 and 0.1 u~g pBNP had no effect 

on drinking for 120 min (Fig. 3). No overt changes 

were observed in the behavior of birds injected at 

any dosage. Water intake in control birds injected 

intracerebroventricularly appeared to be less than 

that of those injected intraperitoneally. This may 

be due to some unknown effects of implantation of 

a cannula. 
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Time after i.c.v. injection of BNP 

Fic. 3. Cumulative water intake after i.c.v. injection of 

pBNP in the Japanese quail. For each dosage, seven 

birds were injected with the peptide dissolved in 1 yl 

of saline once on different days in random order. 

* P<0.05 compared with saline control. 

Experiment III: i.p. injection of ET-I and water 

intake 

I.p. administration of ET-1 (0.3, 1, 3 ~g/bird) 

did not significantly affect water intake, as com- 

pared with saline controls, throughout the 
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(mi/ bird ) 

Cumulative water intake 

O 30 60 90 120 

3 yg (7) 
Saline (9) 

1 yg (8) 

0.3 yg (7) 

150 180 210 240 (min) 

Time after i.p. injection of ET-1 

Fic. 4. Cumulative water intake after 1.p. administration of ET-1 in the Japanese quail. Injection volume was 0.1 ml. 
Each point shows the mean with SE. Numbers of birds are shown in parentheses. 

1.8 

1.5 

(mI/ bird ) 

0.9 

0.6 

0.3 

Cumulative water intake 

O 30 60 

“10 ng 

Saline 

120 150 180 (min) 

Time after i.c.v. injection of ET-1 

Fic. 5. Cumulative water intake after i.c.v. administration of ET-1 in the Japanese quail. Seven birds received saline 

or 10 ng ET-1/bird dissolved in 1 yl saline once on different days in random order. * P<0.05 compared with 
saline control. 

observation period (Fig. 4). Severe behavioral 

depression occurred at a dosage of 10 “g/bird (n= 

3). Therefore the data of water intake of these 

birds were excluded. 

Experiment IV: i.c.v. injection of ET-1 and water 

intake 

A significant increase in water intake was 

observed 3 hr after a single 1.c.v. injection of ET-1 

(10 ng/bird, P<0.05) (Fig.5). No behavioral 

changes were observed at this dosage. At a dosage 

of 30 ng (n=3), however, depressed behavior was 

observed and hence the data of water intake were 

excluded. Water intake in control birds injected 

intracerebroventricularly was apparently less than 

that of those injected intraperitoneally. This may 

be due to some unknown effects of implantation of 

a cannula. 

DISCUSSION 

The present study demonstrates that i.p. (5, 10 

ug/bird) and i.c.v. (0.3 ug/bird) injections of 

pBNP significantly increase water intake in the 

water-replete Japanese quail. These results sug- 

gest that i.p. pBNP may reach the receptive site for 
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BNP in the brain and that pBNP or pBNP-like 

peptide may act as a dipsogen in the Japanese 

quail. In rats, by contrast, i.c.v. administration of 

pBNP [3] or rBNP [5] had no effect on water 

intake in water-replete rats, although these pep- 

tides prevented any increase in water intake as a 

result of dipsogenic treatments, such as injecion of 

ANG II [3, 4] or water deprivation [4, 5]. The 

difference in the response to BNP between the 

water-replete rat and the water-replete Japanese 

quail may be due to the following factors: (1) 

species-related differences in thirst mechanisms, 

for example, it is known that, in the Japanese 

quail, injection of carbachol does not evoke drink- 

ing, whereas in rats it induces drinking [8, 16]; (2) 

differences in doses of BNP used, namely, 0.3 to 

2.0 nmol in rats and 0.03 to 0.3 ug (=0.01 to 0.1 

nmol) in the Japanese quail; and (3) the use of a 

heterologous peptide, pBNP, in the Japanese 

quail, for example, it is known that in the water- 

replete rats, both low (200-800 ng) [17] and high 

(S ug) [8] doses of a-hANP do not alter water 

intake, whereas low dosage of a-rANP (200-800 

ng) [17] stimulates drinking in water-replete rats. 

Discrepancies between the effects of some 

neuropeptides on water intake in birds and mam- 

mals have also been reported: physalaemine, ele- 

doisin and bombesin stimulate spontaneous drink- 

ing in the pigeon and the duck, but they inhibit 

drinking induced by dipsogenic treatments in the 

rat [18, 19]. Furthermore, a-hANP (about 1.5 

nmol) stimulates spontaneous drinking in the 

Japanese quail [10], but the same dosage of a- 

hANP does not alter water intake in the water- 

replete rats [8] and inhibits drinking in rats sub- 

jected to dipsogenic treatments [7-9]. Although 

the conditions were different for the experiments 

in the rats from those with quail, these observa- 

tions present an important problem with respect to 

thirst mechanisms in terms of comparative physiol- 

ogy and neuroendocrinology. 

In the Japanese quail, the minimum effective 

dose of pBNP was 1 to 5 ug (+0.3 to 1.7 nmol) for 

1.p. administration and 0.1 to 0.3 ug (=0.03 to 0.1 

nmol) for i.c.v. administration. Okawara et al. [10] 

reported that a-hANP, with a structure similar to 

BNP, stimulated water intake at the dose of 1 

nmol i.p. and at the dose of 0.03 nmol i.c.v.. 

These results indicate that the dipsogenic effect of 

pBNP is almost similar to that of an equimolar 

dose of a-hANP. 

Samson et al. [13] reported that i.c.v. adminis- 

tration of ET-3 (30 to 60 ng) inhibited water intake 

in rats subjected to dipsogenic treatments, such as 

injection of ANG II, hyperosmotic challenge and 

dehydration. These effects appeared within 15 

min after the injection. There were no behavioral 

changes after the injection (30 to 60 ng ET-3). In 

the present study, however, 1.c.v. injection of 10 

ng ET-1 had a dipsogenic effect 3hr later in 

water-replete Japanese quail. These differences 

might be explained by the differences in species 

and in the peptides used, namely, ET-1 in the quail 

and ET-3 in the rat. Furthermore, i.p. administra- 

tion of ET-1, even at 3 ug, had no effect on water 

intake, while i.c.v. injection had a stimulatory 

effect at 10 ng of ET-1. These observations sug- 

gest that, in the Japanese quail, ET may be 

degraded rapidly in the blood and, furthermore, 

that ET injected into the brain may secondarily 

stimulate water intake, since an increase in 

cumulative water intake appeared 3 hr after the 

injection. 

In avian species, more than ten kinds of peptide 

are known to be dipsogenic (ANG II, parathyroid 

hormone, a-hANP, and urotensin II in the quail, 

and ANG II, eledoisin, physalaemin, bombesin, 

and substance P in the pigeon) or antidipsogenic 

(substance P, leucine-enkephalin, thyrotropin- 

releasing hormone, arginine vasotocin, and soma- 

tostatin in the quail) [18, 19, 20]. Among these 

peptides, only ANG II has been investigated in 

detail in terms of mechanisms that affect water 

intake, and it has become clear that ANG II is 

involved in physiological mechanisms associated 

with drinking in birds and mammals [16]. In the 

present studies, pBNP and ET-1 were dipsogenic 

in the Japanese quail. However, it is not known 

whether they are physiologically involved in thirst 

mechanisms. Further investigations are needed to 

clarify the problem not only with regard to pBNP 

and ET-1, but also with regard to the other pep- 

tides mentioned above. 
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Effect of Brain on Proliferative Activity of Adenohypophysial 

| Primordial Cells in vitro 
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ABSTRACT—The pattern of cell proliferation in the fetal rat adenohypophysial primordium was 

investigated both in vivo and in vitro with special reference to the diencephalic floor. Proliferating cells 

were labelled by bromodeoxyuridine (BrDU) followed by its immunohistochemical detection with a 

monoclonal antibody. In fetal rats of 12.5 days of age, BrDU-labelled cells were distributed almost 

evenly throughout the adenohypophysial primordium. On days 13.5 and 14.5, on the other hand, 

labelling was mostly confined to the dorsal wall of the adenohypophysial primordium that was in contact 

with the diencephalic floor. To examine the in vitro effect of the developing diencephalic floor on cell 

proliferation of the adenohypophysial primordium, Rathke’s pouches were isolated from fetal rats on 

days 12.5 and 13.5 of gestation and kept in organ culture for 1-2 days with or without the brain. The 

incidence of BrDU-labelled cells was markedly high if the diencephalic floor was left intact. Moreover, 

proliferating adenohypophysial primordial cells were concentrated in the region adjacent to brain tissue. 

In the absence of brain, only a small number of cells were labelled. Such a low incidence of labelling was 

also observed when brain was replaced by liver. From these results we conclude that the developing 

diencephalon is essential for proliferation of adenohypophysial primordial cells. It remains to be settled 

© 1992 Zoological Society of Japan 

if the adoral part of primordial cells can also respond to this neural agent. 

INTRODUCTION 

The hypophysis consists of two different compo- 

nents, i.e., neuro- and adenohypophysis. From 

the early stage of development, the adenohy- 

pophysial primordium makes close contact with 

the diencephalic floor. Such a close relationship 

between the two tissues has lead many investiga- 

tors to assume that the differentiation of the 

adenohypophysis is under the influence of the 

brain. In amphibians, the pars intermedia fails to 

form after removal of the posterior hypothalamus 

[1-4]. The reports are contradictory as to whether 

brain is essential for the development of the pars 

distalis: some workers accept the inductive in- 

fluence of the brain [5, 6], whereas others believe 

that neural tissue plays little role [1, 3, 4]. In 

mammals, we have previously shown the involve- 

ment of the diencephalic floor in the cytodif- 

ferentiation of the pars distalis in vitro [7-9]. 
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Moreover, cell proliferation of adenohypophysial 

primordium also appeared to be stimulated by 

brain since its removal caused a marked reduction 

in the size of culture explants. Daikoku et al. [10] 

have provided quantitative data that the size of the 

adenohypophysial primordium markedly increased 

when it was co-cultivated with brain. Jn vivo, 

mitotic figures are more frequently observed in the 

dorsal region of the adenohypophysial primordium 

that was in contact with the diencephalic floor [11, 

12]. Recently, Ikeda and Yoshimoto [13] have 

studied proliferative activity of the fetal rat 

hypophysis by use of bromodeoxyuridine (BrDU). 

According to their report, BrDU-labelled cells 

were concentrated in the dorsal portion of the 

adenohypophysial primordium that faces the de- 

veloping neural lobe. To date, however, there is 

little direct information on the role of the neural 

element. In this study we examined the in vitro 

effect of diencephalic floor on cell proliferation of 

the adenohypophysial primordium. In addition, 

we re-investigated the pattern of cell proliferation 

in the rat adenohypophysial primordium in vivo. 
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MATERIALS AND METHODS 

Adult rats of the Sprague-Dawley strain were 

mated at night. If spermatozoa were found in the 

vaginal smears the next morning, the noon of that 

day was designated at day 0.5 of gestation. 

In vivo experiments 

Pregnant rats from day 12.5 to 16.5 of gestation 

received an intraperitoneal injection of bromo- 

deoxyuridine solution (30mg/kg, Amersham, 

UK). Three hours after injection, mothers were 

anesthetized with ketamine hydrochloride and 

fetuses were removed for fixation. Heads were 

immersed in Bouin’s solution and trimmed under a 

dissecting microscope to obtain good penetration 

of fixative into the adenohypophysial primordium. 

In vitro experiments 

Pregnant rats of days 12.5 and 13.5 were anes- 

thetized and fetuses were removed one by one by 

Caesarian section. The hypophysial primordium 

was separated in Ca- and Mg-free Hanks solution 

as described previously [14]. In some primordia 

mesenchymal tissue was removed as much as possi- 

ble with the diencephalic floor left intact. These 

were cultivated so as to adenohypophysial and 

neural tissue as well as their boundary were clearly 

OD x 

Fic. 1. Diagram showing how the adenohypophysial 

primordium was placed on a piece of cellulose 

acetate membrane. The primordium was oriented 

with its anterior wall (A) at the bottom. Asterisk 

indicates a mark which was made in order to facili- 

tate the identification of brain tissue at the time of 

fixation. 

Fic. 2. Schematic drawing showing how a section of 

explant was compartmentalized for quantitative 

analysis. Lines were drawn at 50 um intervals. 

shown during the subsequent histological pro- 

cesses (Fig. 1). In other primordia the diencephalic 

floor and mesenchyme were removed by the use of 

0.15% collagenase (Sigma, type V) in Ca- and 

Mg-free Hanks solution. During this period, the 

upper half of the primordium was in contact with 

the developing brain, whereas its lower half was 

surrounded by a rich amount of mesenchyme. A 

small number of mesenchymal cells were also 

observed between the adenohypophysial primor- ° 

dium and future infundibulum. Removal of the 

latter mesenchyme was impossible without sepa- 

rating the brain. Those primordia from which only 

mesenchyme was removed in the enzyme solution 

served as a control. After enzymatic removal of 

the brain from a few adenohypophysial primordia, 

they were combined with a piece of the hepatic 

rudiment. In this study enzyme treatment was 

completed as quickly as possible, generally within 

10min. Tissues were then placed on pieces of 

cellulose acetate membrane and maintained in 

Falcon dishes (no. 3037) for organ culture. The 

culture medium was e-MEM to which 30mM 

glucose was added. Fetal bovine serum (Gibco) 

was added at a concentration of 0.1%; this low 

concentration was employed to minimize the 

effects of growth factors, if any, contained in the 

blood serum. From | to 2 days after cultivation, 

BrDU solution was added at a dose of 6 ng/ml 

medium. Explants were fixed in Bouin’s solution 3 

hr later. After overnight fixation, they were 

embedded in paraffin and cut at 2 ~m using glass 

knives. Deparaffinized sections were first incu- 
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bated with monoclonal antibody to BrDU (Amer- 

sham) for 60 min and then with peroxidase- 

conjugated anti-mouse IgG. The reaction product 

was visualized with 3,3 -diaminobenzidine solution 

containing HjO>. In all explatns, different levels 

of sections at 8 um intervals were mouted on a 

slide and stained. After confirming that the pat- 

tern of BrDU-labelling was consistent irrespective 

of the section levels, a section containing a maxim- 

al number of labelled cells was selected for quan- 

titative measurement. In those cultures where the 

brain was co-cultivated, lines were drawn on each 

photomicrograph of adenohypophysial tissue at 50 

ym intervals along the boundary of the attached 

brain (see, Fig. 2). The entire area of adenohy- 

pophysial tissue was measured by use of an image 

analyzer (IBAS-2000, Germany) whereas the area 

of each compartment was calculated by the paper 

weight method. Then the respective areas of the 

compartments were calculated based on their 

weight rate. In case of explants without the brain, 

only the entire area was measured. The frequency 

of labelled cells was expressed as the number of 

labelled cells per area. 

RESULTS 

In vivo observations 

On day 12.5 of gestation, the epithelial walls of 

the adenohypophysial primordium were found to 

contain many BrDU-labelled cells. There was no 

topographical difference in the distribution of 

labelled cells particularly in terms of the presump- 

tive neural lobe (Fig. 3a). On the other hand, a 

marked regional difference in labelling was 

observed in the adenohypophysial primordium on 

days 13.5 and 14.5. During this period, labelling 

was mostly confined to the upper half of the 

adenohypophysial tissue that faced the neural ele- 

ment (Fig. 3b). On day 16.5 BrDU-labelled cells 

were sparsely distributed throughout the adenohy- 

pophysis (Fig. 3c). 

In vitro experiments 

When maintained in organ culture for 1-2 days, 

the Rathke’s lumen was found to be narrowed to 

varying degrees. In some cases, the lumen was 

obliterated completely. Identification of brain 

tissue was easy because great care was taken as to 

the orientation of explants throughout the course 

of experiment as already described in Materials 

and Methods. Most explants had no typical mass 

of mesenchymal tissue. Some cultures, however, 

were found to possess a small amount of mesen- 

chyme at a confined area usually toward the oppo- 

site side of brain tissue (Fig. 4d). 

In explants that were separated on day 12.5 and 

cultivated for one day with the diencephalic floor, 

adenohypophysial tissue was crowded with many 

BrDU-labelled cells. The majority of labelled cells 

were included in the half of explant to which brain 

tissue attached (Fig. 4a). Fig. Sa shows the result 

of quantitative data on the distribution of prolifer- 

Fic. 3. Photomicrographs showing BrDU-labelled proliferating cells in the pituitary primordia of fetal rats. Asterisk 

indicates the presumptive neural lobe. 105. a. On day 12.5 labelled cells are observed homogeneously. b. On 

day 14.5 only a few cells are labelled in the lower half of the adenohypophysial primordium. Labelling is 

completely lacking in the lateral lobe (arrow). c. On day 16.5 labelled cells are distributed homogeneously. 
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Fic. 4. Photomicrographs showing BrDU-labelled cells in culture explants of adenohypophysis removed on days 

12.5 (a, b, c, e, f) and 13.5 (d) of gestation. Asterisk indicates co-cultivated brain. 113. a. One-day explant. 
Labelled cells are sparsely distributed toward the opposite side of the brain. b. Two-day explant. The 

distribution pattern of labelled cells is essentially similar to that in a. c. One-day explant treated with collagenase 

before culture. d. One-day explant. Labelled cells are seen toward the brain. e. One-day explant without the 

brain. f. One-day explant explant co-cultivated with liver tissue after removal of the brain. 

ating cells with special reference to brain tissue. 

The density of proliferating cells was highest to- 

ward the brain. 

After removal of the diencephalic floor, the 

number of BrDU-labelled cells was markedly re- 

duced (Figs. 4e, 6a). The distribution of labelled 

cells was inconsistent. This was also the case if the 

brain was replaced by liver tissue (Figs. 4f, 6a). 

Collagenase treatment did not affect proliferative 

activity of the adenohypophysial primordium 

(Figs. 4c, 5a). 

The overall incidence of labelling became lower 

after 2 days in culture (Figs. 5a, 6a). Owing to 

such lowered activity of cell proliferation, the 
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characteristic distribution of BrDU-labelled cells 

in terms of brain was more clearly observed (Fig. 

Ab, 6a). 

When the adenohypophysial primordium sepa- 

rated on day 13.5 was cultivated, results were 

almost similar though the incidence of labelled 

cells were generally lower (Figs. 4d, 5b, 6b). 

DISCUSSION 

Differentiation of many organs is known to be 

accomplished through inductive interactions be- 

tween intimately associated tissues of different 

natures. Epithelio-mesenchymal interaction is the 

most well analyzed phenomenon in various species 

of animals. In case of the developing pancreas, 

Rutter and his colleagues [15, 16] have postulated 

that the differentiation of this organ is caused by a 

factor produced by the surrounding mesenchyme. 

This substance or “mesenchymal factor” plays a 

role not only in the cytodifferentiation of pancrea- 

tic cells but also in the stimulation of DNA replica- 

tion of the primordial cells [17]. There is also 

evidence that cell proliferation precedes the final 

cytodifferentiation in muscle [18], bone [19] and 

kidney [20]. 

Opinion is not yet uniform as to what factor(s) is 

involved in cell proliferation and/or differentiation 

of the adenohypophysial primordium. Some inves- 

tigators have postulated surrounding mesenchme 

is responsible for the differentiation of the adeno- 

hypohysis [21-24]. Others [5, 7-9, 25, 26] have 

presumed that the diencephalic floor is rather 

indispensable for organogenesis of this organ. 

Quantitative studies on the proliferative rate of 

adenohypophysial cells may provide a clue to this 

problem. Both mitotic figures [11, 12] and *H- 

thymidine uptake [27] were more frequently 

observed in the dorsal half of the adenohypophy- 

sial primordium that is in contact with the develop- 

ing diencephalon. Proliferative activity of cells 

were generally lower in the ventral half of the 

adenohypophysial primordium that is surrounded 

by mesenchyme. In our study, such characteristic 

pattern of cell proliferation was observed in the 

adenohypophysial primordium of fetal rats on day 

13.5. Ikeda and Yoshimoto [13], on the other 

hand, have reported that this heterogenous labell- 

ing was found as early as day 12.5 of gestation. 

The discrepancy between their and our observa- 

tions may be due to the difference in the length of 

labelling time, or in the technique of DNA de- 

naturation. BrDU, a thymidine analogue, is 

known to be incorporated into the cell nucleus at 

the S phase, which has been shown to vary accord- 

ing to the developmental stage of animals. It 

remains, therefore to be determined whether our 

data reflect the actual rate of cell proliferation of 

the developing adenohypophysis. 

To date, in vitro evidence indicates the stimula- 

tory effect of the diencephalic floor on the prolif- 

eration of adenohypophysial cells. Adenohy- 

pophysial tissue grew well when it was cultivated 

with the diencephalic floor. Removal of brain 

tissue, on the other hand, resulted in a marked 

malgrowth of explants [7, 9, 10]. These observa- 

tions are in favor of the concept that the neural 

element rather than mesenchyme plays an essen- 

tial role in the proliferation of developing ade- 

nohypophysial cells. Our results further streng- 

then the effect of the diencephalic floor. The 

proliferative activity of adenohypophysial cells was 

far higher in the presence of the diencephalic floor. ° 

Furthermore, proliferating cells were concentrated 

mainly in the region of the adenohypophysis that 

faced brain tissue. In the light of the present 

results, it seems reasonable to speculate that the 

developing diencephalic floor produces some un- 

known substance that is involved in the cell prolif- 

eration of adenohypophysial primordium. Recent 

studies have shown the presence of platelet de- 

rived growth factor (PDGF) in the neurohypoph- 

ysis [28], or insulin like growth factor (IGF)-II in 

the developing diencephalic floor [29]. Other than 

these growth factors, ACTH-related peptide has 

been shown in the hypothalamus of fetal rats as 

early as day 12 [30]. In view of a mitogenic effect 

of ACTH in myogenic cells [31], this adenohy- 

pophysial hormone may also be taken into consid- 

eration. Further studies are needed to elucidate 

the exact nature of the neural influence on the 

developing adenohypophysis. 

In this study, BrDU-labelled cells became less 

dense as the duration of organ culture. This is 

partly due to the culture condition employed: 

namely, a very low concentration of serum added 
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(0.1%). It must be stressed, however, that the 

number of BrDU-labelled cells in the developing 

rat adenohypophysis has been shown to decrease 

in vivo as well, especially after day 14.5 of fetal age 

[13]. Their results agree with those of our study. 

Thus, the stimulative effect of the diencephalic 

floor on adenohypophysial cell proliferation prob- 

ably becomes less important as development pro- 

ceeds. 
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Gonadal Steroids Delay Spontaneous Flounder Metamorphosis 

and Inhibit T3-induced Fin Ray Shortening in vitro 

EVELYN GRACE DE JESUS, TETSUYA HIRANO and Yasuo INut! 

Ocean Research Institute, University of Tokyo, 1-15-1 Minamidai Nakano, 

Tokyo 164, and ‘National Research Institute of Aquaculture, 

Nansei, Mie 516-01, Japan 

ABSTRACT— Although it is now clear that the major hormones controlling metamorphosis of the 

Japanese Flounder, Paralichthys olivaceus, are the thyroid hormones, thyroxine and triiodothyronine, 

other hormones modulate their effects. The aim of the present study was to determine the effects of the 

sex steroids, estradiol and testosterone, on the resorption of the dorsal fin rays of flounder in vitro, and 

on spontaneously metamorphosing larvae. Neither estradiol nor testosterone (100 ng/ml) had any 

direct effect on fin ray shortening. However, they exerted inhibitory effects on thyroid hormone- 

induced fin ray resorption. Immersion of flounder larvae in 100 ng/ml solution of either estradiol or 

testosterone also resulted in a delay in metamorphic features such as fin ray shortening, eye migration 

and settling. Measurement of whole-body concentrations of estradiol and testosterone during 

metamorphosis revealed no significant changes, and levels remained low (below 1 ng/g) throughout the 

larval period. These results are discussed in relation to the possible interraction between thyroid 

© 1992 Zoological Society of Japan 

hormones and sex steroids. 

INTRODUCTION 

The stimulatory effect of thyroid hormones on 

fish metamorphosis has recently been reported for 

the conger eel and the flounder [1-3]. Other 

hormones are also known to affect thyroid hor- 

mone actions. We have shown that cortisol en- 

hances the stimulatory effects of both thyroxine 

(T4) and triiodothyronine (T3) on the resorption of 

the flounder fin rays in vitro [4]. Synergism be- 

tween thyroid hormones and corticosteroids has 

been demonsirated in amphibians, whereas prolac- 

tin antagonizes thyroid hormone action and pro- 

motes growth of the tadpole and the retention of 

larval structures [5]. 

The reported effects of gonadal steroids on 

amphibian metamorphosis are _ contradictory. 

Kikuyama et al. [6] found no effect of progester- 

one, estradiol or testosterone on T,- or T3-induced 

shrinkage of the isolated tail fin disc of Bufo bufo 

japonicus, in vitro. A recent report by Gray and 

Janssens [7] showed that testosterone had only 
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marginal effects on the shrinkage of the cultured 

tail fin of Xenopus laevis, whereas both estradiol 

and testosterone inhibited T3-induced meta- 

morphosis in vivo. 

Information on the levels of sex steroids in 

metamorphosing amphibians is lacking. However, 

ovaries of tadpoles have the capacity to synthesize 

and release low levels of estradiol in vitro from an 

early stage, and levels increase toward the end of 

metamorphosis [8]. There is also a paucity of 

information on the levels of sex steroids during 

early development of fishes. 

In this paper, we report an inhibition by testos- 

terone and estradiol on T3-induced fin ray shorten- 

ing, in vitro as well as on spontaneous meta- 

morphosis. 

MATERIALS AND METHODS 

In vitro experiment 

Prometamorphic flounder larvae were obtained 

from a commercial source. The maintenance of 

the fish as well as the protocol for the in vitro 

experiments were as described previously [4]. Five 
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fin rays were randomly distributed into sterile 

culture bottles containing 5 ml serumfree medium 

(SFM 101, Nissui, Tokyo) supplemented with T; 

(1 ng/ml, Wako, Tokyo), estradiol-178 (100 ng/ 

ml, Wako) or testosterone (100 ng/ml, Wako), 

with combinations of T3 and either estradiol or 

testosterone, or without supplement (control). 

Cultures were kept at 20°C for one week and the 

extent of fin ray resorption was monitored by 

measuring the length of the second fin ray daily. 

The results are presented as % of initial fin ray 

length. 

In vitro experiment 

Three hundred prometamorphic larvae of simi- 

lar size were taken from the stock and randomly 

distributed into 3 groups. Each group was main- 

tained in a 30-liter plasic tank corresponding to 

control, estradiol (100 ng/ml) and testosterone 

(100 ng/ml) treatment, respectively. Temperature 

was maintained between 18 and 21°C during the 

experiment. Twenty percent of the water was 

changed every day while keeping the concentra- 

tions of the hormones constant. The number of 

fish that settled and the number of dead fish were 

recorded daily. Twenty to thirty fish were sampled 

at the start of the experiment and at 1 and 2 weeks 

after treatment, and body length, fin ray length 

and the degree of eye migration were noted. 

Larvae from the stock were sampled at various 

stages of metamorphosis and frozen at —80°C until 

analysis of whole-body concentrations of estradiol 

and testosterone. Procedures for the extraction 

and radioimmunoassay of estradiol and testoster- 

one were as described for chum salmon [9]. 

For statistical analysis, the Duncan’s Multiple 

Range test was used after checking that the 

variances of the experimental groups were not 

significantly different from each other by Bartlett’s 

test and ANOVA. 

RESULTS 

The effects of estradiol and testosterone on 

T3-induced fin ray shortening are shown in Figure 

1. Estradiol (100 ng/ml) did not have any direct 

effect on the rate of fine ray shortening. T3 (1 ng/ 

ml) stimulated the resorption of the dorsal fine 
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Fic. 1. Effects of estradiol (A) and testosterone (B) on 

T;-induced fin ray resorption. Each point represents — 

the mean of 8 measurements. Vertical bars indicate 

standard errors of the means. *,* Significantly 

different (P<0.01) from the control and the T3- 

treated group, respectively, at the corresponding 

incubation period. 
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Fic. 2. Effects of immersion in 100 ng/ml estradiol or 

testosterone on the length of the second fin ray. 

Each point represent the means of 20-30 measure- 

ments. Vertical bars indicate the standard errors of 

the means. *, Significantly different (P<0.01) from 

the control. 
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rays, and a significant effect became apparent 

starting 3 days after culture. Treatment of the fine 

rays simultaneously with T3 and estradiol did not 

cause significant shortening even after 7 days, 

indicating that estradiol blocked the effects of T3. 

Testosterone likewise inhibited the effects of T3. 

When testosterone (100 ng/ml) was added to the 

medium together with T3, the stimulatory effect of 

T3 was only observed on day 3. 

Figures 2—4 show the changes in fin ray length, 
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Fic. 3. Effects of estradiol (E2) and testosterone (T) on 

the rate of eye migration in flounder larvae. C: 

control (without hormone). Each bar represents the 

results of estimation of eye stage (based on Miwa 

and Inui, 1987 [7]) from 20-30 fish. Clear bars, eyes 

are situtated on both sides of the body; dotted bars, 

the right eye is moving although both eyes are still 

seen one over the other; hatched bar, eyes are seen 

separately; solid bar, the right eye has crossed the 

midsagittal line and is situated on the left side of the 

body. 
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Fic. 4. Effects of estradiol and testosterone on the 

settling behavior of flounder larvae, expressed as % 

of fish exhibiting benthic behavior against the total 

number of fish during each sampling day. 

eye migration stage and settling rate of the floun- 

der larvae from control, estradiol- and testoster- 

one-treated groups. Immersion of the larvae in 

100 ng/ml solution of either estradiol or testoster- 

one resulted in a delay in the resorption of the 

dorsal fin rays. The effect was significant relative 

to the control after 2 weeks of treatment (Fig. 2). 

The hormonal treatment also caused a delay in the 

rate of eye migration (Fig. 3) and of settling (Fig. 

4). 

There was no significant change in the whole- 

body concentrations of estradiol and testosterone 

during metamorphosis; they remained low 

throughout the larval stages (Fig. 5). 
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Fic. 5. Changes in whole body concentrations of estra- 

diol and testosterone during metamorphosis of the 

flounder. Vertical bars indicate the standard errors 

of the means (n=5). 

DISCUSSION 

The results of the present in vitro experiments 

confirm previous reports that thyroid hormones 

induce fin ray shortening in flounder larvae. Fin 

rays treated with 1 ng/ml T3 accelerated shorten- 

ing significantly compared with the control group 

from days 3-7 [4]. Estradiol and testosterone did 

not have direct effects on fin ray shortening. 

However, both steroids blocked the action of T3 

on the resorption of dorsal fin rays when both T3 

and either of the steroids were present in the 

culture medium. These findings are contrary to 

reports on amphibians by Kikuyama er al. [6] and 
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Gray and Janssens [7] who found no effect of sex 

steroids on thyroid hormone-induced tail fin 

shrinkage of tadpoles in vitro. 

The results of the in vivo experiment also indi- 

cated that treatment with either estradiol or testos- 

terone (100 ng/ml) retarded the course of natural 

metamorphosis. Testosterone consistently showed 

greater effects than estradiol especially on the 

settling of the larvae. Similar observations were 

reported by Gray and Janssens [7] in Xenopus 

when they treated the tadpoles with T3 and either 

estradiol or testosterone. Testosterone (3.4 “M or 

about 1 ~g/ml) completely blocked the effects of 

T3 on head length, width and body weight and 

considerably on gut length. Estradiol, at same 

concentrations also significantly reduced the 

effects of T3, but to a lesser extent than testoster- 

one. The doses of testosterone and estradiol that 

were used in the present study may be on the 

pharmacological range considering that whole 

body concentrations were very low during meta- 

morphosis of the flounder. However, the treat- 

ment did not have any detrimental effect on the 

larvae as there was no significant difference be- 

tween the control and steroid-treated groups in 

terms of mortality/survival rates (data not shown). 

Moreover, similar doses have been used in amphib- 

ian studies with comparable results [7]. Sex 

steroids are also known to inhibit salmonid smolti- 

fication [10-13]. Androgen treatment is also 

reported to retard the development or maturation 

of mouse and human fetal lung [14, 15], whereas 

corticosteroids and thyroid hormones have oppo- 

site effects [16]. 

There was no significant change in the levels of 

either estradiol or testoerone, and they remained 

low in comparison with thyroid hormone and 

cortisol levels throughout the metamorphic period 

of the flounder. Whole-body concentrations of 

cortisol and T, were around 4ng/g and 1 ng/g, 

respectively, during the early stages of meta- 

morphosis, increased to peak levels of 11 and 12 

ng/g, respectively, during climax and declined by 

approximately 50% in the juveniles [17]. Like- 

wise, there was no change in the levels of estradiol 

and 11-ketotestosterone during smoltification in 

coho salmon when both plasma Ty, and cortisol 

levels were remarkably elevated [18]. Similar 

hormonal patterns were seen during the emer- 

gence and downstream migration of chum salmon 

[9]: 

Inhibition of thyroid hormone action by sex 

steroids may occur at the level of the target tissues. 

Although corticosteroids enhance thyroid hor- 

mone action by increasing the nuclear binding 

capacities for T3 in bullfrog tadpoles [19], Gray 

and Janssens [7] found that testosterone had no 

such effect in Xenopus tadpoles. On the other 

hand, Cyr and Eales [20] reported in rainbow trout 

that shor-term treatment with estradiol resulted in 

a higher fraction of '*I-T3; bound to plasma bind- 

ing sites resulting in a decrease in free T3 and 

possibly in T3 availability to tissues. To date, there 

is no published study on thyroid hormone recep- 

tors during fish metamorphosis. In metamorpho- 

sing amphibian tadpoles, thyroid hormone recep- 

tors are present initially in low quantities in tissues 

that undergo drastic changes during the trans- 

formation, and their levels increase dramatically 

when thyroid hormone levels begin to increase [21, 

22]. The occurrence of receptors for sex steroids in 

the flounder fin rays is not Known. 

Sex steroids may also act on Ty-T3 conversion 

and thus affect thyroid hormone kinetics. There 

are several reports that treatment of rainbow trout 

with estradiol depresses T3 levels by depressing the 

5’-monodeiodinase system which converts T, to T3 

[23-25]. Reports of the effects of testosterone are 

contradictory: inhibitory in rainbow trout [23, 26] 

and stimulatory in Arctic charr [27]. There is no 

information on the ontogeny of the monodeiodi- 

nase sysems in the flounder and on their relative 

activites and importance during its metamorpho- 

sis. In tilapia, 5’-monodeiodinase was not de- 

tected in eggs and larvae up to 3 days after 

hatching but was present in 5-day-old and older 

larvae, with a corresponding increase in enzyme 

activity during development [28]. In amphibians, 

there is a switch in the predominance of the 

5-monodeiodinase to the 5’-monodeiodinase dur- 

ing metamorphosis, and there is an increase in the 

activity of the latter in tissues that undergo drastic 

changes during transformation [29, 30]. 

Sex steroids may also act at the level of the 

pituitary-thyroid axis. Sex steroids blunt the re- 

sponse of the thyroid to TSH stimulation in the 
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rainbow trout [23] and in the eel [31]. Sex steroids, 

especially estradiol, may also act through prolac- 

tin. Estradiol potentiates TRH-induced prolactin 

secretion in tilapia pituitaries [32]. Increased pro- 

lactin in circulation may in turn antagonize thyroid 

hormone action. 

Studies of thyroid hormone receptors and of 

monodeiodinase systems are needed to make the 

picture of flounder metamorphosis and its endo- 

crine control more complete. 
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of Female Crested Newt, Triturus carnifex 
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ABSTRACT—Plasma prostaglandin E, (PGE;), prostaglandin F,, (PGF>,), and sex steroid hormones 

(progesterone, androgens, and 17/-estradiol) were determined in the female crested newt, Triturus 

carnifex, during the annual reproductive cycle. /n vivo experiments were carried out to study the effects 

of PGE, and PGF;, on plasma sex steroid hormones during prereproduction, reproduction, and 

postreproduction; simultaneously, in vitro experiments were performed to study the effects of these two 

prostaglandins on sex steroid hormones ovarian release. The effects of one week’s captivity on PGE>, 

PGF;, and sex steroid hormones were also evaluated. The PGE; plasma level was low from October to 

December, then it rapidly increased to peak in March, after which it soon fell to reach its minimum 

value in May. Plasma PGF>, and sex steroid hormones showed similar trends to those found in previous 

studies. From December to April, the PGE, plasma values were negatively correlated to those of PGF>, 

and positively to those of androgens; PGF>, plasma values were positively correlated to those of 

estradiol. PGE, in vivo treatment increased plasma progesterone and decreased 17/-estradiol in April, 

while PGF;, induced the opposite effects in the same month; PGE; increased androgens in January and 

March, and PGF;, increased androgens in April. The in vitro experiments were in agreement. These 

results suggest that PGE, and PGF,, play opposite role(s) in the reproductive processes of the female 

Triturus carnifex. PGE, could be involved in the reproduction processes through androgen secretion, 

© 1992 Zoological Society of Japan 

while PGF,, in the ending of reproduction through estradiol increase. 

INTRODUCTION 

In mammals, prostaglandins (PGs) of both F 

and E series intervene in the regulation of the 

ovary functions, including steroidogenesis [1-4]. 

PGs are involved in ovulation of the chicken 

follicle [5] and in inducing the relaxation of the 

avian oviduct [6]. PGs are also implied in the 

regulation of reproduction in reptiles [7-10]. 

There is little information, however, on the role of 

PGs in amphibian reproductive processes. In the 

anuran, Rana esculenta [11, 12], and in the 

urodele, Triturus carnifex {13, 14], plasma prosta- 

glandin F5, (PGF>,) levels change in relation to 

the various periods of the annual reproductive 

cycle, and in both species PGF), could be implied 

in breeding period termination. 

A recent in vitro study, carried out on the male 
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Triturus carnifex abdominal gland, suggested for 

PGE), a role in inducing pheromonal activity [15]; 

these data indicated an involvement of this pro- 

staglandin in reproductive processes. 

It seemed, therefore, of interest to determine 

the annual profile of PGEs, in relation to that of 

PGF>,, and of sex steroid hormones in the female 

crested newt, Triturus carnifex, and, in addition, to 

evaluate the PGE, and PGF, effects on plasma 

levels and ovarian output of sex steroid hormones. 

MATERIALS AND METHODS 

Animals 

The reproductive cycle of the Triturus carnifex 

population comprises two major phases: during 

the summer period the animals disappear under- 

ground (August-September), during the other 

months the newts are in the pond and undertake 

reproduction during the cold months (January to 
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March). 

Adult female newts, Triturus carnifex (Laur.), 

were collected (15 each month) in a small moun- 

tain pond (Colfiorito, Umbria, Italy; 870 m above 

sea level), from October to July during 1990/91. 

In that place, newts hide on land during August 

and September and therefore, in these two 

months, it was not possible to obtain enough 

animals for our study. At once, after capture, 

newts were anesthetized in the field with 3- 

aminobenzoic acid ethyl ester (Tricaine, Sigma, 

USA) and bled through a heparinized microtube 

inserted in the heart. Individual blood samples 

were collected into chilled tubes containing acetyl- 

salicylic acid (Aspirin, Sigma) and EDTA (5 pg 

and 7 ug/ml of blood, respectively) [11]. After 

centrifugation, plasma samples were kept at 

—20°C until use. 

Captivity 

In December (prereproduction), January (be- 

ginning of reproduction), March (ending of repro- 

duction), and April (postreproduction), 15 female 

newts were captured and bled in the field as 

reported above (control I), while simultaneously 

15 other animals were transferred to our labora- 

tory aquaria, kept under natural photothermal 

conditions and fed on larvae of Chironomidae, 

Tubifex and Daphnia, ad libitum to study the 

effects of captivity on plasma hormone levels. A 

week later, the animals in captivity were bled, and 

simultaneously yet another 15 were sacrificed in 

the field (control II). 

In vivo experiment 

In December, January, March, and April, 84 

female newts (for each month) were captured, 

transferred to our laboratory and kept under nat- 

ural photothermal conditions. One week later, the 

animals were divided into 4 groups: a) 21 newts 

received a single s.c. injection of 350 ng PGE, 

(Sigma; ca 35 ng/g body weight) dissolved in 100 

yl amphibian saline (0.64% w/v NaCl solution); b) 

21 newts received a single s.c. injection of 300 ng 

PGF,, (Sigma; ca 30 ng/g body weight) dissolved 

in 100 wl amphibian saline; c) 21 newts received a 

single s.c. injection of 100 ul amphibian saline 

only; d) 21 newts were untreated. Seven of the 21 

animals of each of the groups were bled, as de- 

seribed above, 6, 24, and 48 hr after treatment. 

After centrifugation, plasma samples were kept at 

—20°C until use. A further batch of seven un- 
treated animals were bled at the beginning of the 

experiments (controls, time 0). The times of 

treatment and the minimum effective doses of 
PGE, and PGF,, were chosen after preliminary 

tests (data not shown). 

In vitro experiment 

The method used for the in vitro experiment 

followed Gobbetti and Zerani [15, 16]. In Decem- 

ber, January, March, and April, 7 female newts 

(for each month) were captured, transferred to 

laboratory aquaria, and maintained as reported 

above. One week later, the animals were decapi- 

tated, the ovaries rapidly removed and placed in 

cold Dulbecco’s modified Eagle medium (DME; 

Sigma) containing 10 mM Hepes, 1 mg Penicillin 

G/ml, and 2mg streptomycin/ml. For each 

month, the ovary from one animal was divided into 

equally sized fragments, pooled and equally distri- 

buted over 12 incubation wells. Multiwell tissue 

culture plates (Becton Dickinson, USA) were util- ’ 

ized. Each incubation set of wells was divided into 

3 experimental groups (each consisting of 4 wells). 

The experimental groups were: a) ovarian tissue 

incubated with DME alone; b) ovarian tissue 

incubated with DME plus PGE, (50 ng); c) ova- 

rian tissue incubated with DME plus PGF,, (50 

ng). The final volume of each well was 1 ml. 

Culture plates were wrapped with aluminium foil 

and incubated in a shaking water bath (19°C), set 

at 30 revolutions/min. One well of each ex- 

perimental group was removed, respectively, after 

30, 60, 120 and 240 min of incubation. The incuba- 

tion medium samples were immediately stored at 

—20°C for later hormone determination; ovarian 

tissues were soon homogenized in amphibian 

saline, and protein content was determined by the 

Protein Assay method (Bio-Rad, USA). In addi- 

tion, the whole experiment was repeated with 

incubation sets without ovarian tissue. The experi- 

ment was replicated 7 times for each month. 

Preliminary evidence led to our choice for the 

incubation conditions and the minimum effective 

doses of PGE, and PGF>,, utilized in the present in 
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vitro study (data not shown). 

PGE>, PGF>,, progesterone, androgens, and 17/:- 

estradiol determination 

PGE, was determined following the radioimmu- 

nological method (RIA) for plasma [13, 14] and 

incubation media [15], PGF,, determinations used 

for this species are here briefly described. PGE, 

determinations were carried out on duplicate plas- 

ma samples (100 1) and incubation media (500 pl) 

that were extracted with 10 volumes of diethyl 

ether for 5 min. The mixtures were briefly centri- 

fuged, organic fractions were transferred into glass 

tubes and evaporated to dryness under a nitrogen 

stream. The extracts were resuspended with 100 wl 

of assay buffer and assayed. ‘The recovery of 

added labelled PGE) was 85.9+0.84%. The para- 

llelism among the standard curve in buffer, a 

standard curve in incubation medium (then ex- 

tracted), and a serial dilution of a single incubation 

medium sample (extracted) were constant. 

The progesterone, androgens, and 17/-estradiol 

content of the plasma and incubation media was 

determined by RIA according to the previously 

reported methods [13, 15, 17]. 

The following sensitivities were recorded: 

PGE), 18 pg (intra-assay variability: 6.5%; inter- 

assay variability: 12%); PGF>,, 17 pg (intra-assay 

variability: 5%; inter-assay variability: 11.5%); 

progesterone, 7.0 pg (intra-assay variability: 5%; 

inter-assay variability: 11.5%); androgens, 9.0 pg 

(intra-assay variability: 6%; inter-assay variability: 

9%); 17@-estradiol, 8.5 pg (intra-assay variability: 

4%; inter-assay variability: 9%). The PGF,,, 

progesterone, testosterone, and 17/-estradiol anti- 

sera were provided by Dr. G. F. Bolelli and Dr. F. 

Franceschetti (CNR-Physiopathology of Repro- 

duction Service, University of Bologna, Italy), the 

PGE, antiserum was purchased from Cayman 

Chemical (USA). Testosterone was not separated 

from 5a-dihydrotestosterone and therefore, since 

the antiserum used is not specific, the data are 

expressed as androgens. Tritiated PGE>, PGF>,, 

progesterone, testosterone, and 17/-estradiol were 

purchased from Amersham International (Eng- 

land), non-radioactive PGE, progesterone, tes- 

tosterone, and 17/-estradiol from Sigma. 

Statistics 

Data relative to each hormone were submitted 

to analysis of variance (ANOVA) followed by 

Duncan’s multiple range test [18, 19]. Correlation 

coefficents followed Scossiroli and Palenzona [20]. 

RESULTS 

Hormone annual reproductive cycles 

The PGE, plasma level was low from October to 

December, then it rapidly increased to peak in 

March (P<0.01 vs all months) and soon fell to 

reach its minimum value in May (P<0.01 vs 

January, February, March, April, June, and July), 

then PGE, level increased during the summer and 

peaked in July (P<0.01 vs all months except 

February) (Fig. 1). The PGF , plasma level in- 
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Fic. 1. Plasma levels of PGE;, PGF;,, and sex steroid 

hormones during the annual reproductive cycle in 

female crested newt, Triturus carnifex. Each mean 

refers to 15 determinations+S.D.. 
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creased in autumn to peak in December (P<0.01 

vs all months except April), decreased from Janu- 

ary to March and peaked again in April (P<0.01 

vs all months except December), and was low from 

May to July (Fig. 1). The progesterone plasma 

level exhibited minor changes, reaching the mini- 

mum value in April (P<0.01 vs all months) (Fig. 

1). The plasma androgens increased from October 

to December and more from January to March (P 

<0.01 vs October, November, December, April, 

May, June, and July), they started to drop in April 

and reached the minimum value in July (P<0.01 

vs all months except June) (Fig. 1). The 17/- 
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Fic. 2. Effects of one week’s captivity on PGE, PGF, 

and androgens plasma levels in female crested newt, 

Triturus carnifex, during December (prereproduc- 

tion), January (reproduction beginning), March (re- 

production ending), and April (postreproduction). 

Experimental groups: (C1): newts captured in the 

field and bled at once (control I); (MM): newts bled 

after one week’s captivity in laboratory; (@): newts 

captured and bled at once in the field, one week 

after control I (control II). Each mean refers to 15 

determinations+S.D.. * P<0.01 vs control I and II 

(Duncan’s multiple range test). 

estradiol plasma level peaked in December (P< 

0.01 vs all months except April, May, and July) 

and in April (P<0.01 vs all months) (Fig. 1). 

From December to April the following correla- 

tions were found: PGE, plasma values were nega- 

tively correlated to those of PGF), (r= —0.523; df 

=73; P<0.001) and estradiol (r= —0.469; df=73; 

P<0.001), and positively correlated to those of 

androgens (r=0.501; df=73; P<0.001), PGF), 

plasma values were negatively correlated to those 

of androgens (r= —0.545; df=73; P<0.001), and 

positively to those of estradiol (r=0.434; df=73; P 

<0.001), androgens plasma values were negatively 

correlated to those of estradiol (r= —0.408; df= 

133 Je<O.U0I)). 

Captivity 

One week’s captivity in laboratory aquaria de- 

creased PGE, plasma levels in January and March 

(P<0.01), PGF, in April (P< 0.01) and androgens 

in January, March and April (P<0.01) (Fig. 2). 
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Fic. 3. In vivo effects of 350 ng PGE; or 300 ng PGF>, 

injection on progesterone and 17/-estradiol plasma 

levels in female crested newt, TJvriturus carnifex, 

during April (postreproduction). | Experimental 

groups: (MM): untreated newts; (11): amphibian- 

saline-only injected newts; (@): PGE, injected 

newts; (4): PGF>, injected newts. Each mean refers 

to 7 determinations+S.D.. * P<0.01 vs untreated 

and amphibian-saline-only injected newts (Duncan’s 

multiple range test). 
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In vivo experiment 

PGE, treatment increased progesterone level in 

April at 6 and 24 hr (P<0.01) (Fig. 3), androgens 

in January and March at 6, 24 and 48 hr (P<0.01) 

(Fig. 4), and decreased 17/-estradiol in April at 24 

and 48 hr (P<0.01) (Fig. 3). 

PGF>, treatment decreased progesterone level 

in April at 6, 24 and 48hr (P<0.01) (Fig. 3), 

increased androgens in April at 24 and 48 hr (P< 

0.01) (Fig. 4), and 17(-estradiol in April at 24 and 

48 hr (P<0.01) (Fig. 3). 
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Fic. 4. In vivo effects of 350 ng PGE; or 300 ng PGF3, 

injection on androgens plasma levels in female 

crested newt, Triturus carnifex, during December 

(prereproduction), January (reproduction begin- 

ning), March (reproduction ending), and April 

(postreproduction). Experimental groups: (M): un- 

treated newts; (C1): amphibian-saline-only injected 

newts; (Z): PGE; injected newts; (@): PGF>, in- 

jected newts. Each mean refers to 7 determinations 

+$.D.. * P<0.01 vs untreated and amphibian- 

saline-only injected newts (Duncan’s multiple range 

test). 
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In vitro experiment 

PGE, basal release was higher in January and 

March (P<0.01) compared with December and 

April; March values were higher (P<0.01) than 

those of January (Fig. 5). PGF, basal release was 

higher in April (P<0.01) compared with the other 

months (Fig. 5). Progesterone basal release was 

lower in April (P<0.01) compared with the other 

months (Fig. 6). Basal release of androgens was 

higher in January and March (P<0.01) compared 

with the other months (Fig. 7). Estradiol basal 

level was higher in December and April (P<0.01); 

April values were higher (P<0.01) than those of 

December (Fig. 8). At all incubation times, the 
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Fic. 5. In vitro basal release of PGE, (™) and PGF,, 

(C1) from ovary of female crested newt, Triturus 

carnifex, incubated in December (prereproduction), 

January (reproduction beginning), March (repro- 

duction ending), and April (postreproduction). 

Each mean refers to 7 determinations +S.D. a, P< 

0.01 vs same time December and April; b, P<0.01 

vs same time January; c, P<0.01 vs same time 

December, January, and March (Duncan’s multiple 
renge test). 
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6. In vitro effects of 50 ng PGE; or 50 ng PGE,, on 

progesterone release from ovary of female crested 

newt, Triturus carnifex, incubated in December 

(prereproduction), January (reproduction begin- 

ning), March (reproduction ending), and April 

(postreproduction). Experimental groups: (™): ova- 

ry incubated with medium alone; (1): ovary incu- 

bated with PGE,; (&): ovary incubated with PGF,,. 
Each mean refers to 7 determinations +S.D.. a, P< 

0.01 vs same time December, January, and March; * 

P<0.01 vs same time medium-alone (Duncan’s mul- 

tiple range test). 
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7. Invitro effects of 50 ng PGE; or 50 ng PGF>, on 

androgens release from ovary of female crested 

newt, Triturus carnifex, incubated in December 

(prereproduction), January (reproduction begin- 

ning), March (reproduction ending), and April 

(postreproduction). Experimental groups: (™): ova- 
ry incubated with medium alone; ((): ovary incu- 

bated with PGE,; (@): ovary incubated with PGF,,. 

Each mean refers to 7 determinations+S.D.. a, P< 

0.01 vs same time December and April; * P<0.01 vs 

same time medium-alone (Duncan’s multiple range 
test). 

Correlation coefficients among PGE,, PGF>,, androgens (A), and 17/-estradiol (E) 

levels released by female Triturus carnifex ovary incubated at various times during 

December, January, March, and April 

Incubation times 
30 min 60 min 120 min 240 min 

PGE, vs PGF2, —0.768 —().657 — 0.743 =i lid)! 

PGF, vs A 0.724 0.745 0.774 0.761 

RGED evs & —0.650 =((),037) —(0.672 —().621 

PGF,, vs A —0.733 =()). 758 —0.731 —0.749 

PGF,, vs E 0.715 0.748 0.686 0.668 

Avs E —0.620 =(H70 — 0.646 —0.645 

All correlations show the same level of significance (P<0.001). df=26. 
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Fic. 8. In vitro effects of 50 ng PGE; or 50 ng PGF;, on 

17£-estradiol release from ovary of female crested 

newt, Triturus carnifex, incubated in December 

(prereproduction), January (reproduction begin- 
ning), March (reproduction ending), and April 

(postreproduction). Experimental grousp: (MM): ova- 

ry incubated with medium alone; (1): ovary incu- 

bated with PGE;; (@): ovary incubated with PGF,,. 

Each mean refers to 7 determinations+S.D.. a, P< 

0.01 vs same time January and March; b, P<0.01 vs 

same time December; * P<0.01 vs same time 

medium-alone (Duncan’s multiple range test). 
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PGE; values were negatively correlated to those of 

PGF,, (P<0.01) and estradiol (P<0.001), and 

positively correlated to those of androgens (P< 

0.001); PGF, values were negatively correlated to 

those of androgens (P<0.001), and positively to 

those of estradiol (P<0.001); androgens values 

were negatively correlated to those of estradiol (P 

<0.001) (Tab. 1). 

PGE, treatment increased progesterone release 

in April at 30, 60 and 120 min (P<0.01) (Fig. 6), 

androgens in January and March at 60, 120 and 240 

min (P<0.01) (Fig. 7), and decreased estradiol in 

April at 60, 120 and 240 min (P<0.01) (Fig. 8). 

PGF, treatment decreased progesterone levels in 

April at 30, 60 and 120 min (P<0.01) (Fig. 6), 

increased androgens in April at 60 and 120 min (P 

<0.01) (Fig. 7), and estradiol in April at 60, 120 

and 240 min (P<0.01) (Fig. 8). 

DISCUSSION 

The mountain population of female Triturus 

carnifex, utilized in this study, shows a discon- 

tinuous reproductive cycle similar to those de- 

scribed in several other newts living in temperate 

zones [21-23]. In this female newt, ovulations and 

egg depositions occur from January to the end of 

March, the oogenetic cycle in spring and summer, 

and vitellogenesis in autumn and winter [24]. 

This is the first work to evidence in vivo and in 

vitro the presence of PGE, in female Triturus 

carnifex. The PGE, plasma titers showed peculiar 

changes during the newt annual reproductive cy- 

cle; during the reproductive period (January- 

March), this prostaglandin had high values which 

rapidly fell during postreproduction (April). The 

high plasma levels of PGE, during reproduction 

suggest the involvement of this prostaglandin in 

the breeding processes. PGF >,, progesterone, 

androgens and estradiol plasma levels showed 

similar annual trends to those reported in previous 

studies [14, 24]. Briefly, the April increase of 

plasma PGF;, was simultaneous with an estradiol 

rise and a progesterone drop. High plasma values 

of androgens characterized the reproductive 

period in female Triturus carnifex, confirming pre- 

vious studies carried out in the same species [25, 

26] and in the same population [24], which estab- 

lished the role of androgens in inducing the repro- 

ductive processes was addressed in the female 

crested newt. In this context we recall that, in 

another amphibian species, Rana esculenta, the 

highest values of male and female brain androgen 

receptors were found during the reproductive 

period [27]. As regards estradiol plasma pattern, 

low levels were found in autumn and winter, when 

vitellogenesis occurs. It was well estrablished in 

amphibians that estradiol induces vitellogenin 

synthesis [28], therefore the low estradiol plasma 

values found during vitellogenesis are difficult to 
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explain, but, in this context, we recall that similar 

data were obtained in other amphibian species 

[29]. In accordance with the plasma values, the in 

vitro studies demonstrated that ovarian tissue re- 

leased high amounts of PGE, and androgens dur- 

ing reproduction and high levels of PGF,, and 

estradiol during postreproduction, while in this 

latter period progesterone was low. 

The in vivo and in vitro PGE, treatment in- 

creased androgens levels during reproduction sug- 

gesting a causal relationship between these two 

hormones. This hypothesis is also supported by 

the positive correlation between PGE, and 

androgens found in the plasma of the animals 

sacrificed in the field. The same positive correla- 

tion was also found between the basal values of 

PGE, and androgens obtained in the in vitro 

experiment. These results seem further to indicate 

that PGE, is involved in the reproductive proces- 

ses, by the regulation of the androgens synthesis, 

even if other mechanisms cannot be excluded. The 

involvement of this prostaglandin in reproduction 

is also suggested by previous studies which attri- 

bute to PGE, a role in inducing pheromonal 

activity by the abdominal gland of Triturus carnifex 

[15]. Also in another amphibian species, Xenopus 

laevis, PGE, was found to be involved in the 

breeding processes, since this prostaglandin in- 

duced the sexual behavior [30]. 

The in vivo and in vitro results indicated that 

PGE, treatment in animals captured in April in- 

duced opposite effects to those determined by 

PGF>, administered in the same month. In fact, 

PGE, in vivo and in vitro increased progesterone 

and decreased estradiol, while PGF>, decreased 

progesterone and increased estradiol during this 

period, in agreement with the plasmatic trends 

here and previously reported [14, 24]. The causal 

relationship which binds the PGF;, and estradiol 

plasma patterns supported the hypothesis that 

PGF,, contributed to reproductive period termina- 

tion. In fact, in several temperate-zone living 

amphibians and reptiles, a significant estradiol 

plasma rise occurred near the end of reproduction 

[31-33]. This steroid is believed responsible for 

the breeding interruption probably through a neg- 

ative feedbach mechanism at local [34] and central 

[35] levels. 

Taken together, these results suggest that PGE, 

and PGF,, play opposite role(s) in the reproduc- 

tive processes of the female Triturus carnifex. 

Summarizing, PGE, is involved in the reproduc- 

tion through androgens secretion, while PGF, in 

the ending of reproduction through estradiol in- 

crease. This possible antagonistic role between 

PGE, and PGF,, is supported by their negative 

correlation found in the plasma. This hypothesis is 

in agreement with previous studies which assign an 

inhibitory role to PGF, in sexual behavior in the 

reptiles, Anolis carolinensis and Thamnophis sirta- 

lis parietalis [36, 37] and in the amphibian, Bufo 

americanus [38], but a stimulatory role to PGE, in 

receptivity behavior in another amphibian, Xeno- 

pus laevis [30]. 

The antagonistic effect of PGE, and PGF, in 

the regulation of in vivo and in vitro progesterone 

release found during postreproduction is still un- 

known. We recall that a positive 3-hydroxy- 

steroid dehydrogenase response was reported in 

the postovulatory structures of Triturus carnifex 

[39], Rana esculenta [40] and Rana cyanophlyctis 

[41], but evidence of ultrastructural analysis is 

lacking [22]. Nevertheless, in mammals, PGE, ° 

counteracts the luteolytic effect of PGF,, and 

might be one of several factors prolonging the life 

span of the corpus luteum [42, 43]. 

Finally, this work confirms that captivity caused 

a decrease of circulating PGs and androgens. 

These results are in agreement with those reported 

for this [14] and other amphibian species [44—47]. 
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Stimulating Hormone Receptors in the Subtropical Wild Quail 

KazuyosHi Tsutsut!, SENCHIRO KAWASHIMA’, V. L. SAXENA” 

and A. K. SAXENA‘ 

Department of Radiation Biophysics, Kobe University School of Medicine, 

Kobe 650, Zoological Institute, Faculty of Science, University of Tokyo, 

Tokyo 113, Japan, *Laboratory of Reproductive Biology, 

D. G. College, Kanpur-208001, “Laboratory of 

Reproductive Biology, D. A. V. College, 

Kanpur-208001, India 

ABSTRACT—The knowledge on gonadotropin receptors in the wild avian species inhabiting in the 

subtropical zone is scanty. Basic properties and photoperiodism of follicle-stimulating hormone (FSH) 

binding to the testis or ovary of adult rain quails found abundantly in fields of northern India were 

studied. The binding of radioiodinated rat FSH to the particulate fraction of testicular homogenates of 

rain quails was competitively inhibited by mammalian FSHs but not by prolactin (PRL). Mammalian 

luteinizing hormones (LHs) showed some competition only at high concentrations. The Scatchard plot 

analysis of the binding of FSH showed a straight line, suggesting the presence of a single class of 

FSH-binding sites. The mean equilibrium constant of dissociation (Kd) of the specific binding and the 

number of binding sites were 1.16 (0.88-1.71, 95% confidence interval) nM and 3.06 (2.52—4.11) fmol/ 

mg tissue. Adult males transferred from short-day (SD) to long-day (LD) photoperiods showed marked 

increases in testicular weight and total FSH binding per testis. FSH binding per unit weight tended to 

increase at the initial phase of photostimulation. In contrast to the male, photostimulated females 

showed no significant effect of LD exposure on the total FSH binding per ovary. The changes in ovarian 

weight after LD exposure were much smaller than those in testicular weight and the changes from the 

control (SD) value were statistically not significant. These results suggest that 1) specific FSH receptors 

are present in the gonad of the subtropical wild quail, and their binding properties were basically the 

same to those of FSH receptors previously reported in several temperate birds including domestic 

quails, 2) photoperiod is an effective environmental factor in the regulation of FSH binding to the testis 

but the ovarian FSH binding is not altered by LD photoperiods in this quail, and 3) photoperiodic effects 

on testicular FSH binding are accompanied by pronounced changes in the testicular weight. 

© 1992 Zoological Society of Japan 

INTRODUCTION 

The activity of gonadal function in most species 

of wild birds shows a seasonal variation, and is 

regulated by external environmental and internal 

hormonal factors. Gonadotropins are essential 

hormones for the gonadal function, and the initial 

event of gonadotropin action is the binding to its 

specific membrane receptors in the gonads [1-3]. 

Photoperiod is an important environmental factor 

in the regulation of annual changes in the gonadal 
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activity in most temperate birds, and the gonadal 

growth takes place under long-day (LD) photo- 

periods [4]. In the subtropical zone, the reproduc- 

tive seasons are relatively scattered throughout the 

year, and several environmental factors may be at 

work [5]. According to Chandola and Thapliyal 

[6], the gonadal growth in the spotted munia 

(Lonchura punctulata) began with the first mon- 

soon showers and the regression coincided with the 

end of the monsoon. They [6] further demon- 

strated that exposing the munia to constant photo- 

periods had no influence on the reproductive cycle 

and that short-day (SD) photoperiods caused the 

gonadal growth. In contrast, the situation in the 
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Baya weaver finch (Ploceus philippinus) approxi- 

mated much more to temperate birds. Pavgi [7] 

indicated that the seasonal variation of gonadal 

activity in this finch was photoperiodically reg- 

ulated. Thus, information on photoperiodic in- 

fluences on gonads is still confusing in subtropical 

birds. Therefore, study of the effects of photo- 

period on the gonadal activity and gonadotropin 

receptors certainly provides useful information on 

endocrine control mechanisms of the changes in 

gonadal function in wild avian species inhabiting in 

the subtropical zone. 

Previous studies have extensively demonstrated 

FSH receptors in the testis of several species of 

temperate birds, such as white-crowned sparrow 

[1], domestic fowl [8, 9], turkey [9] and domestic 

quail, i.e., Japanese quail [3, 10, 11]. Similarly, 

the knowledge of ovarian FSH receptors has been 

accumulated in the temperate birds, such as 

domestic hen [12, 13] and turkey [9]. Photo- 

periodic responsiveness of FSH receptors has been 

reported in two male avian species (white-crowned 

sparrow and Japanese quail) among the temperate 

species [1, 10]. However, to the best of our 

knowledge the study on FSH receptors in the 

subtropical wild species has not yet been reported. 

In the present study, we used the wild quail 

population, rain quail, inhabiting in the subtropi- 

cal zone in northern India. First purpose of this 

study is to characterize the basic properties of FSH 

binding to the gonad. The other purpose is to 

determine the photoperiodic influence on gonadal 

FSH binding in this subtropical birds. We will 

present evidences suggesting the presence of spe- 

cific FSH receptors and the sex difference in their 

photoperiodic response. 

MATERIALS AND METHODS 

Animals 

Adult rain quails, Coturnix coromandelica, 

found abundantly in fields of northern India were 

used in the present study. All of the subtropical 

wild quails were obtained from local suppliers in 

June, 1987 and kept in wiremesh cages (50 x 30 x 

23 cm) in the aviary under SD photoperiods (6-hr 

light, 18-hr dark) at natural ambient temperature 

(maximum monthly average, 35°C in May; mini- 

mum monthly average, 14°C in December) with 

supply of commercial food and water ad libitum. 

Birds were divided into five groups of five birds 

each. The first group was transferred to LD 

photoperiods (18-hr light, 6-hr dark) on 30th Au- 

gust. The second, third and fourth groups were 

transferred to LD on 15ths September, October 

and November, respectively. The last group main- 

tained on SD throughout served as controls. The 

day of transfer to LD photoperiods was designated 

as day 0. Birds in all groups were simultaneously 

sacrificed by decapitation on 25th November, 

1987. 

Receptor preparations 

Immediately after blood collection, the testes 

and ovary were removed and weighed on a torsion 

balance to the nearest 0.5mg. They were snap- 

frozen on dry ice-ethanol and stored at —80°C or 

on dry ice (a few days during sample- 

transportation from India to Japan) until the bind- 

ing assay for FSH was performed in January, 1988. 

The frozen samples were rapidly thawed and 

homogenized in cold Tris-HCl buffer (0.04 M; pH: 

7.4) containing MgSO, (5 mM) and 0.1% BSA. 

The homogenates were centrifuged at 11,000 xg 

for 20min at 4°C. The resulting pellets were 

resuspended in cold buffer and adjusted to contain 

4 mg equivalent wet tissue/100 wi as the receptor 

preparation. A part of receptor preparations in 

the first group was used to characterize basic 

properties of FSH receptors. 

Hormone preparations 

Highly purified rat FSH (NIDDK-rFSH-I-6) was 

radioiodinated for the assay of FSH receptors. 

Unlabeled NIDDK-rFSH-I-6, NIDDK-ovine 

(0)FSH-17, | NIH-FSH-P-2, ©. NIDDK-rLH-I-5, 

NIDDK-oLH-25 and NIDDK-rPRL-I-4 were used 

as competitors for competition-binding experi- 

ments. Unlabeled NIH-FSH-P-2 was used to cor- 

rect for nonspecific binding throughout the assay 

of FSH receptors. 

Binding assay 

For the assay of FSH receptors NIDDK-rFSH-I- 

6 was radioiodinated with '*!I (Na‘*'I, Radio- 
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chemical Centre, Amersham, United Kingdom) in 

the presence of lactoperoxidase and hydrogen 

peroxide using the method described previously 

[10, 11]. The specific activity of labeled FSH was 

52 uw Ci/ug calculated by our previous method 

[14]. Due to the small amount of membranes 

available in the gonads of rain quails, most of the 

binding experiments were performed using a mic- 

ro-radioreceptor assay (RRA) described previous- 

ly [14-16]. The volume of the reaction mixture in 

the micro-RRA (90 1) was approximately a half 

of the standard assay system (200 wl; [17]). The 

precision index (A) was less than 0.17 in the 

micro-RRA and 0.10 in the standard RRA. For 

the FSH-binding assay, receptor preparation (4 

mgeq original tissue/100 wl in the standard RRA; 

2mgeq tissue/50 ul in the micro-RRA) and 

[‘*'I]iodo-rFSH (0.98 ng/50 #1 in the standard 
RRA; 0.39 ng/20 ul in the micro-RRA) were incu- 

bated at 37°C for 3 hr with or without unlabeled 

NIH-FSH-P-2 (20 ug/50 yl in the standard RRA; 

8 wg/20 wl in the micro-RRA). In the saturation 

binding experiments, different amounts of 

['*'Iiodo-rFSH (0.15-4.9 ng; 20 wl) and receptor 
preparations (2 mgeq original tissue; 50 ul) were 

incubated with or without an excess amount of 

cold NIH-FSH-P-2 (2.5-80 yg; 20 wl). At the end 

of incubation, 1 ml cold Tris-HCI buffer (0.04 M; 

pH 7.4) containing 5mM MgSO, and 0.1% BSA 

was added to each tube, and the tubes were 

centrifuged at 11,000g for 3 min at 4°C. The 
pellets were washed twice with cold buffer, and the 

radioactivity of resultant pellets was counted in an 

autowell y-counter. Before the experiments, all 

reaction tubes had been coated with BSA. Scatch- 

ard plots were constructed from the data obtained 

from the saturation binding experiment. The 

equilibrium constant of dissociation (Kd) and the 

number of binding sites were determined from the 

Scatchard plots. A straight line was fitted to the 

plots by the method of least squares. 

Statistical analysis 

To compare the patterns of changes in gonadal 

weight and binding capacity after transfer from SD 

to LD between the male and female, rates of 

changes in these parameters from each control 

value were employed to normalize indices. The 

gonadal weight and binding capacity after photo- 

stimulation were expressed as the ratio to the 

mean value of each parameter of the control. 

Results were expressed as the mean+SEM and 

were analyzed for significance of difference by 

Bartlett test, followed by Duncan’s multiple range 

test [18]. Statistics for linearity, precision and 95% 

confidence interval were computed according to 

the method of Bliss [19]. 

RESULTS 

Binding properties of FSH receptors in the subtro- 

pical wild quail 

Figure 1 shows the effect of incubation time on 

FSH binding to the testis of the subtropical wild 

quail. When 0.98 ng of ['°'IJiodo-rFSH and the 
receptor preparation derived from 4mgeq wet 

tissue were incubated by the standard RRA system 

(200 wl per assay tube), specific binding of ['*'T] 

iodo-rFSH increased rapidly during the first 1 hr of 

incubation at 37°C and tended to reach a plateau 

after 3 hr. 

Specific 

Binding (cpm x 10-2) 

: 1 2 3 
Incubation time (hr) 

Fic. 1. Binding of ['*'I]iodo-rFSH to the particulate 
fraction of testicular homogenates of the rain quail 

as a function of incubation time. Incubation of 

standard RRA at 37°C. Solid and open circles 

represent specific and nonspecific bindings of dupli- 

cate determinations. 

In order to examine the ligand specificity of FSH 

binding to the testis, competition experiments 

were performed by the micro-RRA system (0.39 

ng labeled NIDDK-rFSH-I-6 and 2 mg testicular 
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Fic. 2. Competition of specific binding of ['*'Iiodo- 
tFSH to the particulate fraction of testicular 

homogenates of the rain quail by various gonadotro- 

pin preparations (NIDDK-rFSH-I-6, NIDDK- 

oFSH-17, NIH-FSH-P-2, NIDDK-rLH-I-5 and 

NIDDK-oLH-25) and NIDDK-rPRL-I-4. Incuba- 

tion of micro-RRA for 3 hr at 37°C. 

tissue; 90 zl per assay tube) using NIDDK-rFSH-I- 

6, NIDDK-oFSH-17, NIH-FSH-P-2, NIDDK- 

rLH-I-5, NIDDK-oLH-25, and NIDDK-rPRL-I-4 

as competitors. When three kinds of FSH prepara- 

tions were used as the competitors, the binding of 

['°'T]iodo-rFSH was inhibited as a function of the 

concentration of the competitor (Fig. 2). In con- 

trast, NIDDK-rPRL-I-4 failed to inhibit FSH bind- 
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ing, and NIDDK-oLH-25 tended to slightly inhibit 

only at high concentrations (>2.0 ug). Although 

NIDDK-rLH-I-5 showed some competition at high 

concentrations, the inhibitory potency was clearly 

less than any FSH preparations (e.g., rLH-I-5 vs. 

FSH-P-2, ca. 1:32). The FSH contamination of 

NIDDK-rLH-I-5 was less than 0.04 x NIH-FSH-S1 

(data from NIDDK, U.S.A.). The biological 

potency of NIH-FSH-P-2 was 0.69 x NIH-FSH-S1 

(data from NIDDK). Therefore, it may be consid- 

ered that the FSH contamination of NIDDK-rLH- 

I-5 is less than 0.058 x NIH-FSH-P-2 (e.g., rLH-I-5 

vs. FSH-P-2, ca. 1: >17). The inhibitory potency 

of NIDDK-rLH-I-5 might be due to the con- 

tamination of FSH in this preparation. 

The effect of receptor concentration on the 

binding level was examined in this experiment. 

The receptor preparation of various concentra- 

tions ranging from 0.5 to 8 mgeq wet tissue and 

0.98 ng of ['*'I]iodo-rFSH were incubated by the 
standard RRA system (200 ul per tube). Specific 

binding of labeled FSH was increased as a function 

of receptor concentration (Fig. 3). To examine the 

saturability of FSH binding to the testis, satura- 

tion-binding experiments were conducted by the - 

micro-RRA system (2 mg testicular tissue and 

0.15-4.9 ng labeled FSH; 90 wl per tube). As 

shown in Figure 4, specific binding of ['*'I]iodo- 
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Fic. 3. Binding of ['°'I]iodo-rFSH to the particulate fraction of testicular homogenates of the rain quail as a function 

of receptor tissue concentration. Incubation of standard RRA for 3 hr at 37°C. Solid and open circles represent 

specific and nonspecific bindings. 
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rFSH tended to saturate with respect to the con- 

centration of labeled FSH. In contrast, nonspecific 

binding increased linearly. Scatchard plots were 

constructed from the data of this experiment (Fig. 

4). A straight line could be fitted to the plots (P< 

0.05). However, there was a rather large variation 

in Scatchard plots (Fig. 4). The mean apparent 

dissociation constant (KD) and the number of 

FSH-binding sites calculated from the slope of the 

fitted straight line were 1.16nM (0.88-1.71 nM, 

95% confidence interval) and 3.06 (2.52-4.11) 

fmol/mg tissue, respectively. 

Photoperiodisms of testicular and ovarian FSH 

bindings in the subtropical wild quail 

As shown in Figure 5, upper panel, transfer from 

SD to LD induced a marked increase in testicular 

weight, though the testis in the SD (control) group 

0.06 

Binding (cpm x 10 ~3) 

0.02 

0 20 40 

B (pM) 

remained small (P<0.05, SD vs. LD-day 71; P< 

0.01, SD vs. LD-day 87). The specific binding of 

['°'Ijiodo-rFSH per unit testicular weight (density 
of FSH binding) tended to increase up to 41 days 

of photostimulation (SD vs. LD-day 41, ca. 1: 

1.9), but the alteration was not significant (Fig. 5, 

middle panel). In contrast, FSH binding per testis 

(total FSH binding) markedly increased during 

photostimulation (P<0.05, SD vs. LD-day 71; P< 

0.01, SD vs. LD-day 87; Fig. 5, lower panel). 

On the other hand, the changes in ovarian 

weight after LD exposure were much smaller than 

those in testicular weight and the changes from the 

control SD value were statistically not significant 

(Fig.5, upper panel). As shown in Figure 5, 

middle panel, the density of FSH binding was 

almost constant during photostimulation. Unlike 

in the testis, there was no significant effect of LD 

131]-FSH (ng) 

60 

Fic. 4. Scatchard plots of the binding of ['*'I]iodo-rFSH to the particulate fraction of testicular homogenates of the 

rain quail. B, Concentration of bound hormone at apparent equilibrium; F, concentration of free hormone at 
apparent equilibrium. Inset, specific (solid circle) and nonspecific (open circle) bindings in the saturation binding 

experiment. Incubation of micro-RRA for 3 hr at 37°C. 
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exposure on the total FSH binding in the ovary 

(Fig. 5, lower panel). 

DISCUSSION 

Previous studies using rat FSH as a ligand have 

demonstrated specific FSH receptors in the testis 

of the domestic quail strain, Japanese quail, in- 

habiting in the temperate zone [3, 10, 11]. In the 

present study, we detected the specific binding of 

rat FSH to the testis and ovary of the subtropical 

wild quail population, rain quail. Most of the 

physicochemical properties of FSH binding to the 

testis of this species, such as hormone specificity, 

time course to equilibrium, relation between re- 

ceptor concentration and binding, and affinity 

(Kd) were basically the same to those of the 

specific FSH receptors reported in the Japanese 

quail [3, 10, 11] and other temperate birds [1, 8, 9]. 

Competition-binding experiments suggested 

that FSH receptors in the testis of the rain quail 

specifically recognize mammalian FSHs but not 

LHs or rPRL. Scatchard plots yielded a linear 

regression line, which suggests the presence of a 

single class of binding sites for FSH. As shown in 

Table 1, the Kd was 1.16 (0.88-1.71, 95% confi- 

dence interval) nM, which was not much different 

from the values of specific FSH receptors previous- 

ly reported using the same radioligand in the 

Japanese quail (Kd=4.1 nM by Ishii and Adachi 

[3]; 0.52 nM by Tsutsui and Ishii [10]). In addi- 

tion, the present Kd value was very close to those 

of other avian species using the same radioligand 

(in the white-crowned sparrow: Kd=0.78 nM, 

Ishii and Farner [1]; in the domestic fowl: Kd=1.5 

nM, Ishii and Adachi [3], Table 1). 

TABLE 1. 

temperate birds 

The present study further demonstrated the 

clear sex difference in photoperiodic responsive- 

ness of FSH binding to the gonads in the subtropic- 

al wild quail. The results of photostimulation 

experiments revealed that the ovarian FSH bind- 

ing was stable but that FSH-binding capacity in the 

testis changed markedly. The male rain quails 

responded to the artificial LD condition by show- 

ing not only marked increases in the testicular 

weight but also in the total FSH-binding capacity 

in the testis. The density of FSH binding tended to 

increase at the initial phase of photostimulation. 

Tsutsui and Ishii [8] also reported that in the 

photostimulated immature Japanese quail the total 

FSH binding continued to increase throughout the 

period of testicular growth, while the increase in 

density of FSH binding was observed only at the 

initial phase of testicular growth. Furthermore, 

these results in two quail species are in agreement 

with the findings in the domestic fowl [8]. Thus, it 

is generally stated that the testicular development 

is accompanied by changes in FSH receptors in 

birds regardless of the species and inhabiting zone. 

In addition to FSH-binding capacity, the present 

study showed that in the rain quail photoperiodic 

influence on the weight of gonads, a parameter of 

gonadal activity, is much larger in the male than in 

the female. Such a sex difference in photoperiod- 

related changes may be due, at least partly, to the 

sex difference in the photoperiodic responsiveness 

of FSH-binding capacity. There may be another 

possibility that the responsiveness of circulating 

gonadotropin levels was different between the 

sexes. However, this possibility may be low, 

because in male Indian weaver birds, another 

subtropical wild species, the FSH and LH levels 

Comparison of affinity (Kd) and capacity of FSH binding to the testis in the subtropical and 

; Source of Source of Kd Capacity 
Sogn receptor FSH (nM) (fmol/mg tissue) LSIGOR 

Subtropical Wild quail Rat 1.16 3.06 Present 

zone study 

Temperate Domestic quail Rat 4.1 6.4 [3] 

zone Domestic quail Rat 0.52 Ded) [10] 

Domestic fowl Rat tS) Ale2 [3] 

Wild sparrow Rat 0.78 720 [1] 



656 K. Tsursut, S. KAWASHIMA et al. 

after photostimulation were almost the same to 

those in the female [Kawashima et al., unpublished 

observation]. Sex difference in the photoperiod- 

ism of gonadal weight was also reported in the 

temperate bird, white-crowned sparrow [20]. On 

the other hand, some studies using another wild 

avian species suggested the difficulty in inducing 

the ovarian development due to the failure in the 

yolk accumulation under the artificial breeding 

condition. We cannot exclude the possibility that 

the breeding condition established in the present 

study was not suitable for the ovarian development 

in rain quails. 

It is well known that in the Japanese quail [10, 

11] as well as several species of mammals, i.e., 

prepubertal rat [14, 21, 22], mouse [17] and photo- 

stimulated hamster [16], the changes in FSH bind- 

ing during testicular development are due to 

changes in the number of FSH-binding sites. It is 

possible that the increase in total FSH-binding 

capacity of the photostimulated rain quail reflects 

the increase in the number of binding sites in the 

testis. It has previously been confirmed in the rat, 

mouse and Japanese quail that FSH-binding sites 

in the testis are mainly localized in Sertoli cells, as 

ascertained by autoradiography and binding stud- 

ies [8, 23-25]. The increase in total FSH binding in 

the rain quail testis after transfer from SD to LD 

may be explained either by the increase in FSH 

binding per Sertoli cell or the increase in the 

number of Sertoli cells without changes in the 

density of binding per cell. There is an evidence 

indicating that the number of Sertoli cells per testis 

is stable throughout the season in the adult ham- 

ster [26] and ram [27] and after puberty in the rat 

[28]. Therefore, the possibility that the Sertoli cell 

number is virtually constant and that FSH binding 

per cell increases may be more feasible in adult 

rain quails during the LD-induced testicular de- 

velopment. 

In contrast to the testis, we could not detect any 

clear-cut influence of LD exposure on the capacity 

of ovarian FSH binding in adult rain quails. In this 

conjunction, a decrease in FSH-binding capacity 

during the course of follicular growth has been 

demonstrated in the theca layer or granulosa cells 

in the temperate domestic hen [12, 13, 29]. In the 

present study, we measured the binding level using 

homogenates of the whole ovary. Detailed experi- 

ments using the separate follicular layer or dis- 

persed follicular cells are needed to establish 

whether ovarian FSH receptors are generally 

stable under photoperiodic manipulations in the 

subtropical wild quail. 
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The Association between Vocal Characteristics 

and Habitat Type in Taiwanese Passerines 

JULIA I. SmitH and Hon-TSEN Yu 

Museum of Vertebrate Zoology and Department of Integrative Biology 

University of California, Berkeley, California 94720, U.S.A. 

ABSTRACT— We analyzed the vocalizations of twelve Taiwanese passerines to examine whether vocal 

characteristics are associated with habitat type: edge, forest canopy, and forest floor. Morton [1] and 

Richards and Wiley [2] argue that because sound wave propagation is dependent upon the characteris- 

tics of the environment, selection should favor the use of song features which will carry information over 

the required distance [3]. For each vocalization we calculated the frequency emphasized, the range of 

frequency modulation, and the duration. We found relatively little variation among the members of 

each species. Vocal comparisons among habitat types revealed that bird sounds of Taiwanese habitats 

differ. However, in contrast to the pattern found in the neotropics [1, 2, 4], Taiwanese edge species do 

not emphasize higher frequencies, over a wider range, and with more rapid repetition, than forest 

dwellers. Most of the vocal differences among habitat types result from forest floor dwelling Taiwanese 

passerines vocalizing, on average, at frequencies 2000 Hz lower than other species. This supports the 

hypothesis that, due to the rapid attenuation of high frequency sound near the ground, bird sounds of 

© 1992 Zoological Society of Japan 

the forest floor will be of low frequency. 

INTRODUCTION 

Many researchers [1-4] have argued that the 

association of certain vocal characteristics with a 

specific habitat is the result of selection acting to 

produce a salient signal. Studies of neotropical 

passerines [1, 2] have demonstrated that forest 

dwelling species vocalize at lower frequencies, 

utilize a more restricted range of frequencies, and 

employ less rapid repetition than birds in open 

habitats. However, these patterns of vocalization 

have been documented for some, but not all, 

North American temperate habitats [4, 5]. Wiley 

and Richards [4] suggest that behavior may 

account for vocal differences, between temperate 

and tropical regions. Specifically, they [4] propose 

that neotropical forest species, unlike temperate 

forest passerines, will sing directly from the ground 

where the effects of attenuation make high fre- 

quency sound useless. In addition, Richards and 

Wily [2] argue that forest dwelling birds, because 

of the greater influence of reverberation, may be 
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more likely to avoid high repetition rates than 

birds of open habitats. This association of vocal 

frequency and repetition rate with habitat type has 

never been examined in Old World tropical 

Taiwanese passerines. In fact, the vocalizations of 

the species in our study have never before been 

analyzed. Therefore, we will describe the basic 

structure and pattern of vocalization for these 

twelve Taiwanese passerines and test two hypoth- 

eses: 1) whether birds of forested habitats vocalize 

at lower frequencies and with less variance and 

slower repetition rates than do birds of open edge 

areas; and 2) whether birds of the forest floor- 

subject to the most stringent effects of attenuation- 

vocalize at lower frequencies than canopy dwel- 

lers. 

MATERIALS AND METHODS 

Recordings were made with a Sony TC-D5M 

cassette recorder and Sony C-74 microphone. 

Birds were recorded, in June of 1987, at Wuling 

(elevation 1800 m) and Chitou (elevation 1200 m) 

in central Taiwan. The natural vegetation of these 

two localities is broad-leaf forest dominated by 
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members of the Fagaceae and Lauraceae [6]. A 

large portion of the natural forest has been logged 

and replaced by conifer plantations, primarily 

Cryptomeria japonica. Some birds were recorded 

along the northeast coast at Yenliao (elevation 50 

m); here, Phyllostachys makinoi and Acacia con- 

fusa make-up the secondary growth. 

Birds were recorded in two general habitat 

types: edge and forest. Forest habitat is characte- 

rized by two strata. The lower stratum averages 2 

m to 8m high and consists of herbaceous and 

shrubby plants. The upper stratum, the canopy 

with many lianas, is about 10 m to 20 m high. The 

edge areas remain open with grasses (Miscanthus 

spp.) and herbaceous plants. 

We studied twelve species of Taiwanese passer- 

ines, representing three taxonomic subfamilies- 

Sylviinae, Timaliinae, and Muscicapinae (Table 

1). Based on behavioral observations (H-TY) and 

behavioral descriptions by DeSchauensee [7], and 

Hachisuka and Udagwa [8], the species were 

categorized according to preferred habitat type. 

For forest dwellers the position they occupy— 

canopy or floor—was also recorded (Table 1). 

Vocalizations were analyzed with a Kay Elemetrics 

6061B sonagraph. Following Morton [1], the fre- 

quency emphasized (in Hz) for each sonogram was 

determined by locating the midpoint of the darkest 

region of the vocal trace. The extent of frequency 

modulation in each vocal trace was described by 

subtracting the minimum from the maximum fre- 

quency for each species. For each species, the 

duration of a typical vocalization was measured to 

the nearest 0.1 second. Finally, by visual inspec- 

tion, the occurrence of rapid repetition of similar 

notes within a vocal trace was noted. 

RESULTS 

Description of Vocalizations 

Edge Species 

Liocichla steeri has a vocalization consisting of 

two loud piercing introductory notes followed by a 

less emphasized slur, “Dee, deeee-yer” (Fig. 1a). 

This vocalization is comprised of very high fre- 

quencies—the highest in our study—with exten- 

sive frequency modulation (Table 1). Interesting- 

ly, the male will duet with the female. The female 

enters the song during the last syllable of the 

male’s vocalization with a buzzy, “Gee, gee, gee 

...” (Fig. 1a). The alteration of voices is precisely 

timed. It is often difficult to discern that the voices 

have changed. 

Garrulax canorus taewanus, often kept as a cage 

bird, is renowned for its musical vocalizations. 

The vocalization consists of clear, rich whistles 

with an accent on the first note of each doublet or 

triplet (Fig. 1b). Relative to the other species we 

examined this vocalization is long and is also highly 

modulated (Table 1). 

Cettia fortipes has a vocalization consisting of a 

soft hum that crescendos and explodes into a sharp 

series of notes, “Hmmmmmmm, switch you!” Ex- 

tensive frequency modulation (almost 4000 Hz; 

Table 1, Fig. 1c) occurs in the final elements of the 

vocalization. 

Bradypterus seebohmi vocalizes with a high, 

thin, rhythmically repeating whistle, “Da, da, 

deeee, tick.” Despite the fact that the entire 
vocalization covers a wide range of frequencies 

(almost 3500 Hz; Table 1), no song notes were 

rapidly modulated; each note of the song is dis- 

crete, without any slurring (Fig. 1d). The vocaliza- 

tion is very syncopated. é 

Forest Canopy Species 

Abroscopus albogularis has a vocalization con- 

sisting of a high-pitched, extemely rapid repetition 

of bell-like tinkling notes (Fig. le). Of the species 

investigated, A. albogularis exhibits the fastest 

repetition of notes. It uses very little frequency 

modulation; within almost one second of vocaliza- 

tion there is less than 1000 Hz of frequency modula- 

tion (Table 1). 

Niltava vivida produces a lilting series of thin 

whistled notes (Fig. 1f). It is a relatively long, 

musical vocalization consisting of much slurred 

freqeuncy modulation (Table 1). 

Heterophasia auricularis uses a loud strident 

song initiated with several sharply accented notes 

and ending with a descending slur, “Wheep, 

wheep, wheep, weeee-ooo0.” Each note in the 

vocalization is clear and distinct (Fig. 2a). Each 

note exhibits extensive frequency modulation, at 
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Sonograms representing the vocalizations of: a) Liocichla steeri, the female’s vocalization is indicated by an 

arrow; b) Garrulax canorus taewanus, c) Cettia fortipes, d) Bradypterus seebohmi, e) Abroscopus albogularis, and 

f) Niltava vivida. 

times as much as 4000 Hz (Table 1). 

Yuhina brunneiceps uses a thin, lilting whistle 

with a descending slur at the end (Fig. 2b). This is 

musical vocalization. There is a great deal of 

frequency modulation within and between notes 

(Table 1). 

Forest Floor Species 

Pomatorhinus ruficollis musicus vocalizes using 

an accelerating series of repetitive notes, initiated 

with an accent, “Duh, doo, doo, doo...Breep.” It 

exhibits very rapid repetition of relatively unmodu- 

lated notes (Fig. 2c). Of the species we investi- 

gated P. r. musicus utilizes the lowest frequencies 

(Table 1). 

Stachyris ruficeps has a vocalization characte- 

rized by a very rapid series of clear notes, “Dee, 

dee, dee ....” All notes are of the same frequency 

and about the same sonographic shape (Fig. 2d). 

The frequency utilized is relatively low and 

unmodulated (Table 1). 

Garrulax poecilorhynchus uses a very slow, 

melodic whistle, “Wooo-whip.” The frequency of 

this vocalization is quite low; it never reaches over 

2500 Hz (Table 1). The notes are distinctly sepa- 

rated, and the frequency modulation is quite slow 

(Fig. 2e). 

Alcippe brunnea uses a variable series of flute- 

like notes. It is very musical vocalization. Each 

note is extensively modulated (Fig. 2f) but within a 

relatively narrow range of frequencies (typically, 

not more than 2400 Hz; Table 1). 

Habitat Association 

Striking vocal differences among species are 

found within each habitat type (edge, Fig. la-d; 

forest canopy, Fig. le-f and Fig. 2a-b; forest floor, 

Fig. 2c-f). Across all habitat types there are songs 

which exhibit extensive frequency modulation: 

edge—L. steeri (Fig. 1a), forest canopy—H. au- 
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TABLE 1. The mean vocal frequency (+SD), frequency range, and duration of a typical vocalization for 

each species. Also noted are: habitat type, habitat position, number of individuals analyzed (n), and 
taxonomic subfamily. 

aie) Subtamily  Megp Remieney °” Fieaueay ae 
Edge 

Liocichla steeri 8 Timaliinae 4524 + 302 2186-6470 1.0-1.5 

Garrulax canorus taewanus 1 Timaliinae S377 1661-4022 3.0-6.0 

Cettia fortipes D, Sylviinae 4459 + 124 1574-5902 1.2-1.5 

Bradypterus seebohmi 2 Sylviinae 3847 +0 2623-5508 0.7-0.8 

Mean 4038 +491 

Canopy 

Abroscopus albogularis 3 Sylviinae 4750 + 182 4459-5333 0.6-1.0 

Niltava vivida 1  Muscicapinae 4327 3235-5246 1.4 

Heterophasia auricularis V Timaliinae 3485 + 239 1486-5333 0.9-1.1 

Yuhina brunneiceps + Timaliinae 4502 + 497 2098-5945 0.7-0.8 

Mean _ 4277 +477 

Forest Floor 

Pomatorhinus ruficollis musicus 3 Timalinae 787 +87 262-3322 0.8-1.6 

Stachyris ruficeps 5 Timaliinae 22035259 1749-2448 0.6-1.4 

Garrulax poecilorhynchus Timaliinae 1661 1573-2361 0.6 

Alcippe brunnea HL Timaliinae 3091 + 280 1574-4197 0.8-1.2 

Mean 1936 + 837 

ricularis (Fig. 2a), and forest floor—A. brunnea 

(Fig. 2f). Likewise rather unmodulated vocaliza- 

tions also occur in each habitat: edge—B. 

seebohmi (Fig. 1d), forest canopy—A. albogularis 

Fig. le and forest floor—S. ruficeps (Fig. 2d). 

Vocalizations with rapid repetition are found only 

in forest dwelling species (forest canopy—A. albo- 

gularis—Fig. le and forest floor dwellers—P. 

ruficollis musicus and S. ruficeps—Fig. 2c and d). 

In edge habitat we discovered no rapidly repeating 

vocalizations (Fig. la-d). No apparent structural 

feature of the vocal traces correlates with habitat 

type. 

Within each species we found relatively little 

variation in frequency emphasized; standard de- 

viations were never greater than 500 Hz (Table 1). 

We calculated the mean frequency emphasized, 

standard deviation, and coefficient of variation (x 

—mean+sd, and CV) in each habitat type by 

averaging the mean frequencies of the species 

found in that area: edge (n=4, x=4038 Hz+491; 

CV=12.5), forest canopy (n=4, x=4277 Hz+ 

477; CV=11.2), and forest floor (n=4, x=1936 

Hz+837; CV=43.2). Mean frequenices empha- 

sized in each of these habitats differ significantly 

(Kruskal-Wallis Test H=7.53, dfi=2; P<0.01; 

[9]). Frequeinces used in the forest canopy are the 

highest and those of the forest floor are the lowest. 

Additionally, the mean frequencies used in the 

three habitats were compared in a pairwise fashion 

with Dunn’s Test [10]. Species from the forest 

floor use significantly lower frequencies than those 

of the forest canopy (Z=2.55, 0.05< P<0.10) as 

well as those of the edge habitat (Z=2.16, 0.10<P 

<0.20; for this type of comparison Dunn [10] 

recommends a significance level of alpha=0.20). 

However, species from the edge habitat utilize 

frequencies which do not differ significantly from 

those of the forest canopy (Z=0.39, P>0.20). 

DISCUSSION 

In a comparison of edge and forest habitats we 

found no support for the hypothesis that edge 

species utilize higher frequenices over a wider 

range, with more repetition, than all forest dwel- 
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Sonograms representing the vocalizations of: a) Heterophasia auricularis,b) Yuhina brunneiceps c) Poma- 

torhinus ruficollis musicus, the vocal trace at 4 kHz is an insect; d) Stachyris ruficeps, e) Garrulax poecilorhyn- 

chus, and f) Alcippe brunnea. 

lers. Specifically, mean frequencies do differ 

among the habitats but unlike neotropical passer- 

ines the frequencies in edge habitat are only higher 

than those used by forest floor dwellers not those 

of the forest canopy. Edge species of the neotro- 

pics [1, 2, 4] emphasize a wider range of frequen- 

cies than forest dwellers, again a pattern not seen 

in Old World Taiwanese passerines. The coef- 

ficients of variation of mean frequencies empha- 

sized in edge and forest canopy are similar, where- 

as forest floor dwellers exhibit the greatest extent 

of variation—the CV is over three times that of 

the edge species. Contrary to predictions concern- 

ing the increased effects of reverberation in the 

forest on repeated notes [2], we found that 

Taiwanese edge species do not use more rapid 

repetition rates than forest dwellers. In fact, of the 

edge species we investigated (Fig. la-d) none util- 

ized a repetition rate greater than the forest 

canopy dweller A. albogularis (Fig. le). In addi- 

tion, two of the four forest floor dwellers (P. r. 

musicus and S. ruficeps) utilize extremely rapid 

repetition (Fig. 2c and 2d). Again the pattern 

exhibited by Taiwanese (Old World tropical) pas- 

serines is not that of their neotropical counter- 

parts. Interestingly, Handford [11] and Notte- 

bohm [12] both report, from analyses of within 

species variation in Zonotrichia capensis, that 

some differences among dialects do not match 

Morton’s [1] predictions. They [11, 12] speculate 

that there are features of a habitat, other than the 

physical milieu, that can influence the structure of 

song and thus vocal patterns can contradict Mor- 

ton’s [1] predictions. Perhaps in the Old World 

tropics some aspects of avian vocalizations are not 

only modified by the physical environment but also 

by the vocalizations of other species. 

The most striking vocal difference among 

Taiwanese passerines is found in the frequencies 

used by forest floor dwellers. These frequencies 
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are, on average, 2000 Hz lower than those of the 

canopy and edge dwellers. This pattern cannot be 

explained by phylogeny whereby phylogenetic 

constraints result in the most closely related spe- 

cies occupying the same habitat and utilizing the 

same vocal frequences. Within each habitat type 

more than one subfamily is represented (Table 1). 

Indeed, the two most closely related species in the 

study—the Garrulax congeners—occupy different 

habitat types and vocalize at very different fre- 

quencies (Table 1). Thus, there is support for the 

hypothesis that, due to the rapid attenuation of 

high frequency sound near the ground, bird voca- 

lizations of the forest floor tend to be of low 

frequency. 

In conclusion, our data do not support the 

hypothesis that tropical edge species vocalize at 

higher frequencies, with more rapid repetition, 

and with a wider range of frequencies than forest 

dwellers. However, our data do support the 

hypothesis that vocalizations of forest floor dwell- 

ing passerines may be influenced by the acoustic 

properties of their evnironment. 
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ABSTRACT—The morphology of xanthophores on 

scales of the swordtail, Xiphophorus helleri, was studied 

using bright-field light, differential interference contrast 

(DIC) and confocal laser scanning microscopies 

(CLSM). Under light microscopy, xanthophores were 
indistinct with diffused cell outline. Improved imaging, 

showing gradient shaded relief-like images of xantho- 

phores, was obtained under DIC. The CLSM produced 

the clearest images of xanthophores and also intracellular 

details as these cells were autofluorescent when scanned 

with the argon ion laser beam. The cell nuclei were 

non-autofluorescent and thus appeared dark. Selected 

portions of a cell can be highly magnified to show 

intracellular structures using the CLSM computer soft- 

ware. Also, serial optical tomographic sections of 

xanthophores with the CLSM enabled studies of 

intracellular structures present at different depths of the 

cells, thus permitting reconstruction of _ three- 

dimensional cell models. Therefore, use of the CLSM is 

highly recommened to complement bright-field light and 

DIC microscopies for morphological studies of xantho- 

phores and other autofluorescent cells. 

INTRODUCTION 

Confocal laser scanning microscopy is an 

emrging technology with numerous applications in 

cell biology and cytochemistry. The confocal laser 

scanning microscope (CLSM), used primarily for 

visualization of fluorescent molecules (which can 

be either autofluorescent or fluorochromelabeled 

antibodies and ion sensitive dyes), permits more 
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precise observations of sub-cellular structures, 

such as microtubules, centrosomes, chromosomes 

and nuclei, than could be achieved with conven- 

tional epifluorescent microscopy [1-3]. There is 

also improved spatial and lateral imaging of 

fluorescent specimens with overlapping structures 

such as eggs and embryos [3]. 

During confocal laser scanning, a specimen is 

illuminated with a small diffraction limited spot 

from a focused laser beam. Fluorescent signals 

from the illuminated spot, viewed with spatially 

restricted imaging optics, are descanned, spatially 

filtered and detected by a photomultiplier prior to 

image assembly in an integral image processor and 

display on a high-resolution video monitor {1]. A 

confocal image is then formed with improved 

rejection of out-of-focus information and greater 

resolution than conventional light microscopy [1- 

SIE 

The CLSM can contribute greatly to the field of 

cellular tomography. Thick fluorescent stained 

specimens, for example; sea urchin eggs, micro- 

tubules of HeLa cells, plasmacytoma cells, Dro- 

sophila salivary glands, nematodes and chick 

embryos can be optically sectioned to generate 

high resolution images of serial tomographic sec- 

tions without the need for laborious microtome 

sectioning of fixed or frozen specimens [1, 4, 5]. 

Specimens are sectioned along the X-Y plane by 

the laser beam at varying preset thickness to 

produce Z-Series optical sections at different 

levels. A smoothly continuous three-dimensional 

model can be reconstructed from these serial 
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sections [5]. 

Brightly colored vertebrates, especially fishes, 

possess various chromatophore types such as mel- 

anophores (black), erythrophores (red), xantho- 

phores (yellow), xantho-erythrophores (yellow 

with red periphery), leucophores (white) and 

iridophores (reflecting) [6-9]. _Chromatophore 

morphology is usually studied with conventional 

light microscopy and ultrastructural details with 

electron microscopy [9-11]. 

In this study, three different microscopy techni- 

ques; bright-field light, differential interference 

contrast (DIC) and confocal laser scanning were 

employed to examine the morphological character- 

istics of xanthophores of fancy color varieties of 

the swordtail, Xiphophorus helleri. Studies of 

xanthophores with light and DIC microscopes 

have always produced indistinct images due to the 

dense carotenoid pigment content [6, 8, 9]. There- 

fore, the main focus of this study was the applica- 

tion of the special functions of the CLSM. Since 

xanthophores possess fluorescent pteridines in 

pterinosomes [10-13], they are ideal specimens for 

CLSM investigations which have several distinct 

advantages over bright-field light and DIC tech- 

niques. 

MATERIALS AND METHODS 

Scales from the dorsal and ventral regions of the 

Golden and Neon varieties of swordtail were 

detached with fine forceps and_ individually 

mounted in teleost physiological saline, TPS (6.5 g 

NaCl, 0.4g KCl, 0.15 g CaCl,-2H,O and 0.15 ¢ 

MgS0O,:7H20 in 1 liter of distilled water, pH 7.3) 

on glass slides. An Olympus BH2 binocular light 

microscope, at 200 to 1000 magnifications, was 

used for conventional bright-field light microscopy 

studies. The BH-2 microscope was also fitted with 

a Nomarski attachment (BH2-NIC) for DIC 

studies. 

The BIO-RAD Lasersharp MRC-500 Confocal 

Laser Scanning Microscope (BIO-RAD Micro- 

science Div., UK), consisting of a computer 

controlled laser scanner assembly attached to a 

Nikon Optiphot microscope, was used for in-depth 

studies of autofluorescent granules and intracellu- 

lar structures in xanthophores present on the 

scales. The CLSM had an argon ion laser scanning 

in multiline mode but a special interference filter 

assembly, comprising 488 nm (blue) excitation and 

515 nm (yellow) emission filters, was used to select 

specific lines. The CLSM laser beam, of 488 nm 

wavelength, was used at different magnifications 

for scanning the xanthophores. 

Xanthophores were optically sectioned along 

the X-Y plane by the laser beam at various preset 

thickness (1-2 wm) to generate Z-Series optical 

tomographic sections at different depths of the 

cells. Photomicrographs of xanthophores and - 

images collected by the CLSM were taken using 

the Olympus BH2 microscope with PM-10AD 

Exposure Unit, and Polaroid Freeze-frame Photo- 

micrographic System, respectively. Kodak TMX- 

100 print film was used for the photographs. 

RESULTS AND DISCUSSION 

Xanthophores of swordtails were difficult to 

distinguish as discrete cells with distinct cell outline 

Fic. 1. High magnification light microscope photomicrograph of a xanthophore on a dorsal scale of a swordtail 

(Golden variety), showing indistinct cell margin and pterinosomes (arrowheads) in the cell processes (P). Scale 

bar, 10 um. 

Fic. 2. Low magnification differential interference contrast photomicrograph of a dorsal scale from a swordtail 

(Golden variety), depicting interlinking processes (arrowheads) between a xanthophore (X) and adjacent 

xantho-erythrophores (XE). Scale bar, 50 um. 

Fic. 3a. Low magnification confocal laser scanning image of three xanthophores on a dorsal scale of a swordtail 

(Neon variety), showing autofluorescent pterinosomes (arrows) and non-autofluorescent nucleus (N). Scale bar, 

50 um. 

Fic. 3b. High magnification view of the outlined region in Fig. 3a, illustrating uniformly intense autofluorescent 

pterinosomes concentrated in high densities around the cell nuclei (N) and scattered ones in lower densities 

(arrows) in the dendritic cell processes. Scale bar, 25 um. 

Fic. 4. Confocal laser scanning images of Z-Series optical tomographic sections (a-h) at 1.5 ~m depth intervals of a 

xanthophore on a ventral scale of a swordtail (Golden variety). Scale bar, 50 um. 



667 Confocal Laser Scanning of Xanthophores 



668 G. Kuoo, V. P. E. PHANG AND T. M. Lim 

under bright-field light microscopy due to a 

homogeneously distributed dense central yellow 

pigment content and diffused cell margin. At high 

magnifications (Fig. 1) and under DIC (Fig. 2), 

circular carotenoid vesicles and pterinosomes were 

observed to be scattered in the extended cell 

processes. These pterinosomes were observed by 

Matsumoto [10] to be organelles possessing a 

three-layered limiting membrane and inner lamel- 

lae which appeared whorl-like due to a concentric 

arrangement of parallel membranes. The dense 

yellow pigment in xanthophores was described by 

Goodrich et al. [8] and Matsumoto [10] as 

carotenoid pigments. 

The CLSM proved immensely useful as xantho- 

phores were autofluorescent (Fig.3a) when 

scanned with the argon ion laser beam [14, 15]. 

The capacity for autofluorescence confirmed Mat- 

sumoto’s [10], Matsumoto and Obika’s [11], and 

Valenti’s [12] findings that visible colored and 

colorless fluorescent pteridines were present in 

these cells. According to Matsumoto [10], xantho- 

phores lack brightly-colored pteridines while 

their colorless pteridine content varies both in 

quality and quantity. Consequently, colorless 

pteridines such as xanthopterin, isoxanthopterin 

and biopterin [9, 10-12], and colored ones like 

yellow sepiapterin [13] might be the primary 

source of autofluorescence in xanthophores. Con- 

versely, carotenoids such as lutein, zeaxanthin and 

B-carotene, studied by Goodrich et al. [8], Valenti 

[12] and Rempeters et al. [16] in X. helleri and X. 

maculatus, were not thought to contribute to 

autofluorescence in these cells. 

The actual shapes of xanthophores can be 

elucidated from the distribution and arrangement 

of autofluorescent pterinosomes in the cells (Fig. 

3a). High densities of pterinosomes caused intense 

autofluorescence at the cell center as opposed to 

the scattered distribution of autofluorescent 

pterinosomes in the cell processes [10, 11]. The 

CLSM micrograph showed xanthophores having 

numerous fine dendritic processes unlike the dif- 

fused cell outline produced by light microscopy 

(Fig. 1). 

Intracellular organelles such as nuclei were 

non-autofluorescent, thus appearing dark and 

oval-shaped in contrast to the autofluorescent 

pterinosomes in the cytoplasm (Figs. 3a, b). Sec- 

tions of xanthophores could be selected and highly 

magnified with the CLSM computer software for 

precise and detailed intracellular studies (Fig. 3b). 

Furthermore, dimensions such as length and width 

of cells or sub-cellular structures could be easily 

measured using this software. 

Swordtail xanthophores were commonly 

observed to form interlinkages through the fusion 

of their long dendritic processes to adjacent 

xanthophores and xantho-erythrophores. These 

tip-to-tip interconnections between the two chro- 

matophore types were best observed with the DIC 

attachment (Fig. 2) as the CLSM depicted overlap- 

ping and interconnecting autofluorescent processes 

as being similar. Interlinking xanthophores were 

not shown with light microscopy. 

Z-Series optical tomographic sectioning of 

xanthophores on fresh scales with the CLSM was 

performed without the laborious tasks of proces- 

sing and microtome sectioning of scales. Serial 

optical sectioning at a preset thickness (1-2 um) 

permitted the observation of cells at consecutive 

intracellular levels. Fig. 4 depicted a xanthophore 

scanned at eight successive levels. From these 

images, xanthophores could be made out as 

flattened cells with long, fine dendritic processes 

projecting in all directions from the cell body. 

Hence, three-dimensional cell models could be 

reconstructed from the serial sections produced by 

the CLSM. 

In conclusion, we recommend the use of the 

CLSM to complement conventional bright-field 

light and DIC microscopy techniques for fast and 

comprehensive morphological. studies of fish 

xanthophores and other autofluorescent cells. 
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ABSTRACT—Phospholipids and their fatty acid com- 

position in intact and regenerating Dugesia anceps, a 

fresh water planaria, were determined. Phospholipids 

and their percentual distribution in whole animals, in 

regenerating trunks and heads were similar. A decrease 

in the percentual contribution of several unsaturated 

fatty acids in phospholipids of regenerating animals was 

observed. 

INTRODUCTION 

The regenerative power of fresh water planar- 

ians has been known for more than 150 years [1]. 

Some morphological and cytological aspects of 

regeneration in these animals are well known. The 

process has been studied morphologically at the 

ultrastructural level [2]. From a biochemical point 

of view, the role of dopamine, serotonin and 

cAMP in regeneration has been determined [3], 

but no similar studies were conducted on lipids. 

This work is centered on the phospholipids content 

and their fatty acid composition in intact and 

regenerating D. anceps, a fresh water planaria; to 

our knowledge, this is the first report on this 

subject. 

Accepted March 6, 1992 
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MATERIALS AND METHODS 

Animals The animals used were collected in 

Arroyo Naposta, a stream in the vicinity of Bahia 

Blanca. The determination of the species was 

reported in [4]. The specimens were kept in glass 

containers filled with filtered water from the same 

stream at room temperature [5]. They were fed 

fresh raw bovine liver and subsequently fasted for 

six days before use. 

Regeneration For regeneration experiments, 

the heads of a set of about 120: animals were 

amputated just before the auricles; several subsets 

of heads and trunks were kept in separate contain- 

ers filled with food-free filtered stream water. For 

analytical purposes they were retrieved after 

varying intervals (from four to five days in the case 

of heads and four to seven days in the case of 

trunks) but always before completion of regenera- 

tion. Intact planarians were simultaneously kept 

to be used as control. The control was performed 

either with whole animals or with heads and trunks 

sectioned just before homogenizing. 

Lipid extraction After several washings with 

distilled water, planarians, whether control or 

regenerating, were transferred to a mortar. Lipids 

were extracted by homogenizing the tissue with 3 

ml chloroform/methanol (2:1, v/v) [6]. The crude 
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total lipid was washed with CaCl, 0.05%, dried 

under N> and resuspended in a small volume of 

solvent. Samples were stored at —80°C under Np. 

Phosphoglyceride separation Phospholipids 

were isolated by two dimensional chromatography 

in 250 wm thick silica gel H plates (Merck-Sharp 

and Domme) following the procedure of Rouser et 

al. [7]. After development with either I, vapor or 

dichlorofluorescein (0.2%) in methanol, phospho- 

lipids were scraped into screw-capped tubes. 

Phospholipid phosphorus determination Phos- 

phorus was measured by the procedure of Rouser 

et al. [7| after perchloric acid digestion. 

Methanolysis and gas liquid chromatography It 

was done with BF3 in methanol according to 

Morrison and Smith [8]. Fatty acid methyl esters 

were analyzed in a model 3700 Varian gas liquid 

chromatographer, equipped with a hydrogen flame 

detector; a stainless steel column (2 mX2 mm ID) 

packed with OV 275 on N> carrier was used. 

Samples were run with temperature programmed 

between 160°C and 220°, 5°C/min, with the injec- 

tor and the detector maintained at 220°C and 

240°C, respectively. The measurement of peak 

areas was done with an automatic integrator 

(CDS-111) attached to the GLC. Fatty acids were 

identified by comparing their retention times with 

those of standard methy] esters. 

Quantitative Analysis Quantitative determina- 

tions were made in triplicate samples from at least 

30 trunks, heads or whole planarians and are 

expressed as mean + standard deviations. Signi- 

ficance was determined by using the two tailed 

Student’s f-test. 

Unsaturation index This index is defined as the 

percentage of the sum of the product of the 

number of double bonds in each fatty acid methyl 

ester times its percentage. 

RESULTS AND DISCUSSION 

Phospholipid composition of intact and regenerat- 

ing planarian tissues 

The phospholipid composition of regenerating 

heads and trunks and of control animals is shown 

in Table 1. No significant differences could be 

found between them. PC and PE amount to more 

than 80% of the total, acidic phospholipids (PS 

and PI) to about 10%, the precursor PA to less 

than 1% and phosphonolipids to approximately 

UY. 

Although some mechanisms controlling regen- 

eration in planaria have been reported [3], the 

possible, if any, role of lipids during that process is 

unknown. The results shown in Table 1 indicate 

that no differences in lipid composition exist 

between the regenerate and the old tissue. 

TABLE 1. Phospholipid composition of intact and regenerating planarian tissues 

Phospho Heads 
lipids 

C R 

EG SN).jsae2,1I 52.0+3.8 

PE 34.9+1.5 35.0+0.8 

PS TeSieraley Tac A 

PI s).oac I) San lke7 

PA OBE0 0.4+0.0 

Cl Osa 0 O22 0% 

L 0.0+0.0 OnEOst 

PNL 2.4+0.8 1.8+1.4 

Trunks eee 

G R  ti@ 

55.8+8.0 53.4+9.2 49.0+3.5 

33202279 32.0+6.6 36.6+4.5 

4.54+3.1 Dae LO) 6.6+0.7 

4.2+1.4 4.4+1.1 4.5+1.6 

0.4+0.1 0.8+0.6 0.3+0.2 

0). 2ac Oo 0.6+0.6 0.7+0.4 

0.0+0.0 0) ar. Il OEEOD 

1ESEE IEG S10 aievlem DASEOM 

PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; PS, phosphatidylserine; PI, Phosphatidyl- 

inositol; PA, Phosphatidic acid; CL, Cardiolipin; L, Lysophospholipids; PNL, phosphonolipids; C, 

Control; R, Regenerating. Mean percentages +SD of total phospholipid phosphorous from 3 samples 

of 30-120 pooled planarians. 
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TABLE 2. Fatty acid distribution in phospholipids of control and 4-day regenerating planarian trunks 

PA € ihe OR Goma SR Casio R euvenhudn 

14:0 D220) S200 02202" OS02 —One00 sO Moker 
15:0 13402 O2201 092028 “US208) 00400 02202 Otis “eee 
15:1 OSeOot HO4OUL Mos s05en Os01e O1e0l  O2201  O1201. O1201 
PO Gots 180209 113407 8124407 26406. 3.8405 1.0405 2640.6" 
16:1 EOD 10 0S To 0O | 46206 120s 14406 0.6203 07203 
PET-H08 TILSA00) toe 19523 — 4010430) 442409 425405  45.243.1 
igeeeneS 4-0 Ne 35164-0008 14010143421. 1220 150415: 190226 21.7230 
18:2 ABLDO  AOLDS “AVEO 92 6R0G — 20206) 29206 > S602 Oe eee 
20:1 (AOU SOLO 4UN 2GELOMNe 08203" 22404 06403" 15404 06-03" 
COrenomD 0M 13406 foeoo 16402 12404 11208 15404 09403 
MPO OG 03114 952406 62405 98412 115209 7540.6 10641.5** 
POPnee 0-203. 1.903% 140.4 12403 923405 44204 25403 1.1403" 
esas 4 113408 26.0409 26.9425 182409  105+0.8** 43403* 20205" 
PEC GEOG 6 224046 «6020549 T4412 5.6202 52405 21403 ..5.440.7% 
ene 02) 0st Oe LOO 14+05  O7404 07403 05402 0.6403 

The data represent the results of three samples of 30-120 pooled trunks. 

Other abbreviations as in Table 1. the methyl end of the acid chain. 

The n indicates the double bonds from 

* | statistically significant difference (P< 
0.05); **, statistically very significant difference (P<0.01). 

The presence of phosphonolipids has been 

reported in ciliates, Cnidaria [9] and Mollusca [10]. 

In all these groups. as in planaria, epidermal cells 

are not protected by a cuticula and they are 

directly exposed to the medium [11]. The chemical 

properties of phosphonolipids could help these 

animals to cope with environmental changes [11, 

12]. Conversely, phosphonolipids are absent in 

Taenia {13] which although being also a member of 

the phylum Platyhelmintes, is protected from 

external damage by a very active syncyctial 

epidermis. SPH was not present although large 

amounts of it have been reported in several 

invertebrate species [14, 15]. 

Fatty acid composition and changes during regen- 

eration 

Information about fatty acid composition of 

phospholipids in invertebrates has been growing in 

the last decade [16]. The activity of protein kinase 

C, apparently involved in planarian regeneration, 

as well as some functional properties, like for 

instance membrane fluidity, depend on that com- 

position [3, 17, 18]. 

Fatty acid composition of PC, PE and acidic 

phospholipids was compared in control trunks and 

in regenerating trunks in the fourth day of the 

process (Table 2). Saturated fatty acids amount 

approximately to 30% in PC and PE and to 44% in 

PS and PI. 

At that stage of the regeneration process, 

phospholipids undergo changes in their percentual 

composition. The table is basically a 15 x8 matrix 

showing the 60 possible differences between con- 

trol and regenerating animals. Four of the differ- 

ences were found to be statistically significant (P< 

0.05) and ten statistically very significant (P< 

0.01). Two of them are increases (both occurring 

in PI) and twelve are decreases. These changes 

caused the decrease in the unsaturation index in PS 

and PI from 2% to 1.6% and from 1.6% to 1.3%, 

respectively. The more important variations are 

thouse of 20:4n6 in PI and 22:5n3 in PS, since 

these fatty acids are major constituents of these 

phospholipids. 

20:5 has been found in most phospholipids in 

invertebrates [15, 16, 19]. In agreement with these 

reports, it was consistently found here in all 

phospolipids analyzed, although it represented 

only a small fraction. Curiously, this fatty acid 
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along with other unsaturated fatty acids decreased 

its percentual contribution in several phospho- 

lipids during regeneration. The polyene 22 :5n3 in 

PI also follows the general pattern although its 

decrease is partially compensated by an increase in 

22:5n6. The percentrual participation of 16:0 

and 22:5n6, which increased in PI during regen- 

eration, is at odds with the pattern found in the 

rest of the fatty acids. The fact that many 

variations were statistically non significant does 

not allow to conjecture about the fate of the fatty 

acids whose contribution diminished during regen- 

eration. 
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ABSTRACT—Homing pigeons which were not given 

flight training for 3 months prior to the experiment, were 

flown the same distance of 48 km from the usual release 

site as reported in our earlier studies using pigeons which 

were in regular training. In these pigeons the flight lasted 

90-160 min instead of the usual 60-80 min taken by 

pigeons which had regular training. This flight produced 

a more than two-fold increase in plasma levels of reverse 

triiodothyronine (rT3), concomitant with reductions in 

thyroxine (T4) and triiodothyronine (T3) levels and also 

in T3/T, ratio. The increase in plasma levels of rT3 and 

the concomitant decrease in levels of T, and T3 with no 

change in plasma osmolality, suggest inhibition of T, 

secretion and 5 -monodeiodination, and conversion of T, 

to rIl3. The conversion of T, to rT3, the inactive form of 

T3, represents a mechanism of autoregulation of thyroid 

hormone function during strenuous and extended flight. 

INTRODUCTION 

Our recent studies with homing pigeons before 

and after natural homing flight, have shown 

significant post-flight (a distance of 48 km from the 

usual release site covered in 60-80 min) increases 

in plasma levels of glucose, free fatty acids (FFA), 

lactate, adrenaline, noradrenaline and growth 

hormone (GH), but not in the levels of corticoster- 

one and the thyroid hormones, thyroxine (T4) and 

triiodothyronine (T3) [1, 2]. The increase in 

plasma adrenaline and noradrenaline was indica- 

tive of increased sympathetic activity and it was 

Suggested that the flight-induced increase in 

plasma adrenaline could have stimulated the re- 

lease of glucagon which in turn would have 

Accepted April 8, 1992 

Received November 30, 1991 

brought about the increase in plasma glucose. The 

increase in plasma FFA was attributed to the 

increase in at least one adipokinetic hormone, 

GH, and the lack of any increase in plasma 

corticosterone to the stress-free nature of the 

flight. 

In a subsequent study [3], the homing pigeons 

used, unlike those in the previous studies, did not 

receive the regular flight-training for a period of 3 

months prior to the experiment, and so they took 

90-160 min to fly the same distance. Significant 

increases in the levels of plasma glucagon (gluca- 

gonlike immunoreactivity) and presumably of glu- 

cagon-stimulated FFA, were observed. In marked 

contrast to the observations in the previous study 

[2], plasma levels of Ty, T3; and T3/T, ratio were 

significantly reduced. It occurred to us that this 

was due to the possible inhibition of T,4 secretion 

and 5’monodeiodination with the conversion of T, 

to reverse T; (3, 3’, 5’-triiodothyronine or rT3), the 

inactive form of T3, as a mechanism for the 

regulation of thyroid hormone metabolism during 

a more strenuous and extended flight. In the 

present study, we have ventured to test this 

postulation by measuring levels of rT; in plasma 

samples obtained from the same birds used in the 

previous experiment [3]. 

MATERIALS AND METHODS 

Pigeons (Columba livia) used in our studies were 

from a colony of homing pigeons which were 

raised and maintained out-doors in lofts under 

natural photoperiod and temperature. They were 
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fed a daily ration of corn, wheat and barley. All 

studies [1-3] were conducted in the forenoon of a 

typical sunny mid-autumn day (6C). The release 

site and distance flown (48 km) were the same in 

all studies. The control birds were given the usual 

40 min car ride in order to simulate the 40 min car 

ride received by the experimental birds while being 

taken to the release site. Pigeons of both sexes 

weighing 350-400 g were used and blood samples 

(5 ml) were drawn from the brachial vein of each 

bird into heparizined syringes within 1-3 min of 

their arrival after the car ride (control birds) or 

flight (experimental birds). Blood samples were 

kept on ice and transported to the laboratory 

within 15 min and centrifuged (3000 X g for 10 min 

at 4°C). The separated plasma was stored at 

—20°C in separate vials in duplicate. The present 

investigation is an extension of our previous study 

[3] and parts of plasma sampels obtained then are 

now used for the estimation of plasma rT3. In 

contrast to the previous studies [1, 2], these 

pigeons [3] had not received the regular flight 

training for a 3-month period between end of the 

racing season and time of the experiment. 

The levels of rT3 were measured in freshly 

thawed frozen plasma samples using a radioimmu- 

noassay kit (code 10834) manufactured by 

BIODATA S.p.A., Italy. Osmolality was meas- 

ured using a vapor pressure osmometer (Wescor, 

Utah). 

Analysis of variance (ANOVA) was initially 

employed to test for sex differences and flight 

effect. Since sex did not prove to be a significant 

variable from the ANOVA results obtained, 

values from both sexes were subsequently pooled 

and subjected to unpaired Student’s f-test. 

RESULTS 

These pigeons, unlike the pigeons which re- 

ceived flight training prior to the experiment, took 

90-160 min to fly “home” instead of the 60-80 min 

taken by the trained pigeons. Flight induced 

significant increases in plasma levels of rT3 as 

opposed to decreases in Ty, T3 levels, and T3/T, 

ratio. The post-flight plasma rT; amounted to 

more than a two-fold increase over control values. 

Flight caused no significant change in plasma 

osmolality (Table 1). 

DISCUSSION 

The marked increase in plamsa levels of rT3 with 

no significant change in plasma osmolality, 

observed in the present study is indicative of 

increased conversion of T, to rT3. Similar increase 

in plasma rT; as a possible regulatory mechanism 

to limit T3 activity by inhibiting T, conversion to T; 

has been observed in humans under increased 

physical exercise [4]. In flown homing pigeons the 

increase in rI3 and the concomitant reduction of 

plasma levels of T,, T3 and T3/T, ratio (Table 1) 

indicate inhibition of peripheral deiodination of T, 

in order to limit the continued production of T3. 

The peripheral conversion of T, to T3 has been 

shown to be stimulated by GH in chickens [5]. In 

TABLE 1. Plasma osmolality and levels of thyroid hormones in resting and flown homing 

pigeons 

Control pigeons 

Osmolality (mmol/kg) SB.aae iil CO) 

Reverse triiodothyronine (rT3) JA Dae WG.) (CO) 
(pg/ml) 

Triiodothyronine (T3)' 2.29+0.14 (10) 
(ng/ml) 

Thyroxine (T,)' 19.07+1.54 (10) 
(ng/ml) 

dt de ratio: 0.12+0.10 (10) 

Flown pigeons 

306.1+ 3.8 (7) 
493.0+90.8 (7)** 

0.89+0.14 (8)* 

12.54+2.36 (8)* 

0.08+0.01 (8)** 

Values are mean+SEM. Figures in parentheses denote number of birds. 

Je Re JEON 

' Data from previous study (George ef al., 1989) 
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an earlier study using trained homing pigeons, 

post-flight circulating levels of GH were found to 

be significantly increased [2]. In more strenuous 

and extended flight such as was involved in the 

present investigation, an initial stimulation of Ty 

release followed by an increase in rT3 levels should 

be expected. If so, the production of rT3 could not 

be concomitant but should follow the release of T, 

so that excess T, could be eliminated by convertion 

to rI3. That this is so, has been indicated in 

experiments with tilapia [6] in which it was 

observed that rT3 levels were the same as the low 

levels present in the control one hour after 

injection of T, despite the high concentrations of 

T, in the plasma. Since plasma Ty, and rT; 

increased following injection of Ty, it was sug- 

gested that conversion of T, into rT3 is indepen- 

dent of pituitary control. In light of these observa- 

tions, it may be stated that the post-flight increase 

in plasma levels of GH observed in homing 

pigeons [2] could stimulate T, release in addition 

to releasing FFA from the fat depots. It is also 

possible that the inhibition of peripheral deiodina- 

tion of T, to T3 could have been brought about by 

the increased plasma levels of glucagon since it has 

been shown in the domestic fowl that glucagon 

inhibits 5’monodeiodination and may also cause 

initial reduction of Ty secretion [7]. 

Rudas and Pethes [8] observed that rT3 appears 

in the serum of chickens after warm exposure and 

suggested that cold exposure stimulates T3 forma- 

tion whereas heat exposure inactivates the T, 

secreted to produce rT3. During flight there is 

significant increase in body temperature of pigeons 

[9]. As flight becomes more strenuous and ex- 

tended as observed in the present study, thermo- 

regulation becomes crucial. Conversion of T4 to 

rT3 instead of T3; would be a useful mechanism of 

thermoregulation and conservation of thyroid me- 

tabolism. 

Since familiarity with the release site has been 

shown to reduce “release site bias”, a behaviour 

characterized by deviation in the direction and 

better orientation of homeward flight [10-13], the 

longer time (90-160 min) taken by these pigeons 

could be attributed to the lack of the flight training 

prior to the experiment. 
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