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determines gonadal sex in many reptiles, including the
leopard gecko (Eublepharis macularius). In this study, we
examined the hormonal and behavioral changes that oc-
cur during the reproductive cycle of female leopard gec-
kos from four (i.e., 26, 30, 32.5, and 34°C) incubation
temperatures. Controlling for reproductive status,
plasma levels of dihydrotestosterone (DHT), testoster-
one (T), and progesterone (P) varied with incubation
temperature but estradiol 17-b (E2) levels did not. Con-
trolling for the effects of incubation temperature, DHT
and T levels were low when females were previtellogenic,
increased slightly during early vitellogenesis, increased
dramatically during late vitellogenesis (i.e., prior to ovu-
lation), and then decreased to previtellogenic levels after
ovulation. In contrast, E2 levels increased gradually from
the previtellogenic stage to the early vitellogenic stage,
peaked during late vitellogenesis, and decreased to pre-
vitellogenic levels after ovulation. Levels of P increased
from the previtellogenic stage to the early vitellogenic
stage, remained elevated during late vitellogenesis, and
then decreased after ovulation. Moreover, we determined
that females were not sexually receptive when previtello-
genic, were somewhat receptive during early vitellogen-
esis (;20% receptive), were most receptive during late
vitellogenesis (;80% receptive), and were again unre-
ceptive after ovulation. Incubation temperature did not
influence receptivity. Overall, these data show that hor-
mone levels and behavior change coordinately during the
322
persistent effects on endocrine physiology in adult fe-
male leopard geckos, these effects are modest compared
to hormonal changes across the reproductive cycle.
© 2000 Academic Press

Temperature during embryogenesis determines go-
nadal sex in some lizards, many turtles, and all croc-
odilians (reviewed in Ewert et al., 1994; Lang and

ndrews, 1994; Viets et al., 1994). Incubation temper-
ature also influences the development of many other
characteristics in reptiles with temperature-dependent
sex determination (or TSD). For example, in various
turtle species and in the American alligator, Alligator
mississippiensis, embryonic temperature has effects on
hatchling and juvenile traits such as body size, energy
reserves, metabolism and growth, pigmentation, sex
steroid physiology, secondary sex structures, and be-
havioral thermoregulation (Etchburger et al., 1993; All-
teadt and Lang, 1995a,b; Rhen and Lang, 1995,
999a,b; Rhen et al., 1999a; Roosenburg and Kelley,
996). Yet, it is unclear whether incubation tempera-
ure has effects that endure until later developmental
tages in these long-lived, slowly maturing reptiles.

Research with the leopard gecko, Eublepharis macu-
arius, indicates that such temperature-induced pheno-
ypic variation persists into adulthood (reviewed in
rews et al., 1998). Incubation temperature determines
onadal sex in this species: a temperature of 26°C
0016-6480/00 $35.00
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produces all females, 30°C produces a female-biased
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sex ratio (;30% males), 32.5°C produces a male-biased
ex ratio (;65% males), and 34°C again produces a
emale-biased sex ratio (;5% males) (Viets et al., 1993).
ince both sexes are sexually mature at approximately
0 to 50 weeks of age (Tousignant et al., 1995; Sakata
nd Crews, unpublished data), it is feasible to directly
etermine whether incubation temperature has any
henotypic effects in adult males and females. Previ-
us studies have found that both incubation temper-
ture and gonadal sex influence adult sex steroid
hysiology and reproductive behavior (reviewed in
rews et al., 1998).
Gutzke and Crews (1988) found that females from

n incubation temperature of 32°C had significantly
igher levels of total androgens and lower levels of
strogens than females from 26°C, whereas females
rom 29°C had intermediate levels of androgens and
strogens. Whereas some of these results have been
eplicated in subsequent studies that measured sex
teroid levels in females from different incubation
emperatures, other findings have not been confirmed
Tousignant and Crews, 1995; Tousignant et al., 1995;
lores and Crews, 1995; Crews et al., 1996; Coomber et
l., 1997).

A number of potentially confounding factors may
ave contributed to these variable results. Variation in

he age of females, for example, may account for some
f the inconsistent findings (see discussion in Tousig-
ant et al., 1995). Recent work has shown ontogenetic
hanges in hormone levels prior to sexual maturity
Sakata et al., 1998). The most likely explanation for

any of the results, however, is undescribed variation
n female reproductive status. In fact, in the only study
o date that has examined the effect of reproductive
tatus, females with vitellogenic follicles had higher
evels of testosterone (T) than previtellogenic females
r females after oviposition (Tousignant et al., 1995). In
ontrast, levels of dihydrotestosterone (DHT), estra-
iol 17-b (E2), and corticosterone did not vary with

reproductive status. Nevertheless, that study did not
make a complete set of comparisons among incuba-
tion temperatures and across reproductive stages.
Thus, it remains unclear whether incubation temper-
ature influences sex steroid levels in adult female leop-
ard geckos.

Here, we use a repeated-measures experimental de-
sign to precisely characterize the hormonal changes
leopard geckos from different incubation tempera-
tures. This design is ideal both for detecting temper-
ature effects on circulating sex steroid levels and for
documenting changes in hormone levels during the
reproductive cycle. We also examined the effects of
incubation temperature and reproductive status on
the expression of female receptive behavior and the
relationship of circulating hormone levels to this be-
havior.

METHODS

Animals

Leopard gecko eggs from our captive breeding col-
ony at the University of Texas were collected and
candled for fertility. Fertile eggs were placed in indi-
vidual cups filled with moist vermiculite (1 part wa-
ter:1 part vermiculite) and divided among four con-
stant incubation temperatures: we used females from
26°C (n 5 6), 30°C (n 5 11), 32.5°C (n 5 7), and 34°C
n 5 9). Geckos hatched from these eggs were raised
n isolation as previously described (Flores et al., 1994)
nd placed in breeding cages upon reaching sexual
aturity at roughly 40 to 50 weeks of age (Tousignant

t al., 1995; Sakata and Crews, unpublished data). The
verage ages (and distribution of ages) of females
rom each incubation temperature were similar: fe-

ales from 26°C were 3–8 years old, females from
0°C were 1–6 years old, females from 32.5°C were
–8 years old, and females from 34°C were 1–6 years
ld. Thus, the potentially confounding effect of repro-
uctive aging was minimized. Moreover, age did not

nfluence hormone levels in sexually mature females
n another study (Crews et al., 1996).

Reproductive Cycle and Behavior

The reproductive status of females was monitored
every 2 or 3 days during a single reproductive cycle.
Behavior tests were conducted and blood samples
were taken during the same cycle. In the female leop-
ard gecko, reproductive status can be determined eas-
ily because follicles and eggs are visible through the
abdominal wall. We therefore collected blood samples
Copyright © 2000 by Academic Press
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when females were previtellogenic (i.e., had no visible
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324 Rhen et al.
follicles or eggs), when their follicles were less than 9
mm (mean 6 SE 5 7 6 0.2 mm) in diameter (i.e.,

uring early vitellogenesis), when their follicles were
2–14 mm (mean 6 SE 5 13 6 0.2 mm) in diameter
i.e., during late vitellogenesis), and again 1–3 days
fter ovulation when females were gravid. Samples
uring the previtellogenic stage were taken weeks
efore females entered the reproductive cycle. After
emales became reproductively active (i.e., reached the
arly vitellogenic stage), it took approximately 15 days
95% confidence limits 5 11–21 days) to move from
he early to the late vitellogenic stage. Females ovu-
ated roughly 9 days (95% confidence limits 5 7–12
ays) after reaching the late vitellogenic stage and

ayed their eggs an additional 11 days later (95% con-
dence limits 5 10–13 days). Blood samples were

collected via cardiocentesis within 1 to 2 min and the
average sample volume of whole blood was 200 ml. On
average, adult females weigh 35–45 g (Tousignant and
Crews, 1995).

Although the effect of repeated blood removal on
hormone levels is uncertain (females were bled four
times during a single cycle), multiple bleedings did
not appear to influence circulating levels of sex ste-
roids because the levels of hormones that we mea-
sured were comparable to those found in earlier stud-
ies in which females were bled only once. For
example, Tousignant et al. (1995) reported levels of T
for vitellogenic females of roughly 5 ng/ml of plasma,
whereas we found an average of 6.5 ng/ml of plasma
in the current study. Likewise, previtellogenic females
in both studies had T levels less than 1 ng/ml of
plasma. The levels of the other steroids that we mea-
sured were also similar to results reported in earlier
experiments. If the stress of repeated sampling had
influenced our results, we would have expected re-
duced hormone levels during the reproductive cycle
rather than results like those from earlier studies in
which females were only sampled once. Conse-
quently, we believe that our findings more accurately
characterize the hormonal changes that occur during
the reproductive cycle of female leopard geckos from
different incubation temperatures. All females in this
study had two developing follicles and subsequently
laid two eggs; female leopard geckos occasionally lay
clutches with just one egg but normally lay two eggs.
Moreover, the fertility of eggs produced by experi-
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
our colony as a whole.
Females were removed from their cages and tested

with a sexually active male in a neutral cage during
early vitellogenesis and again during late vitellogene-
sis. Females were first placed into a neutral cage (43 3
22 3 20 cm) with a clean paper towel as a liner.

timulus males were then placed, facing the female,
nto the same cage. In a sexual encounter, a male
lowly approaches a female, first licking the substrate
r the air with his tongue and then licking the female.
n attractivity pheromone in the skin of females (Ma-

on and Gutzke, 1990) elicits a male-typical tail vibra-
ion that creates an audible buzz and a tactile vibration
f the substrate. During these encounters, males may
lso drag their preanal pores on the substrate, presum-
bly to deposit pheromones in a scent-marking behav-
or. Males then body grip the female’s skin with their
aws during courtship and mounting. Body grips are a

ajor component of mounting behavior, as they are
sed to position the male for copulation and nearly
lways accompany intromission.
In this study, we noted a female’s receptivity to

ody grips by stimulus males. Females were consid-
red receptive if they either displayed a tail lift (ex-
osing the cloaca for intromission) or remained im-
obile when gripped by a male. Females were

onsidered unreceptive if they fled or attacked when
ody gripped. Behavior tests were stopped after 15
in if a male did not attempt to court the female.

emales that were not body gripped in the first test
ere retested with another male on the following day.
e repeated this procedure until receptivity was de-

ermined for all females. Every female was body
ripped by the third behavior test. Thus, no female
hanged reproductive status before we could ascertain
heir receptivity. However, handling and caging
hanges associated with behavior testing and variable
xposure to males could have affected hormone levels.

Radioimmunoassay (RIA)

Immediately following the last behavior test, a
blood sample was drawn from each experimental an-
imal by cardiocentesis using a heparinized 1-cc sy-
ringe with a 25-gauge needle. Blood was centrifuged
at 3000 rpm for 10 min at 4°C. Plasma was stored in
plastic microfuge tubes at 280°C until assayed for



levels of T, DHT, E2, and progesterone (P) using hor- nary dependent variables (i.e., receptive or unrecep-
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mone-specific RIAs. The antibodies used for the RIAs
were T3-125 for T, DT3-351 for DHT, E26-47 for E2,
and P11-192 for P (Endocrine Sciences, Calabasas
Hills, CA).

The procedures used for column chromatography
and the RIAs have been described in detail previously
(Rhen and Crews, 1999; Rhen et al., 1999a). Recoveries
averaged 70, 57, 56, and 40% for T, DHT, E2, and P,
respectively. Assay sensitivity was 86 pg T/ml
plasma, 71 pg DHT/ml plasma, 92 pg E2/ml plasma,
and 238 pg P/ml plasma. For a pooled plasma sample
from intact male and female leopard geckos, intraas-
say coefficients of variation were 17% for T, 16% for
DHT, 18% for E2, and 12% for P. Interassay coeffi-
cients of variation for the same sample were 13% for T,
18% for DHT, 17% for E2, and 20% for P. We also ran
quality control standards of known concentration in
the low, medium, and high ranges of the standard
curve for each steroid. This data was reported previ-
ously and all intra- and interassay coefficients of vari-
ation were less than or equal to the values for the
pooled plasma samples given above (Rhen et al.,
1999a).

Statistical Analyses

All hormone and behavior data were analyzed us-
ing incubation temperature and reproductive stage as
main effects in a two-way univariate analysis (Crow-
der and Hand, 1990). Our data met the assumptions
for the application of univariate methods to repeated-
measures data. In addition, results of the univariate
analysis were very similar to results from a multivar-
iate repeated-measures analysis. Hormone concentra-
tions were log-transformed before statistical analysis
to meet the assumptions of analysis of variance
(ANOVA). Of the 132 hormone measurements for
each steroid, we excluded 3 outliers from the analysis
of T levels and 2 outliers from the analyses of DHT, E2,
and P levels. These extreme variates exceeded critical
values for an outlier test and all were more than 4
standard deviations from their respective sample
means (Sokal and Rohlf, 1981).

Female receptivity to male body grips was analyzed
using a nominal logistic (log-linear) model fitted with
a maximum-likelihood procedure (SAS Institute,
1997). The logistic model is most appropriate for bi-
tive) and is analagous to the linear model for contin-
uous variables in ANOVA (Chatterjee and Price, 1978;
Sokal and Rohlf, 1981).

To further illuminate the association between hor-
mones and behavior, we compared levels of sex ste-
roids between receptive and unreceptive females us-
ing t tests. Moreover, we made comparisons only
within each reproductive stage (i.e., during early or
late vitellogenesis) to control for the effect of repro-
ductive status on hormone levels. Independent vari-
ables were considered significant when P 6 0.05.
Dependent variables are presented as least squares
means 6 one standard error. The Dunn–Sidák method
was used for post hoc contrasts to provide a signifi-
cance level of a9 5 1 2 (1 2 0.05)1/k, where k 5 the

umber of individual comparisons for an experiment-
ise a 5 0.05 (Sokal and Rohlf, 1981). All statistics

were done with Version 3.2 of JMP (SAS Institute,
1997) for Apple Macintosh.

RESULTS

Hormones

Levels of T were influenced by incubation temper-
ature (F 5 4.3; df 5 3, 111; P 5 0.007) and female
reproductive status (F 5 249.3; df 5 3, 111; P ,

.001) but not by their interaction (F 5 1.35; df 5 9,
11; P 5 0.22). Controlling for the effect of reproduc-
ive status, levels of T generally increased with incu-
ation temperature (Figs. 1a and 2a). Females from 26
nd 30°C had significantly lower levels of T than
emales from 34°C (a9 5 0.009). Controlling for the

effect of incubation temperature, levels of T were low-
est when females were previtellogenic, increased sig-
nificantly during early vitellogenesis, increased dra-
matically during late vitellogenesis, and then
decreased to previtellogenic levels after ovulation (a9
5 0.017; Fig. 2a).

Levels of DHT were influenced by incubation tem-
perature (F 5 3.8; df 5 3, 112; P 5 0.01) and female
reproductive status (F 5 39.1; df 5 3, 112; P , 0.001)
but not by their interaction (F 5 1.42; df 5 9, 112;
P 5 0.19). Controlling for the effect of reproductive
status, levels of DHT generally increased with incuba-
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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tion temperature (Figs. 1b and 2b). However, the only
significant pairwise difference was between females
from 26°C and females from 34°C (a9 5 0.009). Con-
trolling for the effect of incubation temperature,
plasma levels of DHT were lowest when females were
previtellogenic, increased slightly (but not signifi-
cantly) during early vitellogenesis, increased signifi-
cantly during late vitellogenesis, and then decreased
after ovulation but still remained significantly above
previtellogenic levels (a9 5 0.017; Fig. 2b).

FIG. 1. Effect of incubation temperature on circulating levels of (a)
testosterone, (b) dihydrotestosterone, and (c) progesterone in adult
female leopard geckos. Hormone levels are least squares means (61
SE) from the ANOVA described in the text. These means represent
the means for each incubation temperature while controlling for the
effects of reproductive status. Incubation temperatures having dif-
ferent superscripts are significantly different from each other.
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
tive status (F 5 16.4; df 5 3, 114; P , 0.001) but not
y incubation temperature (F 5 1.7; df 5 3, 114; P 5

0.17) nor the interaction between reproductive status
and incubation temperature (F 5 0.54; df 5 9, 114;
P 5 0.84). Plasma levels of E2 increased from the
previtellogenic stage to the early vitellogenic stage,
peaked in the late vitellogenic stage, and decreased to
previtellogenic levels after ovulation (a9 5 0.017;

ig. 2c).
Levels of P were influenced by incubation temper-

ture (F 5 4.2; df 5 3, 114; P 5 0.007) and female
reproductive status (F 5 5.2; df 5 3, 114; P 5 0.002)
but not by their interaction (F 5 0.84; df 5 9, 114;

5 0.58). Controlling for the effect of reproductive
tatus, levels of P were generally higher at intermedi-
te temperatures and lower at the extreme incubation
emperatures (Figs. 1c and 2d). However, the only
ignificant pairwise difference was between females
rom 30 and 34°C (a9 5 0.009). Controlling for the

effect of incubation temperature, levels of P increased
from the previtellogenic stage to the early vitellogenic
stage, decreased slightly during the late vitellogenic
stage (P levels were not significantly higher than pre-
vitellogenic levels), and then decreased to previtello-
genic levels after ovulation (a9 5 0.017; Fig. 2d).

Receptive Behavior

Female receptivity was strongly affected by repro-
ductive status (Likelihood Ratio x2 5 29.1; df 5 1;
P , 0.001). Whereas 18% (6/33) of females were
receptive during early vitellogenesis, 82% (27/33) of
females were receptive during late vitellogenesis. Re-
ceptivity was not influenced by incubation tempera-
ture (Likelihood Ratio x2 5 3.9; df 5 3; P 5 0.27) nor
the interaction between reproductive status and incu-
bation temperature (Likelihood Ratio x2 5 2.4; df 5 3;

5 0.49).
When we compared hormone levels, we found that

here were no differences between receptive and un-
eceptive females for any sex steroid during early
itellogenesis (P’s . 0.05). In contrast, during late
itellogenesis, receptive females had significantly
igher levels of T (t 5 2.11; df 5 29; P 5 0.04), DHT
t 5 2.33; df 5 31; P 5 0.03), and E2 (t 5 2.32; df 5

1; P 5 0.03) than unreceptive females (see Fig. 3).
here were no differences between receptive and un-
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receptive females in levels of P during late vitellogen-
esis (t 5 0.02; df 5 30; P 5 0.93).

DISCUSSION

Incubation Temperature Effects on Hormone Levels

In this study, we found that both embryonic in-
cubation temperature and adult reproductive status
influenced levels of sex steroids in female leopard
geckos. Controlling for changes in hormone levels
across the reproductive cycle, levels of T and DHT
generally increased with incubation temperature.
The largest temperature-induced difference in T lev-
els was approximately 200 pg/ml of plasma. Simi-
larly, the largest temperature-induced difference in
DHT levels was approximately 100 pg/ml of

FIG. 2. Effect of reproductive status on circulating levels of (a) tes
n adult female leopard geckos. Hormone levels are least squares me
he means for each stage of the reproductive cycle while controllin
itellogenesis, late vitellogenesis, and the gravid stage were compar
rom the previtellogenic stage are indicated by asterisks). Additiona
f the reproductive cycle. Open circle, 26°C; open square, 30°C; dia
plasma. These differences in androgen levels, on
average, add up to 300 pg/ml of plasma. In contrast,
Gutzke and Crews (1988) found that levels of total
androgens differed by roughly 5000 pg/ml of
plasma for females from different incubation tem-
peratures. Since we found a difference of this mag-
nitude only when comparing average levels of T
between the late vitellogenic stage and the other
reproductive stages, our results suggest that
changes in androgen levels during the female repro-
ductive cycle were confounded with incubation
temperature effects in that particular study. Specif-
ically, in Gutzke and Crews (1988), the stage of the
reproductive cycle in females from different temper-
atures was not recorded and individuals may have
been sampled at different stages in their cycle. In
support of this inference and our finding of a rela-
tively subtle temperature effect on androgen levels,

ne, (b) dihydrotestosterone, (c) estradiol 17-b, and (d) progesterone
1 SE) from the ANOVA described in the text. These means represent
he effects of incubation temperature. Hormone levels during early
he levels observed during previtellogenesis (significant differences
ols show the means for each incubation temperature at each stage
, 32.5°C; open triangle, 34°C.
tostero
ans (6
g for t
ed to t
l symb
monds
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other experiments report no detectable incubation
temperature effect on total androgens or T and DHT
levels (Flores and Crews, 1995; Tousignant and
Crews, 1995; Tousignant et al., 1995; Crews et al.,
1996; Coomber et al., 1997). At best, however, these
other studies only loosely controlled for changes in
hormone levels across the female reproductive cy-
cle. Thus, although we believe that results from the
current study using a repeated-measures design bet-
ter reflect the real extent of temperature-induced
variation in androgen levels in female leopard
geckos, it is possible that the small temperature
effect that we observed is entirely due to undetected
differences in reproductive condition.

We also found that P levels varied with incubation
temperature. As levels of P were at the limit of detect-
ability in previous studies (Tousignant and Crews,
1995; Tousignant et al., 1995), our study is the first to
indicate that temperature influences circulating levels
of this steroid in the leopard gecko. In contrast to our
results for plasma T and DHT levels, the magnitude of
temperature effects was similar to the magnitude of
reproductive status effects on P levels. The general
pattern of incubation temperature effects on P levels
(i.e., higher at intermediate temperatures and lower at
the extreme temperatures) was also different from
temperature effects on levels of T and DHT. In con-
junction with our finding that levels of E2 did not vary
significantly with incubation temperature, these re-
sults imply that embryonic temperature has distinct

FIG. 3. Hormone levels in unreceptive vs receptive leopard gecko
emales during late vitellogenesis. Levels of testosterone, dihy-
rotestosterone, and estradiol 17-b were significantly higher in re-

ceptive than in unreceptive females.
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
in adult female leopard geckos. Interestingly, hor-
mone-specific temperature effects are also seen in ju-
venile red-eared slider turtles, Trachemys scripta elegans
(Rhen et al., 1999a).

Reproductive Status Effects on Hormone Levels

Controlling for incubation temperature effects, sex
steroid levels changed across the female reproductive
cycle. Levels of T were low when females were pre-
vitellogenic, increased significantly during early vitel-
logenesis, increased dramatically during late vitello-
genesis (i.e., shortly before ovulation), and then
decreased to previtellogenic levels after ovulation.
These results are in agreement with those of Tousig-
nant et al. (1995), who reported that female leopard
geckos with vitellogenic follicles have higher T levels
than previtellogenic females or females after oviposi-
tion. Considering the large increase in T levels that we
found during late vitellogenesis, the concordance be-
tween these studies is as expected.

We also found more subtle, but significant, changes
in circulating levels of DHT, E2, and P through the
reproductive cycle. Whereas the pattern of change in
DHT levels was similar to that observed for T levels,
the increase in E2 levels was more gradual from the
previtellogenic stage to the late vitellogenic stage. Lev-
els of P increased from the previtellogenic stage to the
early vitellogenic stage, decreased slightly during the
late vitellogenic stage, and then returned to previtel-
logenic levels after ovulation. In contrast, Tousignant
et al. (1995) found that levels of DHT and E2 did not
vary with reproductive state. They were also unable to
test for differences in P levels because of limited assay
sensitivity. In our study, power to detect changes in
these hormones during the reproductive cycle was
presumably maximized by using a repeated-measures
design. Thus, we have more precisely characterized
variation in sex steroid levels during the reproductive
cycle in female leopard geckos.

Incubation Temperature and Reproductive Status
Effects on Behavior

Another aim of the current study was to examine
whether incubation temperature and reproductive sta-
tus influence the display of female receptive behavior.
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receptivity in intact, cycling females. In support of this
finding and even though temperature influences other
behaviors, incubation temperature does not affect re-
ceptivity in gonadectomized females treated with var-
ious sex steroids (Rhen and Crews, 2000). Reproduc-
tive status, however, had a strong effect on receptivity.
Specifically, receptive behavior increased from the
early to the late vitellogenic stage. We focused on
these stages of the cycle because a pilot study indi-
cated that previtellogenic and gravid females were
unreceptive to males: 1 of 28 previtellogenic females
was receptive and 1 of 26 gravid females was recep-
tive. Vitellogenic females displayed a moderate level
of receptivity in this preliminary study: just 13 of 33
vitellogenic females were receptive. Our current find-
ings may explain the latter result: pooling the data
from the early and late vitellogenic stages produces an
overall level of receptivity of 50%, which is not signif-
icantly different from the 39% that we found when we
did not distinguish different vitellogenic stages in the
preliminary study.

Hormones and Behavior

When we combine these results, variation in behav-
ior parallels variation in levels of all the steroids that
we measured. Hormone levels and receptivity are
generally higher during vitellogenesis: the vitellogenic
stage of ovarian development in oviparous reptiles is
generally homologous to the follicular phase in mam-
mals. Nevertheless, closer examination of hormonal
and behavioral changes shows a stronger association
between T levels, E2 levels, and receptive behavior.
Females are not sexually receptive when previtello-
genic (,5% receptive), become somewhat receptive
during early vitellogenesis (;20% receptive), are most
eceptive during late vitellogenesis (;80% receptive),
nd are again unreceptive after ovulation (,5% recep-
ive). In accord with these behavioral changes, levels
f T and E2 increase significantly during early vitello-
enesis, peak during late vitellogenesis, and then drop
o previtellogenic levels after ovulation. Moreover, we
ound that receptive females had higher levels of T
nd E2 than unreceptive females during late vitello-
enesis. Despite the relationship among reproductive
tatus, hormone levels, and behavior, temperature ef-
ects on hormones and receptive behavior were not
hat incubation temperature-induced differences in
ormone levels are small relative to the changes in
ormone levels that occur during the reproductive
ycle.

Other, more direct, lines of evidence indicate that
hese hormones regulate receptivity in female leopard
eckos. Receptive behavior can be activated by either
or E2 treatment (Rhen et al., 1999b; Rhen and Crews,

000). The finding that T treatment increases receptiv-
ty without affecting circulating levels of E2 suggests
hat T could play a critical role in controlling female
ex behavior, perhaps via aromatization to E2 within
he brain. In fact, treatment with E2 also increases
eceptivity. However, levels of receptivity in T- or
2-treated females are lower (;60%; Rhen et al., 1999b;
hen and Crews, 2000) than levels of receptivity in

ntact females during late vitellogenesis (;80%; this
tudy), even though circulating levels of T or E2 in
ormone treated females were above the physiological

evels observed during late vitellogenesis. Moreover,
here were no differences between receptive and un-
eceptive females in T or E2 levels during early vitel-
ogenesis, when levels of both hormones were rela-
ively low. These results suggest that other
nmeasured factors may be required for inducing re-
eptivity in this species. Overall, these data indicate
hat T and E2 have some role in controlling receptive
ehavior in female leopard geckos. Yet, it is still un-
lear whether T, E2, or both hormones normally con-
rol receptivity in the female leopard gecko because
evels of both T and E2 increase in a correlated manner
uring the reproductive cycle.
Androgen and estrogen levels also change during

he reproductive cycle in other TSD reptiles. For ex-
mple, T and E2 levels both increase above basal levels
uring vitellogenesis in the Kemp’s ridley sea turtle,
epidochelys kempi (Rostal et al., 1998). In this species, T

evels are approximately 10-fold higher than E2 levels
hroughout the year but increase to 20-fold above E2
evels at the time of mating. In the Galápagos tortoise,
eochelone nigra, there is a similar association between
ormone levels and reproductive behavior: levels of T
nd E2 both increase during the mating season
Schramm et al., 1999). In addition, the circulating
evels of T are roughly 2- to 10-fold higher than E2
evels throughout the year, with the largest difference
etween T and E2 levels occurring in the middle of the
Copyright © 2000 by Academic Press
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occurs in female American alligators at the time of
mating (Guillette et al., 1997). In this species, however,
T and E2 levels are equivalent during late vitellogen-
esis (i.e., when mating occurs). Levels of E2 are 2- to
4-fold higher than T levels during the remainder of the
reproductive cycle in female alligators. Although dif-
ferent species vary in the relative concentration of T
and E2 and the exact relationship of these hormones to
follicular development and mating activity, these find-
ings suggest that T and E2 may have conserved phys-
iological roles in vitellogenesis and/or female sexual
behavior in reptiles (also see discussions in Guillette et
al., 1997; Rostal et al., 1998).

Evidence suggests that androgens may also play an
important part in normal female development and
reproduction in other classes of vertebrates (reviewed
by Staub and De Beer, 1997). For example, it has been
clearly demonstrated that T has an essential reproduc-
tive function in the female musk shrew, Sucus murinus.
In this mammal, levels of T greatly surpass E2 levels in
intact females and physiological doses of T, but not E2,
induce receptivity in gonadectomized females (Riss-
man and Crews, 1988; Rissman and Bronson, 1987;
Rissman et al., 1990). However, the normally high
circulating levels of T must be aromatized within the
brain to trigger female sexual behavior in the musk
shrew (reviewed in Freeman and Rissman, 1996).

Circulating levels of DHT and P also change with
reproductive status in female leopard geckos but their
temporal pattern of change does not closely match
that of receptive behavior. For instance, whereas levels
of DHT differ significantly between the previtello-
genic and the gravid stages, there is no difference in
receptivity during these reproductive stages. Con-
versely, DHT levels do not increase significantly from
the previtellogenic to the early vitellogenic stage, but
there are significant differences in receptivity during
these reproductive stages. In addition, DHT treatment
does not activate receptive behavior in gonadecto-
mized females (Rhen and Crews, 2000). Although
these results suggest that DHT is not involved in
regulating receptive behavior, it is important to note
that DHT levels peaked during late vitellogenesis and
that receptive females had significantly higher levels
of DHT than unreceptive females during late vitello-
genesis. In contrast, P levels did not differ between
receptive and unreceptive females during the early or
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
between P levels and behavior during the reproduc-
tive cycle which further suggests that P may not be
involved in regulating receptivity in the female leop-
ard gecko.

In summary, our results indicate that embryonic
incubation temperature has persistent effects on endo-
crine physiology in female leopard geckos. Our results
also demonstrate that hormone levels and receptive
behavior change coordinately during the reproductive
cycle. We found the strongest association between T
levels, E2 levels, and receptivity. Consequently, these
data lay the groundwork for future experiments in
which sex steroid levels and sex steroid metabolism
can be manipulated in a physiologically relevant man-
ner to examine their role in regulating female recep-
tivity.

ACKNOWLEDGMENTS

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 Dissertation Improve-
ment Grant (IBN-9623546) to T. Rhen, a National Science Founda-
tion Grant (DGF-9616181) to J. T. Sakata, and a National Institute of
Mental Health Grant (MH 57874) to D. Crews.

REFERENCES

Allsteadt, J., and Lang, J. W. (1995a). Sexual dimorphism in the
genital morphology of young American alligators, Alligator mis-
sissippiensis. Herpetologica 51, 314–325.

Allsteadt, J., and Lang, J. W. (1995b). Incubation temperature affects
body size, energy reserves, and sex of hatchling alligators (Alli-
gator mississippiensis). Physiol. Zool. 68, 76–97.

hatterjee, S., and Price, B. (1978). “Regression Analysis by Exam-
ple.” Wiley, New York.

oomber, P., Crews, D., and Gonzalez-Lima, F. (1997). Independent
effects of incubation temperature and gonadal sex on the volume
and metabolic capacity of brain nuclei in the leopard gecko (Eu-
blepharis macularius), a lizard with temperature-dependent sex
determination. J. Comp. Neurol. 380, 409–421.

rews, D., Coomber, P., Baldwin, R., Azad, N., and Gonzalez-Lima,
F. (1996). Effects of gonadectomy and hormone treatment on the
metabolic capacity of brain nuclei in the leopard gecko (Eublepha-
ris macularius), a lizard with temperature-dependent sex determi-
nation. Horm. Behav. 30, 474–486.



Crews, D., Sakata, J., and Rhen, T. (1998). Developmental effects on

C

E

E

F

F

F

G

G

L

M

R

R

R

R

R

R

red-eared slider turtles, Trachemys scripta, a species with temper-

R

R

R

R

R

R

S

S

S

S

S

T

T

V

V

Female Reproductive Cycle in a Lizard 331
intersexual and intrasexual variation in growth and reproduction
in a lizard with temperature-dependent sex determination.
J. Comp. Biochem. Physiol. C 119, 229–241.

rowder, M. J., and Hand, D. J. (1990). “Analysis of Repeated
Measures.” Chapman & Hall, New York.

tchberger, C. R., Ewert, M. A., Phillips, J. B., and Nelson, C. E.
(1993). Environmental and maternal influences on embryonic pig-
mentation in a turtle (Trachemys scripta elegans). J. Zool. Lond. 230,
529–539.

wert, M. A., Jackson, D., and Nelson, C. (1994). Patterns of tempera-
ture-dependent sex determination in turtles. J. Exp. Zool. 270, 3–15.

lores, D., and Crews, D. (1995). Effect of hormonal manipulation on
sociosexual behavior in adult female leopard geckos (Eublepharis
macularius), a species with temperature-dependent sex determi-
nation. Horm. Behav. 29, 458–473.

lores, D., Tousignant, A., and Crews, D. (1994). Incubation tem-
perature affects the behavior of adult leopard geckos (Eublepharis
macularius). Physiol. Behav. 55, 1067–1072.

reeman, L. M., and Rissman, E. F. (1996). Neural aromatization and
the control of sexual behavior. Trends Endocrinol. Metabol. 7, 334–338.
uillette, L. J., Jr., Woodward, A. R., Crain, D. A., Masson, G. R.,
Palmer, B. D., Cox, M. C., You-Xiang, Q., and Orlando, E. F.
(1997). The reproductive cycle of the female American alligator
(Alligator mississippiensis). Gen. Comp. Endocrinol. 108, 87–101.
utzke, W. H. N., and Crews, D. (1988). Embryonic temperature
determines adult sexuality in a reptile. Nature 332, 832–834.

ang, J. W., and Andrews, H. V. (1994). Temperature-dependent sex
determination in crocodilians. J. Exp. Zool. 270, 28–44.
ason, R. T., and Gutzke, W. H. N. (1990). Sex recognition in the
leopard gecko, Eublepharis macularius (Sauria: Gekkonidae) Possible
mediation by skin-derived semiochemicals. J. Chem. Ecol. 16, 27–36.

hen, T., and Lang, J. W. (1995). Phenotypic plasticity for growth in
the common snapping turtle: Effects of incubation temperature,
clutch, and their interaction. Am. Nat. 146, 726–747.

hen, T., and Lang, J. W. (1999a). Embryonic and juvenile temper-
ature independently influence growth in hatchling snapping tur-
tles, Chelydra serpentina. J. Therm. Biol. 24, 33–41.

hen, T., and Lang, J. W. (1999b). Incubation temperature and sex
affect mass and energy reserves of hatchling snapping turtles
(Chelydra serpentina). Oikos 86, 311–319.

hen, T., and Crews, D. (1999). Embryonic temperature and gonadal
sex organize male-typical sexual and aggressive behavior in a
lizard with temperature-dependent sex determination. Endocri-
nology 140, 4501–4508.

hen, T., and Crews, D. (2000). Organization and activation of
sexual and agonistic behavior in the leopard gecko, Eublepharis
macularius. Neuroendocrinology, in press.

hen, T., Willingham, E., Sakata, J. T., and Crews, D. (1999a).
Incubation temperature influences sex steroid levels in juvenile
ature-dependent sex determination. Biol. Reprod. 61, 1275–1280.
hen, T., Ross, J., and Crews, D. (1999b). Effects of testosterone on
sexual behavior and morphology in adult female leopard geckos,
Eublepharis macularius. Horm. Behav. 36, 119–128.

issman, E. F., and Bronson, F. H. (1987). The role of the ovary and
adrenal gland in the sexual behavior of the musk shrew, Sucus
murinus. Biol. Reprod. 36, 664–668.

issman, E. F., and Crews, D. (1988). Hormonal correlates of sexual
behavior in the female musk shrew: the role of estradiol. Physiol.
Behav. 44, 1–7.

issman, E. F., Cendenon, A. L., and Krohmer, R. W. (1990). Role of
androgens in the regulation of sexual behavior in the female musk
shrew. Neuroendocrinology 51, 468–473.

oosenburg, W. M., and Kelley, K. C. (1996). The effect of egg size
and incubation temperature on growth in the turtle, Malaclemys
terrapin. J. Herpetol. 30, 198–204.

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

akata, J. T., Rhen, T., and Crews, D. (1998). Ontogeny of secondary
sex structures and gonadal steroids in the leopard gecko. Am.
Zool. 38, Abstract 297, 86A.

AS Institute. (1997). JMP user’s guide. Version 3.2. SAS Institute
Inc., Cary, NC.

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

okal, R. R., and Rohlf, F. J. (1981). “Biometry,” 2nd ed. Freeman,
New York.

taub, N. L., and De Beer, M. (1997). The role of androgens in female
vertebrates. Gen. Comp. Endocrinol. 108, 1–24.

ousignant, A., and Crews, D. (1995). Incubation temperature and
gonadal sex affect growth and physiology in the leopard gecko
(Eublepharis macularius), a lizard with temperature-dependent sex
determination. J. Morphol. 224, 159–170.

ousignant, A., Viets, B., Flores, D., and Crews, D. (1995). Ontoge-
netic and social factors affect the endocrinology and timing of
reproduction in the female leopard gecko (Eublepharis macularius).
Horm. Behav. 29, 141–153.

iets, B. E., Tousignant, A., Ewert, M. A., Nelson, C. E., and Crews,
D. (1993). Temperature-dependent sex determination in the leop-
ard gecko, Eublepharis macularius. J. Exp. Zool. 265, 679–683.

iets, B., Ewert, M. A., Talent, L. G., and Nelson, C. E. (1994). Sex
determining mechanisms in squamate reptiles. J. Exp. Zool. 270,
45–56.
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.


	METHODS
	RESULTS
	FIG. 1
	FIG. 2

	DISCUSSION
	FIG. 3

	ACKNOWLEDGMENTS
	REFERENCES

