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Abstract

Successful reproduction requires the coordination of reproductive physiology with behavior. The neural correlates of repro-
ductive behavior have been elucidated in a variety of amphibians, mammals, and birds but relatively few studies have examined
reptiles. Here we investigate differences in androgen receptor (AR) mRNA expression in the forebrain and oviduct between pre-
vitellogenic and late vitellogenic female leopard geckos, Eublepharis macularius. Plasma concentrations of testosterone (T) are low
when females are previtellogenic and sexually unreceptive but increase dramatically during late vitellogenesis when females are
receptive. In addition, receptivity can be induced by treatment with exogenous T. The relative abundance of AR-mRNA across
various nuclei was greater in late vitellogenic than in previtellogenic females. This general pattern was observed in the medial
preoptic area, anterior hypothalamus, external nucleus of the amygdala, dorsolateral aspect of the ventromedial hypothalamus,
lateral septum, and periventricular hypothalamus. There were also clear differences in AR-mRNA expression among these nuclei.
The pattern of gene expression observed in the brain was reversed within stromal cells of the oviduct where expression of AR-
mRNA decreased from the previtellogenic stage to the late vitellogenic stage. Overall, these data demonstrate that T concentration
in the plasma, abundance of AR-mRNA in the brain and oviduct, and sexual behavior change coordinately during the reproductive
cycle of female leopard geckos. Although the function of AR in the female leopard gecko is not yet clear, our results are in accord
with growing evidence that androgens regulate numerous aspects of female physiology and behavior in vertebrates.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Ovarian hormones play a key role in the regulation of
female sexual behavior and uterine function in mam-
mals. During the ovarian cycle in the rat, 17p-estradiol
(E2) concentrations slowly rise as ovulation approaches,
and four hours before ovulation, progesterone (P4)
concentrations surge (reviewed in Pfaff et al., 1994).
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These changes in hormone concentrations lead to bio-
chemical changes in neurons of the ventromedial hy-
pothalamus (VMH) that facilitate the display of
lordosis. The increase in E2 produces an increase in
progesterone receptor (PR) expression in the VMH,
which thereby sensitizes the brain to the subsequent
surge in P4 (Lauber et al., 1991; Pfaff et al., 1994). The
same pattern of PR induction by E2 occurs in stromal
cells of the uterus, priming these cells for decidualization
in response to P4 and the implanting blastocyst (Rider,
2002). Although reproductive and behavioral endocri-
nology have been well studied in certain mammals,
much less is known about the endocrine regulation of
the reproductive cycle in females of other species and
vertebrate classes. Such comparative information is
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essential for a full understanding of the unique and
evolutionarily conserved aspects of endocrine function.
For example, there is increasing evidence that andro-
gens, including non-aromatizable ones, are involved in
normal female development and reproduction in many
vertebrates (Lutz et al., 2001; Mahendroo and Russell,
1999; Staub and De Beer, 1997).

Concentrations of androgens change during the re-
productive cycle and are often higher than estrogen
concentrations in a number of reptiles. In the Kemp’s
ridley sea turtle, Lepidochelys kempi, testosterone (T)
and E2 concentrations increase above basal concentra-
tions during vitellogenesis, and concentrations of T are
approximately 10-fold higher than E2 throughout the
year but are 20-fold higher at the time of mating (Rostal
et al., 1998). In the Galdpagos tortoise, Geochelone ni-
gra, concentrations of T and E2 increase during the
mating season, and T concentrations are roughly 2- to
10-fold higher than E2 concentrations, with the largest
difference between T and E2 concentrations during the
mating season (Schramm et al., 1999). An increase in T
also occurs in female American alligators at the time of
mating (Guillette et al., 1997). Testosterone and E2
concentrations, however, are equivalent during late vi-
tellogenesis in the alligator. Although species vary in the
relative concentrations of T and E2 and the exact rela-
tionship of these hormones to follicular development
and mating behavior, concentrations of both hormones
generally increase in a correlated manner during the
reproductive cycle. These findings suggest that T may
have a conserved physiological role in the reproductive
biology of female reptiles (also see discussions in Guil-
lette et al., 1997; Rostal et al., 1998).

Recent studies in our laboratory have documented
the behavioral and hormonal changes that occur during
the reproductive cycle of female leopard geckos, Eub-
lepharis macularius (Rhen et al., 2000). Female leopard
geckos are not receptive when previtellogenic, a few are
receptive during early vitellogenesis, and most are re-
ceptive during late vitellogenesis. Females are again
unreceptive after ovulation. Concentrations of dihyd-
rotestosterone (DHT) and T are low when females are
previtellogenic, increase slightly during early vitello-
genesis, increase dramatically during late vitellogenesis
(i.e., prior to ovulation), and then decrease to previ-
tellogenic levels after ovulation. Concentrations of E2
increase gradually from the previtellogenic stage to a
peak during late vitellogenesis and then drop to previ-
tellogenic levels after ovulation. In contrast, concentra-
tions of P4 in the female leopard gecko only increase
slightly from the previtellogenic stage to the early vi-
tellogenic stage, remain at the same level during late
vitellogenesis, and then decrease after ovulation.
Though all hormones examined changed with the re-
productive cycle, it is likely that T and E2 play the most
important roles in regulating receptivity. Among late

vitellogenic individuals, receptive females have signifi-
cantly higher concentrations of DHT, T, and E2 than
unreceptive females. Ovariectomy eliminates receptive
behavior and treatment with exogenous T or E2 induces
receptive behavior (Rhen and Crews, 2000; Rhen et al.,
1999). Treatment with DHT alone does not elicit re-
ceptivity thus indicating that T may induce receptivity
after aromatization to E2. Injections of P4 after E2
treatment do not appear to enhance or inhibit receptive
behavior in ovariectomized females (unpublished ob-
servations, Rhen and Crews). Together, these studies
suggest that cyclical changes in T and E2 levels may
control receptivity in female leopard geckos.

The neuroendocrine mechanisms underlying hor-
monal and behavioral changes during the female re-
productive cycle remain to be elucidated in this species.
To begin to address this problem and to explore the
potential role of androgen receptors (AR) in reproduc-
tive behavior and physiology, we examined the expres-
sion of AR-mRNA in various forebrain nuclei and in
oviduct in previtellogenic and late vitellogenic female
leopard geckos. Using in situ hybridization, we found
that the relative abundance of AR-mRNA across a
number of nuclei was greater in late vitellogenic than in
previtellogenic females. This pattern was reversed in the
reproductive tract where expression of AR-mRNA in
stromal cells of the oviduct was lower in vitellogenic
females than in previtellogenic females.

2. Materials and methods
2.1. Animals

Animals were treated according to a research proto-
col approved by the Institutional Animal Care and Use
Committee at the University of Texas. The methods
used to produce the animals for this experiment have
been described in detail previously (Rhen and Crews,
1999; Rhen and Crews, 2000). Briefly, leopard gecko
eggs from the captive-breeding colony at the University
of Texas were collected. Fertile eggs were placed in in-
dividual cups filled with moist vermiculite (1 part wa-
ter:1 part vermiculite) and split among four constant
incubation temperatures (i.e., 26, 30, 32.5, and
34 +0.1°C). Incubation of leopard gecko eggs at 26 °C
produces only females, 30 °C produces a female-biased
sex ratio (~30% males), 32.5°C produces a male-biased
sex ratio (~70% males), and 34 °C again produces vir-
tually all females. Geckos hatched from these eggs were
raised in isolation to reproductive maturity and then
placed in cages with one adult male and two or three
other females. The 14 adult females used in this study
had been incubated at 30°C, were of similar age, and
were reproductively active (i.e., they had produced at
least one viable clutch of eggs).
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The reproductive status of females was monitored ev-
ery two to three days. In the leopard gecko, reproductive
status can be determined easily because follicles and eggs
are visible through the abdominal wall. Females were
randomly assigned to two groups. One group of females
was behavior tested when they were previtellogenic (i.e.,
had no visible follicles or eggs; n=7), a time when sex
steroid concentrations are low (Rhen et al., 2000). In ac-
cord with our previous study, all females in this group
were unreceptive to courting males. The second group of
females was behavior tested when their follicles were
>12 mm in diameter (i.e., during late vitellogenesis; n = 7),
when sex steroid concentrations are elevated (Rhen et al.,
2000). These females were sexually receptive as observed
in our previous study. After behavior tests were com-
pleted, females were euthenized by rapid decapitation,
their brains immediately frozen in isopentane, and stored
at —80°C until sectioning. The same was done for ovi-
ducts from two females in each group.

2.2. Tissue preparation, in situ hybridization, and silver
grain quantification

In brief, frozen sections of tissue 10 um thick were
melted onto RNase-free, poly-L-lysine-coated micro-
scope slides (Sigma). Sections from experimental ani-
mals were placed on a series of slides for hybridization
to different probes, and, all together, 10 series of slides
were collected. Sections were dried at room temperature
and then stored in slide boxes at —80 °C. Oviducts from
four females were also sectioned at 10 um to examine
AR-mRNA expression within the reproductive tract.
The procedures used to clone a 374 bp fragment of the
leopard gecko AR-mRNA have been described previ-
ously, as have the nucleotide and predicted amino acid
sequences (Rhen and Crews, 2001). The cloned fragment
of the leopard gecko AR spans from the A/B domain
into the ligand-binding domain of the receptor.

The method used for in situ hybridization has also
been described in detail (Rhen and Crews, 2001). In
brief, radiolabeled (**S-CTP, NEN) antisense and sense
cRNA probes were synthesized by in vitro transcription
using T7 RNA polymerase. Unlabeled antisense cRNA
probes were made in the same manner, except that cold
CTP replaced **S-CTP in the transcription reaction.
Probes were separated from unincorporated nucleotides
by ethanol precipitation in ammonium acetate. CRNA
probes were resuspended, denatured at 85 °C, and added
to the hybridization solution at a final concentration of
0.3 ug probe x length in kb per ml. For the first control,
an additional 100-fold excess of competing unlabeled
antisense probe was added to the hybridization solution.
The hybridization solution consisted of 50% deionized
formamide, 10% dextran sulfate, 0.3M NaCl, 10 mM
Tris—HCI, pH 8.0, ImM EDTA, 1x Denhardt’s solu-
tion, 10 mM dithiothreitol, and 0.5 mg/ml tRNA.

Prior to prehybridization, tissues were fixed in 4%
paraformaldehyde (pH 7.2) for 20min, rinsed in 3x
phosphate-buffered saline (PBS) for 5min, rinsed twice
for Smin (10 min total) in 1x PBS, dipped in RNase-free
water, and washed in fresh 0.1 M triethanolamine (pH
8.0) and 0.25% acetic anhydride for 10 min. Tissues were
then rinsed in 2x SSC (0.3 M sodium chloride, 0.03M
sodium citrate, pH 7), dehydrated in 70%, 95%, and
100% ethanol for 3 min each, delipidated in chloroform
for Smin, rinsed in 100% and 95% ethanol, and air
dried.

Tissues were prehybridized for 16h at 45°C in hy-
bridization solution in which the cRNA probe was re-
placed with tRNA at a final concentration of 2.5 mg/ml.
Prehybridization took place in plastic containers con-
taining moist paper towels. Tissues were rinsed clean of
the prehybridization solution using 2x SSC for 3 min.
Tissues were then dehydrated in 70% and 95% ethanol
for 3min each and air dried.

Hybridization solution was then applied to the tissues
and incubated overnight at 45°C. After hybridization,
tissues were washed twice for 15min at 50°C in 1x SSC,
50% formamide, and 0.1% B-mercaptoethanol. Tissues
were then RNase A (20 ug/ml) digested in a buffer con-
sisting of 10mM Tris—=HCI, 100 mM sodium chloride,
and 2mM EDTA for 30min at 37°C. RNase A was
then washed off using the same buffer for 30 min at
37°C. Two consecutive washes for 15 min each at 50 °C
were done in 1x SSC, 50% formamide, and 0.1% pB-
mercaptoethanol. Two washes for 30 min each at 50 °C
were then done in 0.1x SSC and 1% B-mercaptoethanol.
Final washes were 50% and then 85% ethanol and am-
monium acetate for 3min each and 100% ethanol for
3 min. Tissues were dried and dipped in Kodak NTB-2
autoradiographic emulsion, dried, exposed at 4 °C for 15
days for AR-mRNA. The slides were developed in
Kodak D-19 developer, fixed, rinsed in water, stained in
cresyl violet, and coverslipped using Permount. Tissues
were examined using darkfield and brightfield micros-
copy and images captured digitally. Brightness and
contrast were adjusted using Adobe Photoshop 5.0 to
improve image quality. The specificity of in situ hy-
bridization for AR-mRNA was demonstrated by using
(1) slides hybridized to radioactively labeled sense
probe, (2) slides hybridized to labeled antisense probe in
the presence of 100-fold excess unlabeled antisense
probe, or (3) slides hybridized to labeled antisense probe
after slides were pretreated with RNase A (20 pg/ml for
30 min). All slides were counter-stained with cresyl violet
to facilitate identification of nuclei.

The procedure for darkfield quantification of silver
grains in labeled cells has been described previously
(Fleming and Crews, 2001; Godwin and Crews, 1999;
Wennstrom and Crews, 1998; Young et al., 1995). Slides
were coded and randomized so that the reproductive sta-
tus of individual females was unknown to the researcher.
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Brain nuclei were located at 10x, and silver grain density
was quantified at40x. All readings were done unilaterally,
and the side was chosen randomly. The Grains image
analysis program (v. 1.2—University of Washington) se-
lected five of the most densely labeled clusters, then
counted the number of silver grains in all the clusters. For
each reading of a nucleus, we took background measure-

Previtellogenic

ments of silver grain density at a location adjacent to the
nucleus, and we subtracted this background reading from
each reading of the nucleus. This became our measure-
ment of signal intensity above background, and we used
this number to calculate the average grains/cluster.

We analyzed AR-mRNA expression in rostral and
caudal divisions of the medial preoptic area (MPOAr

Late vitellogenic

Fig. 1. Darkfield photomicrographs of silver grain distribution over cells in the brains of female leopard geckos hybridized to AR-mRNA antisense
probe. Images are representative of the mean difference in AR-mRNA expression between previtellogenic and late vitellogenic females. (A) AR-
mRNA in the MPOAC of a previtellogenic female. (B) AR-mRNA in the MPOACc of a late vitellogenic female. (C) AR-mRNA in the AME of a
previtellogenic female. (D) AR-mRNA in the AME of a late vitellogenic female.
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and MPOAC), the periventricular preoptic area (PP), the
anterior hypothalamus (AH), the medial amygdala
(AME), the ventromedial and dorsolateral aspect of the
ventromedial hypothalamus (VMHm and VMHAd], re-
spectively), the lateral septum (LS), the periventricular
hypothalamus (PVH). Nuclei were identified using the
descriptions provided by Young et al. (1994). Androgen
receptor mRNA expression in the oviduct was not
quantified using computer software because the Grains
image analysis software had difficulty in quantifying the
extremely high expression observed in the previtello-
genic females.

2.3. Statistical analysis

Patterns of AR-mRNA expression (i.e., number of
grains per cluster) were analyzed using multivariate
analysis of variance (MANOVA). This method was
employed because multiple measures of steroid receptor
mRNA abundance in various nuclei of one individual
are not independent variables. Moreover, MANOVA is
a robust statistical method that does not make stringent
assumptions about the structure of the covariance ma-
trices among variables (Crowder and Hand, 1990). In
addition, MANOVA is a powerful method to discern
small but reliable differences across a suite of traits. We
used a repeated measures MANOVA design to test for
overall differences between previtellogenic and vitello-
genic females, overall differences among brain areas, and
interactions between reproductive state and brain area.
The latter effect, if significant, would represent region
specific differences in steroid receptor mRNA abun-
dance between previtellogenic and vitellogenic females.
We used Pillai’s trace as our multivariate test statistic
because it is robust to deviations in multivariate nor-
mality and group differences in the variance—covariance
matrix. To determine how AR-mRNA expression co-
varied among nuclei, we also examined the data using
correlation analysis. All statistics were done using JMP
3.2 software (SAS Institute).

3. Results
3.1. AR-mRNA in the brain

Reproductive status had a significant effect on ex-
pression of AR-mRNA (F-statistic=6.7, p =0.024). The
relative amount of AR-mRNA across various brain
areas was greater in late vitellogenic than in previtello-
genic females. Darkfield photomicrographs shown in
Fig. 1 illustrate the mean difference in AR-mRNA ex-
pression in the MPOAc and AME as a function of re-
productive status. This same pattern was observed in the
MPOAr, MPOAc, AH, AME, VMHdI, LS, and PVH
(Fig. 2). In contrast, this difference was not apparent in
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Fig. 2. Androgen receptor mRNA expression in the brains of previ-
tellogenic and late vitellogenic female leopard geckos. Presented are
the mean numbers of silver grains per cluster in each nucleus after in
situ hybridization with the antisense probe. Abbreviations are as noted
in the text. Bars represent standard errors.

the PP or VMHm. There were significant differences in
abundance of AR-mRNA among brain areas (F-statis-
tic=17.4, p=0.003). AR-mRNA expression was high-
est in the AME, and moderate levels were found in the
PP, MPOAc, AH, LS, VMHdI, and PVH. The lowest
levels were found in the MPOAr and VMHm. Although
the effect of reproductive status on AR-mRNA abun-
dance appeared to differ among brain regions, there was
not a significant interaction between these factors (F-
statistic =1.43, p=0.36).

There were strong positive correlations for AR-
mRNA expression between the AH and AME (p = 0.67,
p=0.009), between the MPOAr and AME (p = 0.83,
p=0.0003), and between the LS and PVH (p = 0.83,
»=0.0003). A weaker positive correlation occurred be-
tween the AH and MPOAr (p =0.58, p=0.03). In

Fig. 3. Line drawing of select nuclei in the leopard gecko brain illus-
trating significant correlations for AR-mRNA expression among the
MPOAr, AH, AME, VMHm, PVH, and LS. Positive correlations are
represented by solid lines and negative correlations by dashed lines.
The strength of a given correlation is proportional to the thickness of
the lines connecting the nuclei. Abbreviations are as noted in the text.
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contrast, there was a negative correlation between the
VMHm and MPOAr (p = —0.62, p=0.019) and weak
negative correlations between the VMHm and AME
(p = —0.52, p=0.057) and between the VMHm and AH
(p = —0.48, p=0.08). Correlations among other pairs of
nuclei did not reach statistical significance. These rela-
tionships are summarized in Fig. 3.

3.2. AR-mRNA in the oviduct

Reproductive status had a dramatic influence on the
morphology of the oviduct (Figs. 4A,B). The overall size
of the oviduct increased greatly during late vitellogenesis
in association with the development of shell glands.
Expression of AR-mRNA was very high in both the
luminal epithelium and stroma of the oviduct in previ-
tellogenic females (Fig. 4C). In contrast, expression of
AR-mRNA was prominent in the luminal epithelium of
late vitellogenic females, but was much lower within the
stroma (Fig. 4D).

4. Discussion

The main finding in the current study was that the
relative abundance of androgen receptor (AR) mRNA

across a number of limbic nuclei was greater in late vi-
tellogenic than in previtellogenic female leopard geckos,
E. macularius. This pattern was observed in the rostral
and caudal medial preoptic area (MPOAr and MPOAC),
the anterior hypothalamus (AH), the external nucleus of
the amygdala (AME), the dorsolateral aspect of the
ventromedial hypothalamus (VMHAI), the lateral septum
(LS), and the periventricular hypothalamus (PVH), but
not in the periventricular preoptic area (PP) or the medial
part of the ventromedial hypothalamus (VMHm). Re-
gional differences in AR-mRNA expression were also
evident, with the highest expression in the AME and
VMHAdI and the lowest expression in the MPOAr and
VMHm. Levels of AR-mRNA were regulated differently
among cell types in the oviduct. Whereas AR-mRNA
expression was high in the stroma and luminal epithelium
of previtellogenic females, levels of AR-mRNA decreased
in the stroma of late vitellogenic females.

Changes in AR-mRNA expression during the repro-
ductive cycle raise questions about the potential function
of androgens and the mechanisms regulating AR-mRNA
levels in different tissues and cell types. Testosterone (T)
concentrations increase by two orders of magnitude from
the previtellogenic stage to the late vitellogenic stage,
which is when females are most receptive to courting

. eV

Fig. 4. Low and high magnification photomicrographs of oviducts from previtellogenic and late vitellogenic female leopard geckos. Images in the
upper panels illustrate gross differences in oviduct morphology between (A) previtellogenic and (B) late vitellogenic females. Images in the lower
panels show differences in AR-mRNA expression (i.e., silver grain distribution) between (C) previtellogenic and (D) late vitellogenic females.
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males (Rhen et al., 2000). Short-term treatment with T
increases receptivity without affecting circulating con-
centrations of 17B-estradiol (E2) (Rhen et al., 1999).
Moreover, brain nuclei with elevated levels of AR-
mRNA in late vitellogenic leopard geckos are involved in
the control of sociosexual behaviors in other vertebrates
(Flanagan et al., 1993; Freeman and Rissman, 1996; Gill
et al., 1998; Kato and Sakuma, 2000; Pfaus et al., 1993;
Veney and Rissman, 1997; Veney and Rissman, 2000;
Yang et al., 1999). In particular, the VMHAI has been
implicated in the control of estrogen-dependent receptive
behavior in whiptail lizards. Lesions of this area, which
contains abundant estrogen receptor (ER) mRNA in
whiptails, abolish E2-induced receptive behavior
(Kendrick et al., 1995; Young et al., 1994). Whereas AR-
mRNA was especially abundant in the VMHAI of female
leopard geckos (this study), ER-mRNA was not detected
(Rhen and Crews, 2001). Androgens and AR in the
VMHdI might therefore play a role in the regulation of
receptive behavior in female leopard geckos. Alterna-
tively, aromatization of T into E2 in other regions of the
brain that contain ER may be critical because receptivity
can be induced by exogenous E2 but not by DHT (Rhen
and Crews, 2000; Rhen et al., 1999). Another possibility
is that both hormones are important in females. Ulti-
mately, it will be vital to characterize AR, ER, and aro-
matase function to identify nuclei that control receptive
behavior in the leopard gecko.

The pattern of AR-mRNA expression was different in
the oviduct. Abundance of AR-mRNA in the luminal
epithelium did not change with reproductive stage, but
AR-mRNA levels were dramatically reduced in stromal
cells in late vitellogenic compared to previtellogenic fe-
males. This finding indicates that AR-mRNA is specif-
ically down-regulated in the stroma. Shell glands
differentiate in parallel with the increase in circulating
levels of androgens and the decrease in AR-mRNA ex-
pression. These results suggest that androgens regulate
at least some aspects of oviduct morphology and func-
tion in the leopard gecko. Androgen action in female
vertebrates is in general poorly understood. However,
observations in various species indicate that androgens
are important. For example, female knockout mice for
Sa-reductase, which converts T into DHT, have prob-
lems with parturition (Kimura et al., 1999). Female
knockout mice for AR have smaller litter sizes than wild
type littermates (Yeh et al., 2002). In the rat uterus, AR
appears to modulate E2-induced cell proliferation
(Weihua et al., 2002). Most tissue types in the chicken
oviduct express AR, and experimental evidence indi-
cates that androgens also play a direct role in growth
and differentiation of this tissue (Joensuu et al., 1992;
Tokarz et al., 1979; Yu and Marquardt, 1973a,b). Taken
together, these and other studies suggest that androgens
could have a conserved physiological function in the
female reproductive tract.

Changes in AR-mRNA expression during the re-
productive cycle of female leopard geckos may reflect
the fact that AR is an auto-regulated gene. Androgenic
regulation of AR-mRNA is cell-type dependent in other
vertebrates: androgens can act to down-regulate AR-
mRNA and protein abundance in some cell types or up-
regulate AR-mRNA and protein expression in others
(Burnstein et al., 1995; Grad et al., 1999). For instance,
gonadectomy of mice decreases AR protein levels in the
hypothalamus (Lu et al., 1998; Lu et al., 1999). Con-
versely, androgen replacement elevates AR protein lev-
els in a dose-dependent manner in the brains of both
male and female mice (Lu et al., 1998). Testosterone has
also been shown to up regulate AR in the brain of fe-
male Atlantic croaker, Micropogonias undulates (Lars-
son et al., 2002). Autologous up-regulation of human
AR-mRNA by androgens in cell culture depends upon
androgen responsive elements in AR-mRNA (Grad
et al., 1999). It is interesting to note that these androgen
responsive elements are perfectly conserved in the nu-
cleotide sequence for the gecko AR-mRNA (compare
Fig. 1 in Rhen and Crews, 2001 to Fig. 6 in Grad et al.,
1999). These observations suggest that the mechanism
responsible for androgen up-regulation of AR-mRNA
in the vertebrate brain may be conserved from fish to
reptiles to mammals. Down-regulation of AR-mRNA is
dependent upon the same intragenic androgen respon-
sive elements, which confer cell type specific regulation
of AR-mRNA levels (Burnstein et al., 1995). However,
the mechanisms responsible for tissue and cell-specific
patterns of AR-mRNA regulation during the repro-
ductive cycle in the female leopard gecko remain to be
determined.

In summary, clevated expression of AR-mRNA in
the brain during late vitellogenesis is correlated with
higher circulating concentrations of androgens and
greater propensity for receptive behavior in this species
(Rhen et al., 2000). Previtellogenic and late vitellogenic
females also differ in oviduct morphology and AR-
mRNA expression. Although cyclical changes in con-
centrations of androgens and abundance of AR-mRNA
in the oviduct and forebrain suggest that AR might play
a role in regulating reproductive physiology and be-
havior, further studies are required to determine the
specific role of T acting as an androgen versus T that is
aromatized to E2.

Acknowledgments

We thank two anonymous reviewers for comments
that improved the manuscript. This work was supported
by an Individual National Research Service Award
MH#11369 from the National Institute of Mental
Health and a National Science Foundation Disserta-
tion Improvement Grant #IBN-9623546 to T. Rhen,



140 T. Rhen et al. | General and Comparative Endocrinology 132 (2003) 133-141

National Science Foundation Grant #DGF-9616181 to
J.T. Sakata, UT-Austin Pre-emptive and Continuing
Fellowship (JTS), NIMH T32 18837 (SCW), and Grant
MH#57874 from the National Institute of Mental
Health to D. Crews.

References

Burnstein, K.L., Maiorino, C.A., Dai, J.L., Cameron, D.J., 1995.
Androgen and glucocorticoid regulation of androgen receptor
cDNA expression. Mol. Cell Endocrinol. 115, 177-186.

Crowder, M.J., Hand, D.J., 1990. Analysis of Repeated Measures.
Chapman and Hall, New York.

Flanagan, L.M., Pfaus, J.G., Pfaff, D.W., McEwen, B.S., 1993.
Induction of FOS immunoreactivity in oxytocin neurons after
sexual activity in female rats. Neuroendocrinology 58, 352-358.

Fleming, A., Crews, D., 2001. Estradiol and incubation temperature
modulate regulation of steroidogenic factor 1 in the developing
gonad of the red-eared slider turtle. Endocrinology 142, 1403-1411.

Freeman, L.M., Rissman, E.F., 1996. Neural aromatization and the
control of sexual behavior. Trends Endocrinol. Met. 7, 334-338.

Gill, CJ., Wersinger, S.R., Veney, S.L., Rissman, E.F., 1998.
Induction of fos-like immunoreactivity in musk shrews after
mating. Brain Res. 811, 21-28.

Godwin, J., Crews, D., 1999. Hormonal regulation of progesterone
receptor mRNA expression in the hypothalamus of whiptail
lizards: regional and species differences. J. Neurobiol. 39, 287-293.

Grad, J.M., Dai, J.L., Wu, S., Burnstein, K.L., 1999. Multiple
androgen response elements and a myc concensus site in the
androgen receptor (AR) coding region are involved in androgen-
mediated up-regulation of AR messenger RNA. Mol. Endocrinol.
13, 1896-1911.

Guillette Jr., L.J., Woodward, A.R., Crain, D.A., Masson, G.R.,
Palmer, B.D., Cox, M.C., You-Xiang, Q., Orlando, E.F., 1997. The
reproductive cycle of the female American alligator (Alligator
mississippiensis). Gen. Comp. Endocrinol. 108, 87-101.

Joensuu, T.K., Blauer, M.K., Sannisto, T., Tuohimaa, P.J., 1992. The
effect of dihydrotestosterone on the estrogen-induced cytodifferen-
tiation of the chick oviduct. J. Steroid Biochem. Mol. Biol. 41,
701-709.

Kato, A., Sakuma, Y., 2000. Neuronal activity in female rat preoptic
area associated with sexually motivated behavior. Brain Res. 862,
90-102.

Kendrick, A.M., Rand, M.S., Crews, D., 1995. Electrolytic lesions
to the ventromedial hypothalamus abolish receptivity in fe-
male whiptail lizards, Cnemidophorus uniparens. Brain Res. 680,
226-228.

Kimura, T., Ogita, K., Kusui, C., Ohashi, K., Azuma, C., Murata, Y.,
1999. What knockout mice can tell us about parturition. Rev.
Reprod. 4, 73-80.

Larsson, D.G.J., Perry, T.S., Thomas, P., 2002. Regulation of
androgen receptors in Atlantic croaker brains by testosterone and
estradiol. Gen. Comp. Endocrinol. 128, 224-230.

Lauber, A.H., Romano, G.J., Pfaff, D.W., 1991. Sex difference in
estradiol regulation of progestin receptor mRNA in rat mediobasal
hypothalamus as demonstrated by in situ hybridization. Neuroen-
docrinology 53, 608-613.

Lu, S.F., McKenna, S.E., Cologer-Clifford, A., Nau, E.A., Simon,
N.G., 1998. Androgen receptor in mouse brain: sex differences and
similarities in autoregulation. Endocrinology 139, 1594-1601.

Lu, S.F., Simon, N.G., Wang, Y., Hu, S., 1999. Neural androgen
receptor regulation: effects of androgen and antiandrogen. J.
Neurobiol. 41, 505-512.

Lutz, L.B., Cole, L.M., Gupta, M.K., Kwist, K.W., Auchus, R.J.,
Hammes, S.R., 2001. Evidence that androgens are the primary
steroids produced by Xenopus laevis ovaries and may signal
through the classical androgen receptor to promote oocyte matu-
ration. Proc. Natl. Acad. Sci. USA 98, 13728-13733.

Mahendroo, M.S., Russell, D.W., 1999. Male and female isozymes of
steroid So-reductase. Rev. Reprod. 4, 179-183.

Pfaff, D.W., Schwartz-Giblin, S., McCarthy, M.M., Kow, L-M., 1994.
Cellular and molecular mechanisms of female reproductive behav-
ior. In: Knobil, E., Neill, J.D. (Eds.), The Physiology of Repro-
duction. Raven Press, New York, pp. 107-220.

Pfaus, J.G., Kleopoulos, S.P., Mobbs, C.V., Gibbs, R.B., Pfaff, D.W.,
1993. Sexual stimulation activates c-fos within estrogen-concen-
trating regions of the female rat forebrain. Brain Res. 624,
253-267.

Rhen, T., Crews, D., 1999. Embryonic temperature and gonadal sex
organize male-typical sexual and aggressive behavior in a lizard
with temperature-dependent sex determination. Endocrinology
140, 4501-4508.

Rhen, T., Crews, D., 2000. Organization and activation of sexual and
agonistic behavior in the leopard gecko, Eublepharis macularius.
Neuroendocrinology 71, 252-261.

Rhen, T., Crews, D., 2001. Distribution of androgen and estrogen
receptor mRNA in the brain and reproductive tissues of the
leopard gecko, Eublepharis macularius. J. Comp. Neurol. 437,
385-397.

Rhen, T., Ross, J., Crews, D., 1999. Effects of testosterone on sexual
behavior and morphology in adult female leopard geckos, Eub-
lepharis macularius. Horm. Behav. 36, 119-128.

Rhen, T., Sakata, J.T., Zeller, M., Crews, D., 2000. Sex steroid levels
across the reproductive cycle of female leopard geckos, Eublepharis
macularius, from different incubation temperatures. Gen. Comp.
Endocrinol. 118, 322-331.

Rider, V., 2002. Progesterone and the control of uterine cell prolif-
eration and differentiation. Front. Biosci. 7, 1545-1555.

Rostal, D.C., Owens, D.W., Grumbles, J.S., MacKenzie, D.S., Amoss
Jr., M.S., 1998. Seasonal reproductive cycle of the Kemp’s ridley
sea turtle (Lepidochelys kempi). Gen. Comp. Endocrinol. 109,
232-242.

Schramm, B.G., Casares, M., Lance, V.A., 1999. Steroid levels and
reproductive cycle of the Galapagos tortoise, Geochelone nigra,
living under seminatural conditions on Santa Cruz Island (Gala-
pagos). Gen. Comp. Endocrinol. 114, 108-120.

Staub, N.L., De Beer, M., 1997. The role of androgens in female
vertebrates. Gen. Comp. Endocrinol. 108, 1-24.

Tokarz, R.R., Harrison, R.W., Seaver, S.S., 1979. The mechanism of
androgen and estrogen synergism in the chick oviduct. Estrogen-
modulated changes in cytoplasmic androgen receptor concentra-
tions. J. Biol. Chem. 254, 9178-9184.

Veney, S.L., Rissman, E.F., 1997. Axon sparing lesions of the medial
preoptic area block female sexual behavior. Brain Res. 756,
273-277.

Veney, S.L., Rissman, E.F., 2000. Steroid implants in the medial
preoptic area or ventromedial nucleus of the hypothalamus activate
female sexual behavior in the musk shrew. J. Neuroendocrinol. 12,
1124-1132.

Weihua, Z., Ekman, J., Almkvist, A., Saji, S., Wang, L., Warner, M.,
Gustafsson, J.A., 2002. Involvement of androgen receptor in 17f-
estradiol-induced cell proliferation in rat uterus. Biol. Reprod. 67,
616-623.

Wennstrom, K.L., Crews, D., 1998. Effect of long-term castration and
long-term androgen treatment on sexually dimorphic estrogen-
inducible progesterone receptor mRNA levels in the ventromedial
hypothalamus of whiptail lizards. Horm. Behav. 34, 11-16.

Yang, S., Lee, Y., Voogt, J.L., 1999. Fos expression in the female rat
brain during the proestrous prolactin surge and following mating.
Neuroendocrinology 69, 281-289.



T. Rhen et al. | General and Comparative Endocrinology 132 (2003) 133141 141

Yeh, S., Tsai, M.Y., Xu, Q., Mu, X.M., Lardy, H., Huang, K.E., Lin,
H., Yeh, S.D., Altuwaijri, S., Zhou, X., Xing, L., Boyce, B.F.,
Hung, M.C., Zhang, S., Gan, L., Chang, C., 2002. Generation and
characterization of androgen receptor knockout (ARKO) mice: an
in vivo model for the study of androgen. Proc. Natl. Acad. Sci.
USA 99, 13498-13503.

Young, L.J., Lopreato, G., Horan, K., Crews, D., 1994. Cloning and
in situ hybridization of estrogen receptor, progesterone receptor,
and androgen receptor expression in the brain of whiptail lizards
(Cnemidophorus uniparens and C. inornatus). J. Comp. Neurol. 347,
288-300.

Young, L.J., Nag, P.K., Crews, D., 1995. Species differences in
behavioral sensitivity to estrogen in whiptail lizards: correlation
with hormone receptor messenger ribonucleic acid expression.
Neuroendocrinology 61, 680-686.

Yu, J.Y., Marquardt, R.R., 1973a. Synergism of testosterone and
estradiol in the development and function of the magnum from the
immature chicken (Gallus domesticus) oviduct. Endocrinology 92,
563-572.

Yu, J.Y., Marquardt, R.R., 1973b. Interaction of estradiol and testos-
terone in the regulation of growth and development of the chicken
(Gallus domesticus) oviduct. Comp. Biochem. Physiol. B44, 769-777.



	Changes in androgen receptor mRNA expression in the forebrain and oviduct during the reproductive cycle of female leopard geckos, Eublepharis macularius
	Introduction
	Materials and methods
	Animals
	Tissue preparation, in situ hybridization, and silver grain quantification
	Statistical analysis

	Results
	AR-mRNA in the brain
	AR-mRNA in the oviduct

	Discussion
	Acknowledgements
	References


