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ABSTRACT—Hormonally induced changes in synaptic inputs to Mauthner cells (M cells) were examined in
adult male red-bellied newts, Cynops pyrrhogaster. Hypophysectomized, castrated newts were treated with
saline, prolactin, testosterone propionate or both prolactin and testosterone propionate every other day for
three weeks. The medulla oblongata containing M cells was examined at ultrastructural level. In the hypo-
physectomized, castrated newts treated with prolactin, testosterone propionate or both prolfactin and test-
osterone propionate, the mean number of synapses onto somata of M cells were significantly larger than that
in the hypophysectomized, castrated animals treated with saline. There were no differences in the parameter
among the prolactin-, testosterone propionate- and both prolactin and testosterone propionate-treated ani-
mals. These findings suggest that prolactin and androgen are critical for maintaining reorganization of synap-

tic inputs to somata of M cells in the adult male newts.

INTRODUCTION

Sexually active male urodeles perform a series of repro-
ductive behavior (Salthe and Mecham, 1974; Arnold, 1976,
1977; Halliday 1977; Moore, 1987). In the Genus Cynops and
Triturus, a sexually active male vibrates his tail vigorously in
front of a female partner at an early stage of courtship behav-
ior. Around the reproductive period, tail height of sexually de-
veloped male newts increases markedly. The enhancement
of tail movement and well-developed talil fin appear to result
in generating a water flow efficiently for carrying sex attracta-
nts from a male to a female (Salthe, 1967). Grant (1966) stated
that prolactin is a crucial factor in eliciting courtship behavior
in male newts. In fact, prolactin has been shown to promote
the growth of the tail fin of various species of newts (Tuchmann-
Duplessis, 1949; Vellano et al., 1970; Singhas and Dent, 1975;
Kikuyama et al., 1986). Moreover, a combination of prolactin
and androgen has been demonstrated to elicit the tail move-
ment (Kikuyama et al., 1980; Malacarne ef al., 1982; Toyoda
et al., 1993) and development of abdominal glands of the
cloaca (Kikuyama et al., 1975; Norris et al., 1989) which se-
crete female-attracting substance(s) (Toyoda et al., 1994).
Recently, a decapeptide, sodefrin that has a potent female-
attracting activity was isolated from the abdominal glands of
male red-bellied newts (Kikuyama et al., 1995). Synthesis and
release of the attractant is also facilitated by treatment with a
combination of prolactin and androgen (Yamamoto et al., per-
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sonal communication). The fact that blood levels of prolactin
(Matsuda et al., 1990) and androgen (Lofts, 1974; Tanaka
and Takikawa, 1983) are much higher in males in the breed-
ing season than those in the non-breeding season supports
the hypothesis that these hormones could participate in per-
formance of courtship behavior in male newts.

Mauthner cells (M cells) in urodeles, anuran larvae as
well as in fish are located at the level of the VIII cranial nerve
root in the medulla oblongata (Stefanelli, 1951; Korn et al.,
1990; Will, 1991). In urodeles an M cell has two main den-
dritic trees; a medioventral and a lateral one (Will, 1991). The
latter is clearly separated into a slender dorsolateral and a
broader lateral branch. The M celis receive inputs which origi-
nate from the vestibular nuclei, lateral line organs, trigeminal
nucleus and mesencephalon. Numerous electrophysiological,
neuroanatomical and behavioral studies have revealed that
the M cells are involved in the tail movement (Korn et al., 1990).
Since a combination of prolactin and androgen have been
shown to fully enhance the tail movement during male court-
ship behavior (Toyoda et al., 1993), these hormones may exert
a stimulatory influence on neuronal functions of the M cells in
sexually active male newts. Matsumoto et al. (1995) pointed
out that treatment of hypophysectomized male newts with both
prolactin and gonadotropin increases size of nuclei and cell
bodies of the M cells. The fact suggests that the M cells of
adult male newts retain a great deal of plasticity in response
to the hormonal environment. Hormonal regulation of somatic
membranes of the M cells implies that the synaptic input to
the M cells is concomitantly altered. In the present study, as
one step to clarify hormonal regulation of synaptic organiza-
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tion of the M cells, we performed quantitative electron micro-
scopic analysis on M cells in hypophysectomized, castrated
male adult red-bellied newts with or without hormonal ma-
nipulation.

MATERIALS AND METHODS

Adult male red-bellied newts, Cynops pyrrhogaster, weighing 6-
7 g, were obtained from a commercial dealer. They were kept in the
laboratory for approximately three weeks before sacrifice under con-
ditioned photoperiod (12 hr light/12 hr dark) and temperature (23 +
1°C), and fed daily with Tubifex worms.

Twenty four male newts were used, 6 per group. They were cas-
trated under anesthesia with 0.01% MS222 (Sigma). One month later,
hypophysis of each castrated animal was removed through a small
incision made in the sphenoid bone beneath the hypophyseal region
under anesthesia with 0.01% MS222. The animals were treated with
physiological saline, ovine prolactin (PRL, 2 U, Sigma) , testosterone
propionate (TP, 10 pg, Sigma) or both PRL (2 1U) and TP (10 ug)
every other day for three weeks after hypophysectomy. The day fol-
lowing the last injection, they were perfused transcardially with a mix-
ture of 1% paraformaldehyde and 1% glutaraldehyde in 100 ml 0.1 M
phosphate buffer (PB, pH 7.4) under anesthesia with 0.01% MS222.
The brain stem in each animal was removed, placed in the same
fixative for 5 hr and rinsed in 0.1 M PB for 24 hr at 4°C. The brain
stems were cut transversely with a Vibratome (Lancer Instruments,
St. Louis) into 200 um sections. After a short rinse in 0.1 M PB, the
sections were postfixed in 1% OsO, in 0.1 M PB for 2 hr at 4°C. Then,
the sections were dehydrated in graded ethanols and embedded in
epoxy resin. Thick sections (1-2 um in thickness) of the brain stems
were stained with toluidine blue to identify M cells containing nucleus.
Adjacent ultrathin sections were stained with uranyl acetate and lead
citrate and examined under a JEOL 1200EX electron microscope.
Fixation of one animal treated with both PRL and TP was so bad that
5 ones were examined.

For each animal, electron micrographs were taken of the perim-
eter of an M cell body through the plane of the nucleus (final magnifi-
cation of 10,400X). We analyzed the amount of synaptic afferent con-
tact onto the somatic membrane. Neuronal contacts were classified
into two types. (1) The contact of an axon terminal containing synap-
tic vesicles which possessed thickening of the pre- and postsynaptic
membranes was classified as a synaptic contact (Fig. 3). (2) The con-
tact of an axon terminal without membrane specialization was classi-
fied as a synaptoid contact (Fig. 3). The perimeters of somata and
the covering lengths of synaptic contacts and synaptoid contacts were
measured with a digitizing tablet and microcomputer. The percent
covering of neuronal contacts (total length of neuronal contact/perim-
eter of soma), the frequency of neuronal contacts (number of neu-
ronal contacts/um of somatic membrane) and the size of neuronal
contacts (total length of neuronal contacts/number of neuronal con-
tacts) were calculated for each type of neuronal contacts. Since in
the present study attention was focused on the analysis of cell bodies
of the M cells, analysis of main dendritic trees was not carried out.

Tail heights were recorded on both the first day of hormone treat-
ment and day of sacrifice.

Statistical analysis was made by ANOVA and Duncan’s multiple
range test.

RESULTS

The M cells were located at the boundary between the
white and gray matters of the medulla oblongata at the level
of the VIl cranial nerve root (Fig. 1). Their cell bodies were
oriented obliquely or nearly horizontally at the border of the
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white and gray matters. They were large and pale cells with
prominent nucleus. In the cytoplasm, various cytoplasmic or-
ganelles such as rough endoplasmic reticulum, mitochondria,
Golgi apparatus and lysosomes were observed to be lined up
along the main cell axis (Fig. 2). Although myelinated fibers
were observed in the proximity of M cells, the neuropil imme-
diately adjacent to the celis was fully occupied by unmyeli-
nated axons, dendrites and glial cells. Most of the neuronal
contacts on somatic membranes consisted of synaptic and
synaptoid contacts which contained a number of spherical
synaptic vesicles (about 50 nm in diameter) and mitochondria
(Fig. 3). Occasionally, a small number of large granular vesicles
(about 100 nm in diameter) were found to coexist with spheri-
cal vesicles in the axon terminals. The incidence of nerve
endings containing flat vesicles (Fig. 4) and club endings (Fig.
5) was very low. The cytoplasm of the club endings was filled
with neurofilaments and scattered neurotubules running par-
allel to the long axis of the fibers and contained spherical syn-
aptic vesicles and mitochondria.

in the hypophysectomized, castrated newts treated with
PRL, TP or both PRL and TP, the mean length of neuronal
perimeters of M celis (F=4.53; Saline vs. PRL or TP, p<0.05;
Saline vs. PRL + TP, p<0.01; Table 1) and mean number of
synapses onto somata of M cells (F=3.71, p<0.05, Table 2)
were significantly larger than those in the hypophysectomized,
castrated animals treated with saline. These parameters were
not different among the PRL-, TP- and both PRL and TP-
treated animals. There were no significant differences in the
percent covering of synaptic contacts (F=2.29) and frequency
of synaptic contacts (F=0.23) among the groups examined
(Table 2). The mean size of synaptic contacts in the TP- or
both PRL and TP-treated newts (F=4.41, p<0.01) was signifi-
cantly larger than that in the saline-treated ones. The param-
eter was not significantly different between the saline- and
PRL-treated groups, and between the PRL- and TP- or both
PRL and TP-treated groups. As for synaptoid contacts, all of
the measures were not significantly different among the groups
examined (number of synaptoid contacts, F=2.11; percent
covering of synaptoid contacts, F=0.26; frequency of synaptoid
contacts, F=0.14; size of synaptoid contacts, F=1.86; Table
3). The number of axon terminals containing flat vesicles was
very small and not significantly different among the groups
examined (F=0.51, Table 4 ). The incidence of club endings
was quite low in all of the groups. Only one club ending was
observed in one out of 6 animals in the saline- or TP-treated
group. Three and two club endings (one/each animal) were
observed in 3 out of 6 animals in the PRL-treated animals and
in 2 out of 5 animals in the both PRL and TP-treated animals,
respectively.

There was significant difference in mean percent increase
in tail height between the saline- or TP-treated groups and
PRL- or both PRL and TP-treated groups (F=7.97, Table 5).
The mean percent increase in tail height in the PRL- and both
PRL and TP-treated animals was significantly larger than that
in the saline- (p<0.01) or TP-treated ones (p<0.05). The value
in the TP-treated newts was not significantly different from
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Fig. 1. An M cell of a hypophysectomized, castrated newt treated with PRL and TP is located at the boundary between the white and gray
matters of the medulla oblongata at the level of the VIII cranial nerve root. The cell body is oriented obliquely at the border of the white and gray
matters. Stained with toluidine blue. X170. Scale; 50 um.

Fig. 2. A cell body of an M cell in a hypophysectomized, castrated newt treated with PRL and TP. Rough endoplasmic reticulum (ER) is well
developed, and mitochondria (M), the Golgi apparatus (G) and lysosomes (L) are prominent. N; nucleus. X10,400. Scale; 1 pm.
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Fig. 3. Synaptic (arrow) and synaptoid (arrowhead) contacts onto an M cell soma (S) in a hypophysectomized, castrated newt treated with PRL

and TP. X19,200. Scale; 0.5 pm.

Fig. 4. Anaxon terminal containing flat vesicles (arrow) makes contact with an M cell soma (S) in a hypophysectomized, castrated newt treated

with PRL and TP. X32,000. Scale; 0.3 um.

Fig, 5. A club ending makes synaptic contact with an M cell soma (S) in a hypophysectomized, castrated newt treated with PRL and TP.

X19,200. Scale; 0.5 um.

that in the saline-treated ones.

DISCUSSION

The present study is first demonstration of hormonal al-
teration of synaptic input to the M cells in urodeles. We dem-
onstrated that treatment of hypophysectomized, castrated
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male newts with prolactin, androgen or both prolactin and
androgen induces significant increase in the number of syn-
aptic contacts onto M cells of adult male newts. A combina-
tion of prolactin and gonadotropin has previously been reported
to increase size of nuclei and cell bodies of the M cells of
adult male newts (Matsumoto et al., 1995). Together with the
previous study, these findings suggest that in adult newts, the
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Table 1. Effect of hormones on length of the perimeter of somata of the M cells in
control and experimental animals

Group Number of newts Perimeter of M celis (um)
Saline 6 306 + 44
Prolactin (PRL) 6 583 + 912
Testosterone propionate (TP) 6 542 + 662
PRL + TP 5 670 + 83°

Means + SEM are given. Comparison with Saline; ®p<0.05, *p<0.01.

Table 2. Effect of hormones on number of synaptic contacts, percent covering of synaptic contacts, frequency of synaptic
contacts and size of synaptic contacts on somata of the M cells in control and experimental animals

Group Number Number of synaptic Percent covering of Frequency of Size of synaptic
of newts contacts synaptic contacts (%) synaptic contacts contacts (um)
Saline 6 100 + 14 484 £ 2.3 0.34 + 0.03 1.49 + 0.06
Prolactin (PRL) 6 217 + 468 56.7 £ 5.3 0.36 + 0.04 1.66 £ 0.04
Testosterone 6 183 £ 212 58.5 £ 1.7 0.34 + 0.02 1.77 £ 0.06°
propionate (TP)
PRL + TP 5 218 + 222 57.2 £ 2.3 0.33 £ 0.03 1.76 + 0.08°

Means + SEM are given. Comparison with Saline; 2p<0.05, °p<0.01.

Table 3. Effect of hormones on number of synaptoid contacts, percent covering of synaptoid contacts, frequency of synaptoid
contacts and size of synaptoid contacts on somata of the M cells in control and experimental animals

Group Number Number of synaptoid  Percent covering of Frequency of Size of synaptoid

of newts contacts synaptoid contacts synaptoid contacts contacts (um)
(%)

Saline 6 702 + 88 27.8 + 2.9 0.24 + 0.02 117 + 0.04

Prolactin (PRL) 6 115.0 £ 25.2 237 £ 23 0.19 = 0.02 1.35 £ 0.07

Testosterone 6 114.2 £ 14.0 27.6 £ 0.6 0.21 £ 0.00 1.31 £ 0.04

propionate (TP)
PRL + TP 5 132.6 + 15.9 259 £ 1.6 0.20 + 0.01 1.31 £ 0.09

Means + SEM are given.

Table 4. Effect of hormones on number of axon terminals contain-
ing flat vesicles on somata of the M cells in control and experimental
animals

Table 5. Effect of hormones on percent increase in tail height in
control and experimental animals

Group Number of newts Percent increase in

Group Number of newts ~ Number of axon terminals tail height (%)
containing flat vesicles -

Saline 6 -2.17 + 1.37
Saline 8 4.00 £ 0.82 Prolactin (PRL) 6 6.18 + 1.542
Prolactin (PRL) 6 4.50 = 1.59 Testosterone 6 0.13 £ 1.63
Testosterone 6 5.00 + 1.37 propionate (TP)

propicnate (TP) PRL + TP 6 7.13 £ 1.87%

PRL + TP 5 6.60 = 2.25

Means + SEM are given. ®Comparison with Saline; p<0.01, compari-

Means + SEM are given.

M cells can retain a great deal of morphological and synaptic
plasticity which is regulated under the influence of hormonal
environment. Circulating levels of prolactin (Matsuda et al.,
1990) and androgen (Lofts, 1974; Tanaka and Takikawa, 1983)
in male newts have been reported to elevate around the pe-
riod when they show a courtship behavior and treatment with
both prolactin and androgen markedly enhances male court-
ship behavior (Toyoda et al., 1993). There seems to be little
doubt, therefore, that changes in the synaptic input to the M
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son with TP; p<0.05.

cells and changes in the morphology of the M cells themselves
must result in important changes in the function of the M cell
system.

Injection of antiserum against newt prolactin to male newts
which had been exhibiting courtship behavior in the field di-
minishes both incidence and frequency of the behavior, indi-
cating the involvement of endogenous prolactin in the expres-
sion of courtship behavior (Toyoda et al., 1996). Hypophy-
sectomy induces a cessation of tail movement during court-
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ship behavior in male newts (Kikuyama et al., 1980; Malacarne
et al., 1982). Although treatment of hypophysectomized male
newts with prolactin partially restores courtship activity
(Kikuyama et al., 1980; Malacarne et al., 1982), replacement
with both prolactin and gonadotropin sufficiently sustains the
behavior (Kikuyama et al., 1980). On the other hand, sexual
behavior in male newts is depressed by castration and par-
tially restored by replacement with androgen (Andreoletti et
al., 1983; Moore and Zoeller, 1979). From these observations,
it is suggested that prolactin patrticipates synergistically with
androgen in eliciting the behavior. Recently, Toyoda et al.
(1993) pointed out that treatment of hypophysectomized, cas-
trated males with both prolactin and androgen sufficiently fa-
cilitates the behavior.

Prolactin or androgen alone can induce male courtship
behavior although the incidence and frequency of behavior
are low (Moore and Zoeller, 1979; Kikuyama et al., 1980;
Malacarne et al., 1982; Andreoletti et al., 1983; Toyoda et al.,
1993). In the present study, differences were not detected in
the number of synaptic contacts onto somata of the M cells
among the prolactin-, androgen- and both prolactin and an-
drogen- treated male newts. ltis not likely, therefore, that neural
connections of the M cell somata is different among the three
groups. Prolactin but not androgen is known to enhance the
development of tail fin (Tuchmann-Duplessis, 1949; Vellano
et al., 1970; Singhas and Dent, 1975; Kikuyama et al., 1986),
whereas prolactin is synergistic with androgen on the func-
tional development of the abdominal glands (Kikuyama et al.,
1975; Nortis et al., 1989; Toyoda et al., 1994). Malacarne and
Giacoma (1980) stated that lesion of the preoptic area abol-
ishes the courtship behavior in male newt, Triturus cristatus.
Moreover, androgen receptor-containing neurons exist in sev-
eral regions of the brain including the preoptic area in male
newt, Taricha granulosa (Davis and Moore, 1996). The evi-
dence suggests that the preoptic area plays a important role
for courtship behavior. Thus, it is plausible that neural circuits
driving the courtship behavior become functional when both
the central nervous system and peripheral organs involved in
the behavior are activated by a combination of prolactin and
androgen. Although afferents to the M cell somata consist of
one of the important neural components, prolactin- or andro-
gen-induced neural connectivity to M cells itself seems to be
insufficient to fully evoke the courtship behavior.

Recent studies have provided evidence for hormonally-
induced structural alterations in neural circuitry driving repro-
ductive neuroendocrine and behavioral functions in adulthood
(Matsumoto, 1992). For example, in adult male rodents, an-
drogen has been reported to regulate somatic size (Breedlove
and Arnold, 1981), dendritic length (Kurz et al., 1986) and
afferent inputs to the androgen-sensitive motoneurons of the
spinal nucleus of the bulbocavernosus (Matsumoto et al.,
1988), which have an important role in male copulatory be-
havior. Estrogen has been shown to induce synaptogenesis
in completely deafferented (Matsumoto and Arai, 1979) or in-
tact hypothalamic arcuate nucleus (Garcia-Segura et al., 1986)
and in the hypothalamic ventromedial nucleus (Carrer and
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Aoki, 1982) in female rats. All of these regions have been
found to accumulate sex steroids (Pfaff and Keiner, 1973;
Breedlove and Arnold, 1980). The evidence indicates that brain
regions containing sex steroid-accumulating neurons in adult
animals possess a considerable plasticity in response to sex
steroids, and that sex steroids have the potential to stimulate
the growth of neuronal processes and remodel neural circuits
in the adult brain. The results of the present study indicate
that prolactin and androgen substantially contribute to the re-
organization of the neural circuits of adult M cells. It has not
yet been clarified whether the M cells of male newts contain
prolactin and/or androgen receptors. To understand how pro-
lactin or androgen influence the synaptic organization of M
cells, it will be important to determine the sites of hormone
actions.

Previous studies have suggested which kinds of neu-
rotransmitter may be contained in afferents to M cells in te-
leost. Electrophysiological studies revealed that iontophoretical
application of glycine or y-aminobutyric acid (GABA) induces
membrane conductance fluctuations in M cells (Faber and
Korn, 1980). The findings suggest that the M cells receives
glycinergic and GABAergic afferent inputs. Immunoreactive
GABA fibers have been observed closely surrounding the M
cells (Lee et al., 1993). Furthermore, the presence of glycine
receptors (Triller et al., 1990) and GABA, receptors (Sur et
al., 1995) in the M cells has been reported. In addition, axon
terminals containing immunoreactive serotonin (Mintz et al.,
1989; Gotow et al., 1990) and somatostatin colocalized with
GABA or glutamate (Sur et al., 1994) are known to make syn-
aptic contact with M cells. In urodeles, however, it has not yet
known which kinds of neurotransmitter are contained in affer-
ents to the M cells. The present study indicates that synaptic
inputs to the M cells can be regulated by prolactin, androgen
or both and that hormonally induced remodeling of neural
connectivity of the M cells seems to be functional. Further
studies are needed to determine the chemical identity of neu-
ronal inputs to the M cells which are affected by these hor-
mones.

ACKNOWLEDGMENTS

The present study was partially supported by grants from the
Ministry of Education, Science, Sports and Culture of Japan.

REFERENCES

Andreoletti GE, Malacarne G, Vellano C (1983) Androgen control of
male sex behavior in the crested newt ( Triturus cristatus carnifex
Laur.): Castration and sex steroid administration. Horm Behav
17:103-110

Arnold SJ (1976) Sexual behavior, sexual interference and sexual
defense in the salamanders Ambystoma maculatum, Ambystoma
tigrinum and Plethodon jordani. Z Tierpsychol 42: 247-300

Arnold SJ (1977) The evolution of courtship behavior in new world
salamanders with some comments on old world salamandrids.
In “Reproductive Biology of Amphibians” Ed by DH Taylor and S
Guttman, Plenum Press, New York, pp 141-183

Breedlove SM, Arnold AP (1980) Hormone accumulation in a sexu-



Hormones and Synaptic Plasticity 657

ally dimorphic motor nucleus of the rat spinal cord. Science 210:
564-566

Breedlove SM, Arnold AP (1981) Sexually dimorphic motor nucleus
in the rat lumbar spinal cord: response to adult hormone manipu-
lation, absence in androgen-insensitive rats. Brain Res 225: 297-
307

Carrer HF, Aoki A (1982) Ultrastructural changes in the hypothalamic
ventromedial nucleus of ovariectomized rats after estrogen treat-
ment. Brain Res 240: 221-233

Davis CA, Moore FL (1996) Neuroanatomical distribution of andro-
gen and estrogen receptor-immunoreactive cells in the brain of
the male roughskin newt. J Comp Neurol 372: 294-308

Faber D, Korn H (1980) Single-short channel activation accounts for
duration of inhibitory postsynaptic potentials in a central neuron.
Science 208: 612615

Garcia-Segura LM, Baetens D, Naftolin F(1986) Synaptic remodel-
ling in arcuate nucleus after injection of estradiol valerate in adult
female rats. Brain Res 366: 131-136

Gotow T, Triller A, Korn H (1990) Differential distribution of
serotoninergic inputs on the goldfish Mauthner cell. J Comp Neurol
292: 255-268

Grant Jr WC (1966) Endocrine induced courtship in three species of
European newts. Am Zool 6: 354

Halliday TR (1977) The courtship of European newts: An evolution-
ary perspective. In “The Reproductive Biology of Amphibians”
Ed by DH Taylor and SI Guttman, Plenum Press, New York, pp
185-232

Kikuyama S, Nakano R, Yasumasu | (1975) Synergistic action of pro-
lactin and androgen on the cloacal glands of the newt. Comp
Biochem Physiol (A) 51: 823-826

Kikuyama S, Yamamoto K, Seki T (1980) Prolactin and its role in
growth, metamorphosis and reproduction in amphibians. Gunma
Symp Endocrinol 17: 3-13

Kikuyama S, Seshimo H, Shirama K, Kato T, Noumura T (1986) In-
teraction of prolactin with sex steroid in oviduct and tail of newts,
Cynops pyrrhogaster. Zool Sci 3: 131-138

Kikuyama S, Toyoda F, Ohmiya Y, Matsuda K, Tanaka S, Hayashi H
(1995) Sodefrin: A female-attracting peptide pheromone in newt
cloacal glands. Science 267: 1643—-1645

Korn H, Faber DS, Triller A (1990) Convergence of morphological,
physiological, and immunocytochemical techniques for the study
of single Mauthner cells. In “Handbook of Chemical Neu-
roanatomy Vol 8: Analysis of Neuronal Microcircuits and Synap-
tic interactions” Ed by A Bjdrklund and T Hokfelt, Elsevier,
Amsterdam, pp 403—480

Kurz, EM, Sengelaub DR, Arnold AP (1986) Androgens regulate the
dendritic length of mammalian motoneurons in adulthood. Sci-
ence 232: 395-398

Lee RKK, Finger TE, Eaton RC (1993) GABAergic innervation of the
Mauthner cell and other reticulospinal neurons in the goldfish. J
Comp Neurol 338: 601611

Lofts B (1974) Reproduction. In “Physiology of the Amphibia II” Ed by
B Lofts, Academic Press, New York, pp 107-218

Malacarne G, Giacoma C (1980) Effects of lesions to the rostral pre-
optic area on courtship behavior in the male crested newt Triturus
cristatus carnifex (Laur.). Monit Zool ltal 14: 9-17

Malacarne G, Giacoma C, Vellano C, Mazzi V (1982) Prolactin and
sexual behavior in the crested newt (Triturus cristatus carnifex
Laur.). Gen Comp Endocrinoi 47: 139147

Matsuda K, Tanaka S, Yamamoto, K, Kikuyama S (1990) Annual
changes of plasma prolactin levels in the newt, Cynops
pyrrhogaster. Zool Sci 7: 1143

Matsumoto A (1992) Hormonally induced synaptic plasticity in the
adult neuroendocrine brain. Zool Sci 9: 679-695

Matsumoto A, Arai Y (1979) Synaptogenic effect of estrogen on the
hypothalamic arcuate nucleus of the adult female rat. Cell Tis-
sue Res 198: 427-433

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 08 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use

Matsumoto A, Micevych PE, Arnold AP (1988) Androgen regulates
synaptic input to motoneurons of the adult rat spinal cord. J
Neurosci 8: 4168-4176

Matsumoto A, Arai Y, Kouki T, Kikuyakma S (1995) Comparison of
Mauthner cell size in sexually developed and undeveloped male
red-bellied newts. J Neurobiol 28: 126-132

Mintz I, Gotow T, Triller A, Korn H (1989) Effect of serotonergic affer-
ents on quantal release at central inhibitory synapses. Science
245: 190-192

Moore FL, Zoeller RT (1979) Endocrine control of amphibian sexual
behavior: Evidence for a neurohormone-androgen interaction.
Horm Behav 13: 207-213

Moore FL (1987) Regulation of reproductive behaviors. In “Hormones
and Reproduction of Fishes, Amphibians, and Reptiles” Ed by
DO Norris and RE Jones, Plenum Press, New York, pp 505-522

Norris DO, Austin HB, Hijazi AS (1989} Induction of cloacal and der-
mal skin glands of tiger salamander larvae (Ambystoma tigniumy:
Effects of testosterone and prolactin. Gen Comp Endocrinol 73:
194-204

Ptaff DW, Keiner M (1973) Atlas of estradiol-concentrating cells in
the central nervous system of the female rats. J Comp Neurol
151:121-158

Salthe SN (1967) Courtship patterns and the phylogeny of the urode-
les. Copeia 1967: 100-117

Salthe SN, Mecham JS (1974) Reproduction and courtship patterns.
In “Physiology of the Amphibia II” Ed by B Lofts, Academic Press,
New York, pp 309-521

Singhas CA, Dent JN (1975) Hormonal control of the tail fin and of the
nuptial pads in the male red-spotted newt. Gen Comp Endocrinol
26: 382-393

Stefanelli A (1951) The mauthner apparatus in the ichthyopsida: Its
nature and function and correlated problems of neurohistogen-
esis. Q Rev Biol 26: 17-34

Sur C, Korn H, Triller A (1994) Colocalization of somatostatin with
GABA or glutamate in distinct afferent terminals presynaptic to
the mauthner cell. J Neurosci 14: 576-589

Sur C, McKernan R, Triller A (1995) GABA, receptor-like immunore-
activity in the goldfish brainstem with emphasis on the Mauthner
cell. Neuroscience 66: 697-706

Tanaka S, Takikawa H (1983) Seasonal changes in plasma testoster-
one and 5 a-dihydrotestosterone levels in the adult male newts,
Cynops pyrrhogaster pyrrhogaster. Endocrinol Japon 30: 1-6

Toyoda F, ito M, Tanaka S, Kikuyama S (1993) Hormonal induction
of male courtship behavior in the Japanese newt, Cynops
pyrrhogaster. Horm Behav 27: 511-522

Toyoda F, Tanaka S, Matsuda K, Kikuyama S (1994) Hormonal con-
trol of response to and secretion of sex attractants in Japanese
newts. Physiol Behav 55: 569-576

Toyoda F, Matsuda K, Yamamoto K, Kikuyama S (1996) Involvement
of endogenous prolactin in the expression of courtship behavior
in the newt, Cynops pyrrhogaster. Gen Comp Endocrinol 102:
191-196

Triller A, Seitanidou T, Franksson O, Korn H (1990) Size and shape
of glycine receptor clusters in a central neuron exhibit a somato-
dendritic gradient. New Biologist 2: 637~641

Tuchmann-Duplessis H (1949) Action de 'hormone gonadotrope et
lactogéne sur le comportment et les caractéres sexuels
secondaires du triton normal et castre. Arch Anat Microsc Morphot
Exp 38: 302-317

Vellano C, Mazzi V, Sacerdote M (1970) Tail height, a prolactin-de-
pendent ambisexual character in the newt (Triturus cristatus
carnifex Laur.). Gen Comp Endocrinol 14: 5635-541

Will U (1991) Amphibian Mauthner celis. Brain Behav Evol 37: 317-
332

(Received February 26, 1997 / Accepted April 11, 1997)



