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Abstract

Arginine vasotocin (AVT) and its mammalian homologue, ar-
ginine vasopressin (AVP), regulate a variety of social and re-
productive behaviors, often with complex species-, sex- and
context-dependent effects. Despite extensive evidence
documenting seasonal variation in brain AVT/AVP, relatively
few studies have investigated the environmental and/or hor-
monal factors mediating these seasonal changes. In the
present study, we investigated whether the pineal hormone
melatonin alters brain AVT immunoreactivity in green tree-
frogs (Hyla cinerea). Reproductively active male and female
frogs were collected during the summer breeding season
and a melatonin-filled or blank silastic capsule was surgical-
ly implanted subcutaneously. The duration of hormone
treatment was 4 weeks, at which time frogs were eutha-
nized and the brains and blood collected and processed for
AVT immunohistochemistry and steroid hormone assay. We
quantified AVT-immunoreactive (AVT-ir) cell bodies in the
nucleus accumbens (NAcc), caudal striatum and amygda-
la (AMG), anterior preoptic area, suprachiasmatic nucleus
(SCN) and infundibular region of the ventral hypothalamus.
Sex differences in AVT-ir cell number were observed in all

brain regions exceptin the anterior preoptic areaand ventral
hypothalamus, with males having more AVT-ir cells than fe-
males in the NAcc, amygdala and SCN. Brain AVT was sensi-
tive to melatonin signaling during the breeding season, and
the effects of melatonin varied significantly with both region
and sex. Treatment with melatonin decreased AVT immuno-
reactivity in both the NAcc and SCN in male H. cinerea. In
contrast, brain AVT was relatively insensitive to melatonin
signaling in females, indicating that the regulation of the
AVT/AVP neuropeptide system by melatonin may be sexu-
ally dimorphic. Finally, melatonin did not significantly influ-
ence testosterone or estradiol concentrations of male or fe-
male frogs, respectively, suggesting that the effects of mela-
tonin on AVT immunoreactivity are independent of changes
in gonadal sex steroid hormones. Collectively, our results in-
dicate that the AVT/AVP neuronal system may be an impor-
tant target for melatonin in facilitating seasonal changes in
reproductive physiology and social behavior.

Copyright © 2012 S. Karger AG, Basel

Introduction

Arginine vasotocin (AVT) and its mammalian homo-
logue, arginine vasopressin (AVP), are peptides that
function both as neuromodulators and as peripherally
acting hormones. The AVT/AVP system regulates a vari-
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ety of social and reproductive behaviors, often with com-
plex species-, sex- and context-dependent effects [re-
viewed in Goodson and Bass, 2001]. In anuran amphibi-
ans, AVT regulates the production of advertisement calls,
the social signals used by male frogs to attract females
and make their presence known to conspecific males.
Treatment with exogenous AVT stimulates male calling
behavior in a number of anurans, including green tree-
frogs (Hyla cinerea) [Penna et al., 1992; Burmeister et al.,
2001], bullfrogs (Rana catesbeiana) [Boyd, 1994], Great
Plains toads (Bufo cognatus) [Propper and Dixon, 1997],
and gray treefrogs (Hyla versicolor) [Semsar et al., 1998;
Tito et al., 1999; Klomberg and Marler, 2000]. In cricket
frogs (Acris crepitans), AVT increases the dominant fre-
quency (defined as the spectral frequency with the most
energy) of male calls and induces the production of ad-
vertisement calls characteristic of less aggressive males
[Marler et al., 1995; Chu et al., 1998]. Similarly, AVT in-
creases the call rate in tungara frogs (Physalaemus pustu-
losus) and causes males to add additional components
(i.e. chucks) to their calls, resulting in calls that are po-
tentially more attractive to females [Kime et al., 2007; but
see also Kime et al., 2010].

Differences in the behavioral sensitivity to AVI/AVP
both between sexes and across social contexts have
prompted numerous investigations into whether such
differences reflect natural variation in the distribution
and abundance of AVT/AVP neurons in the brain. In ad-
dition, because reproductive behavior is regulated sea-
sonally in most vertebrates, many studies have examined
whether seasonal changes in AVT/AVP contribute to the
seasonal expression of reproductive behavior. Collective-
ly, seasonal and sex differences in the AVT/AVP neuro-
peptide system have been documented in a large number
of vertebrate groups, although the exact patterns of these
differences vary with species-specific social, reproduc-
tive and ecological parameters [Goodson and Bass, 2001;
Wilczynski et al., 2005; Adkins-Regan, 2009; Godwin,
2010]. For example, sexually dimorphic patterns of AVT/
AVP neurons in a number of brain areas are almost al-
ways in the direction of males having larger and/or more
cells than females [Goodson and Bass, 2001]. However, in
socially polygamous halfspotted gobies (Asterropteryx
semipunctata), females have a greater number of and larg-
er AVT-immunoreactive (AVT-ir) cells in the preoptic
area (POA) than male fish [Maruska et al., 2007]. Sea-
sonal changes in AVT immunoreactivity were also ob-
served in halfspotted gobies, with both female and male
fish having more and/or larger AVT cells during non-
spawning versus spawning periods [Maruska et al., 2007].

Melatonin Alters Brain AVT Cell
Number

Similarly, male green treefrogs (H. cinerea) showed an in-
crease in the number of AVT-ir cells at the end of the
breeding season in the nucleus accumbens (NAcc), an
area implicated in regulating social behavior in verte-
brates [O’Bryant and Wilczynski, 2010].

Despite extensive evidence documenting seasonal
variation in brain AVT/AVP, relatively few studies have
investigated the environmental and/or hormonal factors
mediating these seasonal changes. Numerous studies
have implicated sex steroid hormones in regulating con-
centrations of both AVT/AVP as well as AVT/AVP recep-
tors [Goodson and Bass, 2001; De Vries and Panzica,
2006]. However, gonadal hormones are themselves sub-
ject to seasonal regulation. In at least one amphibian spe-
cies, seasonal changes in AVT-ir cell number and size are
not influenced by social stimulation or socially induced
increases in androgen concentrations [O’Bryant and Wil-
czynski, 2010]. Thus, the environmental and hormonal
factors that regulate seasonal changes in AVT/AVP con-
centrations remain unclear.

In the present study, we investigated the influence of
the pineal hormone melatonin on AVT-ir cell number in
green treefrogs. Melatonin is a likely candidate for regu-
lating seasonal changes in AVT/AVP because its produc-
tion is directly sensitive to environmental cues such as
photoperiod and temperature [Axelrod, 1974; Cassone
and Natesan, 1997; Prendergast, 2005]. Thus, melatonin
synthesis varies seasonally, with overall higher plasma
concentrations occurring in response to the shorter pho-
toperiods typical of winter months. Melatonin also plays
arole in regulating reproduction in many animals [Tam-
arkin et al., 1985; Mayer, 1997; Revel et al., 2009]. For ex-
ample, melatonin influences courtship behavior, gonadal
physiology and sex steroid hormone concentrations in a
number of ectothermic vertebrates [Mayer, 1997; Krohm-
er and Lutterschmidt, 2011]. However, studies investigat-
ing the influence of melatonin on the AVT/AVP neuro-
peptide system, particularly in the context of seasonal re-
productive behavior, are lacking. Given that (1) AVT/AVP
plays an important role in regulating sociosexual behav-
ior and (2) AVT/AVP concentrations change seasonally,
we asked whether melatonin alters the number and/or
distribution of AVT-ir neurons in the brain of a season-
ally breeding amphibian, which would be a potential
mechanism for influencing seasonal reproductive behav-
ior.

Green treefogs (H. cinerea) are found throughout the
southeastern United States and have a breeding period
lasting 2-4 months from approximately April through
August, depending on environmental conditions and
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geographic locale. Like many other anurans, courtship
behavior in green treefrogs is highly social, with males
gathering in lek-type aggregations and producing adver-
tisement calls to attract females. Female green treefrogs
do not call, but will approach and contact calling males
during mate selection. The reproductive behavior of
males is androgen dependent [Burmeister and Wilczyn-
ski, 2001], and seasonal changes in androgen concentra-
tions parallel seasonal changes in spontaneous calling
behavior [O’Bryant and Wilczynski, 2010]. However, an-
drogen replacement following castration does not consis-
tently restore calling behavior to levels observed in intact
males [Burmeister and Wilczynski, 2001], therefore sug-
gesting that androgens are necessary but insufficient for
male courtship behavior. These results suggest that other
factors must be involved in regulating seasonal changes
in social reproductive behaviors. We asked whether mel-
atonin modulates the distribution and/or abundance of
AVT neurons in male and female treefrogs as well as sex
steroid hormone concentrations during the reproductive
season.

Materials and Methods

These experiments were conducted with adult male and fe-
male green treefrogs from July to August 2009. Reproductively
active male and female frogs were collected during the summer
breeding season from natural field sites located within the Char-
lie Elliott Wildlife Center near Mansfield, Ga., USA. At Georgia
State University, animals were housed in groups of 4-6 conspe-
cific, same-sex frogs in 10-gallon aquaria containing a water dish,
hide box and artificial foliage. Water was provided ad libitum and
animals were fed vitamin-fortified crickets twice per week. All
experimental protocols were approved by the Georgia State Uni-
versity Animal Care and Use Committee and were in compliance
with guidelines established by the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Field collec-
tion of animals was performed under the authority of the Georgia
Department of Natural Resources Scientific Collecting Permit
29-WBH-10-58.

Experimental Design

Following arrival in the laboratory, all frogs were allowed to
acclimatize for approximately 1 week prior to hormone manipula-
tion. Reproductively active frogs (16 males and 16 females) were
maintained in the laboratory at 24°C and at a 14-hour light/10-
hour dark photoperiod, consistent with the typical environmen-
tal conditions for the time of year (July to August). Within each
sex, frogs were randomly assigned to either a melatonin or control
treatment (8 males and 8 females in each group). The duration of
hormone exposure was 4 weeks, and therefore frogs remained in
the lab no longer than 5 weeks before tissue sampling.
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Hormone Manipulation

To investigate the influence of elevated melatonin concentra-
tions on AVT immunoreactivity, we used melatonin-filled silastic
capsule implants similar to Mendonga et al. [1996] and Lutter-
schmidt [2006]. Small pieces of silastic tubing (0.76 mm inner di-
ameter X 1.65 mm outer diameter X 5 mm length) were packed
with crystalline melatonin (purchased from Sigma, St. Louis, Mo.,
USA). Control implants were identical in size to the melatonin
implants but remained empty. Both ends of each silastic capsule
were sealed with Silastic Brand® medical adhesive (Dow Corning,
Midland, Mich., USA).

Frogs were anesthetized by immersion in 0.1% methylsulfonic
acid (MS-222, pH 7.4) for 5-10 min. A small incision (about 2 mm)
was made on the lateral side of the animal, approximately 1 cm
posterior to the forearm and 20-30 mm dorsal to the lateral stripe.
The white or yellowish lateral stipe is a pattern characteristic of
most green treefrogs; it extends from the upper lip posteriorly to
the hind limbs on both sides of the body, although the length and
presence of the lateral stripe is variable among individuals. A si-
lastic capsule was inserted subcutaneously and the incision was
closed using suture and a small amount of tissue glue (Vetbond,
Inc.). Frogs were allowed to fully recover before being placed back
into their home cages, and all frogs within a cage received the
same hormone treatment. Frogs were monitored daily during the
4-week treatment period to ensure proper healing and that the
hormone implants remained intact.

Tissue Processing

At the conclusion of the 4-week treatment period, frogs were
euthanized by immersion in 0.2% MS-222 (pH 7.4) for 5 min and
rapidly decapitated. Trunk blood was collected from each frog for
hormone assay; samples were stored on ice until centrifuged and
the plasma separated. Plasma samples were then stored at -20°C
until assayed for hormone concentrations. Brains were immer-
sion fixed in 4% paraformaldehyde in 0.1 M phosphate buffer
for 20 h at 4°C, cyroprotected in 30% sucrose in 0.1 M phosphate
buffer, and sectioned on a cryostat (Leica 3050S). Brains were
sectioned into three series of 25-wm coronal sections that were
thaw-mounted onto subbed slides (Fisherbrand: Superfrost Plus).
Slides were stored at —20°C until immunohistochemical process-
ing. Gonads were inspected to confirm the sex of each animal.

AVT Immunohistochemistry

The influence of melatonin on the distribution and abundance
of AVT was examined using immunohistochemistry on one series
of tissue. All slides were processed simultaneously in one immu-
nohistochemistry assay. Prior to incubation with the primary an-
tibody, slides were first washed 5 times for 5 min each with 0.1 M
phosphate-buffered saline (PBS; pH 7.4) followed by quenching in
1% hydrogen peroxide in PBS for 30 min. Slides were washed in
PBS (5 X 5 min) and then incubated for 60 min in PBS containing
10% normal goat serum, 10% avidin (Vector Labs, Inc.) and 0.3%
Triton X to reduce non-specific binding. AVT immunoreactivity
was examined using a rabbit anti-AVT antiserum (generously
provided by Dr. Matthew S. Grober, Georgia State University) at
a dilution of 1:5,000 in PBS containing 10% normal goat serum,
10% biotin (Vector Labs, Inc.) and 0.3% Triton X. Sections were
incubated with primary antibody for 48 h at 4°C in a humid
chamber. The slides were then washed in PBS (5 X 5 min) and the
primary antibody signal amplified by incubation for 60 min with
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biotinylated goat anti-rabbit secondary antibody (Vector Labs,
Inc.) diluted 1:400 in 0.3% Triton X in PBS. Following incubation
with the secondary antibody, the sections were again washed in
PBS (5 X 5 min), incubated for 60 min in avidin conjugated to
horseradish peroxidase (Elite ABC peroxidase kit, Vector Labora-
tories, Inc.), and rinsed in PBS (5 X 5 min). Primary antibody
binding was visualized using 0.25 mg/ml diaminobenzidine in
0.2% hydrogen peroxide in 0.1 M Tris-HCI buffer. The reaction
was terminated by immersion in nanopure H,O (3 X 5 min) fol-
lowed by dehydration in a graded ethanol series. The tissue was
cleared with Citrisolv (Fisher Scientific, Pittsburg, Pa., USA) and
the slides were covered with permount and coverslips.

Immunoreactive Cell Counting

Stained tissue was examined with an Olympus BX41 micro-
scope using a Slide Pursuit digital camera (Spot Pursuit, Diagnos-
tic Instruments) and Spot Basic imaging software (Diagnostic In-
struments). Locations of AVT-ir cells were mapped onto standard
anatomical frog brain sections adapted from Northcutt and Kicli-
ter [1980] and Neary and Northcutt [1983]. Immunoreactive cells
were counted manually; animals were coded so that the observer
was blind to the treatment group and sex of individuals. If a tissue
section was missing or damaged, the section was assigned the
mean cell count of the preceding and succeeding sections. If two
consecutive sections were missing and/or damaged, the animal
was eliminated from subsequent analyses. Final sample sizes for
each category of treatment and sex within each region of interest
are given in the figures.

For all regions except the anterior preoptic area (POA), quan-
tification of immunoreactive cells in each tissue section was per-
formed first under 200X magnification and again under 400X
magnification. These counts were usually identical, but in some
cases, they differed by 1-3 cells. In these instances, the section was
recounted under 400 X magnification to verify the cell count. Due
to the much higher density of AVT-ir cells within the POA (i.e.
>600 cells per individual), cells in this region were quantified
twice under 400X magnification and each section was then as-
signed the mean cell count. Replicate cell counts never differed by
more than 5%.

The number of AVT-ir cells in each region was quantified in
one brain series and totaled for each individual. Because tissue
was divided into 3 different series of 25-pm sections, approxi-
mately 75 wm separated each section within a series. In the re-
gions of interest, anuran AV'T-ir cells are approximately 10 um in
diameter. Thus, there is little possibility that double counting of
cells split between two sections inflated our cell quantifications.
In addition, there is no reason to suspect that double counting
would occur more frequently in any of the treatment categories.
Finally, a DAB-labeled cell was counted only if the cell was of the
same general size and shape as the other AV T-ir cells in the region
of interest, thereby excluding partial cells from our quantifica-
tions.

Hormone Assays

Plasma concentrations of testosterone in male frogs and estra-
diol in female frogs were analyzed using commercial enzyme im-
munoassay kits (Cayman Chemical, Ann Arbor, Mich., USA) fol-
lowing procedures previously validated for green treefrogs [e.g.,
see Lynch and Wilczynski, 2005; Almli and Wilczynski, 2009].
Briefly, plasma volumes were approximately 16 pl for male and 50

Melatonin Alters Brain AVT Cell
Number

wl for female samples. Following plasma dilution (1:50 for testos-
terone, 1:6 for estradiol), approximately 2,500 cpm of tritiated
hormone was added to each sample to determine individual sam-
ple recovery. Samples were extracted with 3 ml of anhydrous eth-
yl ether, and the ether phase was removed and dried under nitro-
gen gas in a 37°C water bath. Extracted and reconstituted samples
were then applied to the enzyme immunoassay plates in triplicate
according to manufacturer instructions. All samples were cor-
rected for individual recovery variation. Mean extraction effi-
ciency was 97% for testosterone and 89% for estradiol. Mean in-
tra- and interassay coefficients of variation were 5.6 and 14.2% for
testosterone and 5.3 and 13.2% for estradiol, respectively.

Statistics

We first performed a multifactor multivariate analysis of vari-
ance (MANOVA) to determine if melatonin alters the number of
AVT-ir cells in green treefrogs. For this analysis, the five regions
of interest were treated as multiple response variables, and treat-
ment and sex were included as between-subject factors. Because
changes in one AVT-ir cell population may be associated with
changes in other AVT-ir regions within the same individual, a
MANOVA was used to simultaneously evaluate the effects of mel-
atonin on all AVT-ir cell populations. This analysis was used to
identify which cell populations contributed to the significant
main effects of the MANOVA. Due to missing sections and/or tis-
sue damage, it was not possible to quantify all five regions of in-
terest in every individual. Thus, the sample sizes available for
MANOVA were reduced because the analysis discards an animal
if data for any region are missing within that individual. Effective
sample sizes for the MANOVA were as follows: female control, 5;
female melatonin, 8; male control, 5; male melatonin, 6. When
MANOVA indicated a significant main effect of the sex X treat-
ment interaction term, we then performed a two-factor ANOVA
followed by Tukey’s multiple comparison test within each region
to further investigate these differences while maximizing sample
sizes and statistical power.

To determine if melatonin alters sex steroid hormone concen-
trations, we used a t test to examine differences in plasma testos-
terone and estradiol between treatments in male and female frogs,
respectively. Where necessary, data were transformed using natu-
ral log or square root functions to meet the parametric require-
ments of normality and equal variance. All statistical compari-
sons were considered significant at p < 0.05.

Results

We observed five distinct regions of AVT-ir staining
in male and female frogs (fig. 1). Similar to O’Bryant and
Wilczynski [2010], cell bodies were quantified in the
NAcc, central and medial amygdala (AMG), anterior
POA, suprachiasmatic nucleus (SCN), and infundibular
region of the ventral hypothalamus (VH). Immunoreac-
tive cell bodies were also observed in the caudal striatum,
but it was difficult to establish boundaries for this cell
population that were distinct from both the central and
medial AMG. Thus, AVT-ir cells located in the caudal
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striatum were grouped into and analyzed with the AMG.
Similarly, we could not establish consistently distinct
boundaries between cells in the anterior POA and the
magnocellular region of the POA due to the very high
numbers of cells in these areas. Thus, our reported cell
counts for the POA represent both the anterior POA and
the magnocellular region of the POA. As expected, omis-
sion of the primary antibody resulted in an absence of
immunoreactive staining.

A two-way MANOVA indicated that the number of
AVT-ir cells varied significantly with sex (Fs 5 = 4.295,
p = 0.011). Although the main effects of treatment were
not statistically significant (Fs ;5 = 1.140, p = 0.380), a sig-
nificant interaction between sex and treatment was ob-
served (Fs 16 = 6.390, p = 0.002). Tests of between-subject
effects for each region are provided in the following sec-
tions. When a significant main effect of the sex X treat-
ment interaction term was detected by MANOVA, the
data were further analyzed by two-factor ANOVA within
each region to maximize sample sizes.

Nucleus Accumbens

Neither sex (F; 4 = 0.799, p = 0.382) nor treatment
(Fi24 = 0.732, p = 0.403) significantly influenced the
number of AVT-ir cells in the NAcc. However, we ob-
served a significant interaction between these factors
(F124 = 7.311, p = 0.014, from a two-factor MANOVA).
Within the NAcc, we then used a two-factor ANOVA to
further analyze the significant main effect of the sex X
treatment interaction while maximizing sample sizes.
Similar to the results of the MANOVA, the main effects
of sex (Fj,9 = 0.463, p = 0.502) and treatment (F; 9 =
0.221, p = 0.642) from a two-way ANOVA were not sta-
tistically significant. A significant interaction between
sex and treatment was observed (F; 59 = 0.023, p = 0.023),
indicating that the effect of melatonin depends on sex.
Within the control treatment, Tukey’s multiple compar-
isons test indicated that breeding male frogs have sig-
nificantly more AVT-ir cells in the NAcc than female
frogs (fig. 2). In addition, while melatonin does not in-
fluence AVT immunoreactivity in female frogs, it sig-
nificantly reduced the number of AVT-ir cells in the
NAcc of male frogs during the summer breeding season

(tig. 2).

Central and Medial AMG and Caudal Striatum

Results from a two-way MANOVA indicate that the
number of AVT-ir cells varied significantly with sex
(Fy 4 = 18.948, p < 0.001), with male frogs having more
AVT-ir cells in the central and medial AMG than female

226 Brain Behav Evol 2012;80:222-232

Fig. 1. Distribution of AVT immunoreactivity in green treefrogs
(H. cinerea). a Schematic showing the sagittal view of the frog
brain; the rostral portion of the brain is oriented to the left. The
vertical lines indicate the level of sections through AVT-ir cell
populations. Example photomicrographs of brain sections are
shown for the NAcc (b, ¢), AMG (d, e), anterior POA (f, g), SCN
(h, i) and infundibular region of the VH (j, k). Scale bars = 50 pm.
Boxes delineate magnified spaces.
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Fig. 2. Influence of melatonin on AVT-ir cell number within the
NAcc of male and female green treefrogs during the summer re-
productive period. Data are the mean number of AVT-ir cells + 1
SE; sample sizes are listed above the x-axis. Letters indicate sig-
nificant sex differences in AV T-ir cell number within the control
treatment. The asterisk above the horizontal line indicates a sig-
nificant effect of melatonin within males (results from a two-fac-
tor ANOVA followed by Tukey’s multiple comparison procedure).

Fig. 3. Influence of melatonin on AVT-ir cell number within the
caudal striatum and AMG of male and female green treefrogs
during the summer reproductive period. Data are the mean ir-cell
number + 1 SE; sample sizes are listed above the x-axis. Letters
above the horizontal lines indicate a significant sex difference in
AV T-ir cell number (results from a two-way MANOVA).

== Control
mmm Melatonin

1,000 POA
800 1

600 -

400

AVT-ir cell number

200+

7 7

Females Males

== Control
mmm Melatonin

1004 SCN
*
-~ 80
&
€ b
=]
£ 60
o
)
= 40 a
2 |‘
20+
7 6
0
Females Males

Fig. 4. Influence of melatonin on AVT-ir cell number within the
anterior POA and magnocellular region of the POA of male and
female green treefrogs during the summer reproductive period.
Data are the mean number of AVT-ir cells + 1 SE; sample sizes are
listed above the x-axis.

Melatonin Alters Brain AVT Cell
Number

Fig. 5. Influence of melatonin on AVT-ir cell number within the
SCN of male and female green treefrogs during the summer re-
productive period. Data are the mean number of AVT-ir cells + 1
SE; sample sizes are listed above the x-axis. Letters indicate sig-
nificant sex differences in AV T-ir cell number within the control
treatment. The asterisk above the horizontal line indicates a sig-
nificant effect of melatonin within males (results from a two-fac-
tor ANOVA followed by Tukey’s multiple comparison procedure).
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Fig. 6. Influence of melatonin on AVT-ir cell number within the
infundibular region of the VH of male and female green treefrogs
during the summer reproductive period. Data are the mean num-
ber of AVT-ir cells + 1 SE; sample sizes are listed above the x-axis.

frogs (fig. 3). Melatonin treatment did not significantly
influence the number of AVT-ir cells in the AMG (F 54 =
1.151, p = 0.296). The interaction between sex and treat-
ment was not statistically significant (F; 4 = 0.391, p =
0.539, from a two-way MANOVA).

Anterior POA and Magnocellular Region of the POA

Neither sex (F;,4 = 0.010, p = 0.921) nor melatonin
treatment (F;,4 = 0.011, p = 0.918) significantly influ-
enced the number of AVT-ir cells in the anterior POA of
breeding frogs (fig. 4). The interaction between sex and
treatment was also statistically non-significant (F;,4 =
1.856, p = 0.188, from a two-way MANOVA).

Suprachiasmatic Nucleus

A two-way MANOVA indicates that neither sex
(F124=10.799, p = 0.382) nor treatment (F; 54 = 0.866, p =
0.363) significantly influenced the number of AVT-ir
cells in the SCN. However, we observed a significant in-
teraction between sex and treatment (F; ,, = 16.028, p =
0.001, from a two-factor MANOVA). Within the SCN, we
then used a two-factor ANOVA to further analyze the
main effects of the sex X treatment interaction detected
by the multifactor MANOVA. The main effects of treat-
ment (F; 57 = 1.795, p = 0.193) and sex (F; »; = 0.0951, p =
0.760, from a two-way ANOVA) on AVT-ir cell number
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Fig. 7. Influence of melatonin on estradiol in female green tree-
frogs and testosterone in male frogs during the summer repro-
ductive period. Data are the mean hormone concentration + 1 SE;
sample sizes are listed above the x-axis.

in the SCN were not statistically significant, although a
significant interaction between treatment and sex oc-
curred (Fy 57 =15.707, p<0.001). Within the control treat-
ment, a Tukey multiple comparison test indicated that
breeding male frogs have significantly more AV T-ir cells
in the SCN than female frogs (fig. 5). In addition, while
melatonin does not influence AVT immunoreactivity in
females, it significantly reduced the number of AVT-ir
cells in the SCN of males during the summer breeding
season (fig. 5).

Infundibular Region of the VH

The number of AVT-ir cells in the VH did not vary
significantly with sex (F; 54 = 0.153, p = 0.700) or melato-
nin treatment (F; 54 = 0.098, p = 0.757; fig. 6). The interac-
tion between sex and treatment was also statistically non-
significant (F;,, = 2.840, p = 0.107, from a two-way
MANOVA).

Sex Steroid Hormones

Treatment of male and female green treefrogs with
melatonin did not significantly alter testosterone (t =
-0.661; d.f. = 14; p = 0.519) or estradiol (t = —0.333; d.f. =
14; p = 0.744) concentrations, respectively (fig. 7).
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Discussion

We demonstrate that the presence and distribution of
AVT-ir cells in the brain of green treefrogs (H. cinerea) is
sensitive to melatonin signaling during the breeding sea-
son. The effects of melatonin varied significantly with
both brain region and sex. In summary, sex differences
in AVT-ir cell number were observed in all regions except
in the anterior POA and VH, with males having more
AVT-ir cells than females in the NAcc, AMG and SCN.
Treatment with melatonin decreased AVT immunoreac-
tivity in both the neuromodulatory NAcc and the pre-
sumed neurosecretory SCN cell populations in male H.
cinerea. In contrast, brain AVT was relatively insensitive
to melatonin signaling in females, indicating that the reg-
ulation of the AVT/AVP neuropeptide system by melato-
nin is sexually dimorphic. Finally, melatonin did not sig-
nificantly influence testosterone or estradiol concentra-
tions of males or females, respectively, suggesting that the
effects of melatonin on AVT immunoreactivity are inde-
pendent of changes in sex steroid hormones. We suggest
that melatonin plays a role in regulating seasonal chang-
es in male social reproductive behavior via changes in
AVT signaling.

Sexually Dimorphic Patterns of AVT

Sex differences in the AVT/AVP neuropeptide system
have been documented in a large number of vertebrate
groups [Goodson and Bass, 2001; Wilczynski et al., 2005;
Adkins-Regan, 2009; Godwin, 2010]. While the nature of
these differences tend to vary with social, reproductive
and ecological parameters, sexually dimorphic patterns
of AVT/AVP neurons are almost always in the direction
of males having larger and/or more cells than females
[Goodson and Bass, 2001]. In the current study, we dem-
onstrate a similar sexually dimorphic pattern of AVT in
the brain of green treefrogs. During the breeding season,
male green treefrogs had significantly higher numbers of
AV'T-ir cells than females in the NAcc, AMG and SCN.
These results are similar to those of Marler et al. [1999],
who demonstrated that both calling and noncalling satel-
lite male cricket frogs (Acris crepitans) have significantly
higher numbers of AVT-ir cells in the NAcc than female
frogs. Our study suggests that sexually dimorphic pat-
terns of AVT-ir neurons in H. cinerea may be important
for regulating sociosexual behavior in males.

Additional studies are needed to understand the hor-
monal factors that regulate sexually dimorphic patterns
of AVT. For example, increased androgen concentrations
during the breeding season may regulate changes in the

Melatonin Alters Brain AVT Cell
Number

production and/or release of AVT in this and other so-
cially breeding vertebrates. Indeed, increased AVT/AVP
levels in the brain are associated with increased androgen
concentrations in males across many species [Goodson
and Bass, 2001; De Vries and Panzica, 2006; Hillsman et
al., 2007; Kabelik et al., 2008]. However, decreased AVP
immunoreactivity occurs in male mice lacking a func-
tional gene for aromatase, the enzyme that metabolizes
androgens to estrogens [Plumari et al., 2002]. Thus,
whether steroid-induced changes in the AVT/AVP neuro-
nal system are related to androgens or their estrogenic
metabolites requires further study.

Effects of Melatonin on AVT

Our data demonstrate that melatonin modulates brain
AVT immunoreactivity in green treefrogs, and the effects
of melatonin are both region specific and sexually dimor-
phic. For example, treatment of male frogs with melato-
nin significantly changed immunoreactive cell number
in the NAcc and SCN, but not in the AMG, anterior POA
or VH. These results suggest that melatonin receptor dis-
tribution varies across these brain regions. In support of
this hypothesis, melatonin receptor binding detected by
autoradiography in green frogs (Rana esculenta) was lim-
ited to the amygdaloid nucleus pars lateralis, striatum
and suprachiasmatic area of the hypothalamus [Tavolaro
et al., 1995]. However, information regarding the neural
distribution of melatonin receptors in other amphibians
is limited. Like most ectotherms, anuran amphibians
possess three different melatonin receptor subtypes: mel-
atonin la, 1b and 1c receptors [Wiechmann et al., 2003,
2009; see also Wiechmann et al., 1999; Serino et al., 2011].
No studies have addressed the presence and/or distribu-
tion of melatonin receptors in H. cinerea. Because mela-
tonin receptor distribution can vary among different spe-
cies, such studies are needed to understand how melato-
nin regulates brain AVT in this (and potentially other)
species. Additional studies are also needed to confirm
that the effects of melatonin on AVT immunoreactivity
are indeed receptor mediated.

The present study also demonstrates that the effects of
melatonin on AVT-ir cell populations are sexually dimor-
phic. The AVT neuropeptide system was sensitive to mel-
atonin signaling only in male frogs; melatonin did not sig-
nificantly influence the number of AVT-ir cells in females
during the breeding season. However, it should be noted
that in the two areas in which melatonin significantly de-
creased the number of AVT-ir cells in reproductive males
(i.e. the NAcc and SCN), melatonin tended to increase the
number of AVT-ir cells in females. Future studies using a
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combination of quantitative approaches (e.g., in situ hy-
bridization, immunohistochemistry and rate of axonal re-
lease in cell culture) to address this potential sex differ-
ence would help clarify whether melatonin modulates
AVT signaling in females. Moreover, additional studies
are needed to address how different doses of melatonin,
administered at different times of the circadian and circ-
annual cycle, influence the number AVT-ir cells in the
brain. For example, it is possible that AVT cells have dif-
ferent sensitivities to melatonin in male and female green
treefrogs. Similarly, it is also likely that the sensitivity of
AVT neurons to melatonin varies at different times of the
annual reproductive cycle. Such studies would be benefi-
cial in understanding how environmental cues, trans-
duced via melatonin cycles, might influence seasonal
changes in the AVT/AVP neuropeptide system.

Itis interesting to note that melatonin significantly de-
creased the number of AVT-ir cells in the NAcc of males,
a neuromodulatory population of AVT cells associated
with male sociosexual behavior in anurans. For example,
calling male cricket frogs (A. crepitans) have significant-
ly fewer AV T-ir cells in the NAcc than noncalling satellite
males, presumably because calling males exhibit higher
AVT release in order to maintain calling behavior [Mar-
ler et al.,, 1999]. In male green treefrogs, only the NAcc
population of AVT-ir cells changed significantly toward
the end of the breeding season, again suggesting that this
AVT cell population is important in regulating seasonal
social reproductive behavior in males [O’Bryant and Wil-
czynski, 2010]. Therefore, our results support the hypoth-
esis that melatonin regulates seasonal changes in male
sociosexual behavior via changes in the AVT/AVP brain
neuromodulatory system.

Within the SCN, a brain region critical to producing
and maintaining daily rhythms in physiology and behav-
ior in mammals, melatonin significantly decreased AVT-
ir staining in male green treefrogs. Additional studies are
necessary to understand how melatonin-induced chang-
es in AVT-ir cell number relate to the regulation of bio-
logical rhythms by the SCN. For example, AVP neurons
within the SCN of mammals are known to be clock con-
trolled, and SCN-derived AVP plays an important role in
regulating daily neuroendocrine rhythms important to
reproduction and energy balance [reviewed in Kalsbeek,
2010].

Further research is necessary to understand mecha-
nistically why the influence of melatonin on AV T-ir cell
number varies with sex and brain region. For example,
whether melatonin receptors are colocalized within
AVT-ir neurons in these brain regions is unknown. Fur-
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thermore, it is unknown whether the distribution and/or
expression of melatonin receptors in green treefrogs is
sexually dimorphic, as has been reported for birds [re-
viewed in Aste et al., 2001]. While it is possible that male
testosterone concentrations regulate the regional distri-
bution of melatonin receptors, available evidence in birds
and mammals suggests that melatonin receptor expres-
sion is independent of gonadal androgens [Skene et al.,
1993; Bentley and Ball, 2000]. Rather, sexually dimorphic
melatonin receptor expression in the brain may be regu-
lated by estrogens. In vitro incubation of ovarian tissue of
rats with estradiol results in the downregulation of type
1 melatonin receptor [Clemens et al., 2001]. Whether a
similar estradiol-mediated mechanism might be involved
in establishing sex differences in the distribution of neu-
ral melatonin receptors requires further study.

Alternatively, the influence of melatonin on AV T-ir cell
number could be androgen mediated. For example, sev-
eral studies in amphibians indicate that melatonin may
regulate seasonal changes in reproduction via decreased
gonadosomatic index, spermatogenesis and Leydig cell
number and/or activity [reviewed in Mayer et al., 1995].
In green treefrogs, injections of melatonin (4 g per day)
administered under long-day conditions (16 h light/8 h
darkness) decreased the gonadosomatic index in male and
female frogs [de Vlaming et al., 1974]. More recently,
O’Bryant and Wilczynski [2010] demonstrated that sea-
sonal changes in AVT-ir cell number in male H. cinerea
toward the end of the breeding season are concomitant
with declining androgen concentrations. Thus, it is pos-
sible that melatonin alters brain AVT indirectly by modu-
lating the production of sex steroid hormones. However,
our melatonin treatments did not significantly alter either
testosterone concentrations in male frogs or estradiol in
female frogs. Thus, a direct effect of melatonin on brain
AVT, independent of changes in sex steroid hormones, is
suggested.

In summary, our results corroborate several lines of
evidence suggesting that seasonal changes in the AVT/
AVP system may be regulated by the hormone melato-
nin [Isobe et al., 2001; Juszczak, 2001; Rasri et al., 2008;
Mogulkoc and Baltaci, 2010]. For example, short photo-
period exposure in Djungarian hamsters (Phodopus sun-
gorus), which mimics winter-like environmental condi-
tions, reduces the expression of AVP mRNA in the bed
nucleus of the stria terminalis [Rasri et al., 2008]. In rats,
melatonin inhibits increased plasma AVP responses to
thyroxine treatment in vivo [Mogulkoc and Baltaci,
2010]. In addition, Isobe et al. [2001] demonstrated that
melatonin inhibits AVP release from cultured SCN slices
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in rats, and these effects are specifically mediated by the
type 2 melatonin receptor. In the present study, it is un-
known whether the observed effects of melatonin on
AVT-ir staining result from changes in gene expression,
peptide production and/or the rate of axonal release. Nev-
ertheless, these studies indicate that melatonin modu-
lates AVT signaling in the brain. How melatonin-induced
changes in the AVI/AVP neuropeptide system might in

turn regulate seasonal changes in social and reproductive

behaviors warrants future attention.
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