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Abstract

We exposed groups of adult male green treefrogs, Hyla cine-
rea, to acoustic stimuli (natural chorus or random tones) for
seven consecutive nights at three time points during their
natural breeding season (May, July, and September) and as-
sessed seasonal changes in plasma androgen levels and
number of arginine vasotocin (AVT) immunoreactive cells in
the brain over this time period. We also tested whether social
cues altered either androgens or AVT-ir cell number or size
at each time point. Finally, we analyzed how these factors
related to calling behavior. Data were collected over two
breeding seasons. Call rate (calls/h) was assessed during the
stimulus time (i.e. ‘evoked calling’) and during the remainder
of the day (‘spontaneous calling’). Plasma hormone levels
were measured at the end of the acoustic treatment when
brains were collected forimmunocytochemistry. Circulating
androgen levels declined over the breeding season. Males
exposed to chorus sounds, however, had higher androgen
levels than males exposed to tones. AVT-ir cell number in-
creased across the breeding season in the nucleus accum-
bens but not the amygdala, anterior preoptic area, or mag-

nocellular preoptic area, and soma size decreased in the nu-
cleusaccumbensas cellnumberincreased. Social stimulation
had no significant influence on either AVT-ir cell measure.
Evoked call rate was higher in males exposed to natural cho-
rus sounds compared to those exposed to random tones,
but did not change during the season. In contrast, spontane-
ous call rate was higher at the beginning of the breeding
season compared to the end, and unlike evoked calling was
correlated with circulating androgen levels across all treat-
ments and time points. AVT-ir soma size was positively cor-
related with both evoked and spontaneous calling. These
results suggest that social exposure can prolong the eleva-
tion of gonadal hormones in the bloodstream, thus mitigat-
ing or slowing the seasonal decline of such hormones. In
contrast, social exposure does not affect the seasonal pat-
tern of AVT-ir cell number or soma size. The reciprocal rela-
tionship between social cues and hormones and the subse-
quent effect on behavior may provide hidden benefits to
animals engaging in social interactions. However, unlike ste-
roid hormone levels, the seasonal change in AVT-ir cell num-
ber and size is not counteracted by social stimulation.
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Introduction

Courtship behaviors in many vertebrates vary season-
ally and are gated by circulating gonadal steroids that
may be regulated by environmental cues or intrinsic pro-
cesses. They are also influenced by brain neuromodula-
tors that may themselves be regulated by these same cues
as well as by circulating steroid hormones. Seasonal pat-
terns in gonadal steroid hormones have been the subject
of numerous studies in many vertebrates. Animals that
restrict their breeding patterns to certain times of the
year have higher reproductive hormones at that time
compared to the nonbreeding period [Smith et al., 1997;
Tokarz et al., 1998], though other examples of hormone
cycles during the breeding period exist [Woolley et al.,
2004]. Evidence exists across numerous vertebrate taxa
that in males, androgens - specifically testosterone -
fluctuate on a circannual basis in seasonally breeding an-
imals [Licht, 1971; Licht et al., 1983; Zoeller and Moore,
1985; Gobretti et al., 1991; Herman, 1992; Smith et al.,
1997; Tokarz et al., 1998; O’Bryant and Wade, 1999, 2002;
Holmes and Wade, 2004], presumably stimulating sea-
sonally relevant social behaviors. The spike of testoster-
one in plasma follows the start of spermatogenesis and
gonadal recrudescence [Licht, 1967, 1971; Delgado et al.,
1992], and typically precedes androgen-dependent repro-
ductive behaviors [Crews, 1980].

Another important exogenous cue which affects re-
productive hormones is the perception of social signals.
Although the relationship between circulating gonadal
hormones and the production of social behavior is well
documented [Arnold, 1975; Crews et al., 1978; Adkins
and Schlesinger, 1979; Lindzey and Crews, 1986; Rudd et
al., 1996; Stacey and Kobayashi, 1996; Riters et al., 1998;
Tokarz et al., 2002], the reciprocal idea that social cues
can affect gonadal hormones is also true [Oliveira et al.,
1996; Soma et al., 1996; Borges et al., 1998]. In anurans,
perceiving conspecific auditory signals leads to a rise in
gonadal steroid hormones in both males [Burmeister
and Wilczynski, 2000; Chu and Wilczynski, 2001] and
females [Lynch and Wilczynski, 2006]. A similar effect is
seen in birds [Tramontin et al., 1999]. Engaging in other
types of social interactions can also produce increases in
gonadal and stress hormones in anurans [Orchinik et al.,
1988]. How social cues are transduced in the brain and
interact with the hormonal machinery has received much
attention over the years. Numerous electrical stimulation
and hormone implant studies have implicated the preop-
tic area (POA) of the forebrain in the control of male
courtship behavior including auditory processing of vo-
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calizations in many anurans [Schmidt, 1968; Wada and
Gorbman, 1977a, b]. Retrograde tracer injections into the
POA of Hyla cinerea demonstrate that projections from
auditory thalamic nuclei innervate the POA [Allison and
Wilczynski, 1991]. The ventral hypothalamus is also in-
volved in auditory processing [Wilczynski and Allison,
1989; Allison and Wilczynski, 1991], and receives input
from thalamic regions as well as from the POA, the lat-
eral amygdala, and the suprachiasmatic nucleus, among
others [Allison and Wilczynski, 1994]. These results from
H. cinerea suggest that input from auditory nuclei to the
basal forebrain structures that concentrate sex hormones
[Kelley et al., 1975, 1978] might be a way in which hor-
monal state, social signals, and environmental cues com-
bine to influence reproductive behaviors [see Schmidt,
1983; Wilczynski et al., 1993].

Arginine vasotocin (AVT), and its mammalian ho-
molog vasopressin (AVP), is a nonapeptide that acts as a
brain neuromodulator in addition to a peripherally act-
ing hormone. AVT/AVP populations in the accumbens
and amygdala areas of vertebrates have been implicated
in the regulation of social behavior, particularly in males,
where AVT/AVP stimulates male signaling and has com-
plicated species- and context-dependent effects on social
aggression [Goodson and Bass, 2001; Goodson, 2008; Ka-
belik et al., 2008]. In anuran amphibians, elevating AVT
levels increases calling in males [Boyd, 1994; Marler et al.,
1995; Chu et al., 1998; Klomberg and Marler, 2000; Bur-
meister et al., 2001; Trainor et al., 2003; Kime et al., 2007;
Hattori and Wilczynski, 2009]. Compared to gonadal ste-
roids, there is relatively little work done on circannual
changes or other seasonal changes in brain AVT/AVP
measures. Work on AVT in fish suggests that AVT ex-
pression and/or activity co-varies with the spawning sea-
son, although different measures in different species give
different results. HPLC measurements of AVT content in
salmon neural tissue show AVT levels to be lower in the
non-breeding winter period compared to summer [Goz-
dowska et al., 2006]. Maruska et al. [2007] assayed AVT
cellnumber and size and reported instead that both num-
ber and size in females, and size in males, was larger in
the nonspawning period than the spawning period in
halfspotted gobies. In males across many species, brain
AVT/AVP levels increase with testosterone [Goodson and
Bass, 2001; DeVries and Panzica, 2006; Kabelik et al.,
2008], although exceptions can be found [Semsar and
Godwin, 2003; Kabelik et al., 2010].

In this study, we examined the effects of social stimu-
lation across the natural breeding season of the green
treefrog, H. cinerea. This species belongs to the anuran

O’Bryant/Wilczynski



order of amphibians (frogs and toads) and populates the
southeastern United States. The breeding period lasts
about 2-4 months, and their mating system resembles a
lek like that seen in many frogs as well as some birds and
mammals. Males aggregate in choruses and emit vocal-
izations, advertisement calls, to attract females [see Ger-
hardt and Bee, 2007, for a review of behavior in this and
other anurans]. The advertisement call also functions in
male-to-male interactions to trigger antiphonal calling as
well as regulate some aspects of chorus spatial organi-
zation such as inter-male spacing [Wilczynski and Bre-
nowitz, 1988; Brenowitz, 1989]. Females, on the other
hand, do not call but rather approach and contact calling
males. Their mate choice is dependent on reception of the
male’s call. Because male calling in this species is season-
al and modulated by both gonadal steroids and AV'T, we
investigated how both androgens and AVT vary across
the breeding season.

Materials and Methods

Animals

Adult male green treefrogs (H. cinerea) were purchased from
Charles Sullivan, Co. (Nashville, Tenn., USA) and NASCO (Fort
Atkinson, Wisc., USA) in 2003 and 2004. Prior to experimental
treatment animals were housed in 10-gallon aquaria with an aver-
age of six frogs per cage, containing a 3 X 5 inch (approx. 7.5 X
12.5 cm) Tupperware container filled with treated water, and ar-
tificial foliage. The amount of time animals were kept in the lab
prior to treatment varied from 2-9 weeks, but not between acous-
tic treatment group or time of breeding season in which groups
were compared. Animals were fed live crickets dusted with Repti
Calcium (Fluker Farms) twice a week. The light cycle (14 h light,
10 h dark) and temperature (23-30°C) were kept constant
throughout the experiment. Behavioral treatment began 2-9
weeks after arrival in the laboratory. All procedures were ap-
proved by the University of Texas Institutional Animal Care and
Use Committee.

Acoustic Treatment

Adult males were exposed to acoustic stimuli during three
time points: two points during the breeding season, early (May)
and middle (July), and one period soon after the breeding period
normally ends (September). Males were removed from the lab col-
ony and housed individually in an acoustically sealed chamber
which contained an upper and lower compartment separated by
a screen (internal dimensions of entire chamber = 14 X 14 X 20
cm). The upper portion held a speaker (Radioshack 277-1008C), a
small microphone, and a 1.4-W fluorescent light (Super Lite ML-
100 UEI2). The lower portion of the chamber, in which the frog
was placed, contained a small Tupperware container filled with
water, small rocks, and artificial foliage. The experimental ani-
mals were fed crickets inside the chamber twice a week.

Animals were exposed to either a recording of a natural chorus
or random pure tones as a positive control. Acoustic exposure oc-
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curred between 21:30 h and 02:30 h (typical of a breeding chorus)
on 7 consecutive nights. The natural chorus stimulus consisted of
a 12-min recording of a natural breeding population of male H.
cinerea. The stimulus was played on a continuous tape loop
throughout the stimulus period. The positive control stimulus
was generated using computer software (SoundEdit 16, Macro-
media, San Francisco, Calif., USA) to replace each frog call with
a single pure tone that matched the replaced frog call in duration
and approximate amplitude. The frequencies assigned to the pure
tone were selected using a list of randomized values chosen from
100-500, 1,000-2,600, and 3,800-5,000 Hz, which are within the
hearing range of the frogs but exclude the specific frequencies
used for communication in this species [Gerhardt, 1974]. The sig-
nal emitted from the speaker was calibrated at 86 dB from the
center of the lower portion of each chamber, which is consistent
with other playback studies of this type [Burmeister and Wil-
czynski, 2000].

On the day the experiment began, snout-vent length and
weight measurements were taken and animals were placed inside
the chamber approximately 8 h prior to stimulus onset in order to
acclimate to the chamber. Throughout the time in the chamber,
calls for each individual were counted using custom software.
Number of calls produced while the acoustic stimulus was on
(‘evoked calling’) were recorded separately from calls produced at
all other times (‘spontaneous calling’). We calculated the calling
rate (calls/h) for each call type and averaged this value across the
duration of the experiment and for each individual. On the day
after the final night of acoustic treatment, animals were rapidly
decapitated and trunk blood was taken and centrifuged. Plasma
was stored at —20°C until it was processed. The brains were re-
moved and fixed in 4% paraformaldehyde in 0.1 M phosphate buf-
fer overnight and cryoprotected in 20% sucrose in 0.1 M phos-
phate buffer. Gonads were inspected to confirm the sex of the
animal.

Plasma Processing

Enzyme immunoassay procedures followed that of a previous
study [Lynch and Wilczynski, 2005]. We measured testosterone
in plasma using a commercial enzyme immunoassay kit (Cayman
Scientific, No. 582701), which has a cross-reactivity of 27.4 and
18.9% with 5a-dihydrotestosterone and 5B-dihydrotestosterone,
respectively. Results from this analysis will therefore be referred
to as ‘androgens’ throughout the rest of the report. This kit was
validated using pooled frog plasma prior to the onset of the cur-
rent study [see Lynch and Wilczynski, 2005, for validation proce-
dure].

Twenty microliters of plasma was used for measuring andro-
gens. Plasma samples were mixed with 20 .l tritiated testosterone
and extracted using 3 ml of diethyl ether (Fisher Scientific). The
extraction procedure resulted in a mean recovery of 72% for an-
drogens. We assayed each sample in triplicate. Intra-assay varia-
tion was 6.6%, and inter-assay variation was 8.5%.

AVT Immunocytochemistry

Brains were sectioned into four series at 40 pm onto subbed
slides and stored at —-20°C until processing. All washes were done
three times, for 5 min each at room temperature. Slides were tak-
en out of -20°C and warmed to room temperature. Slide edges
were marked with a Super PAP Pen HT (Research Products In-
ternational) for prevention of leakage. Sections were placed in
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Table 1. Androgen levels [mean ng/ml plasma (SEM)] after acoustic treatment for male Hyla cinerea exposed to chorus sounds (Calls)
or random tones (Tones) at three time points during a normal breeding period of the year

May July September

Calls Tones Calls Tones Calls Tones
Number of animals in group 8 9 7 8 9 9
Androgen, mean = SEM 8.38£1.95 6.99*+1.18 4.69*+1.42 0.53%+0.19 2.25*%1.23 0.64%0.10

0.1% sodium borohydride in PBS for 15 min to unmask antigens
for improved antibody penetration and washed with PBS. Sec-
tions were incubated in 1% hydrogen peroxide in PBS for 15 min
and rinsed with PBS to eliminate endogenous peroxidase activ-
ity. Sections were incubated with polyclonal rabbit anti-AVP
(ICN; 1:5,000 diluted with 5% normal goat serum in 0.1 M PBS
with 0.3% Triton X-100) overnight at room temperature in a hu-
mid chamber. Excess primary antibody was washed away with
PBS and the tissue was exposed to biotinylated goat-anti-rabbit
secondary antibody using an Elite ABC peroxidase kit (Vector
Laboratories) for 1 h at room temperature. An avidin-biotin
blocking kit (Vector Laboratories; 2 drops/ml) and normal goat
serum was used to reduce nonspecific labeling. Antibody bind-
ing was visualized using DAB as the chromogen (Vector Labora-
tories). Tissue was then washed with phosphate buffer and dehy-
drated in an alcohol series and coverslipped with Permount
straight out of xylenes. Omission of the primary antibody elimi-
nated all staining.

Cell Counting and Soma Size Measurements

The number of AVT-ir cells was quantified in four regions: the
nucleus accumbens (NAcc), the amygdala, anterior preoptic area,
and the magnocellular region of the preoptic area (MPOA). No
other appreciable cell groups were identified. Slides were coded
prior to quantification so that all measurements were taken blind.
All AVT-ir cells in each population in each animal were counted.
Note that these cells represent cell numbers in every fourth sec-
tion through these nuclei, so that the actual cell AVT-ir cell num-
ber per animal is estimated to be four times the number reported.
The actual number of counted cells was used for statistical analy-
sis. The size of AVT-ir cells was quantified in the same four re-
gions. One photomicrograph was taken for each section in each
area in which cells appeared. All cells in these photos were mea-
sured by assessing the cross-sectional area in microns squared
using Image] (NIH). Measurements were taken from both sides
of the brain and, as they did not significantly differ from each
other, were averaged for each individual for each brain area.

Statistics

Statistical analysis was performed in SysStat 3.5 and SigmaStat
3.5. We assessed group differences in androgen levels separately
using two-way ANOVA, followed by LSD post-hoc tests as appro-
priate. ANOVAs were performed on log-transformed testosterone
values, as the raw data were not normally distributed. Group dif-
ferences in AVT cell number and cell size were also assessed by
using separate two-way ANOVAs for each brain area, as was
evoked calling and spontaneous calling behavior. Due to the large
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variation in calling within and between groups, calls were log-
transformed prior to any statistical analysis, and correlations be-
tween calling and hormone levels were performed using log-
transformed hormone data to maintain normality and equal vari-
ance in all data sets. In each case, data from 2003 and 2004 were
combined. Pearson’s correlation was used to detect significant re-
lationships between variables. We used partial correlation or step-
wise regression to assess the relationship between AVT and
androgens independent of seasonal time point. We used partial
correlation to assess the effects of AVT on calling behavior inde-
pendent of androgens. Statistical significance was determined at
the p = 0.05 level. The number of animals per group is shown in
table 1.

Results

Hormones

Mean hormone values (£ SEM) for each experimental
group are shown in table 1. Androgen values vary sig-
nificantly both with treatment and with season. Andro-
gen levels are highest early in the season and then decline
(fig. 1). Analysis using log-transformed androgen levels
yielded differences for both the main effects of season
and acoustic treatment (F, = 27.90, F; = 13.89, respective-
ly, both p < 0.001). The interaction was also significant
(F,=4.257,p =0.02). Inspection of the data indicates that
the effect of acoustic treatment was most obvious in males
sampled from the middle of the breeding season. A Tukey
post-hoc test on the log-transformed data shows a strong,
significant difference in July (p <0.001), the difference in
September just reaching significance (p = 0.043), while no
difference was apparent between call and tone groups in
May (p = 0.90)

AVT-ir Cell Number and Size

AV'T-ir staining was apparent in four populations, the
NAcc, amygdala, anterior preoptic area, and MPOA. Fig-
ure 2 shows example staining in the NAcc and MPOA.

AVT-ir cell number in the NAcc was significantly dif-
ferent across the season (F, = 5.90, p = 0.006). Post-hoc
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Fig. 1. Mean (£ SEM) plasma androgens, measured in ng/ml, in
each experimental group (call vs. tone stimulation) at each of
three time points over a breeding season. ANOVA indicated sig-
nificant main effects for stimulus condition and seasonal time
point, with no significant interaction. See text for details.

tests showed it to be significantly higher in the fall com-
pared to the spring and summer (p < 0.01). AVT-ir cell
number did not differ in this region across acoustic treat-
ment groups (p = 0.47). No significant interaction existed
(F, = 0.56, p = 0.57). Similarly, AVT-ir cell size in the
NAcc significantly differed during the year (F, = 18.44,
p <0.0001), but did not differ in this region across acous-
tic treatment groups (F; = 0.316, p = 0.577). Post-hoc tests
indicate that cell size was larger in July and September
compared to May.

Neither AVT-ir cell number nor size differed signifi-
cantly in any other brain area by treatment groups or
time in breeding season. The differences in amygdala cell
number with acoustic treatment was closest to signifi-
cance (F) = 3.194, p = 0.083). All other group differences
were above F < 1.32, p > 0.26 and there was no discern-
able trend in the data. Figure 3 shows the effects of sea-
sonal and social treatments for both AVT-ir cell number
and size in the NAcc. Data from MPOA are also shown
as an example of the nonsignificant results obtained from
other areas.

Relationship of Androgens to AVT-ir Cell Number

and Size

AVT cell number did not correlate significantly with
androgen levels across groups. The situation with AVT
cell size is more complicated. Affects were assessed for
the NAcc. As AVT-ir soma size in the NAcc increases and
androgens decline during the year, they are negatively

Seasonal and Social Effects on Androgens
and AVT

correlated (r* =0.159, F4 change = 8.332, p = 0.006) across
all groups. However, the relationship between the vari-
ables changes when season is factored into the multiple
regression to correct for these correlated changes. The
result is that when season is accounted for in the multiple
regression, the relationship between soma size and an-
drogen level is a positive one (r> = 0.539, > = 0.38, Fy
change = 8.258, p < 0.0001). Analyzing the relationship
within each time point, however, shows that the positive
relationship between AVT cell size and androgen level is
only significant in May.

Calling Behavior

We assessed two types of calling behavior: calling in
response to social cues (evoked calls) and spontaneous
calling (non-evoked calls). As with hormone levels, we
assessed differences in calling rate in both 2003 and 2004
combined.

As expected, evoked call rate was higher in males ex-
posed to the chorus compared to males exposed to ran-
dom tones (main effect of treatment: F; = 5.29, p =0.0264).
Evoked call rate did not significantly vary across the
breeding season (main effect of season: F, = 1.39, p =
0.261). There was no significant interaction. These data
suggest that evoked calling is mainly sensitive to the
stimulus that evokes it, and continues throughout the
course of the breeding season at an equivalent level.

Spontaneous call rate was not affected by acoustic
stimulus (main effect of treatment: F; = 0.03, p = 0.864).
That s, animals that heard calls during the acoustic treat-
ment and animals that heard tones during this period did
not differ in their calling during the nonstimulus period
of the day. However, spontaneous call rate was signifi-
cantly altered by season such that males at the beginning
of the breeding season had significantly higher rates of
spontaneous (non-evoked) calling compared to the mid-
dle and the end of the breeding season (main effect of
season: F, = 3.55, p = 0.037; fig. 4). No significant interac-
tion between the two factors existed. This result suggests
that spontaneous call rate is not altered by previous
acoustic treatment, but is sensitive to seasonal cues of
some kind. Spontaneous and evoked call rates were sig-
nificantly correlated with each other within animals
across all seasonal periods (r = 0.840, n = 50, p < 0.0001;
tig. 5).

Spontaneous call rate was also significantly correlated
with plasma androgen level when all animals were com-
bined (r = 0.306, n = 50, p = 0.031; fig. 6), suggesting that
variation in androgen can explain variation in spontane-
ous calling behavior across all groups. Androgen level did
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Fig. 2. Examples of AVT staining in NAcc
(a, b) and MPOA (c, d) from socially stim-
ulated male Hyla cinerea sampled during
July. Scale bar = 20 wm.
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Fig.3.a, b Seasonal variation in AV T-ir cell number and size (area,
in p2) in the NAcc. Light bars stand for males hearing a conspe-
cific chorus, dark bars stand for males hearing random tones.
Letters indicate statistically significant differences among time
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points within the breeding season from post-hoc pairwise com-
parisons; stimulus conditions within a time point were not signi-
ficant. ¢, d Show similar data for the MPOA, where there were no
seasonal or stimulus-condition differences.
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Fig. 5. Scatterplot showing relationship between rate of spontane-
ous calling and rate of evoked calling (both in log calls/h) across
all conditions and seasonal time points. A significant correlation
exists between spontaneous and evoked calling (r = 0.840, p <
0.0001).

not correlate with evoked calling. AVT-ir soma size in the
NAcc is correlated with calling behavior, and this rela-
tionship is independent of androgen. By doing a partial
correlation to control for androgen levels, a significant
positive relationship with AVT-ir soma size exists for
both evoked (r? = 0.291, p < 0.0001) and spontaneous
(r* = 0.224, p = 0.001) calling behavior. We did not see a
similar relationship with AVT-ir cell number.

Seasonal and Social Effects on Androgens
and AVT

Fig. 6. Scatterplot showing correlation between spontaneous call-
ing (in log calls/h) and log plasma androgen levels (ng/ml). A sig-
nificant correlation existed between rate of spontaneous calling
and plasma androgens across all groups (r = 0.306, p = 0.031).

Discussion

This study investigated whether time within the breed-
ing season affected social modulation of circulating ste-
roid levels in male anurans and whether seasonal or so-
cial factors also influenced AVT-ir cell numbers or soma
size. We exposed males to either conspecific cues or a
positive control for seven consecutive nights at three
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points throughout the breeding season and examined
plasma androgen levels. As shown previously in our lab
[Burmeister and Wilczynski, 2000], we found that males
exposed to conspecific cues had higher levels of andro-
gens. We also determined that androgen levels decline
throughout the course of the breeding season. Interest-
ingly, it appears that males exposed to conspecific cues
maintained higher levels of androgens compared to males
exposed to a positive control as the breeding season pro-
gresses, suggesting that social communication might
serve an important function to maintain reproductive
hormone levels at an appropriately high level during the
breeding season to facilitate reproductive behavior for a
longer period of time. AVT cell number and size also
changed over the breeding season, but in contrast to the
tindings for androgens this change was not modulated by
social stimulation. Thus, social stimulation cannot miti-
gate all seasonal changes in systems responsible for regu-
lating social communication.

Seasonal and Social Changes in Androgens and AVT

Gonadal androgens changed over the course of the
breeding season, even though the animals were kept in
constant environmental conditions in the lab. Although
surprising, such an observation is not unusual. Circan-
nual rhythms have been found to be endogenous cycles
that persist even under constant environmental condi-
tions in several taxa [e.g. Gwinner, 1986; Woodfill et al.,
1994]. Androgen levels significantly dropped throughout
the course of the study, from May to September. If these
data are an accurate reflection of natural changes, they
suggest that testosterone levels would be high when males
emerge from hibernation and then progressively decline
throughout the course of the breeding period, becoming
quite low by the time the breeding period has ended. A
seasonal decline in hormone levels has been reported in
other anurans in a number of studies [Licht et al., 1983;
Gobbetti et al., 1991; Delgado et al., 1992; Herman, 1992],
which also find that androgen levels during the non-
breeding period are predictably low [Girgenrath and
Marsh, 2003]. These reported values are similar to those
found in the present study.

Because we obtained our frogs from a commercial
source, it is possible that androgen levels merely declined
upon capture and subsequent entry into the lab. A previ-
ous study found that animals housed for longer periods
in the lab had significantly diminished testosterone levels
[Burmeister and Wilczynski, 2000]. We cannot rule this
out, nor do we know how long or under what conditions
the animals we obtained for this study remained with
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suppliers prior to our receiving them. However, examina-
tion of our records suggests that housing time alone does
not resultin a decline in androgens. We obtained animals
throughout the breeding season and assigned them ran-
domly to groups. Animals from the two years averaged
different amounts of time in the lab prior to experimental
use (2003 = 38 days, 2004 = 13 days). Despite being in the
lab considerably longer, 2003 animals had higher average
androgen levels compared to 2004 animals (F; = 7.57,p =
0.014). If laboratory housing resulted in progressively
lower androgen levels, then the animals from 2003 should
have had lower levels compared to the animals from 2004.

Androgen levels were also modulated by social cues
in the present study, which replicates previous findings
from our lab in males of two different species [H. cinerea:
Burmeister and Wilczynski, 2000; Rana sphenocephala:
Chu and Wilczynski, 2001]. Similarly, call stimulation in-
creases estrogen in female tangara frogs, Physalaemus
pustulosus [Lynch and Wilczynski, 2006]. Inspection of
the data shown in figure 1 and the results of the post-hoc
tests reveal interesting seasonal trends. Early in the sea-
son in May, when breeding behavior is often at its peak,
androgen levels are very high, and a ceiling effect may
prevent any large increase by social cues. As the season is
ending in September, the seasonal inactivation of the
HPG axis may have reached a point where it has become
somewhat refractory to stimulatory cues, and hence less
able to elevate androgens. The greatest effects are in the
middle of the breeding season. The overall pattern of
ANOVAs argues that social stimulation does contribute
to some percentage of the variance in androgen levels
across much of the breeding season, with less effect at the
beginning when baseline levels are highest.

As for androgens, seasonal changes were found in
AVT-ir cell number and size. The AVT changes were ap-
parent only in the NAcc, where more and larger immuno-
reactive cells are present late in the season when both an-
drogen levels and behavior (spontaneous calling) are de-
clining. This result is reminiscent of an earlier study in
cricket frogs [Acris crepitans; Marler et al., 1999], which
found that noncalling satellite males had more AVT stain-
ing and larger cells than vigorously calling males in the
NAcc population. It is also similar to the results of Marus-
ka et al. [2007] who found that AVT cell number and size
was higher in female gobies during the nonspawning sea-
son compared to the spawning season. It is interesting that
in prairie voles, Microtus ochragaster, where male aggres-
sion and paternal care are increased by experimentally el-
evating AVP levels, a decrease in AVP-ir staining (in the
lateral septum and the lateral habenular nucleus) is asso-
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ciated with the expression of these behaviors, whereas
staining is greater in control animals that are not behav-
ing [Bamshad et al., 1993, 1994; Winslow et al., 1993]. All
these cases suggest that the seasonal increase in AVT-ir
number and size we found reflect a decline in its release.
Unfortunately, we cannot test this hypothesis directly. A
further caution is that our measures do not directly relate
to AVT production, which may or may not be changing
seasonally. A more direct measure of AVT production is
necessary to obtain a full picture of seasonal AVT chang-
es and to better interpret the meaning of the AVT-ir
changes we found.

Unlike androgens, AV T-ir cell number and size are not
sensitive to social stimulation. Therefore any seasonal de-
cline in AVT activity would not be mitigated simply by
the effects of listening to a chorus. In many vertebrates
investigated, increased androgens increase AVT produc-
tion or other measures of brain AVT levels. In our data,
the relationship between AVT soma size and androgens
is a complicated one because of the interacting effect of
our seasonal variable and a relationship that seems to
vary depending on the point in the season at which the
animals are tested. When data are analyzed within each
time point, there appears to be a positive relationship be-
tween AVT cell size and androgens. There may be a
change in AVT production, induced by short-term so-
cially stimulated androgen increases, which interacts
with a general seasonal decline in overall androgen levels
and AVT release, but we cannot disentangle such effects
with the data we have.

Seasonal and Social Effects on Calling Behavior

A nearly universal feature of anuran male social be-
havior is that males call in response to conspecific calls.
As expected, social stimulation via conspecific calls sig-
nificantly increased evoked calling rate in our study com-
pared to control animals stimulated acoustically with
random tones. This is consistent with previous labora-
tory work using similar stimuli [Burmeister and Wilc-
zynski, 2000]. Evoked calling did not appear to decline
towards the end of the breeding season, suggesting that
the machinery required for responding to social cues is
stable throughout the year, or at least until the end of the
breeding season. It is not known whether or not males of
temperate-zone species similar to H. cinerea would also
respond in the winter. However, Burmeister and Wilc-
zynski [2001] found that gonadectomy abolished evoked
calling in male H. cinerea, suggesting that when testos-
terone falls to negligible levels evoked calling would in
fact stop. It seems likely that a threshold level is required

Seasonal and Social Effects on Androgens
and AVT

for androgens to induce this behavior, and the September
androgen levels remained above this level.

Spontaneous calling rate, or the amount of calling that
occurs in the absence of a stimulus, did not vary with
acoustic stimulation treatment. It did, however, decline
from May to September, mirroring the seasonal decline
in androgen levels. In fact across groups spontaneous
calling and plasma androgen levels are correlated, which
is similar to the relationship found by Burmeister and
Wilczynski [2001] in intact and testosterone-implanted
males. Spontaneous calling behavior likely reflects the
overall excitability or motivation of a male to engage in
reproductive social behavior. Spontaneous calling is im-
portant because males’ calling advertises their presence
to females, which find and choose mates based on calls.
The more males call, the greater their chance of attracting
a female. In addition, high spontaneous calling in gen-
eral predicts more evoked calling, as would be expected
if it indicated the level of social motivation. This correla-
tion between calling measures occurred even though an-
drogens only correlate with spontaneous calling. Note,
however, that Solis and Penna [1997] documented a sig-
nificant correlation between plasma androgens and
evoked calling in Batrachyla taeniata. The loss of signifi-
cance in the androgen-evoked calling correlation may be
a statistical issue as this chain of relationships - i.e. an-
drogens predict spontaneous calling, then spontaneous
calling predicts evoked calling, plus the added influence
of locking evoked calls to the stimulus - ultimately loses
the power to reveal a relationship between such separated
variables.

As in other parts of this study, the statistical relation-
ships between calling and AVT measures are complicat-
ed. Overall, the correlation between AV T-ir cell size and
calling is positive and independent of androgen levels.
However, mean levels of AVT-ir cell number and size de-
crease over the season just as spontaneous calling de-
clines, and when the time points are analyzed separately
the significant correlations vanish except for the Septem-
ber data when many males express little calling. A more
complete analysis of relationships between calling and
AVT measures, as well as a better understanding of how
different AVT measures reflect production, storage, and
release, is necessary to interpret these relationships.

Opverall, it therefore seems likely that, as the breeding
season progresses, males, regardless of their exposure to
social cues, become less active in terms of acoustic behav-
ior, and that this decline likely is due to declining andro-
gen levels and perhaps changes in the neuromodulatory
AVT population in the NAcc. We interpret the AVT-ir
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changes to indicate a seasonal decline in AVT release,
based on other studies showing that AVT-ir measures are
higher in behaviorally inactive individuals. The seasonal
AVT changes are not directly influenced by social inter-
actions, and therefore may represent one factor that is
most closely tied to an endogenous circannual rhythm
limiting the breeding season. On the other hand, both
time within the breeding season and social stimulation
by advertisement calls set the state of circulating andro-
gens in the male green treefrogs we examined in this
study. These results indicate that being exposed to social
signals, as is generally the case when males of this species
participate in a mating chorus, helps to maintain gonad-
al steroids at an elevated state relative to where they would
be in the absence of social stimulation. Such an elevation
would maintain an enhanced reproductive state in males
throughout the long breeding season and possibly length-
en the effective breeding season in the most stimulated
males by maintaining reproductive levels of androgens
past the point where they would have declined to nonre-

productive levels [Wilczynski et al., 2005]. Our results do
show that the social stimulation could not extend breed-
ing indefinitely, as androgen levels decline despite social
stimulation and AVT systems change regardless of social
situation. Nevertheless, socially stimulated androgen el-
evation, if linked to enhanced calling (as the correlations
with spontaneous calling suggest to be the case) or elevat-
ed gamete production (which still remains to be demon-
strated), could increase the potential reproductive suc-
cess of males toward the later parts of the season. In this
way, joining a chorus with other calling males may have
physiologically based benefits in addition to any other
selective advantage such social aggregations may impart.
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