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Under physiological conditions, the response of Xenopus 
laevis laryngeal muscle fibers to nerve stimulation is sex- 
ually differentiated; subthreshold potentials are common in 
males and rare in females. This sex difference in muscle 
fiber response is correlated with sex differences in vocal 
behavior. Quanta1 analyses at male and female laryngeal 
synapses were performed to determine if there is a sex 
difference in synaptic strength. Quanta1 content at laryn- 
geal synapses is significantly higher in females than in 
males. Values for quanta1 content in males can be in- 
creased by raising extracellular calcium concentration. 
There is no sex difference in miniature endplate potential 
amplitude suggesting that ACh receptor number or prop- 
erties are not different in the sexes. Sex differences in syn- 
aptic strength thus appear presynaptic in origin; transmit- 
ter release is less in males. Ultrastructural analyses of the 
laryngeal motor terminal indicate that there is no sex dif- 
ference in the length of active zones or in the number of 
channels per length of active zone. Thus, ultrastructural 
characteristics of the laryngeal motor terminal do not ac- 
count for the pronounced sex difference in quanta1 content. 

[Key words: active zones, frog, miniature endplate poten- 
tia/s, quanta/ content, synaptic strength, vocal behavior] 

Sex differences in connectivity between neurons and their tar- 
gets-other neurons or muscle fibers-are thought to underlie 
sex-typical behaviors. One way connections could differ is in 
the number of synapses mediating the behavior and there is ex- 
tensive evidence for sex differences in synaptic density, den- 
dritic extent, axonal branching and cell number (reviewed in 
Kelley, 1988). Another way connections in the sexes could differ 
is in the strength of synapses. However, it has been difficult to 
demonstrate sex differences in synaptic efficacy within the com- 
plex CNS circuits which control sex-typical behaviors. To in- 
vestigate this problem we have been studying a synapse which 
is both accessible and known to mediate a sexually differentiated 
behavior-the laryngeal neuromuscular synapse, the final effec- 
tor for vocal behavior in Xenopus laevis frogs. In this article we 
demonstrate a marked difference in synaptic strength at the la- 
ryngeal neuromuscular junction of males and females and pro- 
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vide evidence for a sex difference in transmitter release from 
the motor terminal. 

The vocal behavior of Xenopus laevis differs markedly in 
males and females. The male produces a courtship song of rapid, 
modulated trills to attract and excite females (Picker, 1983; 
Wetzel and Kelley, 1983). Females cannot produce courtship 
song (Hannigan and Kelley, 1986; Tobias and Kelley, 1987) but 
do produce a slower, unmodulated call which is used to repel 
males (Russell, 1954; Weintraub et al., 1985). Because sound 
production does not rely on air how in Xenopus (Yager, 1992), 
the vocal organ or larynx can be removed from the frog and 
actual vocalizations produced by stimulating the laryngeal nerve 
(Tobias and Kelley, 1987). We have identified several laryngeal 
characteristics, including muscle fiber number and twitch type, 
that contribute to the male’s ability to produce rapid and pro- 
longed trills (Watson and Kelley, 1992; Watson et al., 1993). 
The pronounced sex difference in the response of muscle fibers 
to nerve stimulation in isolated larynges suggests that the neu- 
romuscular synapse is another locus for mediating sex differ- 
ences in vocal behavior (Tobias and Kelley, 1987, 1988). Under 
physiological conditions, the majority of muscle fibers in male 
larynges generate subthreshold potentials in response to a single 
nerve stimulus. Action potentials in these fibers are only pro- 
duced following repetitive nerve stimulation. In contrast, the ma- 
jority of muscle fibers in female larynges generate an action 
potential in response to nerve stimulation, either single or re- 
petitive; no subthreshold potentials are observed in these fibers. 

The sex difference in the frequency of subthreshold potentials 
produced in response to nerve stimulation suggests a sex differ- 
ence in strength at the laryngeal neuromuscular synapse. To fur- 
ther characterize this sex difference, synaptic efficacy was ana- 
lyzed by measuring quanta1 content and miniature endplate 
potential amplitude at male and female laryngeal neuromuscular 
synapses. In addition, some ultrastructural characteristics of the 
motor terminal which could contribute to synaptic strength, ac- 
tive zone length and channel density, were examined. 

Materials and Methods 

Experimental preparation 
Adult (greater than 2 years of age) male and female frogs were obtained 
from Nasco Co. (Ft. Atkinson, WI). At this stage (PM6 of Tobias et al., 
1991b) body weights (bw) in males are >25 gm and laryngeal weights 
(Iw) >350 mg; corresponding values for females are >50 gm (bw) and 
150 mg (1~). Animals were maintained in polycarbonate tanks contain- 
ing dechlorinated water under a 12:12 (1ight:dark) cycle and fed frog 
brittle three times per week. 

All experiments were performed on isolated larynges (Tobias and 
Kelley, 1987). Intracellular recordings were typically obtained from fi- 
bers beneath the muscle surface and the endplate could not be visualized 
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during recordings. To ensure that cable properties and distance to the 
endplate did not account for differences in quanta1 measurements, input 
resistance and miniature endplate potential (mepp) rise time were mea- 
sured. Acetylcholinesterase histochemistry and bungarotoxin staining 
revealed an intense band of endplates located medially within the larynx 
(data not shown); the electrode was directed toward this region and 
with experience synaptic potentials could be recorded readily suggesting 
proximity to a synapse. 

Quanta] content measurements were obtained in low calcium, high 
magnesium saline to prevent action potential production in female fi- 
bers. Mepp amplitude was measured in high calcium or sucrose saline 
to increase mepp frequency. Because of experimental difficulties im- 
posed by changing saline, quanta1 content and mepps were not obtained 
from the same muscle fiber. Instead, populations of fibers from each 
sex were analyzed and compared using two-tailed, unpaired t tests (N 
= number of synapses). 

Electrophysiology 

Quanta1 content. Frogs were deeply anesthetized by immersion in 0. I % 
MS222 (ethyl m amino benzoate methane sulfonic acid, Aldrich). La- 
rynges were removed and bathed in normal frog saline (116 mM NaCl, 
2 mM KCI, 2.5 mM CaCI,, 3.0 mM MgCl,, 27.7 mM dextrose, 4 mM 
HEPES buffer). The laryngeal nerve was stimulated and laryngeal mus- 
cle contractions evoked in female larynges bathed in normal saline. The 
Ca’+ ion concentration was then lowered and the Mg2+ ion concentra- 
tion was raised until laryngeal muscle contractions were no longer vis- 
ible. This concentration (105 mu NaCl, 2 mu KCl, 0.5 mu CaCl,, and 
5 mM MgCI?) was then used for measurements of quanta] content (m) 
at 29 male and 21 female synapses (9 male and 12 female frogs were 
used). The NaCl concentration was adjusted to maintain osmolarity in 
all salines in which Ca*+ or Mg *+ ion concentration was changed. La- 
ryngeal muscle fibers were impaled with glass microelectrodes, 25540 
MI1 resistance. A failure analysis (Del Castillo and Katz, 1954) was 
used to estimate quanta1 content. The laryngeal nerve was stimulated 
at 3 set intervals (see Tobias and Kelley, 1988, for details) and the 
proportion of postsynaptic potential (psp) failures was determined 
(number of trials per synapse ranged from 50 to 185). Quanta1 content 
was calculated as In (total # of trials/# of failures). The significance of 
differences in quanta] content at male and female neuromuscular syn- 
apses was evaluated with an unpaired, two-tailed t test; all values given 
are means ? standard deviations. Quanta1 content was also determined 
for 13 male synapses (5 male frogs were used) at the ion concentration 
which just blocks visible muscle contractions in male larynges (1.5 mM 
CaCl,, 4 mM MgCl,); these data were compared with measurements 
obtained from males tested in 0.5 mM CaCI,, 5.0 mM MgCl, using an 
unpaired, two-tailed f test. Quanta1 content for females cannot be de- 
termined under these ion conditions because stimulation of the laryngeal 
nerve produces muscle action potentials. 

Mepp amplitude. Mepp frequency is very low under physiological 
conditions. Measurements of mepp amplitude were thus obtained from 
preparations in high calcium (15 mM) or sucrose (0.25 M) saline. At 
0.25 M sucrose or I5 mM calcium, mepp frequency is between 0.3 and 
1 Hz and individual mepps are readily distinguished. Mepp amplitude 
and input resistance were measured in both saline conditions; mepp rise 
times were measured in high calcium saline only. A muscle fiber was 
impaled and any electrical activity recorded. If there was no sponta- 
neous activity after two minutes, the electrode was moved to a new 
position. Mepp amplitude, measured to the nearest 0.5 mV directly from 
the storage oscilloscope, was recorded at 25 male and 17 female laryn- 
geal neuromuscular junctions from 14 male and 12 female frogs. The 
number of mepps recorded at each synapse ranged from 20 to 70; means 
for each synapse were compared in males and females using an un- 
paired, two-tailed r test (N = number of synapses). The frequency of 
mepp amplitude classes in 0.5 mV intervals was also computed across 
male and female synapses; a frequency plot was constructed and the 
mean and standard deviation for each amplitude class compared. 

Mepp rise time. To ensure that there was no consistent sex difference 
in the distance between the endplate and the recording electrode, mepp 
rise time was measured in a subset of fibers used for measurements of 
mepp amplitude. Spontaneous activity from these fibers (five male and 
five female) recorded in 15 mM calcium were stored on tape (Vetter, 
model B) and subsequently transferred to a computer for analysis (Mac- 
intosh IIcx, SUPERSCOPE II software). The time from baseline to peak 
amplitude was measured for 10 mepps from each synapse (100 mepps 
total). An one-way ANOVA with repeated measures was used to de- 

termine the effect of sex. A correlation coefficient between mepp am- 
plitude and mepp rise time was also determined. 

Input resistance. Because a fiber’s input resistance can influence both 
the detection of evoked potentials and measurements of mepp ampli- 
tude, measurements of input resistance were obtained in a subset of 
fibers from which quanta1 content (10 females, 13 males) or mepp am- 
plitude (6 females, 12 males) had also been obtained. The electrode 
resistance was measured in saline prior to impaling a fiber. Once a fiber 
was impaled, current pulses, 5 msec in duration, were passed through 
the electrode and the resulting voltage change measured directly from 
a storage oscilloscope. Each fiber was stimulated with five current puls- 
es; range of stimulus strengths for all fibers varied from - 1 .OnA to 
+0.7nA. The slope of the current/voltage curve was used to calculate 
total resistance; input resistance was calculated by subtracting the elec- 
trode resistance from the total resistance. An unpaired, two-tailed t test 
was used to determine whether input resistance differs in the sexes (N 
= number of fibers). 

Active zone morphology 

Freeze fracture microscopy was used to examine release sites in the 
presynaptic terminal of male and female laryngeal neuromuscular junc- 
tions. Nine male and nine female frogs were perfused with normal frog 
saline followed by 2 or 4% paraformaldehyde/2% glutaraldehyde in 0.1 
M phosphate buffered saline. Laryngeal muscle was dissected into small 
bundles of fibers, slowly equilibrated in 30% glycerol, placed on brass- 
mesh specimen supports and quickly frozen in liquid Freon 12. Tissue 
was fractured at - 150°C and was replicated at - 103°C on a freeze etch 
device (Balzer). Replicas were prepared with a platinum-carbon gun 
and examined with an electron microscope (JEOL 1OOCX). Stereo pairs 
were produced by tilting sections at angles ranging from + 10” to - 10” 
and were used to insure that only flat regions of membrane were used 
for analysis of active zone length (80 female, 78 male) and density of 
intramembranous particles (IS female, 11 male). Photographs of each 
fractured endplate were taken and the active zones traced and measured 
with a bit pad (Sigma Scan, Jandel Scientific). An active zone was 
defined by the presence of two apposed rows of intramembranous par- 
ticles (Dreyer et al., 1973; see Fig. 4B,D); three measurements were 
taken of each active zone and the mean used to define length. In laryn- 
geal terminals, active zones occur in linear arrays that are frequently 
interrupted by stretches of membrane without intramembranous parti- 
cles. If rows of intramembranous particles were interrupted by >50 nm, 
these were considered separate active zones (Pumplin, 1983). The num- 
ber of intramembranous particles associated with an active zone was 
counted in preparations in which the particles were clearly visible; the 
number of particles in one row on one side of an active zone was 
determined. Unpaired, two-tailed r tests were used to evaluate the sig- 
nificance of differences in these measurements between males and fe- 
males (N = number of active zones). 

Results and Specific Discussion 

Sex differences in synaptic strength 

In physiological saline (containing 2.5 mM CaCl,, 3.0 mM 

MgCl,), nerve evoked responses are suprathreshold in female 
and subthreshold in male laryngeal muscle fibers (Tobias and 
Kelley, 1988). In order to compare quanta1 content in male and 
female laryngeal muscle fibers under the same ion conditions, 
synaptic transmission was depressed by lowering the calcium 
and raising the magnesium ion concentrations until visible mus- 
cle contractions were prevented in both sexes. While determin- 
ing these ion concentrations, we noted that considerably more 
stringent ion conditions (lower calcium, higher magnesium) 
were needed to prevent muscle contractions at female (0.5 mM 
CaCI,, 5.0 mM MgCl,) than at male (1.5 mM CaCl,, 4.0 mM 
MgCl,) synapses. Intracellular recordings revealed that action 
potentials were never produced under ion conditions that prevent 
visible muscle contractions. These observations provide further 
evidence that there is a sex difference in synaptic strength and 
suggest that this difference is calcium dependent. 

Quanta1 content (m), the mean number of quanta released in 
response to nerve depolarization, was estimated using an anal- 
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Figure I. Quanta1 content is higher at female than at male laryngeal synapses. A, Muscle fiber responses, postsynaptic potentials and failures, at 
a female and a male laryngeal neuromuscular synapse. The number of failures is larger and the end-plate potential is smaller in males. Calibration: 
10 mV, 5 msec. B, Values for quanta1 content [In (# of trials/# of failures)] are shown for 21 female and 29 male synapses. C, Quanta1 content as 
a function of input resistance for a subset of the fibers shown in B, There is no sex difference in input resistance. 

ysis of failures. The ion concentration which prevents nerve 
evoked muscle action potentials in female larynx (0.5 mM CaCl,, 
5.0 tnM MgCl,) was used to measure quanta1 content at male 
and female synapses. Examples of muscle responses to nerve 
stimulation are illustrated in Figure IA. While the amplitude of 
the evoked psp varies in both sexes, psp amplitude is typically 
smaller in males. Failures are readily distinguished from small 
responses. The proportion of failures is greater at male than at 
female synapses. Quanta1 content values (Fig. 1B) are consis- 
tently higher at female than at male laryngeal synapses (female 
mean m = 1.90 t 0.8, male mean m = 0.45 k 0.3,~ <.OOOl). 

Because quanta1 content might be influenced by fiber input 

resistance, we obtained both measurements in a subset of fibers 
(Fig. 1C). Input resistance measured from 10 female and 13 
male fibers did not reveal a significant sex difference (female 
mean = 25.7 * 23.8, male mean = 15.2 + 10.3; p = 0.15). 
For these same fibers, quanta1 content is significantly different 
in the sexes (p < 0.0001; female mean = 2.3 + 1.0, male mean 
= 0.4 ? 0.4). Male and female fibers with similar input resis- 
tances had markedly different quanta1 contents while fibers with 
similar quanta1 contents, that is, from the same sex, had mark- 
edly different input resistances. Thus, it is unlikely that differ- 
ences in input resistance contribute to the observed sex differ- 
ence in quanta1 content. 
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Figure 2. Quanta1 content in male larynx is dependent on calcium and 
magnesium ion concentrations. A, Distribution of quanta1 content values 
obtained in 0.5 mM Ca2+/5.0 mM Mg2+ saline (from Fig. 1). B, Distri- 
bution of quanta1 content values obtained in 1.5 mM Ca2+/4.0 mu Mg*+ 
(the ion concentration required to block action potentials and contrac- 
tions in male laryngeal muscle). Quanta1 content is significantly in- 
creased in higher Ca*+/lower Mg*+ saline. 

Measurements of m were also obtained for male laryngeal 
synapses at the ion concentration which just prevents action po- 
tentials in this sex (1.5 mM CaCl,, 4.0 mM MgCl,) and compared 
(Fig. 2B) to values obtained at the ion concentration which just 
blocks action potentials in females (0.5 mM CaCl,, 5.0 mM 
MgCl,; Fig. 2A). Quanta1 content could not be measured in fe- 
males under the former ion conditions because muscle responses 
are suprathreshold. Raising the calcium and lowering the mag- 
nesium concentration decreases the number of synaptic failures 
and thus significantly increases quanta1 content at male laryngeal 
neuromuscular junctions (1.7 Z!Z 0.6 vs 0.45 ? 0.3; p < 0.0005). 
Values for quanta1 content are more broadly distributed under 
less stringent ion conditions revealing an underlying variability 
in synaptic strength not apparent at lower calcium concentra- 
tions. 

We conclude that quanta1 content is significantly less at male 
than at female neuromuscular synapses when measured under 
the same ion conditions. Since females generate action potentials 
and males generate subthreshold potentials in physiological sa- 

line (Tobias and Kelley, 1988), we presume that quanta1 content 
is also lower in males under physiological conditions. 

The sex difference in quanta1 content suggests that transmitter 
release from the presynaptic terminal contributes to sex differ- 
ences in synaptic efficacy. However, these results do not exclude 
an alternative possibility, that the more frequent synaptic failures 
of males reflect a sex difference in postsynaptic properties such 
as number or conductance properties of acetylcholine receptors. 
A sex difference in such postsynaptic receptor characteristics 
should be accompanied by a sex difference in the amplitude of 
postsynaptic responses to spontaneously secreted transmitter or 
miniature endplate potentials. Neither the size of individual 
mepps (Fig. 3A), nor the distribution of mepp amplitudes at in- 
dividual synapses (Fig. 3B), differed in males and females. 
Mepp amplitude is normally distributed although the mean and 
range of amplitudes varies between synapses (Fig. 3B). Mean 
mepp amplitude at each synapse is shown (Fig. 3C); there is no 
significant sex difference in mean mepp amplitude (males = 1.1 
& 0.6 mV, females = 1.8 + 1.2 mV, p > 0.1). Because input 

resistance can influence measurements of mepp amplitude, input 
resistance was measured in 12 male and 6 female fibers in which 
mepp amplitudes were also recorded (Fig. 30). There is no sex 
difference in input resistance of these fibers (male = 21.8 & 
12, female = 20.8 & 9; p > 0.9). Mepp amplitude is similar in 
fibers with markedly different input resistances for both sexes. 
The frequency distribution of mepp amplitudes averaged across 
male and female synapses was analyzed (Fig. 3E). The relative 
proportion of mepp amplitudes does not differ in males and fe- 
males; the mean frequency of each mepp amplitude class falls 
within 1 SD of the mean for the other sex. 

Mepp amplitude is also influenced by the distance between 
the synapse and the recording electrode; the further from the 
synapse the smaller the amplitude and the longer the rise time. 
Thus, mepp rise time was measured to insure that there was no 
consistent sex difference in recording distance from the synapse. 
The mean rise time for an experiment varies in both sexes; the 
range of rise times for females is from 1.0 * 0.2 msec to 1.7 
+ 0.1 msec and for males is from 1.2 + 0.5 msec to 2.1 -L 
0.7 msec. An ANOVA indicates that there is no significant dif- 
ference in mean rise time between the sexes (female mean = 
1.4 + 0.3, male mean = 1.6 t 0.4; p > 0.3). The correlation 
between rise time and amplitude is 0.2 for both sexes suggesting 
that the variability in recording distance does not strongly affect 
mepp amplitude measurements. Taken together, these data in- 
dicate that there is no measurable sex difference in mepp am- 
plitude at laryngeal synapses. Thus, sex differences in postsyn- 
aptic receptor characteristics do not account for sex differences 
in quanta1 content. 

Active zone morphology at male and female laryngeal motor 
terminals 

Our analyses suggest that sex differences in synaptic efficacy 
result from sex differences in transmitter release at the motor 
terminal. Transmitter release occurs via vesicle fusion at spe- 
cialized presynaptic sites termed active zones. The active zone 
is closely associated with intramembranous particles believed to 
be the calcium channels required for vesicle fusion (Pumplin et 
al., 1981). Longer active zones could influence transmitter re- 
lease by providing more sites for vesicle fusion. The density of 
putative calcium channels could influence intracellular calcium 
levels and thus affect transmitter release. We have therefore ex- 
amined presynaptic terminals of laryngeal motor neurons for 
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Figure 3. Miniature end-plate potential amplitudes from female and male laryngeal synapses are not different. A, Representative mepps recorded 
at a female and a male synapse. Calibration: 5 mV, 5 msec. B, The distribution of mepp amplitudes recorded from three female and three male 
synapses. Mepp amplitude is normally distributed and similar in the sexes. C, Comparison of mean mepp amplitudes at all male and female 
synapses. There is no significant sex difference in mean mepp amplitude. D, Input resistance vs mepp amplitude in a subset of fibers shown in C; 
there is no significant difference in input resistance. E, Frequency distribution of mepp amplitudes from male and female laryngeal synapses. The 
mean and SD of values for each amplitude class were obtained separately for males and females; values for males and females fall within 1 SD 
of each other at all amplitudes and thus did not differ significantly. 

possible sex differences in active zone length and density of (Fig. 4). Under favorable circumstances, sites of vesicle fusion 
intramembranous particles. at the active zone are observed (Fig. 4B). Active zones are fre- 

The active zone and its associated channels can be visualized quently organized in linear arrays parallel to the transverse axis 
in freeze fracture replicas of male and female motor terminals of the motor terminal. Because the plane of fracture is random, 
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Figure 4. Freeze fracture images from a male and a female laryngeal motor terminal. Lower magnification micrographs of active zones in the 
female (A) and male (C); active zones are arranged perpendicular to the length of the terminal. Active zones are arranged in linear arrays (C, I- 
3) opposite a junctional fold. Higher magnification micrographs of the female (B) and the male (D) fractures. At this magnification the double rows 
of intramembranous particles (nrrowheads) are clearly visible. In some fractures (B), larger particles represent sites of synaptic vesicle fusion with 
the membrane. Scale bars, 0.5 km. 

replicas more frequently included only a portion of the motor 4B, 5) but there is no sex difference in mean active zone length 
terminal (Fig. 4C) rather than the entire width (Fig. 4A). The (females = 0.28 k 0.15 pm; males = 0.24 -+ 0.12 pm; p > 
distribution of lengths for 78 male and 80 female active zone is 0.2). The density of intramembranous particles at 11 male and 
shown (Fig. 5). Active zone length is highly variable although 18 female active zones was determined by counting the number 
most active zones are short (mean = 0.26 km). Longer active in one row of the doublet and dividing by the active zone length. 
zones (>0.3 pm) are more frequently found in females (Figs. Particle number/km active zone is not significantly different be- 
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Figure 5. Frequency distribution of active zone lengths in male and 
female laryngeal motor terminals. There is no significant sex difference 
in mean active zone length. The frequency of longer active zones is 
slightly greater in female terminals. 

tween the sexes (female = 56.5 ? 15.8, male = 58.3 2 8.3; p 
> 0.7). We conclude that neither active zone length nor the 
density of channels associated with the active zone is sexually 
dimorphic at the laryngeal neuromuscular synapse and thus nei- 
ther contributes to the observed sex difference in quanta1 con- 
tent. 

Discussion 

Sex differences in synaptic eficacy are controlled 
presynaptically 
We have demonstrated a marked sex difference in the strength 
of synapses formed by laryngeal motor neurons on their target 
muscle fibers. This sex difference is apparent at physiological 
calcium and magnesium levels and accounts for the high fre- 
quency of subthreshold synaptic potentials at male laryngeal 
synapses (Tobias and Kelley, 1988). The data presented here 
strongly suggest that sex differences in synaptic strength are 
presynaptic in origin. Quanta1 content, the mean number of 
quanta released in response to depolarization of the presynaptic 
membrane, is less in males than in females. Transmitter release 

is calcium dependent and quanta1 content at the laryngeal syn- 
apse is affected by extracellular calcium. Further, there is no sex 
difference in the amplitude of miniature endplate potentials; a 
difference would be expected if the conductance or number of 
ACh-activated channels differed in males and females. Although 
there is clearly a presynaptic contribution to sex differences in 
synaptic strength at the laryngeal neuromuscular junction, we do 
not rule out additional postsynaptic components. A postsynaptic 
mechanism has been postulated to account for the sex difference 
in electric organ discharge exhibited by the weakly electric fish, 
Sternopygus (Zakon, 1993). Discharge frequency is regulated by 
electrocyte action potential duration; the underlying mechanism 
appears to be a sex difference in sodium channel kinetics (Fen-at-i 
and Zakon, 1993). 

The quanta1 analyses suggest that the underlying mechanisms 
for a sex difference in synaptic strength involve the regulation 
of transmitter release. One possible site for regulation could be 
the locus of synaptic vesicle fusion with the membrane, the ac- 
tive zone, in which case we might expect to observe a morpho- 
logical difference in presynaptic terminals on male and female 
laryngeal muscle. Reduced transmitter release seen during de- 
velopment or produced by nerve damage is associated with 
shorter active zone segments (Ko, 1981, 1984, 1985). Changes 
in active zone length have also been shown to accompany simple 
learned behaviors; active zone length is increased following 
long-term sensitization and decreased following long-term ha- 
bituation (Bailey and Chen, 1989). In Rana pipiens, synapses on 
cutaneous pectoris have been shown to be more effective than 
those on cutaneous dorsi (Banner and Herrera, 1986); at the less 
efficacious synapse, active zone length per unit terminal is short- 
er (Propst et al., 1986). In contrast to these studies, however, our 
ultrastructural analyses in Xenopus larynx revealed no sex dif- 
ferences in active zone length. 

Another way in which sex differences in transmitter release 
might be produced is via regulation of the number of calcium 
and/or calcium dependent potassium channels in the presynaptic 
terminal. The calcium channels at the Xenopus laryngeal syn- 
apse are probably the N-type specific to neurons (Tsien et al., 
1988) as these are present at synapses on other Xenopus muscles 
(Cohen et al., 1991) and have been shown to influence trans- 
mitter release at Rana cutaneous pectoris synapses (Robitaille et 
al., 1990). Calcium dependent potassium channels also affect 
transmitter release (Robitaille and Charlton, 1992) and have 
been shown to colocalize with calcium channels at the frog neu- 
romuscular junction (Robitaille et al., 1993). Our data suggest 
that the number of channels/pm active zone is similar in the 
sexes. Studies on cutaneous pectoris and dorsi also revealed no 
difference in active zone intramembranous particle density be- 
tween more and less efficacious synapses (Propst et al., 1986). 
Because freeze fracture does not distinguish between calcium 
and potassium channels, we cannot exclude the possibility that 
differences in the relative numbers of channel types accompany 
differences in synaptic efficacy. Additional points of regulation 
which could produce sex differences in transmitter release in- 
clude calcium channel kinetics and characteristics of proteins 
involved in synaptic vesicle mobilization and fusion (reviewed 
in Greengard et al., 1993; Popov and Poo, 1993). 

Organizing a sexually dimorphic circuitry 

The presence of certain profound structural and functional sex 
differences in the CNS is strongly correlated with sexually dif- 
ferentiated features of behavior. For the most part, research has 
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concentrated on experimental systems in which males perform 
behaviors that females do not. Certain brain nuclei implicated in 
the control of such behaviors are larger in volume, often with 
more cells and enriched synaptic neuropil (reviewed in Kelley, 
1988; Breedlove, 1992). In extreme cases, such as the motor 
nucleus (SNB) innervating the levator ani/bulbocavernosus mus- 
cles of male rats or the telencephalic nucleus X of song birds, 
a structure that is robust in the male is barely detectable in the 
female. The origin of the dramatic sex difference in the SNB 
probably results from androgen regulated prevention of onto- 
genetic cell death in males (reviewed in Forger et al., 1992). 

The sex differences that characterize the vocal system of X. 
laevis are not as extreme as those of the rat levator ani/bulbo- 
cavernosus system. For example, while the number of laryngeal 
motor neurons and muscle fibers is greater in males (Kelley and 
Dennison, 1990; Marin et al., 1990), in X. la&s both sexes 
maintain the vocal organ into adulthood and both use laryngeal 
motor neurons and muscles to effect social communication. The 
way the vocal neuromuscular system functions in adult males 
and females is, however, quite different. A major goal of this 
study was to determine the cellular property which accounts for 
the sex difference in synaptic strength. The present results sug- 
gest that the different functional characteristics of male and fe- 
male laryngeal synapses are achieved via regulation of trans- 
mitter release. The next goal is to determine how transmitter 
release is hormonally regulated. We have shown that cell num- 
bers in the laryngeal neuromuscular system are controlled by 
androgen secretion during late tadpole and early postmetamorph- 
ic development (Marin et al., 1990; Robertson et al., 1994). An- 
drogenic steroids are also good candidates for control of synaptic 
efficacy in adults and have been shown to reduce synaptic ef- 
ficacy at another androgen-sensitive synapse-on “clasper” 
muscles-in Xenopus luevis (Nagaya and Herrera, 1991). In the 
levator ani of developing male rats, results of experiments using 
muscle twitch tension in depleted calcium saline to estimate syn- 
aptic efficacy suggest that androgen lowers synaptic strength at 
some developmental stages (Jordan et al., 1992). 

Weak vocul synupses are required for attractive songs 

The songs used by male Xenopus laevis to attract females are 
amplitude modulated trills (Picker, 1983; Wetzel and Kelley, 
1983). To determine whether amplitude modulation is essential 
for the attractive quality of the call, we presented females with 
a choice between normal, modulated songs and those in which 
amplitude modulation had been removed from the fast trill por- 
tion; females clearly preferred modulated to unmodulated songs 
(Tobias et al., 1991a). The gradually increasing loudness of the 
fast trill accompanies the progressive recruitment of laryngeal 
muscle fibers that occurs in response to repetitive nerve stimu- 
lation (Tobias and Kelley, 1987). We have postulated that fiber 
recruitment relies on facilitation of weak male neuromuscular 
synapses (Tobias and Kelley, 1988). Presumably, males with 
strong vocal synapses could not produce amplitude modulated 
songs. 

The quality of song (i.e., degree of amplitude modulation) 
could serve as an indication of the reproductive status of the 
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