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ABSTRACT: Male leopard geckos that hatch from

eggs incubated at a female-biased temperature (Tf)

behave differently when compared with males hatching

at a temperature which produces a male-biased sex ratio

(Tm). We investigated the effect of incubation tempera-

ture and androgen implantation on aspects of the dopa-

minergic system of Tf and Tm males. Our data suggest

that more dopamine (DA) is stored in the nucleus accum-

bens of naive Tf males compared with naı̈ve Tm males

when they encounter a receptive female conspecific

across a barrier. No difference was measured in the pre-

optic area and the ventral tegmental area (VTA). This

difference in intracellular DA levels in a motivation-

related brain nucleus might be correlated with differen-

ces in sociosexual behavior observed between the two

morphs. There were no differences in tyrosine hydroxy-

lase (TH) expressing cell numbers in the VTA of choles-

terol (CH)-implanted naive castrated Tf and Tm males.

Only Tf males implanted with testosterone had signifi-

cantly higher TH immunopositive cell numbers in the

VTA compared with CH- and dihydrotestosterone-

implanted Tf males. These data indicate that both the em-

bryonic environment as well as the circulating hormonal

milieu can modulate neurochemistry, which might in

turn be a basis for individual variation in behavior.
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INTRODUCTION

Individual variation in behavior serves as a substrate

for the evolution of adaptive behavioral outcomes.

While the importance of such variation is often noted,

the underlying mechanisms are still unclear. A suitable

model system to probe variation in behavioral reper-

toires must address between- (intersexual) and within-

sex (intrasexual) differences as well as the effect of

environmental variables. While between-sex differen-

ces in behaviors have received considerable attention

(Godwin and Crews, 1997), relatively little work has

been carried out to explain proximate factors that

might play a role in behavioral differences observed

within the same sex (Moore, 1991; Crews, 1998; Rhen

and Crews, 2002; Ryan and Vandenbergh, 2002).

The leopard gecko, E. macularius, affords us an

opportunity to investigate behavioral variation that

might be triggered by the environment and observed

within a sex. Gonadal sex in leopard geckos is deter-

mined by the temperature at which the egg is incu-

bated (Viets et al., 1993). Eggs incubated at 308C
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causes 25% of the eggs to hatch as male and 75% as

female, whereas incubation at 32.58C results in 75%

of the eggs hatching as male and 25% as female. The

skewed sex ratios produced from these incubation

temperatures are termed Tf (for temperature female-

biased) and Tm (for temperature male-biased), respec-

tively.

In addition to altering sex ratios, incubation tem-

perature affects the composition of the circulating

hormonal environment, thereby establishing differen-

ces in the propensity to express sociosexual behaviors

(Tousignant and Crews, 1995; Crews, 1996; Crews

et al., 1998; Pieau et al., 2001). Such an interaction

between incubation temperature and the hormonal

milieu is thought to organize underlying neuronal cir-

cuits that lead to differences in sociosexual beha-

viors expressed by the two temperature morphs (Tf
males vs. Tm males) (Sakata and Crews, 2004b;

Crews et al., 2006). Comparisons between Tf and Tm
males in sociosexual settings indicate that Tm males

are more aggressive and less sexually active than Tf
males (Flores et al., 1994; Rhen and Crews, 1999)

and have different mate preferences (Putz and Crews,

2006). In addition, Tf males show greater anticipatory

behavior when presented with a stimulus female on

consecutive days when compared with Tm males

(Sakata and Crews, 2003). These data illustrate that

the environment (incubation temperature) might be a

critical factor in establishing profound differences in

behavior within the same sex.

One mechanism by which environment–hormone

interactions might translate into behavioral differen-

ces between the temperature morphs involves indi-

vidual differences in neurotransmission. Since dopa-

mine (DA) has been implicated in sociosexual behav-

iors such as courtship and motivation (Pfaus and

Phillips, 1991; Dominguez and Hull, 2005) across

several taxa, we have examined the dopaminergic

system of Tf and Tm males to determine if it is differ-

entially responsive to the same stimulus as well as

differentially organized and/or activated by embry-

onic and adult hormonal environments. Comparing

between the temperature morphs, we first investigated

if differing amounts of DA and its metabolite 3,4-

dihydroxyphenylacetic acid (DOPAC) were stored in

brain nuclei involved in sexual motivation and male

sexual behavior upon observing a female conspecific.

Next we addressed whether there are differences in

DA-synthesizing cell numbers in the ventral tegmen-

tal area (VTA) as a function of incubation tempera-

ture and hormonal environment, which might be re-

sponsible for behavioral variation observed between

these morphs.

METHODS

Animals

Two-year-old adult male leopard geckos (Eublepharis mac-
ularius) from our animal colony were used in all experi-

ments. All animals were sexually inexperienced (naive).

These animals hatched from eggs incubated at either 308C
(Tf) or 32.58C (Tm). After hatching, geckos were housed in

a solitary environment as outlined in Sakata and Crews

(2004a), fed with mealworms, and provided water three

times a week. All animal protocols were carried out in ac-

cordance with UT-IACUC and NIH guidelines.

Experimental Design and Tissue
Collection

Experiment 1: DA Levels in Brain Nuclei of Naive Tf and
Tm Males After Observing a Receptive Stimulus Female
Gecko. Three male geckos from each incubation tempera-

ture were habituated to a plexiglass chamber on 3 consecu-

tive days, and then exposed to a receptive stimulus female

across a wire-mesh barrier for 10 min on 3 consecutive

days, with the same female being used for all males to con-

trol for stimulus quality (see Putz and Crews, 2006 for fur-

ther details). On completion of testing on the last day, ani-

mals were sacrificed, brains rapidly dissected, fresh frozen,

and stored at �808C. Using a cryostat (Microm HM 500

OM), 200-lm coronal sections were thaw-mounted on to

Superfrost Plus slides (Erie Scientific, USA). Sections were

then rapidly frozen using a cooling block set at �208C
(Physitemp Instruments, USA) and the nucleus accumbens

(NAc), preoptic area (POA), and VTA dissected using a

300-lm-diameter micropunch, as per Smeets and Stein-

busch (1988) and Young et al. (1994). Tissue samples from

each animal were assayed independently of each other and

not pooled. Punched tissue was stored in 70 lL of ice-cold

homogenization solution [a mixture of 60 lL homogeniza-

tion buffer: 0.1 M perchloric acid (Sigma-Aldrich) contain-

ing 347 lM sodium bisulphate (Sigma-Aldrich) and

134 lM EDTA disodium salt (Fluka, USA), and 10 lL of

100 nM Epinine – internal standard (Sigma-Aldrich)]. Tis-

sue samples in homogenization solution were frozen at

�808C overnight and thawed after 24 h. Thawed samples

were centrifuged at 14,000 rpm at 48C for 20 min, after which

the supernatant was collected and used for HPLC analysis.

Protein content in the resulting pellet was determined by re-

suspending and agitating the pellet in 45 lL of ice-cold 0.3 N
NaOH for 24 h at 48C, and a modified Bradford assay was

performed thereafter (Pierce Biotechnology, USA).

Experiment 2: Tyrosine Hydroxylase Immunopositive Cell

Numbers in the VTA of Naive Tf and Tm Male Geckos
Receiving a Silastic Implant Containing Cholesterol,
Dihydrotestosterone, or Testosterone. Fourteen male

geckos from each incubation temperature were castrated

and implanted with 20-mm Silastic capsules containing
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cholesterol (CH; n ¼ 5), dihydrotestosterone (DHT; n ¼ 5),

or testosterone (T; n ¼ 4); all hormones were purchased

from Sigma-Aldrich, USA. Two weeks after surgery and

implantation, geckos were deeply anesthetized using hypo-

thermia prior to transcardial perfusion using 0.9% saline

and 4% paraformaldehyde (PFA). Animals were decapi-

tated and the heads immersed in 4% PFA for 8 h at 48C.
Brains were then dissected and stored in 4% PFA for 24 h

at 48C, before being cryoprotected in 20% sucrose/13 PBS

at 48C for 24 h. Coronal sections (30 lm) were cut on a

cryostat and thawed on to Superfrost Plus GOLD slides

(Erie Scientific) and stored at �808C until immunohisto-

chemistry was performed.

HPLC Analysis

Levels of DA, and its metabolite DOPAC in the NAc, POA,

and VTA were determined by HPLC-EC using modifica-

tions of Bai et al. (1999). Details are provided in Dias and

Crews (2006). In brief, 50 lL of sample was injected into

an HPLC system that comprised a Shimadzu SCL-10A sys-

tem controller, LC-10AD pump, an SIL-10A auto-sampler

(Shimadzu, Columbia, MD), and coupled with a four-chan-

nel CoulArray electrochemical detector (ESA, Chelmsford,

MA). The isocratic mobile phase contained 4 mM citric

acid, 8 mM ammonium acetate, 120 lM 1-octanesulfonic

acid sodium salt, 60 lM EDTA disodium in water, and 5%

MeOH, pH 3.5. The flow rate of the mobile phase remained

at 1 mL/min. Separation was achieved by a 4.6 mm 3 80

mm reverse-phase HR-80, 3-lm particle-size column

(ESA). The potential of channels 1 through 4 of CoulArray

was set at �50, 0, 300, and 400 mV, respectively. Peak area

(nC) of DA and DOPAC at the corresponding retention

time on the chromatogram resulted from 300 mV, and was

used to quantify the amount based on the standard curve of

each neurotransmitter. Recovery of internal standard was

consistently high across all experimental runs (95–100%)

making it unnecessary to correct for recovery. Levels of

DA and DOPAC in the brain nuclei were expressed as

pg/lg of protein in the microdissected tissue extract.

Tyrosine Hydroxylase
Immunohistochemistry

Tyrosine hydroxylase (TH)-immunopositive cells in the

gecko brain were stained using the following immunohisto-

chemical protocol with all steps being carried out at room

temperature (Fig. 1). Slides containing gecko brain tissue

were removed from �808C and allowed to dry completely.

They were then immersed in 4% PFA for 10 min, and

washed twice in 13 PBS for 5 min. To block endogenous

peroxidase activity, the sections were exposed to 0.3%

hydrogen peroxide in 13 PBS for 20 min and washed twice

in 13 PBS for 5 min. Antigen retrieval was accomplished

by incubation in 1% sodium borohydride in 13 PBS for 20

min, and 13 PBS was used to wash-off the excess sodium

borohydride. A blocking step using 4% normal goat serum,

0.3% Triton X-100, and 13 PBS was carried out for 1 h to

prevent nonspecific binding. Sections were then incubated

overnight with a primary antibody solution that contained

2% normal goat serum, 0.3% Triton X-100, 13 PBS, and a

mouse monoclonal antibody that detects TH (MAB 318;

1:250; Chemicon International, USA). After washing with

13 PBS, the slides were incubated for 2 h with a secondary

antibody solution that contained 2% normal goat serum,

0.3% Triton X-100, 13 PBS, and biotinylated goat

anti-mouse antiobody (1:200; Vector Laboratories, USA),

followed by 1-h exposure to horseradish peroxidase-conju-

gated avidin–biotin complex (Vector Laboratories). TH-im-

munoreactive cells were visualized using the DAB substrate

kit (Vector Laboratories). Sections incubated in the absence

of a primary antibody served as controls and resulted in no

staining of TH-immunopositive cells.

Cell Number Quantitation

The optical fractionator module of StereoInvestigator soft-

ware (Microbrightfield, USA) was used as an unbiased esti-

mator of TH-immunopositive cells in the VTA of the adult

gecko. The VTA was outlined as per Smeets and Stein-

busch (1988), and TH-immunoreactive cells were counted

from four sections per brain. Cells were counted in sample

frames placed at fixed stepping distances within the out-

lined region using the 403 objective on a Zeiss microscope.

Total cell number was calculated using a formula enumer-

ated in West et al. (1991).

Figure 1 Representative photomicrograph of TH-immu-

nopositive staining in the VTA of a naive adult male Tm
leopard gecko (Eublepharis macularius). Immunohisto-

chemistry was conducted on cryosectioned gecko nervous

tissue using a mouse monoclonal antibody against TH, and

DAB staining was used to visualize TH-expressing cells.

[Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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Statistical Analysis

SPSS v12.0 was used for statistical tests with significance

set at p < 0.05. In Experiment 1, a multivariate analysis of

variance (MANOVA) was conducted with DA, DOPAC

levels, and DOPAC/DA ratio being the dependent varia-

bles, while region (NAc, POA, VTA) and incubation tem-

perature (Tf, Tm) were independent variables. When a

region by temperature interaction was found to be signifi-

cant for DA levels, individual ANOVA tests were con-

ducted on every region to analyze statistical differences in

DA levels between Tf and Tm animals within a region. In

Experiment 2, a univariate ANOVA that included both the

Tf and Tm groups was used to compare mean TH-ir cell

numbers with Tukey post hoc analysis.

RESULTS

Experiment 1: DA, DOPAC Levels, and
DOPAC/DA Ratio in Discrete Brain Nuclei
of Naive Tf and Tm Male Leopard Geckos
After Observation of a Receptive
Stimulus Female

A significant interaction between region and incuba-

tion temperature was observed when DA levels were

measured in the NAc, POA, and VTA of Tf and Tm
naive intact male geckos (F2,12 ¼ 27.310, p < 0.001)

(Fig. 2). Specifically, DA levels were significantly

elevated in the NAc of Tf males compared with those

in Tm males (F1,4 ¼ 29.771, p ¼ 0.005). DA in the

POA and VTA did not differ between Tf and Tm
males. DOPAC levels as well as the DOPAC/DA ra-

tio remained unchanged in all regions across both

incubation temperatures (Table 1).

Experiment 2: Number of TH-Immuno-
positive Cells in the VTA of Naive CH-,
DHT-, and T-Implanted Tf and Tm Male
Geckos

A significant incubation temperature by hormone

interaction was obtained using a univariate ANOVA

with TH cell count as the dependent variable (F2,22 ¼
5.647, p ¼ 0.01). Tukey post hoc analysis indicated

that Tf -T males had a significantly higher number of

TH-immunopositive cells in the VTA than Tf -CH
and Tf -DHT males (Tf -CH vs. Tf -T, p < 0.01; Tf -
DHT vs. Tf -T, p ¼ 0.02) (Fig. 3).

DISCUSSION

In the leopard gecko, the embryonic environment

affects dopaminergic activity in the brain of naive

adult males. Specifically, males from an incubation

temperature that produces mostly females (Tf males)

had higher levels of DA stored in the NAc than did

males from an incubation temperature that produces

mostly males (Tm males) after observation of a recep-

tive stimulus female. Further, naive Tf males

implanted with testosterone had a greater number of

TH-immunopositive cells in the VTA than did CH-

and DHT-implanted Tf males. No significant differen-

ces in DA levels were noted in the POA and VTA,

and DOPAC levels and DOPAC/DA ratios were not

different between the temperature morphs in the

examined brain regions. Such differences in the dopa-

minergic systems of Tf and Tm male geckos might

influence behavioral differences observed in socio-

sexual settings.

Hormones recruit neurotransmitter-mediated sig-

naling mechanisms to elicit behavioral responses. It

Figure 2 DA levels in the NAc, POA, and VTA of naive

Tf and Tm male leopard geckos (Eublepharis macularius).
Data expressed as average pg/lg of protein expressed 6
SEM. Tf males had significantly higher DA levels in the

NAc compared with Tm males. POA and VTA levels were

not significantly different between the two groups.

Table 1 DA, DOPAC Levels, and the DOPAC/DA

Ratio in the NAc, POA, and VTA of Tf and Tm Male

Leopard Geckos, E. macularius, After Observation of a

Receptive Stimulus Female Across a Barrier

Morph DA DOPAC DOPAC/DA

Tf
NAc 106.6 (3.32) 3.56 (0.58) 0.033 (0.005)

POA 4.65 (0.30) 1.69 (0.13) 0.36 (0.04)

VTA 4.23 (0.89) 1.28 (0.53) 0.30 (0.09)

Tm
NAc 63.27 (7.21) 3.22 (0.51) 0.05 (0.008)

POA 5.53 (0.68) 1.88 (0.23) 0.34 (0.03)

VTA 4.41 (2.45) 0.96 (0.54) 0.21 (0.15)

Data expressed as pg/lg of protein [Mean (SEM)]. Only DA levels

in the NAc were significantly different across the temperature

morphs (see Fig. 2). DOPAC levels and DOPAC/DA ratio were

unaltered in any region in either temperature morph.
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is well established that embryonic and neonatal envi-

ronments have a profound effect on behavioral

responses in adulthood. For example, in litter-bearing

mammals, female embryos that develop between two

male embryos in the uterus show masculinized mor-

phology, physiology, and behavior in adulthood when

compared with female embryos that do not develop

between males. Such a phenomenon has been attrib-

uted to differences in hormonal exposure in utero
(reviewed in Ryan and Vandenbergh, 2002) and

in ovo (reviewed in Crews and Groothuis, 2005).

Thus, extending the organizational/activational para-

digm of sexual differentiation from hormones to neu-

rotransmitter systems suggests that such systems are

also organized perinatally and/or activated in adult-

hood to yield distinct responses.

The mesoaccumbens dopaminergic system that

consists of projections from the VTA into the NAc is

involved in reward and motivation in several species

(Ikemoto and Panksepp, 1999; Franken et al., 2005).

Dopaminergic receptors in the NAc are involved in

the formation and maintenance of pair bonds (socio-

sexual behavior) in voles (Aragona et al., 2006). In

male rats, an increase in extracellular DA level in the

NAc by sexually relevant stimuli is known be posi-

tively correlated with enhanced motivation to engage

in sexual behavior (Damsma et al., 1992; Wenkstern

et al., 1993; Pfaus et al., 1995). The existence of the

mesoaccumbens dopaminergic pathway has been

documented in another gekkonid lizard, Gekko gecko
(Smeets et al., 1986). In addition, Tf male geckos

learn to associate a testing environment with the pre-

sentation of a female by showing greater anticipatory

behavior than Tm males when tested on consecutive

days (Sakata and Crews, 2003). In the present study,

when Tf and Tm male geckos had been repeatedly

exposed to a receptive female conspecific, more DA

was stored in the NAc of Tf males than Tm males.

These data also suggest a specificity of response since

no differences in DA levels were observed in the

VTA and the POA. This observation reinforces the

concept that the same stimuli elicit different

responses by potentially affecting the way a neuro-

transmitter system is organized. While it is not known

if the observed differences in intracellular dopaminer-

gic reserves in the present study are mirrored by dif-

ferences in the release of DA, such a mechanism

might underlie the morph differences in motivation

and anticipation.

One explanation for our HPLC results might be

differing amounts of DA being synthesized by differ-

ent numbers of DA producing cells (TH-immunoposi-

tive cells) in the VTA. Environmental factors such as

housing conditions alter TH-immunoreactive cell

numbers in discrete brain nuclei in a whiptail lizard

species, C. inornatus (Woolley et al., 2004). In addi-

tion, physiological factors like the circulating hormo-

nal milieu affect dopaminergic activity. Gonadectom-

ized leopard frogs have fewer TH-immunopositive

cells in forebrain and midbrain nuclei when compared

with DHT- and T-implanted animals (Wilczynski

et al., 2003). Our data suggest that both incubation

temperature and the adult hormonal environment play

roles in the modulation of dopaminergic activity by

regulating TH cell numbers in the VTA. Only Tf male

geckos appear to be responsive to hormonally medi-

ated alteration of TH cell numbers in the VTA with

androgen treatment increasing cell numbers. This dif-

ferential responsiveness of TH cell numbers to the

hormonal environment once again points toward vari-

ation in response of neuronal circuitry to physiologi-

cal factors.

The absence of significant differences in TH-

immunopositive cell numbers in the VTA between Tf
and Tm males implanted with CH suggests that incu-

bation temperature may not organize the dopaminer-

gic system. However, it is important to keep in mind

that TH cell numbers are only one aspect of the neu-

rotransmitter system that might be modulated by the

environment; rate of synthesis, storage, release, and

response may also be differentially organized and

deserve investigation. From an activational perspec-

tive, androgens appear to alter TH cell numbers only

Figure 3 Number of TH-immunopositive cells in the

VTA of castrated naive Tf and Tm male leopard geckos

(Eublepharis macularius) implanted with cholesterol (CH),

dihydrotestosterone (DHT), or testosterone (T). Data are

represented as mean 6 SEM. Testosterone-treated Tf males

had a significantly higher number of TH-immunopositive

cells in the VTA compared with CH- and DHT-implanted

males.
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in Tf males but not in Tm animals. Androgen levels in

Tf and Tm male geckos do not differ significantly

early in life (Rhen et al., 2005) or later in adulthood

(Tousignant and Crews, 1995; Coomber et al., 1997;

Rhen et al., 2000). However, Tf males have higher

levels of estrogen in adulthood than do Tm males

(Tousignant and Crews, 1995). It is possible that es-

trogenic regulation of TH cell numbers in ovo estab-

lishes differences in neurochemistry that might per-

sist into adulthood, and further experiments are

needed to investigate this question. The reported

study does not address the possibility that there might

be baseline differences in DA levels in the NAc

across the temperature morphs that might be inde-

pendent of repeated exposure to a receptive female.

The investigation of such a scenario coupled with

hormonal and pharmacological manipulations of the

dopaminergic system within a sociosexual context

presents an avenue for future research.

Between-sex differences in behavioral expression

could result from factors that include but are not lim-

ited to sexual dimorphisms in neuroanatomy and neu-

rochemistry (Simerly et al., 1984). However, within-

sex differences in neuroanatomy and neurochemistry

that might explain individual variation in behavior

are not as widely investigated. Modulation of embry-

onic and neonatal neurotransmitter systems’ activity

has received considerable attention as being corre-

lated with altered behavioral phenotypes in adult-

hood. For example, administration of serotonin to

neonatal rats altered adult serotonin levels in discrete

brain nuclei as well as affected sexual activity in

adulthood (Csaba et al., 2003).

Our data suggest that androgens regulate TH cell

numbers only in Tf males and not Tm males. Also,

estimates of neurotransmitter turnover obtained by

calculating the ratio of DOPAC/DA take into account

synthesis and catabolism of the system. Although no

significant differences in DOPAC/DA ratio were

observed between Tf and Tm males, the DOPAC/DA

ratio observed in the NAc of Tf males is lower than

the ratio in Tm males. Such an observation may be in-

dicative of lesser dopaminergic turnover in Tf males

compared with Tm males in the NAc. These data raise

the possibility of a compensatory mechanism in Tf
males that would allow them to compete with their

more masculinized Tm counterparts for a female con-

specific by storing or releasing more DA than is being

metabolized, and by being more sensitive to the hor-

monal environment with respect to TH cell number

regulation.

Portions of these data have been reported in preliminary

form in Crews et al., 2006. We thank Dr. Herng-Hsiang Lo

in the CRED Analytical Instrumentation Facility Core at

UT-Austin for his assistance with the HPLC analysis. This

work would not have been possible without gecko care pro-

vided by Casey Wommack, Devra Heyer, Linh Tran, and

Ryan Benett.

REFERENCES

Aragona BJ, Liu Y, Yu YJ, Curtis JT, Detwiler JM, Insel

TR, Wang Z. 2006. Nucleus accumbens dopamine differ-

entially mediates the formation and maintenance of

monogamous pair bonds. Nat Neurosci 9:133–139.

Bai F, Lau SS, Monks TJ. 1999. Glutathione and N-acetyl-
cysteine conjugates of a-methyldopamine produce sero-

tonergic neurotoxicity: Possible role in methylenediox-

yamphetamine-mediated neurotoxicity. Chem Res Toxi-

col 12:1150–1157.

Coomber P, Crews D, 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 (Eublepharis macularius), a lizard with

temperature-dependent sex determination. J Comp Neu-

rol 380:409–421.

Crews D. 1996. Temperature-dependent sex determination:

The interplay of steroid hormones and temperature. Zoo-

log Sci 13:1–13.

Crews D. 1998. On the organization of individual differen-

ces in sexual behavior. Am Zool 38:118–132.

Crews D, Groothuis T. 2005. Tinbergen’s fourth question,

ontogeny: Sexual and individual differentiation. Anim

Biol 55:343–370.

Crews D, Lou W, Fleming A, Ogawa S. 2006. From gene

networks underlying sex determination and gonadal dif-

ferentiation to the development of neural networks regu-

lating sociosexual behavior. Brain Res 1126:109–121.

Crews D, Sakata J, Rhen T. 1998. Developmental effects

on intersexual and intrasexual variation in growth and

reproduction in a lizard with temperature-dependent sex

determination. Comp Biochem Physiol C Pharmacol

Toxicol Endocrinol 119:229–241.

Csaba G, Knippel B, Karabelyos C, Inczefi-Gonda A, Han-

tos M, Tekes K. 2003. Impact of single neonatal sero-

tonin treatment (hormonal imprinting) on the brain sero-

tonin content and sexual behavior of adult rats. Life Sci

73:2703–2711.

Damsma G, Pfaus JG, Wenkstern D, Phillips AG, Fibiger

HC. 1992. Sexual behavior increases dopamine transmis-

sion in the nucleus accumbens and striatum of male rats:

Comparison with novelty and locomotion. Behav Neuro-

sci 106:181–191.

Dias BG, Crews D. 2006. Serotonergic modulation of male-

like pseudocopulatory behavior in the parthenogenetic

whiptail lizard, Cnemidophorus uniparens. Horm Behav

50:401–409.

Dominguez JM, Hull EM. 2005. Dopamine, the medial

preoptic area, and male sexual behavior. Physiol Behav

86:356–368.

6 Dias et al.

Developmental Neurobiology. DOI 10.1002/dneu



Flores D, Tousignant A, Crews D. 1994. Incubation temper-

ature affects the behavior of adult leopard geckos (Euble-
pharis macularius). Physiol Behav 55:1067–1072.

Franken IH, Booij J, van den Brink W. 2005. The role of

dopamine in human addiction: From reward to motivated

attention. Eur J Pharmacol 526:199–206.

Godwin J, Crews D. 1997. Sex differences in the nervous

system of reptiles. Cell Mol Neurobiol 17:649–669.

Ikemoto S, Panksepp J. 1999. The role of nucleus accum-

bens dopamine in motivated behavior: A unifying inter-

pretation with special reference to reward-seeking. Brain

Res Brain Res Rev 31:6–41.

Moore MC. 1991. Application of organization-activation

theory to alternative male reproductive strategies: A

review. Horm Behav 25:154–179.

Pfaus JG, Damsma G, Wenkstern D, Fibiger HC. 1995.

Sexual activity increases dopamine transmission in the

nucleus accumbens and striatum of female rats. Brain

Res 693:21–30.

Pfaus JG, Phillips AG. 1991. Role of dopamine in anticipa-

tory and consummatory aspects of sexual behavior in the

male rat. Behav Neurosci 105:727–743.

Pieau C, Dorizzi M, Richard-Mercier N. 2001. Tempera-

ture-dependent sex determination and gonadal differen-

tiation in reptiles. EXS( 91):117–141.

Putz O, Crews D. 2006. Embryonic origin of mate choice in

a lizard with temperature-dependent sex determination.

Dev Psychobiol 48:29–38.

Rhen T, Crews D. 1999. Embryonic temperature and go-

nadal sex organize male-typical sexual and aggressive

behavior in a lizard with temperature-dependent sex

determination. Endocrinology 140:4501–4508.

Rhen T, Crews D. 2002. Variation in reproductive behav-

iour within a sex: Neural systems and endocrine activa-

tion. J Neuroendocrinol 14:517–531.

Rhen T, Sakata JT, Crews D. 2005. Gonadal sex and incu-

bation temperature modulate sex steroid hormone levels

and secondary sex structures during leopard gecko devel-

opment. Gen Comp Endocrinol 142:289–296.

Rhen T, Sakata JT, Zeller M, Crews D. 2000. Sex steroid

levels across the reproductive cycle of female leopard

geckos, Eublepharis macularius, from different incuba-

tion temperatures. Gen Comp Endocrinol 118:322–331.

Ryan BC, Vandenbergh JG. 2002. Intrauterine position

effects. Neurosci Biobehav Rev 26:665–678.

Sakata JT, Crews D. 2003. Embryonic temperature shapes

behavioral change following social experience in male

leopard geckos, Eublepharis macularius. Anim Behav

66:839–846.

Sakata JT, Crews D. 2004a. Cytochrome oxidase activity in

the preoptic area correlates with differences in sexual

behavior of intact and castrated male leopard geckos

(Eublepharis macularius). Behav Neurosci 118:857–862.
Sakata JT, Crews D. 2004b. Developmental sculpting of

social phenotype and plasticity. Neurosci Biobehav Rev

28:95–112.

Simerly RB, Swanson LW, Gorski RA. 1984. Demonstra-

tion of a sexual dimorphism in the distribution of sero-

tonin-immunoreactive fibers in the medial preoptic nu-

cleus of the rat. J Comp Neurol 225:151–166.

Smeets WJ, Hoogland PV, Voorn P. 1986. The distribution

of dopamine immunoreactivity in the forebrain and mid-

brain of the lizard Gekko gecko: An immunohistochemi-

cal study with antibodies against dopamine. J Comp Neu-

rol 253:46–60.

Smeets WJ, Steinbusch HW. 1988. Distribution of sero-

tonin immunoreactivity in the forebrain and midbrain of

the lizard Gekko gecko. J Comp Neurol 271:419–434.

Tousignant A, Crews D. 1995. Incubation temperature and

gonadal sex affect growth and physiology in the leopard

gecko (Eublepharis macularius), a lizard with tempera-

ture-dependent sex determination. J Morphol 224:159–

170.

Viets BE, Tousignant A, Ewert MA, Nelson CE, Crews D.

1993. Temperature-dependent sex determination in the

leopard gecko, Eublepharis macularius. J Exp Zool 265:

679–683.

Wenkstern D, Pfaus JG, Fibiger HC. 1993. Dopamine trans-

mission increases in the nucleus accumbens of male rats

during their first exposure to sexually receptive female

rats. Brain Res 618:41–46.

West MJ, Slomianka L, Gundersen HJ. 1991. Unbiased

stereological estimation of the total number of neurons in

the subdivisions of the rat hippocampus using the optical

fractionator. Anat Rec 231:482–497.

Wilczynski W, Yang EJ, Simmons D. 2003. Sex differences

and hormone influences on tyrosine hydroxylase immu-

noreactive cells in the leopard frog. J Neurobiol 56:54–

65.

Woolley SC, Sakata JT, Crews D. 2004. Tyrosine hydroxy-

lase expression is affected by sexual vigor and social

environment in male Cnemidophorus inornatus. J Comp

Neurol 476:429–439.

Young LJ, Lopreato GF, Horan K, Crews D. 1994. Cloning

and in situ hybridization analysis of estrogen receptor,

progesterone receptor, and androgen receptor expression

in the brain of whiptail lizards (Cnemidophorus unipa-
rens and C. inornatus). J Comp Neurol 347:288–300.

Dopamine in the Leopard Gecko Brain 7

Developmental Neurobiology. DOI 10.1002/dneu


