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Phenotypic plasticity is the process by which external and internal factors

alter the phenotype of the individual, and such factors include social experience

and hormonal milieu. For example, sociosexual experience in adulthood can

increase the retention of sexual behavior following gonadectomy. Though there

exists substantial documentation of the various types of social plasticity, few

studies highlight the neural correlates of these changes. Here I present a series of

experiments linking social experience to changes in cytochrome oxidase activity

and in social behavior in male rats, leopard geckos and whiptail lizards.

Cytochrome oxidase (CO) is a rate-limiting enzyme in oxidative phosphorylation

and a valuable marker of metabolic capacity. I focused on species differences in

the degree to which social experience in adulthood changes the retention of

courtship behavior following gonadectomy and CO activity. I found that social

experience in adulthood enhanced retention of courtship behavior following
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castration in male whiptail lizards but not in male geckos. In other words, whiptail

lizards resemble rats in this behavioral plasticity. I also found that species that

show experience-dependent increases in the retention of courtship behavior

following castration also show experience-dependent increases in CO activity in

the preoptic area and medial amygdala. Cytochrome oxidase activity decreases

following castration in limbic brain areas, and this decrease is likely to be linked

to the post-castration decline in sexual behavior. Therefore, I propose that

experience-dependent elevations in CO activity in the limbic system allow for the

greater display of sexual behavior following castration. In summary, increases in

CO activity in the preoptic area and amygdala are neural correlates of social

plasticity.

With regard to species and individual differences in social plasticity, I

found that experience-dependent changes in post-castration behavior were

correlated with the capacity for progesterone (P) to induce sexual behavior (i.e.,

P-sensitivity). I also found that, in male leopard geckos, embryonic incubation

temperature can affect behavioral change following social experience. In other

words, both P-sensitivity and embryonic incubation temperature were found to

modulate social plasticity. Finally, these modulators are also likely to affect the

degree to which CO activity changes following social experience.
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Chapter 1

Introduction

The expression of social behaviors is governed by complex interactions

between internal and external factors throughout an individual's life. A critical

internal factor determining social phenotype is gonadal sex steroid hormones, and

these hormones have both early (organizational) and late (activational) effects

(reviewed in Arnold and Gorski, 1984; Arnold and Breedlove, 1985). External

factors include nonsocial factors such as photoperiod, temperature, and food

availability and social factors such as the presence of conspecifics and dominance

hierarchies. In natural systems these factors interact repeatedly and in numerous

ways. For example, changes in photoperiod create changes in internal physiology,

which affect the brain and behavioral expression. The behavior of the individual

in a social setting affects its ability to acquire territory, for example, which

thereby affects its probability of mating. Moreover, mating itself also causes

changes in internal physiology and neural and behavioral phenotype. This idea

that behavior alters the brain, which thereby influences subsequent behavior, has
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been studied in a variety of contexts, and these pursuits have been pivotal in

underscoring the plasticity of the adult brain.

With respect to male-typical sexual behavior, one factor that dramatically

influences the display of copulatory behavior is sexual experience in adulthood.

For example, relative to sexually naïve males, sexually experienced male rats are

quicker to initiate copulation (Larsson, 1956; Dewsbury, 1969), continue to

copulate longer after castration (Larsson, 1978; Retana-Marquez and Velazquez-

Moctezuma, 1997), and begin to copulate sooner after androgen replacement

(Larsson, 1978; Retana-Marquez and Velazquez-Moctezuma, 1997). Copulatory

experience can also enhance the sexual vigor of sexually sluggish males (Crowley

et al., 1973) and decrease the aversive effects of novelty on the expression of

sexual behavior (Pfaus and Wilkins, 1995). Experienced males exhibit increases

in general activity (e.g., level changing behavior in bi-level chambers) in response

to the odor of a female or to cues that predict the introduction of a female

(reviewed in Pfaus et al., 2001). When presented with cues that predict the

introduction of a female, experienced males show greater changes in sex steroid

hormone concentrations (Kamel et al., 1975; Graham and Desjardins, 1980) and

greater induction of immediate early gene expression in limbic brain areas (Heeb

and Yahr, 1996; Kollack-Walker and Newman, 1997). Ejaculation also leads to

greater increases in Fos-immunoreactive neurons in the medial preoptic area

(MPOA) in sexually experienced males relative to males copulating for the first

time (Lumley and Hull, 1999). Finally, sexually experienced male rats are less

aversely affected by lesions within the vomeronasal system (Harris and Sachs,
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1975; Arendash and Gorski, 1983; de Jonge et al., 1989; Kondo 1992). Taken

together, this evidence suggests that sexually experienced males are more primed

to display sexual behavior.

One of the earliest documented change in phenotype stemming from

sexual experience is an enhanced retention of copulatory behavior following

castration in male cats (e.g., Rosenblatt and Aronson, 1958a, b). This

phenomenon has subsequently been documented in a variety of rodents (Manning

and Thompson, 1976; Larsson, 1978; Lisk and Heimann, 1980; Retana-Marquez

and Velazquez-Moctezuma, 1997; Phelps et al., 1998), and it has been argued

that, to an extent, sexual experience can replace gonadal sex steroids in the

activation of copulatory behavior. Interestingly, there are species differences in

the effects of adult sexual experience on the retention of copulatory behavior

following castration; for example, in male dogs, adult experience has negligible or

small effects on post-castration behavior (Hart, 1968; Beach, 1970).

Though there has been extensive research on the types of behavioral

changes that follow social experience (social plasticity), there has been relatively

little investigation into the neural correlates of this plasticity. For example, it is

not known why sexually experienced males are more resilient to castration. This

increase is likely to reflect an increase in the neural consolidation of copulatory

behavior. Because castration leads to degeneration of the neural circuits

underlying sexual behavior (e.g., MPOA and medial amygdala), it is possible that

experienced males are more robust to castration because their neural circuits are

more resilient to degradation following castration. The neural correlates of this
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behavioral change could share attributes with those found in other experience-

dependent paradigms such as Pavlovian conditioning (Poremba et al., 1998) and

spatial learning (Cada et al., 2000). Similarly, species differences in the effects of

sexual experience on behavior are likely to be related to species differences in the

neural correlates of sociosexual experience.

CYTOCHROME OXIDASE AND ITS APPLICATION TO THE STUDY OF SOCIAL
BEHAVIOR:

The primary means of cellular energy synthesis in the brain is oxidative

phosphorylation (Erecinska and Silver, 1989), and cytochrome oxidase (CO) is a

rate-limiting enzyme in this process (Wong-Riley, 1989). Cytochrome oxidase

(cytochrome aa3 or ferrocytochrome c) is an evolutionarily ancient mitochrondrial

enzyme that catalyzes the transfer of electrons to oxygen to form water and ATP.

Because ATP availability limits the neural activity of the cell, the amount of CO

is critical in determining the amount of activity a brain area can sustain, and,

consequently, CO activity reflects metabolic capacity (Gonzalez-Lima, 1992).

The levels and activity of CO are modulated by the type of synaptic input

(excitatory vs. inhibitory) and baseline activity of the neuron (Wong-Riley et al.,

1998), and the regulation of CO closely parallels that of the Na+/K+ pump (Hevner

et al., 1992). Increased excitatory tone, baseline activity, and Na+/K+ pump

activity are all linked with increases in CO activity. One of the best known

examples of the utility of CO is in identifying blobs in the visual cortex (Carroll

and Wong-Riley, 1984; Livingstone and Hubel, 1984).
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Cytochrome oxidase is also a useful marker of the metabolic history of an

area; manipulations that decrease synaptic activity also decrease CO activity in

efferent brain areas (e.g., Borowsky and Collins, 1989; Wong-Riley and Caroll,

1989; Hevner and Wong-Riley, 1990). Changes in neuronal activity lead to

changes in the activity of the Na+/K+ pump, which subsequently alters the need for

ATP synthesis. Changes in the cellular demand for ATP lead to changes in the

genes involved in oxidative metabolism, including the genes for CO (Wong-Riley

et al., 1998). In this respect, CO has been used to trace functional pathways

activated during a series of experiences. However, information on CO activity is

very different from information based on other markers of activity such as 2-

deoxyglucose and the immediate early gene (IEG) c-fos; the latter markers

provide information on evoked or immediate activity, whereas CO activity

reflects long term changes in brain activity (Gonzalez-Lima, 1992). For example,

2-deoxyglucose consumption during training or learning tasks reflects the on-

going metabolic changes that occur during learning, while changes in CO activity

after learning reflect the long-term changes in neural metabolic capacity as a

consequence of learning.

Cytochrome oxidase is located in the inner mitochondrial membrane and

is a holoenzyme composed of 13 proteins. Ten proteins are encoded in the nuclear

genome, and three catalytic units are encoded in the mitochondrial genome

(Hevner and Wong-Riley, 1993; Wong-Riley et al., 1998). Cytochrome oxidase

activity is determined primarily by the abundance of the holoenzyme in the

mitochondria (Hevner and Wong-Riley, 1989, 1993). Therefore, CO activity is
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governed by a complex interaction between intracellular factors that affect both

nuclear and mitochondrial gene expression, and such factors include plasticity

genes and IEGs, both of which act as transcription factors (Curran and Franza,

1988; Morgan and Curran, 1989; Nedivi et al., 1998; Mataga et al., 2001).

Sexual differentiation is the process that molds the sexuality of the

individual, and CO histochemistry has recently been applied to study this process.

By correlating behavioral differences that reflect the degree of masculinization

and feminization of the individual with differences in CO activity in a suite of

brain areas, it is possible to glean information about functional circuits involved

in sexual differentiation. For example, the intrauterine position of the rodent

embryo affects the amount of exposure to prenatal androgens, and embryos

situated between two male fetuses (2M embryos) are exposed to more androgens

than embryos situated between two female fetuses (2F embryos)(vom Saal and

Bronson, 1980; vom Saal, 1981; Clark et al., 1991). This difference in androgen

exposure causes reproductive differences. Relative to 2F female gerbils, 2M

females have fewer litters and reproduce at a later age (Clark et al., 1986; Clark

and Galef, 1988), and late-maturing females tend to attack strange males

introduced into their home cage more than their early maturing sisters (Clark et

al., 1992). Furthermore, when looking at the ratio of CO activity in gray matter to

white matter, 2M female gerbils had elevated CO reactivity in the medial and

posterior anterior hypothalamic area relative to 2F females (Jones et al., 1997).

Because these brain areas are sexually dimorphic and involved in steroidogenesis,

it is proposed that these increases reflect the general masculinity of 2M females.
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In many reptilian species, gonadal sex is determined not by sex

chromosomes but by the incubation temperature experienced by the embryo

during development (i.e., temperature-dependent sex determination, or TSD), and

one such lizard is the leopard gecko, Eublepharis macularius (Viets et al., 1993).

In this species, only females are produced at an incubation temperature of 26°C

(low temperature),  a female-biased sex ratio is produced at 30°C (female-biased

temperature), a male-biased sex ratio is produced at 32.5°C (male-biased

temperature), and mostly females are produced at 34°C (high temperature).

Moreover, incubation temperature also has dramatic effects on sexual

differentiation in this species (reviewed in Crews et al., 1998). For example,

males and females from warmer incubation temperatures are more aggressive

toward intruders than are males and females from cooler temperatures (Flores et

al., 1994). Females from the male-biased temperature are more likely to display

male-typical courtship behavior following gonadectomy and androgen treatment

relative to similarly treated females from the low temperature (Flores and Crews,

1995; Crews et al., 1996). Across the reproductive cycle, females from the male-

biased temperature have elevated circulating concentrations of androgens relative

to females from temperatures that produce female-biased sex ratios (Rhen et al.,

2000). Correlated with this masculinized behavioral phenotype are increases in

metabolic capacity in a suite of limbic brain nuclei including the preoptic area,

anterior hypothalamus (AH), septum, and amygdala, brain areas that regulate the

display of male-typical social behaviors (Coomber et al., 1997).
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Adult male leopard geckos from the female-biased temperature have

elevated estrogen and depressed androgen concentrations relative to males from

the male-biased temperature (Tousignant and Crews, 1995; Coomber et al., 1997).

Following gonadectomy and androgen replacement, males from the female-biased

temperature display more courtship behavior whereas males from the male-biased

temperature display more territorial behavior (Rhen and Crews, 1999). Correlated

with this increased propensity to display courtship behavior, males from the

female-biased temperature have elevated metabolic capacity in the preoptic area,

amygdala (nucleus sphericus and external nucleus of the amygdala) and

ventromedial hypothalamic area relative to males from the male-biased

temperature (Coomber et al., 1997). On the other hand, correlated with increased

aggressiveness and territoriality, males from the male-biased temperature have

elevated CO activity in areas like the septum and AH (Coomber et al., 1997)

relative to males from the female-biased temperature. Interestingly, both the

septum and AH are critical in the expression of agonistic behaviors in a variety of

species (Ferris et al., 1990, 1997; reviewed in Albert et al., 1992; Kollack-Walker

and Newman, 1995; Goodson et al., 1999).

Like intrauterine position in rodents and incubation temperature in leopard

geckos, social experiences in adulthood also alter the propensity to display a

variety of sexual and aggressive behaviors (de Jonge and van de Poll, 1984;

Albert et al., 1992; Sakata et al., 2002a). Therefore, it is possible that CO activity

in pertinent brain areas changes following social experience in a manner that

parallels behavioral change. The application of CO histochemistry to the study of
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social behaviors can lend insight into the functional pathways associated with

social interactions and neural circuits mediating behavioral change. In species in

which behavioral changes following social experiences have not been

documented, changes in CO can lead to predictions about behavioral plasticity.

Furthermore, species differences in behavioral change following social experience

are likely to be linked to differences in neural metabolic change following social

experience.

THE HYPOTHESIS:

My dissertation focuses primarily on the neural correlates of social

experience and behavioral plasticity. In particular, I focus on how social

experiences alter CO activity and highlight the relationship between experience-

dependent changes in CO activity and experience-dependent changes in

behavioral phenotype. I am interested in metabolic change in the limbic system,

particularly the MPOA and medial amygdala (MeA). Both areas are important in

the display of male-typical social behavior across a variety of vertebrates (Crews

and Silver, 1985; Meisel and Sachs, 1994). The primary experience-dependent

behavioral change of interest to me is the increased robustness to castration

stemming from sociosexual experiences in adulthood. Furthermore, I am

interested in how species differ in neural and behavioral plasticity following

sociosexual experience, and how particular factors can mold this plasticity.
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I am interested in experience-dependent changes in the retention of sexual

behavior because I argue that the capacity to display copulatory behavior

following castration lends insight into the strength of the limbic neural circuit. In

other words, post-castration behavior lends insight into the integrity of the brain.

Following castration, there is a degeneration of androgen-sensitive circuits that

mediate the display of copulatory behavior. For example, castration leads to

decreases in somal area, dendritic branching and overall nucleus size of the MeA

(Gomez and Newman, 1991; Cooke et al., 1999) and a decrease in androgen

receptor concentration (e.g., Lynch and Story, 2000) and aromatase

immunoreactivity (e.g., Roselli et al., 1998) in the MPOA and MeA. Castration

also leads to an increase in the refractory period of neurons within the MPOA and

MeA and a decrease in the number of cells within the MPOA responding to MeA

stimulation (Kendrick, 1981, 1982, 1983, 1984). All in all, there is a decline in the

integrity of the neural circuit involving the MPOA and MeA following castration,

and this decline is likely to be causally linked to the loss of sexual behavior

following gonadectomy.

In the limbic system, CO activity also significantly decreases following

castration (Cornwall et al., 1992; Crews et al., 1996a). Therefore, changes in CO

activity following castration parallel the changes in other neural parameters that

relate to the integrity of the circuit. In other words, the amount of CO activity in

the MPOA and MeA correlates with the integrity of the circuit.

Androgens support CO activity, the integrity of the circuit, and the display

of sexual behavior in males. There is a threshold amount of androgenic
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stimulation that is required for the display of sexual behavior (reviewed in Meisel

and Sachs, 1994), and it is likely that there is a neural corollary to this notion.

Because androgens sustain elevated CO activity in the limbic system, it is

possible that there is a threshold level of CO activity in the MPOA and MeA that

is integral for the display of copulatory behavior. When CO activity falls below

this threshold following castration, sexual behavior is no longer displayed. This

idea is diagrammed in Figure 1.1.

The fact that sociosexual experience in adulthood increases the retention

of sexual behavior following castration suggests that the neural circuit remains

intact for a longer period of time in experienced males relative to naïve males. I

propose that sociosexual experience affects the time it takes for CO activity to fall

below the threshold following castration.

There are several hypotheses linking the effects of social experience on

resilience to the effects of castration to the effects of social experience on neural

metabolism, three of which are outlined in Figure 1.2. The first is that sociosexual

experience increases metabolic capacity in pertinent brain areas such as the

MPOA and MeA (Figure 1.2a). This is plausible because CO activity reflects the

history of metabolic demands of brain areas. Repeated sexual interactions with

females leads to repeated activation of the limbic neural circuit, which thereby

leads to an increase in CO activity. Because experienced males have elevated

metabolic capacity relative to naïve males at the time of castration, it takes longer

for the neural metabolism of experienced males to fall below the neural threshold

for copulation. This model assumes that the rate of decline in CO activity
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following castration is comparable between experienced and naïve males. Another

hypothesis is that sociosexual experience decreases the rate at which neural

metabolism declines following castration (Figure 1.2b). Because of the rate of

decline is slower in experienced males, it takes longer for CO activity to fall

below the threshold, and consequently, sexual behavior is retained longer. A third

hypothesis is that sociosexual experience decreases the neural threshold for

copulatory behavior (Figure 1.2c). Because the threshold is lower, it takes longer

for CO activity to fall below the threshold, and sexual behavior is retained longer.

All three hypotheses are not mutually exclusive, though they are depicted as

separate phenomena in Figure 1.2. It is plausible that sociosexual experience

simultaneously elevates neural metabolism, decreases the rate of decline

following castration, and decreases the neural threshold for copulation.

Finally, because species differ in the effects of adult sociosexual

experience on the retention of sexual behavior (reviewed in Meisel and Sachs,

1994), it is likely that experience-dependent changes in CO activity in the MPOA

and MeA differ from species to species. More specifically, it is plausible that

experience-dependent changes in CO activity are found only in species that show

this behavioral plasticity following social experience.

For this dissertation I focus on testing the first hypothesis that sociosexual

experience affords a heightened robustness to castration because experience

increases metabolic capacity in the limbic system, particularly the MPOA and

MeA (Figure 1.2a). I take a comparative approach and used both mammalian

(laboratory rat) and reptilian (leopard gecko and whiptail lizard) models to assess
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the relationship between experience-dependent changes in behavior and neural

metabolism. Reptiles occupy a pivotal place in the evolution of eutherian

mammals and offer a valuable system to study sexual behavior because of the

diversity of reproductive modes and strategies (Gans and Crews, 1992). The

comparative approach is useful because it lends insight into the evolutionary

history of the trait. Phenotypic plasticity that is common across many species is

more likely to be evolutionarily ancestral and more likely to be found in other

species than are phenotypes that are more restricted. Moreover, relationships

between neural and behavioral plasticity that are held across a variety of species

are more likely to be found in other species such as humans.

In Chapter 2, I report the results from experiments in which I analyze the

effects of repeated interactions with receptive females on neural metabolic

capacity in male rats. Rats are the most utilized model system in functional

neuroanatomical studies as well as studies in sexual behavior and sexual

plasticity. In Chapter 3, I present an experiment in which I assess the behavioral

correlates of extensive sociosexual experience (cohabitation with females) in male

leopard geckos, Eublepharis macularius. This study was useful in modeling the

relationship between plasticity in neural metabolism (Crews et al., 1997) and in

social behavior. In Chapter 4, I present two experiments in male whiptail lizards,

Cnemidophorus inornatus. The first assesses the effects of cohabitation with

females on courtship behavior of males while gonadally intact and following

castration, and the second analyzes the effect of this social experience on neural

metabolism in gonadally intact males. In Chapter 5, I present an experiment
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investigating whether early experiences, namely incubation temperature, can

affect social plasticity and the expression of courtship behavior with and without

testicular androgens in male leopard geckos. This study allowed me to assess how

individual differences in neural metabolism caused by incubation temperature

(Coomber et al., 1997) can modulate how sociosexual experience alters

behavioral phenotype. Finally, in Chapter 6, I summarize the results from my

experiments and highlight an evolutionarily conserved neural correlate of social

plasticity. I also speculate on factors that modulate the degree of social plasticity

across and within species.
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Figure 1.1. Diagram of the link between cytochrome oxidase (CO) activity in the

medial preoptic area (MPOA) and medial amygdala (MeA) and the display of

copulatory behavior following castration. Because CO activity in the MPOA and

MeA depends on androgenic stimulation (Crews et al., 1996a), CO activity

gradually declines following castration. I propose that there is a threshold amount

of CO activity that is integral for the display of copulatory behavior; this is the

neural corollary to the androgen threshold notion proposed by Beach (reviewed in

Meisel and Sachs, 1994). When CO activity falls below this threshold (T4 and

T5), sexual behavior is not displayed.
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Figure 1.2. Three potential mechanisms by which sexual experience could

increase the retention of copulatory behavior following castration in vertebrate

animals. Cytochrome oxidase activity decreases following castration, and this

decline is correlated with the loss of sexual behavior (Crews et al., 1997). All

models three postulate that there exists a threshold amount of cytochrome oxidase

(CO) activity that is necessary for the expression of sexual behavior, and when

CO activity falls below this threshold, sexual behavior is no longer expressed. (a)

Sociosexual experience could increase CO activity in limbic brain areas.

Therefore, assuming similar rates of metabolic decline following castration, it

takes longer for metabolic capacity to fall below the threshold in experienced

males because they have elevated CO activity at the time of castration. (b)

Sociosexual experience could decrease the rate at which CO activity declines

following castration. (c) Sociosexually experienced males could have a lower

neural threshold for sexual behavior. These three models are not mutually

exclusive.
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Chapter 2

Effects of repeated sociosexual interactions on neural metabolism
in male rats

INTRODUCTION

Patterns of neural activity associated with the display of social,

particularly sexual, behaviors in rodents have been extensively studied (reviewed

in Meisel and Sachs, 1994; Pfaus and Heeb, 1997), and most studies have utilized

the expression of the immediate early gene (IEG), c-fos, as a marker for neural

activity. However, other metabolic markers such as cytochrome oxidase (CO)

activity have not been readily applied to the study of social behavior. Cytochrome

oxidase is a rate-limiting enzyme in oxidative phosphorylation, the major energy-

producing pathway in the brain (Erecinska and Silver, 1989), and an important

marker of metabolic capacity (Wong-Riley, 1989). Cytochrome oxidase activity is

also a marker of the metabolic history of an area (Gonzalez-Lima, 1992);

manipulations that decrease synaptic activity also decrease CO activity in efferent

brain areas (e.g., Borowsky and Collins, 1989; Wong-Riley and Caroll, 1989;

Hevner and Wong-Riley, 1990). The activity of CO is also sensitive to hormone
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manipulations in rodents and reptiles (Crews et al., 1996; Coomber et al., 1997;

Jones et al., 1997) and to sociosexual experience in lizards (Crews et al., 1997).

Unlike changes in c-fos expression, which represent evoked activity, changes in

CO activity as a result of social interactions reflect the long-term effects of these

interactions on neural metabolism.

Heterosexual social experience engenders not only changes in immediate

neural activity but also long-term behavioral changes. For example, relative to

sexually naïve males, experienced male rats display copulation longer after

castration and begin copulating sooner after testosterone administration (Larsson,

1978; Retana-Marquez and Velazquez-Moctezuma, 1997). Consequently,

assessing changes in CO activity with heterosexual social experience might

provide information on the neurobiological correlates underlying these long-term

changes in behavior.

In these experiments we examined the degree to which varying amounts of

heterosexual interaction affect CO activity in limbic brain areas in male rats. We

predicted that repeated interactions with females would repeatedly activate the

neural circuit underlying copulatory behavior, and that this repeated neural

activation would lead to increases in CO activity in brain nuclei within the circuit.

Further, we predicted that the degree of metabolic change would be related to the

amount of IEG induction during copulation and hormonal stimulation. Finally, to

bolster the notion that differences in neural metabolism are driven by repeated

experience and not by differences in sexual performance, we also investigated
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whether neural metabolic differences existed between copulating and

noncopulating male rats given only one test with a female.

MATERIALS AND METHODS

Animals:

Sprague-Dawley male rats (300-400 g) from a colony maintained at the

University of Texas at Austin were used in the study. Males and females were

separated at weaning, and males were iso-sexually housed in groups of 3-5. Males

were purchased when they reached ~200 g and housed individually. Food and

water were provided ad lib. Individuals were kept on a 12:12 L:D photocycle with

lights off at 1 p.m. Ambient temperature was kept constant at 25°C.

Two separate experiments were conducted. For both experiments, all

males were tested with sexually receptive females during the first 4 hours of the

dark period. Ovariectomized female rats were made receptive with an injection of

17β-estradiol benzoate (10 µg) followed by an injection of progesterone (500 µg)

48 hrs later, or by implanting ovariectomized females subcutaneously with 17β-

estradiol benzoate (SIGMA)(5 mm; approximately 4-5 mg). All females were

screened for sexual receptivity with a stud male before testing.
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Experiment 1: Effects of moderate versus extensive heterosexual social
experience on neural metabolism (cytochrome oxidase activity):

Gonadally intact males were divided into three groups: socially naïve

males (NAÏVE; n=9), males exposed to receptive females three times (3F males;

n=9), and males exposed to receptive females sixteen times (16F males; n=10).

The experimental design is summarized in Figure 2.1. NAÏVE males were placed

in an empty plexiglass testing arena (40 x 40 x 30 cm) covered with fresh wood

chips for 35 min on three days; each “test” was separated by 5 days. The 3F males

were also placed in the test arena using the same schedule. However, in this

group, after a 10 min habituation period, a sexually receptive female was

introduced, and these males were allowed to copulate for 25 min. The 16F males

were treated identically to the 3F group, except that on the days between tests in

the test chamber, these males were allowed to copulate with receptive females in

their home cage for 1 hr. 16F males were also allowed to copulate with females in

their home cage (1 hr) for 3 consecutive days after the 3rd test in the test chamber.

This design was selected to control for the amount of handling across groups, as

differences in handling can lead to different neural activity patterns (see Kollack-

Walker and Newman, 1997).

The copulatory behavior of 3F and 16F males was recorded in the test

chambers. Mount latency, latency to ejaculate, and frequency of ejaculations were

recorded. The latency to ejaculate was defined as the time since the entry of the

female to the time of ejaculation; this is different from "ejaculation latency",

which is the interval between first intromission and first ejaculation. If a male did

not mount or ejaculate during the test, the maximum latency score (1500 sec) was
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given. Behavioral observations were also taken on the last two days of copulation

in the 16F group (i.e., days 15 and 16), and on these two days only latency to

ejaculate and ejaculation frequencies were recorded. These observations were

designed to assess whether all males in this group were copulating as some 16F

males showed minimal copulatory behavior in the test chamber. Because males

were observed for one hour, males that failed to ejaculate were given the

maximum latency score of 3600 sec.

Four days following the final test (i.e., day 17), all males were

anesthetized with sodium pentobarbital (80 mg / kg) and decapitated. All animals

were killed between 8 am and 12 p.m. Brains were rapidly frozen in isopentane,

sectioned at 40 µm in a Reichert-Jung cryostat, and stored at -40°C until

processing for CO activity.

Experiment 2: Individual differences in neural metabolism:

Behavioral differences were found between 3F and 16F males in

Experiment 1, and we did not know whether the neural differences observed were

due to differences in the amount of heterosexual social experience or due to

behavioral differences. If the neural differences between 16F and 3F males were

due to differences in copulatory performance (see Results), then we predicted that

among individuals with limited and equal exposure to females, poor copulators

would have elevated metabolic capacity within the limbic system relative to

effective copulators. On the other hand, if neural differences between 16F and 3F

males are due primarily to differences in the amount of heterosexual experiences,

we predicted that there would be no neural differences between poor and effective
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copulators given limited and identical exposures to females. In Experiment 2, we

assessed neural differences in brain metabolism between copulating and

noncopulating males given only one exposure to a receptive female (i.e., same

amount of exposure to females but different in sexual behavior). Gonadally intact

males were tested in the test arena (40 x 40 x 30 cm) with a female previously

screened for sexual receptivity. During this test, latency to ejaculate and number

of ejaculations were noted. Only males that ejaculated at least 2 times with a

female (COPULATORS; n=9) and males that did not ejaculate with the female

(NONCOPULATORS; n=8) were included in this study. Thereafter, males were

kept in isolation for 16 days, then were anesthetized with sodium pentobarbital

(80 mg / kg) and decapitated. This design kept constant the time from first test to

sacrifice across both experiments. Brains were collected and sectioned as

described in Experiment 1.

Cytochrome oxidase histochemistry and imaging:

Detailed protocols for quantitative CO histochemistry have previously

been published (Gonzalez-Lima and Garrosa, 1991). Briefly, slides were first

treated in 10% sucrose phosphate buffer (0.1 M, pH 7.6) containing 0.5%

glutaraldehyde for 5 min. This step facilitates the adherence of sections to slides

and does not affect the enzymatic activity of CO (Gonzalez-Lima and Cada,

1998).  Slides were then rinsed 4X in 10% sucrose phosphate buffer (5 min each),

then incubated for 10 min in Tris buffer (0.05 M, pH 7.6) containing 275 mg / l

cobalt chloride (SIGMA, St. Louis, MO), 10% sucrose, and 0.5%
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dimethylsulfoxide (DMSO)(SIGMA). Slides were subsequently rinsed for 5 min

in phosphate buffer then incubated at 37°C for 60 min in 700 ml of an oxygen-

saturated reaction solution containing 350 mg diaminobenzidine

tetrahydrochloride (SIGMA), 52.5 mg cytochrome c (SIGMA), 35 g sucrose, 14

mg catalase (SIGMA), and 1.75 ml DMSO (SIGMA) in 700 ml phosphate buffer.

To stop the reaction and fix the tissue, slides were then immersed in 10% sucrose

phosphate buffer with 4% formalin (v / v) for 30 min. Thereafter, slides were

dehydrated through a series of alcohols (30%, 50%, 70%, 95% 2X, 100% 2X)

then cleared with xylene (EM Science) and coverslipped with Permount (EM

Science).

Optical density (OD) of brain sections and standards were measured using

an image-processing system consisting of a high-gain camera (Javelin

Electronics), a Targa-M8 image capture board, a 486 computer, Sony color

monitor, DC-powered illuminator, and JAVA software (Jandel Scientific, San

Rafael, CA). The system was calibrated using an optical density step tablet

(Kodak Calibration Tablet No. 2). Four OD measurements were taken per nucleus

on each section, and 2-3 sections were imaged for a single nucleus. All

measurements were taken unilaterally for each subject, and the side of the brain

was randomly selected across individuals. The experimenter was blind to the

treatment of the animals during data collection. Optical density values for each

nucleus were then averaged and converted into activity units (µmol / min / g

tissue wet weight) using a regression based on brain homogenate standards

included in each batch (Gonzalez-Lima and Cada, 1998). Brain homogenates
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served as internal calibration standards to control for factors that affect staining

intensity. Standards were made by homogenizing whole brains of 12 naïve male

rats at 4°C followed by rapid freezing in isopentane. The CO activity of the

homogenate was then spectrophotometically assessed (Cada et al., 1995). Within

each reaction, at least two slides with brain homogenates are included, and on

each slide are sections cut at varying thickness (10, 20, 40, 60, and 80 µm). The

OD of these sections were then regressed on the known CO activity of the

sections of varying thickness. This regression is used to convert OD into a

standard unit of activity; this allows for the aggregation of data from different

batches. Altogether, a total of four batches were run, and in each batch all groups

were represented. The R2 value for the regressions in each of the four batches

were 0.94, 0.94, 0.96, and 0.95. The mean + SEM OD of the standards across the

batches is presented is Figure 2.2, and on average OD readings had standard

errors <7% of means.

Locations of specific nuclei were identified using a stereotaxis atlas

(Paxinos and Watson, 1997) and a CO atlas of the rat brain (Figure

2.3)(Gonzalez-Lima and Cada, 1998). The brain areas of interest were the medial

preoptic area (MPOA), periventricular preoptic area (PvPOA), lateral preoptic

area (LPOA), medial division of the bed nucleus of the stria terminalis (BNSTM),

medial amygdala (MeA), ventromedial nucleus of the hypothalamus (VMN),

habenula (HAB), anterior cortical amygdalar nucleus (ACo), central amygdala

(CeA), anterior hypothalamic nucleus (AH), and paraventricular nucleus of the

hypothalamus (PVN). Several subregions of the MPOA, BNSTM, MeA, VMN,
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PvPOA, and HAB were imaged. Within the MPOA the rostral and caudal areas

were imaged (rMPOA and cMPOA, respectively), and within the BNSTM, the

anterior and posteromedial subnuclei were imaged (BNSTMa and BNSTMpm,

respectively). Within the MeA, the anterodorsal, posterodorsal and posteroventral

subnuclei were imaged (MeAD, MePD, and MePV, respectively). Within the

VMN, the dorsomedial and ventrolateral divisions were imaged (VMNdm and

VMNvl, respectively), and within the PvPOA, the anteroventral PvPOA (AVPV)

and periventricular hypothalamic nucleus (Pe) were examined. Within the HAB,

the medial and lateral nuclei were imaged (MHAB and LHAB, respectively).

Statistical analyses:

For Experiment 1, in areas in which multiple subregions were imaged

(MPOA, BNSTM, MeA, VMN, PvPOA, and HAB) metabolic capacity was

analyzed using a repeated-measures multivariate analysis of variance

(MANOVA) with Experience (NAÏVE, 3F, or 16F) as the independent variable.

In Experiment 2, MANOVAs were also used but Group (COPULATOR vs.

NONCOPULATOR) was the independent variable. Metabolic capacity of the

subregions of the nuclei (e.g., rMPOA and cMPOA) were the dependent variables

(Subregion). If the main effect of group was significant, multivariate contrasts

were conducted. In the MeA, when the effect of Subregion was significant, we ran

separate MANOVAs that included only two subregions: (MeAD - MePD);

(MeAD - MePV); and (MePD - MePV). If the interaction between Group and the

within-subject variable was significant, separate univariate ANOVAs were
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conducted for each subregion, and Tukey’s HSD test was used for post hoc

contrasts. We selected on Pillai’s trace as our multivariate test statistic because it

is robust to deviations from multivariate normality and homogeneity in variance-

covariance matrices (Olson, 1974). For all the analyses, we set α = 0.05.

For the rest of the brain regions, one-way ANOVAs were calculated with

Experience (Exp. 1) or Group (Exp. 2) as the independent variable (α = 0.05), and

post hoc contrasts were calculated using Tukey’s HSD.

In addition to statistical analyses on brain metabolism, behavioral

differences between 3F and 16F males on the test days were assessed using a

repeated-measures MANOVA. In this model, Group (3F and 16F) was the

independent variable, and behavioral scores across the three tests were the

dependent variables. Post hoc contrasts were conducted just as those for brain

metabolism analyses.

Finally, in Experiment 1, behavioral scores were correlated with metabolic

capacity in all brain areas within both the 3F and 16F groups using Pearson’s

product-moment correlations. Correlations on the data set including both 3F and

16F groups were not performed because significant correlations found in this

analysis would likely be due to group differences in both behavior and brain

metabolism. In order to minimize the number of correlations performed in each

group, only one behavioral parameter - average latency to ejaculate (across the 3

tests in test chamber) - was correlated with brain metabolism. Because of the large

number of correlations analyzed, we set α = 0.01 to reduce Type I error. Brain-

behavior correlations were also computed for COPULATORS in Experiment 2.
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All statistics were done using Version 3.2 of JMP (SAS Institute) for the

Apple Macintosh.

RESULTS

Experiment 1: Effects of moderate versus extensive heterosexual social
experience on neural metabolism (cytochrome oxidase activity):

Brain metabolism:

Generally speaking, metabolic capacity in key limbic brain areas was not

significantly different between 3F males and NAÏVE males, but 16F males had

significantly elevated CO activity in many brain regions. The results are

summarized in Table 2.1.

In the MPOA (rMPOA and cMPOA), there was a significant effect of

Experience (F2,25 =13.6, P=0.001) and significant Experience x Subregion

interaction (F2,25 =4.4, P=0.023)(Table 2.1). Overall, 16F males had elevated CO

activity in the MPOA relative to NAÏVE and 3F males (P<0.001 for both

contrasts), whereas no difference existed between NAÏVE and 3F males. In the

cMPOA, there was a significant effect of Experience (F2,25 =21.4, P<0.001), and

post hoc contrasts revealed that 16F males had elevated CO activity relative to

both NAÏVE and 3F males. In the rMPOA there was only a trend for CO activity
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to increase with experience. There was no significant difference between 3F and

NAÏVE males in either the rMPOA or cMPOA.

In the BNSTM (BNSTMa and BNSTMpm), there was a significant effect

of Experience (F2,25 =15.8, P<0.001)(Table 2.1) and of Subregion (F1,25 =12.9,

P=0.001). Overall, 16F males had elevated CO activity relative to NAÏVE and 3F

males (P<0.001), whereas no significant difference existed between NAÏVE and

3F males. Activity in the BNSTMa was significantly lower than in the

BNSTMpm. There was also a significant interaction between Experience and

Subregion (F2,25 =4.9, P=0.017), and this was due, in part, to the fact that

heterosexual social experience had a greater effect in the BNSTMpm than in the

BNSTMa. In both the BNSTMa (F2,25 =4.8, P=0.017) and the BNSTMpm

(F2,25=18.3, P=0.001) there was a significant effect of Experience. In the

BNSTMpm 16F males had significantly elevated CO activity relative to both 3F

and NAÏVE males, and in the BNSTMa 16F males had elevated metabolic

capacity relative only to NAÏVE males.

In the MeA (MeAD, MePD, and MePV), there was a significant effect of

Experience (F2,25 =12.0, P<0.001) and Subregion (F2,24 =7.4, P=0.003)(Table 2.1).

Overall, 16F males had elevated CO activity relative to 3F and NAÏVE males

(P<0.006 for both contrasts), whereas no significant difference existed between

NAÏVE and 3F males. Activity in the MePD was greater than in the MeAD (F1,25

=11.1, P=0.003) and MePV (F2,25 =9.5, P=0.005).
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In the VMN (VMNdm and VMNvl), there was a significant effect of

Experience (F2,25 =4.5, P=0.021)(Table 2.1). Overall, 16F males had greater CO

activity in the VMN relative only to 3F (P<0.001).

In the PvPOA (AVPV and Pe), there was a significant Experience x

Subregion  interaction (F2,22 =4.7, P=0.020)(Table 2.1). There was a significant

effect of Experience in the Pe (F2,23 =5.2, P=0.014) but not in the AVPV, and post

hoc contrasts revealed that in the Pe 16F males had increased CO activity relative

to NAÏVE males.

In the HAB (MHAB and LHAB), there was a significant effect of

Experience, (F2,24 =6.4, P=0.006) and Subregion (F1,24 =22.4, P<0.001)(Table

2.1). Overall, 16F males had elevated CO activity relative to NAÏVE (P=0.002)

and 3F males (P=0.023). Metabolic capacity in the LHAB was significantly

greater than in the MHAB.

Experience also affected CO activity in the PVN (F2,24 =3.5, P=0.047) and

CeA (F2,24 =8.1, P=0.002)(Table 2.1), and post hoc contrasts revealed that, in both

the PVN and CeA, 16F males had elevated metabolic capacity relative to 3F

males. Experience did not affect metabolic capacity in the LPOA, ACo, and AH.

Copulatory behavior:

Copulatory behavior in the test arena also differed between 3F and 16F

males (Table 2.2). Though mount latencies did not differ significantly across

groups, latencies to ejaculate did differ (F1,17 =7.6, P=0.013). 16F males had

elevated latencies to ejaculate relative to 3F males. The interval from first mount
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to ejaculation also differed across groups (F1,17 =6.6, P=0.020), and again 16F

males had elevated scores. Finally, ejaculatory frequencies differed across groups

(F1,17 =15.2, P<0.001), and 16F males had lower ejaculatory frequencies than 3F

males. For none of the parameters were the effects of test number or Group x test

number interaction significant.

The differences between the groups are not due to the fact that 16F males

were sexually inactive. In the observations on days 15 and 16, it was noted that all

16F males ejaculated at least once, and the number of ejaculations ranged from 1-

5.

Correlations:

Within both the 3F and 16F groups, average latency to ejaculate was

correlated against CO activity in all brain areas examined (α=0.01 because of

large number of correlations). Average latency to ejaculate was not significantly

correlated with neural metabolic capacity in 3F males. However, among 16F

males, metabolic capacity in the MePD (r=0.84), MePV (r=0.82), and CeA

(r=0.90) was significantly correlated with average latency to ejaculate (Table 2.3).

Experiment 2: Individual differences in neural metabolism:

Brain metabolism:

Generally speaking, metabolic capacity in key limbic brain areas was not

significantly different between COPULATORS and NONCOPULATORS (Table
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2.4). In the MPOA (rMPOA and cMPOA), there was no significant effect of

Group or Subregion. In the BNSTM (BNSTMa and BNSTMpm), there was a

significant effect of Subregion (F1,14 =7.9, P=0.014) but not of Group; activity in

the BNSTMpm was significantly greater than in the BNSTMa. In the MeA

(MeAD, MePD, and MePV), there was a significant effect of Subregion (F2,14 =

13.5, P<0.001) not of Group. Activity in the MePD (F1,15 =26.7, P<0.001) and

MePV (F1,15 =14.7, P=0.002) was significantly greater than in the MeAD. In the

VMN (VMNdm and VMNvl), there was a significant effect of Subregion (F1,15

=44.6, P<0.001) but not of Group. In the PvPOA (AVPV and Pe), there was a

significant effect of Subregion (F1,15=5.7, P=0.031) but not of Group. Metabolic

capacity in the AVPV was greater than that in the Pe. In the HAB (MHAB and

LHAB), there was a significant effect of Subregion (F1,15=22.7, P<0.001) but not

of Group. Activity in the LHAB was significantly higher than in the MHAB.

There were also no differences between COPULATORS and

NONCOPULATORS in metabolic capacity in the LPOA, AH, ACo, CeA, and

PVN.

Altogether, this suggests there are no differences in neural metabolic

phenotype between males the copulate and males that fail to copulate on their first

test and, moreover, that the neural differences found in Experiment 1 are not due

to differences in copulatory behavior across groups.
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Correlations:

None of the correlations between average latency to ejaculate and brain

metabolism was significant within COPULATORS (Table 2.3).

DISCUSSION

While many studies have investigated changes in neural activity during

copulatory behavior (reviewed in Meisel and Sachs, 1994; Pfaus and Heeb, 1997),

none have examined the long-term changes in metabolism (cytochrome oxidase

activity) in the mammalian brain following heterosexual social experience. This

investigation is important because heterosexual experience can induce long-term

changes in behavior (Stern, 1990; Meisel and Sachs, 1994), and changes in neural

metabolism could underlie these behavioral modifications. Because cytochrome

oxidase (CO) is a rate-limiting enzyme in ATP production (Wong-Riley, 1989;

Gonzalez-Lima, 1992; Wong-Riley et al., 1998), it serves as an important marker

of changes in metabolic capacity. Here we show that extensive, but not limited,

opportunity to copulate with females leads to elevations in CO activity in many

limbic nuclei (Experiment 1) and that this difference is not likely due to

differences in sexual vigor across groups (Experiment 2). We propose that these

neural metabolic changes are related to repeated immediate early gene expression

during sexual interactions and to hormonal stimulation and could underlie

experience-dependent changes in behavior.
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Experience-dependent changes in neural metabolism:

We found that males with sixteen daily opportunities to copulate with

females (16F males) but not males with three opportunities to copulate (3F males)

had increased neural metabolism in limbic brain nuclei such as the MPOA, Pe,

BNSTM, MeA, VMN, HAB, CeA, and PVN (Table 2.1). In the MPOA, Pe,

BNSTM, MeA, and HAB, 16F males had elevated CO activity relative to naïve

males and 3F males. In the VMN, CeA, and PVN, 16F males had elevated

metabolic capacity relative only to 3F males. No significant changes in neural

metabolism were found in areas such as the LPOA, ACo, AVPV and AH. With

the exception of the BNSTM, metabolic capacity in all brain areas that showed

experience-dependent changes was similar among males with no heterosexual

experience (NAÏVE), one heterosexual experience (COPULATORS and

NONCOPULATORS), and three heterosexual experiences (3F) and was elevated

only in males with sixteen heterosexual experiences (16F). We hypothesize that

these neural differences are driven by increased sexual interactions with females

and not by differences in copulatory behavior. That latter is suggested by the fact

that males with equal and limited copulatory experience that differ in copulatory

performance have identical neural metabolic phenotypes.

The MPOA is considered the central integrative brain area underlying the

expression of male-typical copulatory behavior (Meisel and Sachs, 1994), and the

MPOA showed one of the largest increases in metabolic capacity. Within the

MPOA, the degree of change in CO activity was much larger in the caudal MPOA
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than in the rostral MPOA. Copulation induces greater increases in Fos expression

in the caudal MPOA than rostral MPOA in quail (Meddle et al., 1997), and in

male hamsters, caudal MPOA lesions lead to greater decrements in sexual

behavior than rostral MPOA lesions (Powers et al., 1987). Altogether, this

suggests that areas that are more critical in the expression of copulatory behavior

are more metabolically plastic.

The MeA also showed experience-dependent increases in metabolic

capacity. Interestingly, in both the MeA and MPOA, experience-dependent

changes in Fos induction have also been noted. In rats, sexually experienced, but

not naïve, males show elevations in Fos expression in the MPOA after exposure

to female odors (Baum and Everitt, 1992; Coolen et al., 1996, 1997), and sexually

experienced males show greater Fos expression in the MPOA after ejaculation

relative to males ejaculating for the first time (Lumley and Hull, 1999). In

hamsters, sexually experienced males express significantly more Fos in the MePD

and MPOA after exposure to a clean, test chamber in which they have previously

copulated relative to naïve males exposed to the same test arena (Kollack-Walker

and Newman, 1997). In gerbils, Fos expression in the sexually dimorphic area of

the MPOA (SDN-MPOA) is significantly increased when a male is placed in an

area associated with copulation but not when placed in a familiar cage not

associated with copulation (Heeb and Yahr, 1996). Furthermore, lesions in the

MeA or SDN-MPOA have differential effects in experienced vs. naïve male rats

(Harris and Sachs, 1975; Arendash and Gorski, 1983; de Jonge et al., 1989;

Kondo, 1992). Taken together, these results suggest that amygdalar and preoptic
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areas might underlie experience-dependent changes in behavior and that changes

in CO activity may be manifestations of these changes.

Though the VMN is traditionally thought of as an area regulating female

sexual behavior (Pfaff et al., 1994), we noted that with increased interactions with

females CO activity increased in the VMN. This is not surprising because

copulation induces c-fos expression in the VMN of male rats (Greco et al., 1996),

because the VMN is replete with androgen receptors (Roselli et al., 1989), and

because antagonism of androgen receptors in the VMN significantly inhibits

copulatory behavior (McGinnis et al., 1996). Likewise, lesions of the basal

hypothalamus that include the VMN inhibit the expression of courtship behaviors

in male green anole lizards (Farragher and Crews, 1979), red-sided garter snakes

(Friedman and Crews, 1985), and ring doves (Bernstein et al., 1993).

Interestingly, extensive heterosexual social experience also elevates CO activity

in the VMN of male leopard geckos (Crews et al., 1997), suggesting that this

could be an evolutionarily-conserved brain area of social plasticity.

We found that three opportunities to copulate with a female was not

sufficient to induce metabolic changes in brain nuclei. On the other hand,

substantial behavioral changes have been found to occur even after one copulation

(Hilliard et al., 1997; Lopez et al., 1999). The lack of neural metabolic differences

between NAÏVE and 3F males might be due to the fact that opportunities to

copulate were separated by 5 days for 3F males; three daily opportunities might

have exerted greater effects on CO activity. Alternatively, it is possible that the

neural metabolic phenotypes of 3F males was more similar to NAÏVE males than
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16F males because 3F males were killed four days after their last test instead of

the day after their last exposure to females. Finally, it is also possible that rapid

behavioral changes are mediated not by long-term metabolic mechanisms but by

rapid changes in neurochemical systems such as dopamine (Hull et al., 1997) or

serotonin (e.g., Rowland and Houtsmuller, 1998).

Mechanisms of Metabolic Change:

Cytochrome oxidase is a holoenzyme composed of 13 proteins; 10 are

encoded in the nuclear genome and 3, including the major catalytic subunits, are

encoded in the mitochondrial genome (Hevner and Wong-Riley, 1993; Wong-

Riley et al., 1998). Cytochrome oxidase activity is regulated, primarily, by the

abundance of the holoenzyme in the mitochondria (Hevner and Wong-Riley,

1989, 1990). Therefore, changes in CO activity are likely to be due to changes in

the expression of mitochondrial genes. Immediate early genes such as c-fos and

sex steroid hormone receptors acting as transcription factors could affect the

expression of the catalytic subunits (Curran and Franza, 1988; Morgan and

Curran, 1989; Tsai and O'Malley, 1994). Copulatory behavior consistently

induces Fos expression in the MPOA, BNSTM, and MeA (reviewed in Pfaus and

Heeb, 1997), as well as short-term surges in sex steroid hormones such as

testosterone (Kamel et al., 1975, 1977). Androgens affect Na+/K+-ATPase activity

(Guerra et al., 1987), the expression of the mitochondrial gene encoding for CO

catalytic subunit I (Cornwall et al., 1992), and CO activity (Crews et al., 1996).



39

Therefore, the direct activation of neural circuits and/or androgenic stimulation

accompanying sociosexual behavior might produce these metabolic changes.

 Interestingly, there appears to be a relationship between the amount of

change in brain metabolism, the pattern of Fos induction during copulation, and

androgen receptor (AR) mRNA abundance. Areas that show Fos induction during

copulation and high AR mRNA expression (e.g., MPOA, BNSTM, MeA, VMN,

CeA)(Simerly et al., 1990; Greco et al., 1996; Pfaus and Heeb, 1997) tended to

show increases in CO activity with extensive heterosexual experience. In contrast,

areas that show neither Fos induction during copulation nor high AR mRNA

expression (e.g., LPOA and AVPV) tended not to show increases in CO activity

with experience. Experience-dependent changes were also found in the Pe, an

area that expresses moderate AR mRNA but does not show FOS increases during

copulation; this suggests that increased androgen stimulation during heterosexual

interactions may be sufficient to increase metabolic capacity. The lack of

metabolic changes in the AH argues against the sufficiency of Fos to induce

metabolic changes. The fact that AR is expressed in a substantial proportion of

neurons showing Fos increases during copulation (Greco et al., 1998) also

suggests that the two might work together to induce CO changes.

Behavior and the relationship between neural metabolism and behavior:

In the first experiment, we found several unexpected behavioral

differences. Because previous studies documented that the latency to copulate

decreased with increased heterosexual experience (e.g., Dewsbury, 1969; Lumley
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and Hull, 1999), we predicted that behavior would change over time in both 3F

and 16F males and that 16F males, because of their increased experience, would

show quicker copulatory behavior relative to 3F males. Neither of these

predictions was supported. Rather, relative to 3F males, 16F males had longer

latencies to ejaculate and lower ejaculation frequencies.

These findings could be due to strain and/or genotype differences in

behavioral plasticity following heterosexual experience, as has been found in

mice (McGill and Tucker, 1964; McGill and Manning, 1976; Phelps et al., 1998).

In this study we used male Sprague-Dawley rats, whereas other studies that have

documented significant behavioral changes used Wistar or Long-Evans rats (e.g.,

Dewsbury, 1969; Larsson, 1978; Lopez et al., 1999; Lumley and Hull, 1999).

Male Sprague-Dawley rats have been found to be less sexually active than Wistar

rats (Emery and Larsson, 1979), and this could explain the lack of significant

behavioral changes across time. The significant behavioral difference between 3F

and 16F males might also be due to exhaustion from repeated sexual activity, and

one way to test this would be to test both groups of males after a period of rest. In

the current study, 16F males were given daily opportunities to copulate with

females, and this design was selected to maximize the probability of altering

neural metabolism. In other studies in which experience-dependent facilitation of

copulatory behavior was documented, tests with females are spaced at least 3 days

apart to allow for recovery from the effects of sexual exercise (e.g., Beach and

Levinson, 1949; Dewsbury, 1969; Larsson, 1978; Lumley and Hull, 1999).
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Therefore, daily experience with females could have altered the ejaculatory

behavior of 16F males.

The relationship between copulatory behavior and neural metabolism

differed among the groups of males in Experiments 1 and 2 (i.e., 3F, 16F and

COPULATORS). Whereas brain-behavior correlations were not statistically

significant in 3F males or COPULATORS, there was a significant positive

correlation between average latency to ejaculate and metabolic capacity in the

MeA and CeA in 16F males (Table 2.3). In other words, males that took longer to

ejaculate had elevated metabolic capacity in the amygdala. The posterodorsal

medial amygdala (MePD) is selectively activated during ejaculation (Coolen et

al., 1997), and lesions of this nucleus delay sexual satiety in male hamsters

(Parfitt and Newman, 1999). It is possible that males with longer latencies to

ejaculate have higher ejaculatory thresholds and might require more intromissions

before ejaculation. Increased intromissions might lead to greater brain activity,

and this, in turn, could translate into elevated metabolic capacity, at least in the

amygdala. That the correlation is significant only in 16F males suggests that the

relationship is driven by repeated heterosexual experiences.

Interactions with females involve a number of different types of

experiences. Therefore, it is possible that different aspects of interactions with

females differentially contribute to long-term changes in brain metabolism and

behavior. Though we propose that sexual interactions are paramount in producing

these metabolic changes, we cannot separate the contributions of different social

interactions; we know only that the total experience alters brain metabolism. It is
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possible that the exercise associated with repeated copulation and/or the repeated

exposure to female odors were paramount in producing these neural changes. As

this was a first attempt to manipulate neural metabolism, our main objective was

to maximize the potential to induce brain changes. It would be interesting to

assess the degree to which penile stimulation, ejaculation, and sensory stimulation

from the female (olfactory, visual, and/or tactile) contribute to these neural

metabolic changes.
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Figure 2.1.  Experimental design. Socially naïve males (NAÏVE) were placed in

an empty test chamber on three occasions, each separated by five days. Males

with limited exposure to females (3F males) were allowed to copulate with a

sexually receptive female for 25 min in the test chamber on three different

occasions. Males with extensive heterosexual experience (16F males) were

handled identically to 3F males but on the days between tests in the test chamber,

these males were allowed to copulated with a receptive female for 1 hr in their

home cage. 16F males also copulate with females in their home cage for three

days after their last test in the test chamber. All males were killed on the fourth

day after their last test.
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Figure 2.2. Summary of cytochrome oxidase histochemistry standards. (a) Mean +

SEM optical density of standards (10, 20, 40, 60, 80 µm) included in each batch.

The value of the 0 µm section was obtained by imaging a blank area of the slide

in which the standards were mounted. Optical density readings, on average, had

standard errors <7% of the means. (b) Average regression line plotting the optical

densities of the standards against their known activities as determined by

spectrophotometry. The average R2 value across the four batches is also given.
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Figure 2.3.  Regions of interest on brains stained for cytochrome oxidase activity.

Darker areas represent brain regions with elevated metabolic capacity.
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Table 2.1. Least squared means for cytochrome oxidase activity (µmol / min / g tissue

wet weight) in limbic brain regions in socially naive males (NAÏVE, n=9), males with

three opportunities to copulate (3F, n=9), and males with sixteen opportunities to

copulate  (16F, n=10). Values are means + SEMs.   

Brain Region NAÏVE      3F    16F        Contrast

Medial preoptic area- rostral (rMPOA) 218 + 9 230 + 9 244 + 8             ns

Medial preoptic area- caudal (cMPOA) 214 + 7 218 + 7 270 + 7 16F > 3F, NAÏVE

Medial division of the bed nucleus 204 + 8 215 + 8 239 + 8    16F > NAÏVE
  of the stria terminalis– anterior (BNSTMa)
Medial division of the bed nucleus 219 + 9 218 + 9 282 + 8 16F > 3F, NAÏVE
  of the stria terminalis–posteromedial (BNSTMpm)
Medial Amygdala– anterodorsal (MeAD) 206 + 14 177 + 14 243 + 13 16F > 3F, NAÏVE

Medial Amygdala– posterodorsal (MePD) 221 + 10 196 + 10 267 + 9 16F > 3F, NAÏVE

Medial Amygdala– posteroventral (MePV) 213 + 9 192 + 9 257 + 9 16F > 3F, NAÏVE

Ventromedial nucleus of the hypothalamus- 271 + 14 244 + 14 307 + 13        16F > 3F
  dorsomedial (VMNdm)
Ventromedial nucleus of the hypothalamus- 271 + 13 241 + 13 305 + 13        16F > 3F
  ventrolateral (VMNvl)
Medial habenula (MHAB) 243 + 14 222 + 14 280 + 14 16F > 3F, NAÏVE

Lateral habenula (LHAB) 258 + 12 242 + 12 305 + 12 16F > 3F, NAÏVE

Periventricular hypothalamic nucleus (Pe) 202 + 11 212 + 11 251 + 12      16F > NAÏVE

Anteroventral periventricular preoptic area (AVPV) 211 + 9 229 + 9 240 + 10             ns

Central nucleus of the amygdala (CeA) 234 + 13 188 + 13 262 + 13        16F > 3F

Paraventricular nucleus of the hypothalamus (PVN) 180 + 9 156 + 9 190 + 9        16F > 3F

Anterior cortical nucleus of the amygdala (ACo) 199 + 13 204 + 13 202 + 13             ns

Lateral preoptic area (LPOA) 211 + 7 227 + 7 233 + 6             ns

Anterior hypothalamic area (AH) 252 + 12 244 + 12 276 + 11             ns
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Table 2.2. Average mount latency and latency to ejaculate of 3F and 16F males on each

of the observations in the test arena. Values are means + SEMs. * p < 0.05, unpaired

Studentized t-test

        Average Mount Latency (sec)                       Average Latency to Ejaculate (sec)

Group n   Test 1     Test 2 Test3  Test 1       Test 2   Test3

3F 9 135 + 41   83 + 36   46 + 6 906 + 77  698 + 126 * 787 + 149

16F 10  82 + 21 286 + 126 137 + 84 1087 + 104  1210 + 123    1078 + 119
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Table 2.3. Correlation between average latency to ejaculate and metabolic capacity in

limbic brain areas of 3F (Exp. 1), 16F (Exp. 1), and COPULATORS (Exp. 2). * p <

0.01

Brain Region   r         n    r         n    r       n

Medial preoptic area - rostral (rMPOA) -0.12 9 0.31 10 -0.28 8

Medial preoptic area - caudal (cMPOA) 0.07 9 -0.06 10 -0.05 9

Medial division of the bed nucleus of the stria -0.18 9 0.28 10 -0.25 8
   terminalis - anterior (BNSTMa)
Medial division of the bed nucleus of the stria 0.52 9 0.01 10 0.03 9
   terminalis – posteromedial (BNSTMpm)
Medial amygdala – anterodorsal (MeAD) 0.00 9 0.74 10 -0.21 9

Medial amygdala - posterodorsal (MePD) 0.32 9 * 0.84 10 0.05 9

Medial amygdala - posteroventral (MePV) 0.45 9 * 0.82 10 -0.32 9

Ventromedial nucleus of the hypothalamus - 0.06 9 0.71 10 0.07 9
   dorsomedial (VMNdm)
Ventromedial nucleus of the hypothalamus - -0.07 9 0.71 10 0.39 9
   ventrolateral (VMNvl)
Medial habenula (MHAB) 0.34 9 -0.01 9 0.30 9

Lateral habenula (LHAB) 0.33 9 0.05 9 0.32 9

Periventricular hypothalamic nucleus (Pe) -0.67 9 0.73 8 -0.16 9

Anteroventral periventricular preoptic area (AVPV) -0.71 9 0.56 7 -0.31 9

Central nucleus of the amygdala (CeA) 0.23 9 * 0.90 10 0.09 9

Paraventricular nucleus of the hypothalamus (PVN) 0.71 9 0.74 9 -0.09 9

Anterior cortical nucleus of the amygdala (ACo) -0.76 9 0.56 9 -0.04 9

Lateral preoptic area (LPOA) -0.02 9 0.04 10 -0.40 8

Anterior hypothalamic area (AH) 0.01 9 0.42 10 0.49 9

3F                16F                   COPULATORS
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Table 2.4. Least squared means for cytochrome oxidase activity (µmol / min / g tissue wet

weight) in limbic brain regions of NONCOPULATORS (n=8) and COPULATORS (n=9).

Values are mean + SEMs.

Brain Region NONCOPULATORS      COPULATORS

Medial preoptic area - rostral (rMPOA) 236 + 9 243 + 9

Medial preoptic area - caudal (cMPOA) 243 + 14 235 + 12

Medial division of the bed nucleus of the stria 234 + 12 248 + 12
   terminalis - anterior (BNSTMa)
Medial division of the bed nucleus of the stria 260 + 14 268 + 14
   terminalis – posteromedial (BNSTMpm)
Medial amygdala – anterodorsal (MeAD) 188 + 7 175 + 7

Medial amygdala - posterodorsal (MePD) 229 + 12 219 + 11

Medial amygdala - posteroventral (MePV) 322 + 13 322 + 13

Ventromedial nucleus of the hypothalamus - 318 + 7 331 + 7
   dorsomedial (VMNdm)
Ventromedial nucleus of the hypothalamus - 315 + 7 318 + 7
   ventrolateral (VMNvl)
Medial habenula (MHAB) 202 + 10 208 + 9

Lateral habenula (LHAB) 217 + 10 222 + 9

Periventricular hypothalamic nucleus (Pe) 207 + 11 220 + 10

Anteroventral periventricular preoptic area (AVPV) 214 + 12 230 + 11

Central nucleus of the amygdala (CeA) 221 + 15 199 + 14

Paraventricular nucleus of the hypothalamus (PVN) 173 + 11 159 + 10

Anterior cortical nucleus of amygdala (ACo) 190 + 7 180 + 7

Lateral preoptic area (LPOA) 225 + 8 235 + 8

Anterior hypothalamic area (AH) 209 + 7 205 + 8
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Chapter 3

Social experience affects territorial and reproductive behaviors in
male leopard geckos, Eublepharis macularius

INTRODUCTION

While much of the research in behavioral biology has focused on the

persistent effects of early experiences on adult behavior (Larsson, 1978; Meisel

and Sachs, 1994; Sandnabba, 1996), it has become increasingly apparent that

experiences in adulthood, particularly social interactions, significantly affect

phenotype. For example, aggressive experience and social environment alter the

neuroendocrine system and the probability of displaying sexual and aggressive

behaviors in mammals (reviewed in de Jonge and van de Poll, 1984; Pendergrass

et al., 1989; Sandnabba, 1996; Cant, 2000; French and Schaffner, 2000; Ginther et

al., 2001), lizards (e.g., Greenberg and Crews, 1990; Stamps and Krishnan, 1999),

birds (e.g., Wingfield et al., 1991; Rundfeldt and Wingfield, 1985; Mougeot,

2000), and fish (e.g., Francis et al., 1993). Social status also affects the

neurochemical modulation of escape behavior in crayfish (Yeh et al., 1996). In

particular, the presence of and interaction with individuals of the opposite sex

dramatically affects subsequent behavior. For example, the presence of courting

males facilitates ovarian growth in lizards and birds (Crews and Silver, 1985; Ball
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and Bentley, 2000). Interactions with females affect the propensity to display

aggression in males of a variety of species (e.g., reviewed in de Jonge and van de

Poll, 1984; Zucker, 1994), and courtship experience in adulthood significantly

affects sexual preferences in male zebra finches (Immelmann et al., 1991) and

gynogenetic fish (Marler et al., 1997). Finally, sexual experience in adulthood

increases the capacity to display copulatory behavior in the absence of androgens

in male rats, hamsters, and cats (Larsson, 1978; Stern, 1990; Meisel and Sachs,

1994) and increases the sensitivity to the activational effects of androgens on the

reinstatement of copulatory behavior in male rats (Larsson, 1978; Retana-

Marquez and Velazquez-Moctezuma, 1997).

Both species and strain within a species alter the effects of social and

sexual experience on subsequent behavior. For example, in male rats but not in

rhesus monkeys, mating experience can reverse the detrimental effects of social

isolation on copulatory behavior in adulthood (reviewed in Larsson, 1978).

Furthermore, in mice, early social experience facilitates the expression of both

aggressive and copulatory behaviors in adulthood, but males selectively bred for

aggressiveness show a greater facilitation than males selectively bred for

nonaggressiveness (reviewed in Sandnabba, 1996). Across mouse and guinea pig

strains there is also significant variation in experience-dependent changes in

copulatory behavior while intact and after castration (Valenstein et al., 1955;

McGill, 1978). Species and strain differences in behavioral plasticity in response

to social experience are likely to be correlated with differences in neural plasticity

in brain regions modulating social behaviors.
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In this study, we investigated the effects of extensive social experience on

the behavioral phenotype of the leopard gecko, Eublepharis macularius. In a

previous study, the effects of extensive social experience on neural metabolism

and sex steroid hormone concentrations were investigated (Crews et al., 1997).

One objective of this study was to assess the behavioral correlates of these neural

and hormonal changes. The leopard gecko is a medium-sized lizard indigenous to

western India, Pakistan, and Turkey, and is an interesting model system in which

to study the biological basis of individual differences in behavior. Early

experience, namely incubation temperature, not only determines gonadal sex in

this species but also has profound effects on adult neuroendocrine and behavioral

phenotypes (reviewed in Crews et al., 1998). For example, males from an

incubation temperature that produces primarily males (32.5°C) have elevated

concentrations of androgens and depressed concentrations of estrogens relative to

males from an incubation temperature that produces primarily females

(30°C)(Tousignant and Crews, 1995; Coomber et al., 1997). Furthermore, males

and females from warmer temperatures are more aggressive in adulthood than

individuals from cooler incubation temperatures (Flores et al., 1994). In the

current experiment we investigated the effects of social experiences in adulthood

on behavioral phenotype by comparing the behaviors of socially experienced and

naïve male geckos when gonadally intact, following castration, and following

androgen replacement. We hypothesized that, relative to socially naïve males,

experienced males would be (1) more territorial, (2) more likely to display
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courtship behavior following castration, and (3) more sensitive to the activational

effects of androgens on courtship behavior.

MATERIALS AND METHODS

Animals:

Male leopard geckos hatched from eggs incubated at 32.5°C were raised

in isolation until reaching sexual maturity. Only males from 32.5°C were used

because the effects of social experience on brain metabolism were previously

investigated in males from this incubation temperature (Crews et al., 1997) and

because a goal of this study was to assess the behavioral correlates of these neural

and hormonal changes. All individuals were housed individually in polypropylene

containers (30 x 12 x 6 cm) after hatching. For the first 10 weeks, all individuals

were housed in 14:10 L:D photocycle, maintained at 30°C, and given water and

crickets 5 days a week. From then on, individuals were housed in a 14:10 L:D

photocycle that cycled from 18°C at night to 30°C during the day and were given

water and mealworms three times a week. Crickets and mealworms were dusted

with vitamin supplements. After reaching sexual maturity, males (1-1.5 years of

age) were placed in either an isolate cage (45 x 25 x 20 cm) or in a breeding cage

with 3-4 intact, cycling female geckos (60 x 60 x 45 cm). Both groups of males

were housed in the same environmental chamber (14:10 L:D photocycle;

temperatures cycling from 18°C at night to 30°C during the day). Males were left
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in their respective housing conditions for 1-2 years then tested for social

behaviors.

Behavioral testing:

The experimental design is summarized in Figure 3.1.

First, we investigated behavioral differences between gonadally intact

males housed in isolation (i.e., NAÏVE males; n=11) vs. males housed with intact

females (i.e., EXPERIENCED males; n=10). Males were placed in a neutral

testing arena (45 x 25 x 20 cm) lined with a fresh paper towel, and activity and

scent-marking behaviors were observed for 5 min. Duration of active movement

and scent-marking were recorded. Activity was defined as movement of the body

and limbs in any direction (i.e., ambulation). Scent-marking is a characteristic

territorial behavior in which the preanal pores are pressed down onto the substrate

and swiped laterally. Scent-marking and activity are considered separate

behaviors, and, consequently, activity duration does not include duration of scent-

marking. If the behavior of interest was not observed, a duration of 0 was

assigned. Males were each given two of these tests (day 1 and 4), separated by 3

days.

Thereafter, we obtained a rough estimate of the sexual vigor of the

EXPERIENCED males by testing them in the neutral arena with a receptive

female. NAÏVE males were not tested to preclude any social experience with

females prior to castration. In these tests, males were placed in a test arena freshly

lined with paper towels and allowed to habituate for 5 min. Thereafter, courtship
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behavior was observed. Females were first screened with sexually vigorous males,

and only females that remained motionless and did not bite back in response to

courtship were classified as receptive. We recorded whether the male body-

gripped the stimulus female within 5 min after her introduction. Three tests were

given, each separated by five days. All EXPERIENCED males in this experiment

courted females on at least one of the three tests. NAÏVE males were also placed

into the test arenas three times for the same duration (i.e., 10 min) to equalize the

amount of exposure to the test chamber and to ensure that differences in behavior

following castration would not be due to differences in the novelty of the test

arena.

Thereafter, all males were gonadectomized under cold anesthesia, returned

to an isolate cage, and allowed one week to recover from surgery. NAÏVE males

were returned to their original home cage, and EXPERIENCED males were

housed in isolate cages in which they had been housed for two days prior to

castration. Therefore, following castration, both groups of males were housed in

cages that they were familiar with. Testing began one week after castration, and

tests were separated by four days. Twenty post-castration tests were given

(POST1-POST20). Males were placed in a neutral testing arena (45 x 25 x 20 cm)

lined with a fresh paper towel for 5 min (habituation period), and durations of

activity and scent-marking were recorded. Thereafter, a female previously

screened to be receptive was placed into the arena, and males were observed for

courtship behavior. Tests were terminated either when a male mounted or, if the

male failed to body-grip, after 5 min from the beginning of the test. Tests were
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continued for up to 10 min if a male body-gripped within 5 min to allow for

mounting.

After the post-castration tests, males were implanted subcutaneously under

cold anesthesia with a Silastic testosterone (T) implant (1.96 o.d. x 1.47 i.d. x 20

mm). This implant size is known to approximate physiological levels of T in adult

males and effectively elicits courtship behavior in castrated males (Rhen and

Crews, 1999). After three days of recovery, all males were tested every four days

with a receptive female in the testing arena using the paradigm described above,

and males were given at least eight tests (range: 8-10). Implant were first placed

on the back but, because of frequent wound breaks, were moved to an area just

behind the shoulders after the 5th test. If implants were found to be missing from

the male, the male was not tested and was re-implanted immediately with the

same implant. Testing resumed four days after re-implantation (i.e., at the time of

the next scheduled test). Five males were not tested for at least one test (one test

missing for four males, two tests for one male). Behavioral scores for males who

needed re-implantation were not significantly different from those who did not

need re-implantation, and, therefore, this was ignored in the analysis. Four days

after their final test, males were killed and checked for intact implants and for

evidence of testicular growth.

One EXPERIENCED male was excluded from the experiment following

castration because he was found to have residual testes when sacrificed (i.e.,

EXPERIENCED, n=9).
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Statistical analyses:

First, we analyzed group differences in the proportion of males that

showed activity or scent-marking in the empty test arena when gonadally intact.

Males that were active on at least one of the two tests were categorized as active

whereas those that were inactive for both tests were categorized as inactive. The

same categorization was used for scent-marking behavior. Group differences were

analyzed using a Likelihood ratio test. Furthermore, group difference in the

average duration of activity (across days 1 and 4) was analyzed using a univariate

analysis of variance (ANOVA). The distribution of average activity durations did

not deviate significantly from normality (Shapiro-Wilk W test, W=0.95,

P=0.0144). 

For the analysis of behavioral differences between NAÏVE and

EXPERIENCED males when castrated and following T replacement, we analyzed

four behavioral parameters (average duration of activity in empty test chamber,

proportion of tests in which male scent-marked in empty test chamber, proportion

of tests in which male body-gripped the female, and proportion of test in which

male mounted the female) across both experimental phases using a two-way

repeated measures multivariate ANOVA. The between-subject variables were

Group (NAÏVE vs. EXPERIENCED) and Experimental Phase (Castrated vs. T-

implanted), and the within-subject variable was Behavior (i.e., the four behavioral

parameters). Male ID was also included as a random variable nested within

Group; adding this factor eliminates the variability among subjects due to

individual differences from the error term (Sokal and Rohlf, 1995; Stevens, 1996).
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All proportion data were arc-sin square-root transformed to improve normality.

We used Pillai's trace as our multivariate statistic because it is the most robust to

deviations from multivariate normality and homogeneity of variance-covariance

matrices (Olson, 1974). Because the behavioral scores are in different scales of

measurement, in all analyzes there was a significant main effect of Behavior;

these statistics will not be reported.

For all analyzes, we set α=0.05. All statistics were done using JMP

version 3.1 (SAS Institute). The experimental design and statistical approach are

outlined in Figure 3.1.

RESULTS

Behavioral differences between experienced and naive males when gonadally
intact:

Whereas all NAÏVE and EXPERIENCED males were active when placed

in the test chamber, a significantly greater proportion of EXPERIENCED males

showed scent-marking behavior (χ2
1=10.0, P=0.002; Figure 3.2). Furthermore,

though the proportion of active males was equal across the groups, average

activity duration was significantly higher in EXPERIENCED males (F1,19=9.4,

P=0.006; Figure 3.2).
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Behavioral differences following castration and following testosterone
administration:

In the two-way MANOVA, there was a significant main effect of Group

(F1,17=62.0, P<0.001) and Experimental Phase (F1,17=21.7, P<0.001). Overall,

EXPERIENCED males had elevated scores, and scores following T implantation

were significantly higher than those following castration. More importantly, there

were a number of significant interactions: Group x Behavior (F3,15=10.3 P=0.001),

Experimental Phase x Behavior (F3,15=4.6, P=0.018), and Group x Experimental

Phase x Behavior (F3,15=3.5, P=0.043). Because we  were most interested in group

differences within each experimental phase, we ran separate MANOVAs for each

phase.

In the analysis of group differences following castration, we found a

significant effect of Group (F1,18=10.0, P=0.005), and overall, EXPERIENCED

males had elevated scores. More importantly, there was a significant Group x

Behavior interaction (F3,16=4.8, P=0.014). Consequently, we ran four separate

univariate ANOVAs with Group as the sole independent variable. Average

activity duration (F1,18=11.7, P=0.003) and proportion of tests with scent-marking

(F1,18=13.3, P=0.002) were significantly greater in EXPERIENCED males,

whereas there were no significant differences between the groups in the

proportion of tests with body-grips (F1,18=1.8, P=0.193) or mounts (F1,18=1.3,

P=0.278; Figure 3.3a).

In the analysis of group differences following T implantation, we found a

significant effect main effect of Group (F1,17=5.2, P=0.035), and overall

EXPERIENCED males had elevated scores. Though the Group x Behavior
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interaction did not reach significance (F3,15=2.2, P=0.132), we analyzed each

behavior separately using a univariate ANOVA to assess which behavioral

parameters contributed most to this overall difference (Figure 3.3b). We found

that only the average duration of activity was significantly elevated in

EXPERIENCED males relative to NAÏVE males (F1,17=4.5, P=0.050). However,

the difference in the proportion of tests with courtship behavior approached

significance (body-grips: F1,17=3.6, P=0.074; mounts: F1,17=4.2, P=0.057).

DISCUSSION

In this study, we analyzed the behavioral differences between adult males

given extensive social experience (i.e., housed with females for 1-2 years:

EXPERIENCED males) and males housed in isolation for the same duration

(NAÏVE males). We analyzed differences while gonadally intact, following

castration, and following testosterone (T) replacement (Figure 3.1), and we

investigated group differences in activity, scent-marking, and courtship behaviors.

We found that, relative to NAÏVE males, EXPERIENCED males displayed more

territorial marking behavior in the empty test arena when gonadally intact and

following castration. EXPERIENCED males were also more active in the empty

arena, and this difference was found under all hormonal conditions. There were

no significant differences in courtship behavior following castration between

EXPERIENCED and NAÏVE males, but EXPERIENCED males tended to show

more courtship behavior following T replacement.
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Social experience affected reactivity to a novel test arena, and

EXPERIENCED males were more likely to display agonistic marking behavior in

the empty chamber than NAÏVE males both when intact and following castration.

Gonadally intact EXPERIENCED males have elevated concentrations of

androgens relative to NAÏVE males (Crews et al., 1997), and because territorial

marking is androgen-dependent, it is possible that the difference between

gonadally intact EXPERIENCED and NAÏVE males is due to this hormonal

difference. However, that this behavioral difference persisted following castration

suggests that the difference could be androgen independent. Aggression outside of

the breeding season has been found to be independent of androgens in some birds

(Wingfield, 1994), and similar mechanisms might underlie the differences found

here. Interestingly, the display of territorial behavior during the non-breeding

season is independent of androgens in older male European starlings, Sturnus

vulgaris, but not in young, less socially experienced males (Pinxten et al., 2000).

Sexual experience increases aggressiveness in male rats in an androgen-

independent manner (Albert et al., 1988), and it has been postulated that social

experiences may be more critical in modulating the expression of agonistic

behavior than gonadal steroids (e.g., de Jonge and van de Poll, 1984).

The amount of activity shown during the habituation period was the

parameter most reliably affected by social experience. EXPERIENCED males

were significantly more active when intact, following castration, and following T

administration, and this difference was not due to a difference in the proportion of

tests in which males were active (Figure 3.2; data not shown). NAÏVE males
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tended to show little activity in the neutral test arena, and this inactivity could be

analogous to freezing behavior in rodents in open-field tests, a behavior that

reflects the individuals’ level of anxiety or fear (Dennenberg, 1969). The

relationship between open field behavior and anxiety, however, has not been

investigated in reptiles. When gonadally intact, NAÏVE males also showed more

fleeing behavior in the empty test arena (data not shown), and this is consistent

with this interpretation. Relatedly, copulatory behavior is less severely affected by

novel environments in sexually experienced male rats than naïve males, and a

difference in anxiety in response to handling and novel environments is thought to

underlie this difference (Pfaus and Wilkins, 1995).

Taken together, these data indicate that more active male geckos show

more territorial behavior. A similar phenomenon is found in mice. Male mice

selected for aggressiveness show higher rates of ambulation than mice selected

for nonaggressiveness (reviewed in Sandnabba, 1996). Seasonal changes in

activity are correlated with changes in territoriality in Anolis carolinensis (Jenssen

et al., 1995). One possible explanation for this parallel between agonistic behavior

and ambulation in the test chamber is that both are inversely related to the amount

of fear or anxiety experienced by the individual. Males that are less stressed by

handling and by placement into the test arena are more likely to explore and mark

their territory. Interestingly, male rats are less aggressive in strange cages, and it

is proposed that this is due to heightened fear or neophobia (Mink and Adams,

1981).
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There is considerable species variation in the effects of heterosexual social

experience on the propensity to show sexual behavior after castration. We found

that EXPERIENCED male geckos were not significantly more robust to castration

than NAÏVE males. Sexual experience also has negligible effects on post-

castration sexual behavior in dogs (Hart, 1968), whereas in hamsters and mice,

differences between experienced and naïve males persist up to 3 to 4 weeks after

castration (Lisk and Heimann, 1980; Phelps et al., 1998). Though the effect of

sexual experience on rat copulatory behavior following castration is less robust,

significant differences between sexually experienced and naïve male rats have

been documented (Larsson, 1978; Retana-Marquez and Velazquez-Moctezuma,

1997). On the other hand, EXPERIENCED male geckos tend to show more

courtship behavior following T replacement relative to NAÏVE males, and similar

results have been found in rats (Larsson, 1978; Retana-Marquez and Velazquez-

Moctezuma, 1997). Furthermore, gonadally intact males that scent-mark in the

empty test chamber are more likely to court stimulus females (J. Sakata, A.

Gupta, C-P Chuang, and D. Crews, unpublished data), and the fact that intact

EXPERIENCED males marked more than intact NAÏVE suggests that

EXPERIENCED males are more likely to court females than NAÏVE males when

gonadally intact. Similar differences in sexual behavior between intact

experienced and naïve male rodents have also been reported (e.g., Lumley and

Hull, 1999). Therefore, between geckos and rats, there appear to be differences in

the effects of social experience on robustness to castration but conservation in its

effects on sexual behavior in the presence of androgens.
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We hypothesize that the behavioral differences between EXPERIENCED

and NAÏVE male geckos could be causally linked to experience-dependent

alterations in metabolic activity in the key limbic brain areas. Gonadally intact

EXPERIENCED male geckos have elevated metabolic capacity in caudal

hypothalamic areas such as the ventromedial hypothalamus (VMH) and anterior

hypothalamus (AH) relative to NAÏVE males (Crews et al., 1997). Both areas

have been implicated in the control of territorial and sexual behavior in a number

of species (Crews and Silver, 1985; Nyby et al., 1992; Bernstein et al., 1993;

Meisel and Sachs, 1994; McGinnis et al., 1996). Because differences in metabolic

capacity may reflect differences in baseline neural activity (Wong-Riley, 1989;

Gonzalez-Lima, 1992) we propose that metabolic elevations in the AH and VMH

represent an increased priming to display agonistic behavior and sexual behavior.

These increases in metabolic capacity, however, do not seem to be sufficient to

produce an increased robustness to castration, and it is possible that increases in

the preoptic area and/or amygdala are necessary for this (Sakata et al., 2001). It

should be mentioned that we cannot deduce whether behavioral differences

between gonadally intact EXPERIENCED and NAÏVE males are due to

experience effects on brain metabolism, or whether the neural differences are due

to the effects of social experience on behavior.

From this study, we do not know which specific factors are central in

producing these behavioral differences. In this experiment, EXPERIENCED

males were not only allowed to copulate with receptive females, but were also

allowed to interact with and smell females constantly. Thus, it is possible that
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simply housing males with females without allowing copulatory experience

would be sufficient to produce the behavioral differences reported here. However,

we propose that the sexual interactions with females were paramount in producing

these behavioral differences as sexual interactions have similar effects on

behavioral phenotype in other species (Meisel and Sachs, 1994).

Finally, although the leopard gecko has a different mechanism of sex

determination (temperature-dependent sex determination) than many other

vertebrates (e.g., genotypic sex determination), we found that the hierarchical

organization of courtship behavior remains conserved across leopard geckos and

other species. Courtship behavior in the leopard gecko is hierarchically organized

such that mounting behavior is contingent upon body-gripping behavior. Both

following castration and following T administration, the proportion of tests in

which mounting behavior was exhibited was less than the proportion of tests in

which body-gripping was observed. Upon closer investigation of the data, this

difference was due to the fact that mounting behavior was lost sooner following

castration than body-gripping behavior and reinstated later following androgen

replacement (data not shown). Similar patterns of loss and recovery have been

found in a variety of species (reviewed in Hutchison, 1978; Meisel and Sachs,

1994). A tenet of behavioral endocrinology is that sexual behaviors are organized

hierarchically according to their dependence on hormonal stimulation (Meisel and

Sachs, 1994): behaviors that are more reliant upon androgenic stimulation are lost

sooner following castration and recovered later following androgen replacement.

Therefore, we propose that mounting behavior is more dependent on the presence



69

of androgenic stimulation than body-grips. Mounting could require more

androgenic stimulation because more sexual motivation is needed to achieve or

attempt mounting or because the motor and neural circuits that sustain mounting

undergo attrition sooner following androgen withdrawal. Finally, that the

hierarchy is seen in both EXPERIENCED and NAÏVE males, suggests that this

hierarchy is intrinsic.
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Figure 3.1.  Experimental design and statistical analysis
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Castrated

Males were tested 20 times
with a female in the test arena
(POST1-POST20). Males
were first observed for 5 min in
the empty test arena before
the introduction of the female.
Testing began one week after
castration and were separated
by four days.

Males were tested with
a female in the test
arena (8-10 tests).
Tests began three days
after implantation, and
tests were separated by
four days. Four days
after the last test, all
animals were killed and
checked for residual
testes and implants.

Males were
tested twice in
empty test
arena, and
tests were
separated by
three days.

Behavioral protocol:

Testosterone
implantedIntact

Statistical analyses: Group differences
in the proportion of
males showing
activity and scent
marking behavior
and in average
duration of activity
were analyzed.

Average duration of activity as well as the proportion of tests in
which scent marking, body gripping, and mounting behaviors
were exhibited were calculated for each male within each
phase (i.e., following castration and following testosterone
implantation). Both experimental phases and all four behaviors
were analyzed in one two-way MANOVA (independent
variables: Group and Experimental Phase; dependent variable:
Behavior).
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Figure 3.2. Differences in activity and scent-marking between EXPERIENCED

and NAÏVE males. Gonadally intact EXPERIENCED males (n=10) showed more

activity (duration) in the empty test arena, and a significantly greater proportion

of EXPERIENCED males scent-marked in the arena.
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Figure 3.3.  Behavioral differences following castration. Following castration (a),

EXPERIENCED males (n=9) both show more activity (duration) and more scent-

marking behavior (proportion of tests) than NAIVE males (n=11) in the empty

test chamber. However, there were no differences in the proportion of tests in

which males body-gripped or mounted stimulus females. Following testosterone

implantation (b), EXPERIENCED males show more activity in the empty test

chamber, and there was a trend for EXPERIENCED males to show more body-

gripping and mounting behavior. Significant group differences denoted by *.
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 Chapter 4

Heterosexual housing increases the retention of courtship
behavior following castration and cytochrome oxidase activity in

limbic brain nuclei in male whiptail lizards, Cnemidophorus
inornatus.

INTRODUCTION

A classic problem in behavioral endocrinology deals with individual and

species differences in the retention of copulatory behaviors following castration.

For example, Beach (1947), Aronson (1959), and Hart (1974) speculated on the

neural mechanisms underlying species differences in the capacity to display

sexual behavior following castration. Social experiences, both early and late in

life, can significantly alter the dependence of courtship behavior on the presence

of androgens (Stern, 1990; reviewed in Meisel and Sachs, 1994) and contribute to

individual differences in post-castration courtship behavior. For instance, male

cats given sexual experience in adulthood continue to copulate longer following

castration than do naïve males (Rosenblatt and Aronson, 1958a, b), and similar

effects of social experiences in adulthood have been documented in other

mammalian species (Manning and Thompson, 1976; Larsson, 1978; Lisk and

Heimann, 1980; Retana-Marquez and Velazquez-Moctezuma, 1997; Phelps et al.,

1998). In other words, in a variety of male mammals, sociosexual experience in
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adulthood engenders an increased robustness to castration. The degree to which

this social plasticity is evolutionarily conserved is unknown, and few have studied

this phenotype in nonmammalian vertebrates. Because comparative studies lend

insight into the evolutionary history of and selection pressures on the phenotype

of interest (Harvey and Pagel, 1991) and because lizards offer an important

evolutionary model system because of the diversity of reproductive modes and

strategies (reviewed in Crews, 1983; Gans and Crews, 1992), the investigation of

social plasticity in lizards is an important endeavor.

Whereas a number of studies have characterized the behavioral effects of

experience on the retention of courtship behavior following castration, there have

been relatively few investigations into the mechanism underlying these

experience-dependent changes. We have proposed that experience-dependent

changes in neural metabolic capacity in the preoptic area and amygdala are

causally linked to these behavioral changes (Sakata et al., 2001). To date, we have

found a positive correlation between heightened metabolic capacity in the limbic

system and heightened robustness to castration in male rats and leopard geckos

(Sakata et al., 2002a, b). Here we present two studies assessing the effect of recent

social experience while gonadally intact both on the retention of courtship

behavior following castration and on metabolic capacity male little striped

whiptail lizards, Cnemidophorus inornatus. Metabolic capacity was measured

using quantitative histochemistry of the activity of cytochrome oxidase, a rate-

limiting enzyme in oxidative phosphorylation (Gonzalez-Lima and Garrosa,

1991). Energy consuming mechanisms that deplete ATP lead to an up-regulation
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in the synthesis of this enzyme (Wong-Riley, 1989), and therefore, cytochrome

oxidase histochemistry is suited for measuring long-lasting changes in brain

metabolic capacity due to long-term experimental manipulations (Gonzalez-Lima

and Cada, 1998). We found that, relative to males housed in isolation, males

housed with females (HWF males) continued to show courtship behavior longer

after castration (Experiment 1) and that gonadally intact HWF males had elevated

metabolic capacity in limbic nuclei known to modulate male courtship behavior

(Experiment 2).

MATERIALS AND METHODS

 Experiment 1: Effects of housing with conspecific females on courtship
behavior while intact and following castration

 We collected C. inornatus  males near Sanderson, Texas during the

summer of 1998 after obtaining state-issued collecting licenses. Males were taken

to the lab at the University of Texas at Austin and either housed in isolation (25 x

32 x 32 cm)(n=77) or housed with 3-4 intact, cycling females (75 x 32 x 32

cm)(n=13). Only 13 males were housed with females because of the paucity of

females collected in the field. In each cage there was a water dish and at least one

wood block to allow for retreat from the light. During the summer, individuals

were housed on a 14:10 L:D light cycle with temperatures fluctuating from 33˚C

during the day to 23˚C during the night. In November, all individuals were
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acclimated to conditions resembling hibernation by decreasing photoperiod and

temperatures on a weekly basis. During hibernation, males were kept on a 8:16

L:D photothermal cycle with temperatures fluctuating from 25˚C during the day

to 12.5˚C during the evening. After 10 weeks in hibernation, photoperiod and

daily temperatures were gradually increased on a weekly basis until reaching the

summer photothermal regime.

Beginning two weeks after the onset of the summer schedule, isolated

males (ISOLATE) and males housed with females (HWF males) were given daily

tests with a receptive female. Because group cages were substantially larger than

the cages in which ISOLATE males resided, for each screening test HWF males

were taken from their group cage and placed into a cage the same dimensions as

those of ISOLATE males. To minimize the effects of handling stress on behavior,

testing did not commence for at least two hours after the transfer of HWF males.

HWF males were also put in these cages for several hours on two consecutive

days before the first day of screening tests to habituate the males to the cage; this

served to minimize the effect of novelty on courtship behavior (e.g., Crews,

1974). ISOLATE males were tested in their home cage.

At least 10 minutes before the test, we removed wood blocks and water

dishes from the cage. Thereafter, we introduced a receptive female into the cage

and watched the males for three min. Females were first screened for receptivity

with a sexually vigorous male. In this species, courting males first approach the

female, then mount, and then proceed to grip the neck of the female with their

jaws while rapidly undulating their pelvis laterally on top of the female. After 1-3
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minutes of riding the female, males will intromit the female (Lindzey and Crews,

1986). If the male failed to court, we terminated the test at three min, but if the

male courted, we stopped the test before the male attempted intromission. In our

lab we have consistently used three min tests to screen for sexual activity under a

variety of hormonal states (e.g., Lindzey and Crews, 1988; Crews et al., 1996b),

and in most cases, sexually active males will mount females within one min of the

introduction of the female (J.T. Sakata and D. Crews, unpublished data).

During each test we recorded the mount and neck grip latencies. Mount

latency was defined as the interval between the introduction of the female and the

first mount, whereas neck grip latency was defined as the interval between first

mount and first neck grip. Individuals that did not show mounting or neck

gripping behavior were not assigned a latency score. We administered five

screening tests to ISOLATE males but gave HWF males 14 screening tests to

provide them additional sociosexual experience.

After the last screening test, males were castrated under cold anesthesia.

We castrated only males categorized as sexually active (i.e., ISOLATE: n= 35;

HWF: n=10). Though 45 ISOLATE males were categorized as sexually active

(see Results), ten sexually active males were transferred to a different study.

Males were considered sexually active if they mounted stimulus females in at

least 50% of their screening tests. Following castration HWF males were not

returned to their home cage with intact females but were subsequently housed in

isolation in the same cages in which they had received their screening tests.

ISOLATE males were returned to their home cages. Beginning three days after
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castration, we tested males daily for 20 days with sexually receptive females in a

manner identical to that prior to castration.

Experiment 2: Effects of housing with conspecific females on metabolic
capacity (cytochrome oxidase activity) in the limbic system

We collected C. inornatus males near Sanderson, Texas during the

summer of 2000 after obtaining state-issued collecting licenses. Males were

housed in isolation (n=24) or with 2-3 females (n=10). Following a period of

hibernation identical to that described in the previous experiment, males were

brought into a summer photothermal cycle. Three of the HWF males died during

hibernation, so just after emergence from hibernation, some males (n=6) were

removed from isolation and housed with females for at least 3 weeks. No

differences in behavior were found between males housed with females before

hibernation or immediately after the period of torpor. Furthermore, no significant

differences were found between these groups of HWF males in any brain area

except for the lateral hypothalamus (see Results). Consequently, all HWF males

were pooled in the analyses.

Males (HWF: n=13; ISOLATE: n=12) were given five daily screening

tests with receptive females approximately one month following the switch to the

summer photothermal cycle. This allowed time for males recently housed with

females to acquire social experience. As found in Experiment 1 (see Results),

there were no significant differences in the proportion of males categorized as

sexually active between HWF and ISOLATE males (χ2
1=0.0, P=0.870). After the
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last screening tests, HWF and ISOLATE males were sacrificed by rapid

decapitation. Brains were quickly removed and frozen in isopentane. Muscle from

the left hindlimb was also rapidly collected and frozen in isopentane. Tissues

were kept at -80°C and sectioned at 20 µm. Slides were stored at -40°C until

processing for cytochrome oxidase (CO) activity.

Detailed protocols for CO histochemistry have previously been published

(Gonzalez-Lima and Garrosa, 1991). Briefly, slides were first treated in 10%

sucrose phosphate buffer (0.1 M, pH 7.6) containing 0.5% glutaraldehyde for 5

min. This step facilitates the adherence of sections to slides and does not affect

the enzymatic activity of CO as demonstrated empirically in Gonzalez-Lima and

Cada (1998). Slides were then rinsed 4X in 10% sucrose phosphate buffer (5 min

each) then incubated for 10 min in Tris buffer (0.05 M, pH 7.6) containing 275

mg / l cobalt chloride, 10% sucrose, and 0.5% dimethylsulfoxide (DMSO). Slides

were subsequently rinsed for 5 min in phosphate buffer then incubated at 37∞C

for 60 min in 700 ml of an oxygen-saturated reaction solution containing 350 mg

diaminobenzidine tetrahydrochloride, 52.5 mg cytochrome c, 35 g sucrose, 14 mg

catalase, and 1.75 ml DMSO in 700 ml phosphate buffer. To stop the reaction and

fix the tissue, slides were then immersed in 10% sucrose phosphate buffer with

4% formalin (v / v) for 30 min. Thereafter, slides were dehydrated through a

series of alcohols (30%, 50%, 70%, 95% 2X, 100% 2X) then cleared with xylene

and coverslipped with Permount.

Optical density (OD) of brain and muscle sections and standards were

measured using Scion Image (Scion Corp). Sections were captured on an
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Olympus BX60 at 4X using SigmaScan Pro v. 3.0 (Jandel Scientific). The system

was calibrated using an optical density step tablet (Kodak Calibration Tablet No.

2). Four OD measurements were taken per nucleus on each section, and 2-3

sections were imaged for a single nucleus. All measurements were taken

unilaterally for each subject, and the side of the brain was randomly selected

across individuals. On some occasions measurements from the contralateral side

were taken because of tissue damage. The experimenter was blind to the treatment

of the animals during data acquisition.

Optical density values for each nucleus were then averaged and converted

into activity units (µmol / min / g tissue wet weight) using a regression based on

brain homogenate standards included in each batch (Gonzalez-Lima and Cada,

1998). Brain homogenates served as internal calibration standards to control for

factors that affect staining intensity. Standards were made by homogenizing

whole brains of 12 naïve rats at 4°C, followed by rapid freezing in isopentane.

The CO activity of the homogenate was then spectrophotometically assessed

(Cada et al., 1995). Within each reaction, at least two slides with brain

homogenates are included, and on each slide are sections cut at varying thickness

(10, 20, 30, 40, and 50 µm). The optical densities of these sections were then

regressed on the known CO activity of the sections of varying thickness. This

regression is used to convert optical density into a standard unit of activity; this

allows for the aggregation of data from different batches. The slopes (1093 + 53

and 1087 + 32) and R2 values (0.991 and 0.996) for the two batches were very

similar.
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Optical density was measured in several limbic brain areas: periventricular

preoptic area (PP), rostral medial preoptic area (rMPOA), caudal medial preoptic

area (cMPOA), nucleus sphericus (NS), external nucleus of the amygdala (AME),

anterior hypothalamus (AH), ventromedial hypothalamus (VMH), lateral septal

nucleus (LS), lateral hypothalamus (LH), and habenula (HAB). Brain nuclei were

identified using a published atlas (Young et al., 1994), and alternate sections were

counter-stained with cresyl violet and used for nucleus identification.

Finally, whole brain metabolism estimates were obtained using an image-

processing system consisting of a high-gain camera (Javelin Electronics), a Targa-

M8 image capture board, a 486 computer, Sony color monitor, DC-powered

illuminator, and JAVA software (Jandel Scientific, San Rafael, CA). The system

was calibrated using an optical density step tablet (Kodak Calibration Tablet No.

2). This allowed us to measure the OD of entire brain sections, and sections

ranging from the torus semicircularis to the striatum were imaged and used in the

estimation of whole brain metabolism.

Experimental protocols for both Experiment 1 and 2 adhered to

institutional guidelines and Guidelines for the Use of Animals in Research.

Statistical analyses:

In Experiment 1, we first assessed whether social housing affected sexual

vigor while intact. We analyzed group differences in the proportion of intact

males categorized as sexually active (i.e., courted females on at least 50% of
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screening tests) using a Likelihood Ratio test. Subsequently, we analyzed the

proportion of tests in which courtship behaviors were exhibited following

castration. Specifically, we analyzed the proportion of tests in which mounts were

observed and the proportion in which neck grips were observed, and both were

analyzed in the same statistical model using a multivariate analysis of variance

(MANOVA). We administered 20 post-castration tests and divided the analysis

into two ten-test blocks (GNX1-10 and GNX11-20). Group (HWF or ISOLATE)

was sole independent variable, and Behavior was the dependent variable (i.e.,

proportion of tests with mounts and proportion of tests with neck grips).

Proportions were first arc-sine square-root transformed to improve normality. If

there was a significant interaction between Group and the dependent variables, we

ran separate ANOVAs on each behavior.

We also analyzed the average mount and neck grip latency of individuals

who courted at least once (while intact, GNX1-10 and GNX11-20) and both

behavioral parameters were analyzed together using a MANOVA. Those that did

not court at least once during the experimental period were not included because

individuals that did not court were not assigned a latency score.

In Experiment 2, we analyzed group differences using a one-way ANOVA

for most brain regions. Each brain area was analyzed separately, and Group was

the sole independent parameter. Because three nuclei were measured in the

preoptic area (PP, rMPOA, and cMPOA) and two nuclei were measured in the

amygdala (NS and AME) we analyzed group differences using a MANOVA with

Group as the sole independent variable and Region as the dependent variable.
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For all statistical analyses, we set α=0.05. We selected Pillai’s trace as our

multivariate statistic for all MANOVAs because it is the most robust to deviations

from multivariate normality and homogeneity of variance-covariance matrices

(Olson, 1974). All analyses were performed using JMP version 3.2 (SAS

Institute) for the Macintosh.

RESULTS

Experiment 1: Effects of housing with conspecific females on courtship
behavior while intact and following castration

There was no difference in the proportion of gonadally intact HWF (10/13

or 77%) and ISOLATE (45/77 or 58%) males that were categorized as sexually

active. There was also no difference in courtship latencies between intact HWF

and ISOLATE males.

When group differences in courtship frequency during GNX1-10 were

analyzed, we found only that the proportion of tests in which mounts were

exhibited was significantly greater than the proportion of tests with neck grips

(Behavior: F1,44=4.8, P=0.034). When group differences in courtship frequency

during GNX11-20 were analyzed, we found that overall HWF males courted

females more frequently than ISOLATE males (F1,44=5.6, P=0.022; Figure 4.1).

The difference is due to the fact that, relative to HWF males, ISOLATE males

showed a greater decrement in courtship frequency in GNX11-20 relative to
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courtship frequency in GNX1-10 (Figure 4.1). Though HWF males court females

more frequently, the courtship latencies were not significantly different between

HWF and ISOLATE males.

Experiment 2: Effects of housing with conspecific females on metabolic
capacity (cytochrome oxidase activity) in the limbic system

Relative to ISOLATE males, HWF males had significantly elevated

metabolic capacity in the preoptic area (F1,22=6.7, P=0.016; Figure 4.2A) and

amygdala (F1,22=4.4, P=0.049: Figures 4.2B and 4.3). Within the preoptic area,

metabolic capacity was elevated in the rMPOA and cMPOA relative to the PP

(Region: F2,22=34.3, P<0.001). Relative to ISOLATE males (Figure 4.4), HWF

males also had elevated CO activity in the AH (F1,22=9.2, P=0.008) and VMH

(F1,22=5.9, P=0.023). No group difference in CO activity was found in the LS, LH,

or HAB (Figure 4.4). Estimated whole brain activity and CO activity in hindlimb

muscle was not significantly different between HWF and ISOLATE males

(Figure 4.4). Finally, there was no significant relationship between the sexual

vigor that each male displayed during the screening test and CO capacity in any

limbic nucleus.

There were no differences in metabolism between HWF males recently

housed with females and HWF males housed with females since the previous

summer season in hindlimb muscle and all brain nuclei except for the LH

(F1,11=5.0, P=0.048). In the LH, males housed with females following hibernation

had elevated CO activity.
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DISCUSSION

Interactions with conspecifics lead to a variety of endocrine and

behavioral changes (reviewed in Wallen and Schneider, 2000). For example, in

male rodents, copulatory experiences with females lead to short term elevations in

circulating concentrations of androgens (e.g., Kamel et al.,1975) and to increased

efficiency in copulation (Dewsbury, 1969; Larsson, 1978; Lumley and Hull,

1999). The retention of sexual behavior following hormone deprivation also

increases with copulatory experience: sexually experienced males continue to

copulate with females longer following castration than sexually naïve males. This

experience-dependent increase in robustness to castration has been documented in

male cats (Rosenblatt and Aronson, 1958a, b), rats (Larsson, 1978; Retana-

Marquez and Velazquez-Moctezuma, 1997), hamsters (Lisk and Heimann, 1980)

and mice (Manning and Thompson, 1976; Phelps et al., 1998).

The effects of housing condition on the retention of courtship behavior

following castration in male whiptail lizards is reminiscent of the effects of sexual

experience on the retention of copulatory behavior in mammals (reviewed in

Meisel and Sachs, 1994). We propose that HWF males are more robust to

castration than ISOLATE males because they have gained more recent sexual

experiences. Though we did not directly quantify the amount of recent

sociosexual experience HWF males acquired, females housed with males laid

fertile eggs, suggesting that most HWF males were copulating. This is the first
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study to our knowledge that documents that sociosexual experience while

gonadally intact increases the capacity to display courtship behavior following

androgen deprivation in male lizards, and this suggests that this type of

phenotypic plasticity is not restricted to mammals.

Interestingly, many of the males in Experiment 1, both ISOLATE and

HWF males, showed relatively high amounts of mounting behavior, even two

weeks after castration. This is consistent with previous experiments (J.T. Sakata

and D. Crews, unpublished data), and it is possible that daily testing enhanced the

retention of courtship behavior.

Experiment 1 built upon a previous set of studies in male whiptail lizards

which assessed the effect of social stimulation on steroid hormone concentrations

in intact males and the effects of social stimulation on courtship behavior in

gonadectomized males (Lindzey and Crews, 1988). They reported that HWF

males have depressed concentrations of androgens and elevated concentrations of

corticosterone and that castrated males housed with females over hibernation

showed more courtship behavior upon emergence in the spring. In this study, we

report that courtship behavior did not differ between intact HWF and ISOLATE

males and that social experience when gonadally intact also increased the

propensity to display courtship behaviors in the absence of sex steroid hormones.

Taken together, these results show that social experience while gonadally intact

depresses androgens without affecting courtship behavior, and social experience,

whether acquired when gonadally intact or following castration, increases

courtship behavior in the absence of gonadal steroids. The finding that intact
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HWF males court at the same level as ISOLATE males despite presumably

depressed concentrations of androgens is consistent with finding that HWF males

court more frequently following castration: both suggest that courtship behavior is

less androgen dependent in HWF males. It is also possible that HWF are overall

more sensitive to androgen effects on courtship behavior, and it would be

interesting to assess whether HWF males show a quicker reinstatement of

courtship behavior following androgen replacement.

The mechanisms underlying changes in the capacity to display copulatory

behavior following hormone deprivation are unknown. There are a suite of neural

changes following castration that are correlated with the loss of copulatory

behavior (reviewed in Meisel and Sachs, 1994). For example, androgen receptor

and aromatase concentrations in preoptic, amygdalar and hypothalamic areas

decline following castration (Meisel and Sachs, 1994; Roselli et al., 1998; Lynch

and Story, 2000), and somal size, dendritic field, and overall nuclei size decrease

in the medial amygdala (e.g., Gomez and Newman, 1991; Cooke et al., 1999).

Castration leads to a decrement in the activity of the Na+-K+ pump in the preoptic

area and in CO activity in limbic brain areas (Crews et al., 1996a; Wennstrom et

al., 2001), suggesting that neural activity decreases following androgen

deprivation (Guerra et al., 1987). Furthermore, the responsiveness of cells in the

medial preoptic area to stimulation in the amygdala and lateral septum decreases

following castration (Kendrick, 1982, 1983). Overall, it suggests that the integrity

of the neural circuits underlying copulation declines following castration.

Moreover, it suggests that individual differences in the retention of copulatory
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behavior following castration are linked to individual differences in the resilience

of these neural circuits to castration.

We have previously proposed that experience-dependent increases in

metabolic capacity could be, in part, responsible for the enhanced retention of

courtship behavior following castration (Sakata et al., 2001). Cytochrome oxidase

(CO) is a rate-limiting enzyme in ATP synthesis (Wong-Riley, 1989; Gonzalez-

Lima, 1992), thus the amount of neural activity in particular circuits is constrained

by the levels and activity of CO. Further, because the expression of behavior is

constrained by neural activity, CO activity could constrain behavioral expression.

We have proposed that a threshold amount of CO is essential to maintain

sufficient neural activity in limbic brain circuits to allow for the expression of

copulatory behavior. Cytochrome oxidase activity in brain nuclei critical for

male-typical sexual behavior decreases following castration (Crews et al., 1996a),

and this may underlie the decrease in courtship behavior following castration.

Finally, we proposed that gonadally intact individuals with elevated metabolic

capacities in limbic brain areas are more likely to express copulatory behavior

following castration (Sakata et al., 2001).

Here we report that gonadally intact HWF male whiptail lizards have

elevated CO activity in limbic brain areas such as the preoptic area and amygdala

relative to intact ISOLATE males and that HWF males are more likely to court

females following castration. Male rats given daily opportunities to copulate with

receptive females have elevated CO activity throughout the vomeronasal circuit

(medial amygdala, bed nucleus of the stria terminalis, and medial preoptic area)
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relative to sexually naive males (Sakata et al., 2002b), and sexual experience in

adulthood increases the retention of copulatory behavior following castration in

male rats (Larsson, 1978; Retana-Marquez, and Velazquez-Moctezuma, 1997).

On the other hand, extensive sociosexual experience in male leopard geckos does

not lead to increases in metabolic capacity in preoptic and amygdalar nuclei

(Crews et al., 1997) or heightened robustness to castration (Sakata et al., 2002a).

Therefore, across three species, experience-dependent increases in robustness to

castration are correlated with increase CO activity in preoptic and amygdalar

areas. Because CO activity in preoptic, amygdalar, and hypothalamic areas

decreases following castration (Crews et al., 1996a), this experience-dependent

increase in intact males could allow for increased retention of courtship behavior

following castration.

Differences in CO activity are caused by differences in the metabolic

history of brain areas (Wong-Riley, 1989; Gonzalez-Lima, 1992). Consequently,

it is likely that increased heterosexual interactions lead to elevated neural activity

and, consequently, elevated metabolic capacity in HWF males. The medial

preoptic area (MPOA), anterior hypothalamus (AH), ventromedial hypothalamus

(VMH), external nucleus of the amygdala (AME), and the periventricular preoptic

area (PP) showed increases in metabolic capacity with social housing. These

nuclei have been shown to modulate courtship and copulatory behavior in a

number of vertebrates (reviewed in Crews and Silver, 1985; Meisel and Sachs,

1994) and to express genes for sex steroid hormone receptors (Young et al.,

1994). In male whiptail lizards, MPOA lesions decrease courtship behavior
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(Kingston and Crews, 1994) whereas hormone implants into the MPOA reinstate

courtship behavior (Rozendaal and Crews, 1989; Crews et al., 1996b). Lesions

and antagonism of androgen receptors in the VMH significantly inhibits courtship

behavior in a variety of species (Farragher and Crews, 1979; Friedman and

Crews, 1985; Bernstein et al., 1993; McGinnis et al., 1996), and the AH shows

heightened neural activity during courtship behavior in male whiptail lizards

(Rand and Crews, 1994). In lizards, the AME accumulates androgens (Morrell et

al., 1979; Young et al., 1994) and modulates courtship behavior (Greenberg et al.,

1984). The PP has been implicated in the modulation of male-typical courtship

behavior in C. uniparens, an evolutionary descendant of C. inornatus (Godwin

and Crews, 1999). Therefore, we propose that group differences in metabolic

capacity are linked to group differences in the amount of sexual experiences.

It is also possible that differences in neurochemical synthesis and/or

degradation between HWF and ISOLATE males underlie the behavioral

differences. For example, it is possible that recent social experience alters the

synthesis, release, and/or degradation of dopamine, a neurotransmitter integral in

the display of male sexual behavior in rodents (Hull et al., 1997) as well as

whiptail lizards (Woolley et al., 2001). In castrated male rats, there is a positive

correlation between whether dopamine is released in the preoptic area when a

female is introduced and the probability of copulation (Hull et al., 1995).

Similarly, previous social stimulation could facilitate dopamine release in

response to females in castrated male whiptail lizards.
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We do not know which specific aspects of the social experiences were

critical in creating both the behavioral and neural changes. Our experiments only

document that the total experience of long-term cohabitation with females

produced increases in robustness to castration and neural metabolism. It is

possible that the nonsexual aspects of social interaction are responsible for these

changes. Furthermore, in Experiment 1, HWF males were administered more

screening tests while intact. Because HWF had more screening tests, they could

have acquired a stronger conditioning response to contextual aspects of the testing

regime (e.g., mice: Kamel et al., 1975; Graham and Desjardins, 1980), and this

enhanced conditioning might have contributed to the enhanced display of

courtship behavior following castration. We administered an increased number of

screening tests to HWF males to augment the prospect of finding group

differences in behavior following castration, and we do not feel that this takes

away from the conclusion that increased recent sociosexual experience increases

robustness to castration. On the other hand, in Experiment 2, HWF and ISOLATE

males were both given only five screening tests and were found to differ in neural

metabolic capacity. Consequently, we propose that the sociosexual interactions in

the home cage were paramount in producing the behavioral and neural differences

found in Experiments 1 and 2, respectively.

In these experiments we used field-caught adult animals, thus providing a

unique perspective on sociosexual plasticity. First, because animals in this study

experienced photothermal conditions similar to those in the field, including a

period of winter torpor, our experimental results gain external validity. Second,
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because male whiptails were field-caught, we do not know the extent to which

males in both groups were sexually experienced. However, because these males

were caught as adults, it is likely that some of the ISOLATE males had

sociosexual experiences prior to introduction to the lab. Consequently, these

results suggest that differences in recent sociosexual history even in sexually

experienced animals can have significant phenotypic effects. Finally, that we first

screened intact animals is important because in studies that document sexual

experience effects on post-castration copulatory behavior, the sexual vigor of

naïve males is often unknown; in other words, there could have been sexually

inactive males in the naïve group. We eliminated the potential confound of group

differences in intrinsic sexual vigor by first screening males and castrating only

sexually active males (Experiment 1) or by examining groups equal in their sexual

vigor (Experiment 2).

In summary, the experiments presented here demonstrate that the social

plasticity documented in male mammals - increased robustness to castration

following sociosexual experience - also exists in male whiptail lizards. Further,

we found that social experience increases metabolic capacity (CO activity) in a

suite of limbic brain nuclei (Experiment 2) and that metabolic increases in the

preoptic area and amygdala are correlated with increases in the retention of

copulatory behavior following castration across species.
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Figure 4.1. Mean optical density values + S.E. of standards (rat brain

homogenates) included in each batch. Standards were cut at 10, 20, 30, 40, and 50

µm.
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Figure 4.2. Courtship behavior following castration. Male whiptail lizards

previously housed with females (HWF males; black) mounted stimulus females

on a significantly greater proportion of tests than males previously housed in

isolation (ISOLATE males; white) during GNX11-20 (P<0.05) but not GNX1-10.

Presented are means + S.E. The dashed line represents the average proportion of

tests in which mounts were shown during the intact screening tests.
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Figure 4.3. Metabolic capacity in the preoptic area and medial amygdala. HWF

males (black) had significantly (P<0.05) elevated metabolic capacity in the

preoptic area (PP, rMPOA, and cMPOA; 2a) and the amygdala (NS and AME;

2b) relative to ISOLATE males (white). Data analyzed using MANOVA, and

presented are means + S.E.
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Figure 4.4. Nucleus sphericus. HWF males had greater cytochrome oxidase

activity in the nucleus sphericus (NS) relative to ISOLATE males. Darker staining

means greater cytochrome oxidase activity.
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Figure 4.5. Cytochrome oxidase in other limbic brain areas. Relative to ISOLATE

males (white), HWF males (black) had elevated metabolic capacity in the anterior

hypothalamus (AH) and ventromedial hypothalamic area (VMH) but not in the

lateral septum (LS), lateral hypothalamus (LH), and habenula (HAB). Whole

brain metabolism estimates (WB) and hindlimb muscle (HL) metabolism were

also not different between the groups. Presented are means + S.E. * denotes

P<0.05.
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Chapter 5

Interactive effects of embryonic incubation temperature and adult
social experience on territorial and sexual behavior in male

leopard geckos, Eublepharis macularius

INTRODUCTION

In a variety of reptiles, embryonic incubation temperature determines the

gonadal sex of the individual. This phenomenon, known as temperature-

dependent sex determination (TSD), is found in lizard, crocodilian and turtle

species (reviewed in Janzen and Paukstis, 1991; Viets et al., 1994), and the

ecology, evolution and adaptive significance of TSD has been a topic of

commentary and research for many years (Conover, 1984; Ewert and Nelson,

1991; Janzen, 1995; Rhen and Lang, 1995; O'Steen, 1998; Shine, 1999).

Relatively less work, however, has focused on the effects of embryonic

incubation temperature on phenotype and phenotypic plasticity, particularly with

regard to social behaviors.

The effect of incubation temperature on adult morphological, endocrine,

behavioral and neural phenotypes has been investigated in one TSD species, the

leopard gecko, Eublepharis macularius (reviewed in Crews et al., 1998). For
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example, relative to adult males hatched from eggs incubated at a temperature that

produces predominantly females (30°C, female-biased temperature), adult male

leopard geckos hatched from eggs incubated at a temperature that produces

primarily males (32.5°C, male-biased temperature) have elevated concentrations

of androgens and depressed concentrations of 17β-estradiol in adulthood

(Tousignant and Crews, 1995; Coomber et al., 1997). Adult males from 32.5°C

also exhibit more aggressive and less courtship behavior relative to males from

30°C (Flores et al., 1994; Rhen and Crews, 1999). Furthermore, metabolic

capacity in various limbic brain nuclei differs significantly between males from

these two temperatures (Coomber et al., 1997).

In a variety of species, the display of social behavior in males is

significantly affected by interactions with females in adulthood. For example,

female cowbirds, Molothrus ater, can influence the content and rate of

development of a male's song (King and West, 1983; Smith et al., 2000), and

partner preferences in rodents, birds, and fish are affected by copulatory and

courtship experiences in adulthood (Immelmann et al., 1991; Kruijt and

Meeuwissen, 1991; Marler et al., 1997; Patris and Baudoin, 1998). Adult

copulatory experience changes subsequent aggressive and sexual behaviors in

males of a variety of species (Dewsbury, 1969; Larsson,1978; de Jonge and van

de Poll, 1984; Rundfeldt and Wingfield, 1985; reviewed in Meisel and Sachs,

1994; Zucker, 1994; Sandnabba, 1996; Lumley and Hull, 1999; Pfaus et al., 2001;

Sakata et al., 2002a). For example, copulatory experience in adulthood can make

a previously sexually inactive male more sexually vigorous (Crowley et al., 1973)
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and make the display of copulatory behavior more resilient to androgen

deprivation (Rosenblatt and Aronson, 1958a, b; Manning and Thompson, 1976;

Lisk and Heimann, 1980; Phelps et al., 1998; Sakata et al., 2002c).

The magnitude of phenotypic changes resulting from social experiences

with females in adulthood could be modulated by differences in endocrine milieu

or neural metabolism. Because sex steroid hormones modulate neural plasticity

(e.g., McEwen et al., 1991; Woolley, 1999), differences in endocrine milieu could

affect behavioral plasticity in response to social experiences. Furthermore,

differences in neural metabolism could represent differences in baseline

metabolism (Gonzalez-Lima, 1992), the degree of dendritic arborization (Wong-

Riley, 1989), and/or excitatory innervation (Nie and Wong-Riley, 1996), all of

which could affect behavioral plasticity. Therefore, individual differences in

endocrine and neural phenotypes could alter behavioral plasticity.

Embryonic incubation temperature affects both endocrine milieu and

neural metabolism in adult leopard geckos (reviewed in Crews et al., 1998) and,

thus, could mould social plasticity. In this experiment, we assessed whether males

from different incubation temperatures show different degrees of behavioral

change following social experiences with females. We quantified experience-

dependent changes in territorial behavior (scent-marking in an empty test arena),

anticipatory behaviors (activity, scent-marking, and tail vibrations in response to

cues that predict the introduction of a female), sexual vigor when gonadally intact,

and the retention of courtship behavior following castration in adult males from

30 and 32.5°C. In short, we report that males from different incubation
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temperatures showed different degrees of behavioral change following social

experiences with females.

MATERIALS AND METHODS

Animals:

Adult male leopard geckos (1-1.5 yrs) that were hatched from eggs

incubated either at 30°C (n=21) or at 32.5°C (n=21) were used in this study. The

gonadal sex of leopard geckos is determined by the temperature experienced by

the embryo during development (incubation temperature), and a sex ratio (percent

male) of ~30% and 70% are produced at 30°C and 32.5°C, respectively. All males

were raised in isolation in polypropylene containers (30 x 12 x 6 cm) according to

procedures described previously (e.g., Sakata et al., 2002a). Briefly, for the first

ten weeks, all individuals were housed in 14:10 L:D photocycle, maintained at

30°C, and given water and crickets five days a week. From then on, individuals

were housed in a 14:10 L:D photocycle that cycled from 18°C at night to 30°C

during the day and were given water and mealworms three times a week. Crickets

and mealworms were dusted with vitamin supplements. After reaching sexual

maturity, males (1-1.5 years of age) were placed in larger cages (45 x 25 x 20

cm).
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Behavior Testing:

The experimental design is summarized in Figure 5.1.

After acclimating for at least one week in the larger home cage, all males

were given two tests in an empty test arena (45 x 25 x 20 cm) lined with a clean

paper towel. The tests were separated by three days, and during these tests, the

duration of activity, scent-marking, and fleeing were recorded. Activity was

defined as movement of the body and limbs in any direction (i.e., ambulation).

Scent-marking is a characteristic territorial behavior in which the preanal pores

are pressed down onto the substrate and swiped laterally. Scent-marking and

activity are considered separate behaviors, and, consequently, activity duration

does not include duration of scent-marking. If the behavior of interest was not

observed, a duration score of 0 was assigned, and scores were averaged across the

two test days for the analyses.

Thereafter, males from each temperature were allocated to two groups.

One group was kept sexually naïve (n=9) whereas the other group was given 10

tests with sexually receptive females (n=12). Males were tested with females in

their home cage. Cage materials (brick, shelter, and water dish) were removed,

and the males were watched for five min (habituation period). During this

interval, the duration of activity, scent-marking, and tail vibrating were noted.

Tail vibration is a stereotypical behavior exhibited both in anticipation of a female

and in the presence of a female. When a female is presented to a male, a sexually

active male will vibrate its tail vigorously on the substrate after licking the female.

Though previously tail vibrations were only recorded in the presence of females,
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here we found that a subset of males exhibit tail vibrations during the habituation

period prior to the introduction of the female. If the behavior of interest was not

observed, a duration of 0 was assigned.

Thereafter, a receptive female was placed in the arena, and courtship

behavior was observed. Courtship behavior in this species has previously been

described (Crews et al., 1998). Females were first screened with sexually vigorous

males, and only females that remained motionless and did not bite back in

response to courtship were classified as receptive. We recorded whether the male

body-gripped, mounted, and ejaculated with the stimulus female in each test, and

we administered ten tests, each separated by three to four days. If a male failed to

body-grip the female within five min, the test was terminated. If a male body-

gripped the female, the test was extended for, at most, another five min to allow

for mounting, and if a male mounted the female, the test was extended for, at

most, another five min to allow for ejaculation. Males were exposed to the same

female at most twice during these ten tests.

The males in the naïve group were also tested in this same manner except

without being presented with a female. In this manner, we equalized the amount

of handling such that differences in behavior following castration would not be

due to differences in the novelty of the testing paradigm. In other words, naïve

males were observed for five min after the removal of cage material, then were

given another five min before cage materials were returned.

After this series of tests, males were again exposed to a neutral test arena

on two occasions, separated by three days, and watched for activity, scent-
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marking and fleeing behaviors. The protocol was identical to the tests preceding

the tests in the home cage with or without females. These tests were given to

assess whether repeated interactions with females altered the behavior of males

and, moreover, to assess whether males with different embryonic experiences

(incubation temperature) reacted differently to social experience.

 Thereafter, all males were gonadectomized under cold anesthesia and

returned to their home cage. One week after surgery, all males were tested with

sexually receptive females in a manner identical to the tests prior to castration. In

other words, all males were given a five min habituation period after the removal

of cage material, during which the duration of activity, scent-marking, and tail

vibrations were recorded. Thereafter, a receptive female was introduced, and

males were given five min to body-grip the female. If a male body-gripped, he

was given another five min to mount, and if a male mounted, he was given

another five min to ejaculate. All males were given ten tests, and each test was

separated by 3-4 days.

After completion of testing, all males were killed by decapitation, and

males were first anesthetized by placing them under ice for 15 min. Males were

checked for residual testes, and one male was found to have a small amount of

testicular tissue. This male was removed from the analysis of post-castration data.
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Statistical analyses:

Behavior in the empty test arena:

While gonadally intact: We administered two pairs of tests in the empty

test arena, one before (Phase A in Figure 5.1) and one after (Phase C in Figure

5.1) the ten tests in the home cage. We noted the occurrence and duration of

activity and scent-marking and averaged the durations across the two tests within

each pair. Males that showed the behavior of interest on at least one of the two

tests within the pair were considered to show the behavior. All but two individuals

were active in the test arena during the first pairs of tests, and all individuals were

active on the second pair of tests. Furthermore, the average activity durations

were distributed normally. However, scent-marking behavior was only exhibited

by a relatively small subset of individuals, and there was relatively little

variability in scores among individuals that did scent-mark. Consequently, the two

behaviors were analyzed using different tests. For average activity durations, we

analyzed the data using a two-way repeated-measures analysis of variance

(ANOVA), with Incubation Temperature (30 vs. 32.5°C) and Experience

(Experienced vs. Naïve) as the independent variables and Time as the dependent

variable (average duration during first pair of tests vs. average duration during

second pair). We anticipated that following, but not before, the acquisition of

sexual experience, experienced males would show more activity in the empty test

chamber (see Sakata et al., 2002a).
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For the analysis of scent-marking, we looked at differences in the

proportion of individuals marking using Likelihood ratio tests. Because this is

only a univariate test, we conducted several tests instead of one repeated-

measures two-way test. First, we analyzed overall differences between males from

different incubation temperatures and between experienced and naïve males

during the first pair of tests. Then we investigated differences between

experienced and naïve males within an incubation temperature during the first

pair of tests. We repeated these tests for the second pair of tests, the pair

following the acquisition of sexual experience in the experienced group. We

adjusted our α level to 0.01 to account for the increased number of tests. We

anticipated that, when sexually naïve, more males from 32.5°C would scent-mark

(Rhen and Crews, 1999) and that, following the acquisition of sexual experience,

more experienced males would scent-mark (Sakata et al., 2002a).

Following castration: We averaged the activity duration scores shown

during the three tests following castration (Phase D) and analyzed the averages

using a two-way ANOVA with Incubation temperature and Experience as the

independent variables. We also analyzed differences in the proportion of males

that scent-marked in the empty arena at least once during the three tests following

castration. We first analyzed overall differences between males from different

incubation temperature and overall differences between experienced and naïve

males. Thereafter, we investigated differences between experienced and naïve
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males within each incubation temperature. For these analyses we adjusted our α

level to 0.01 to account for the increased number of tests.

Behavior prior to the introduction of the female:

We administered ten tests to experienced and naïve individuals both while

gonadally intact and following castration, and all individuals were watched for

activity, scent-marking, and tail vibrations for five min (habituation period). We

analyzed differences in the proportion of tests while intact and following

castration in which these behaviors were shown. We used a three way repeated

measures MANOVA with Incubation Temperature (30 vs. 32.5°C), Social

Experience (Experienced vs. Naïve), and Gonadal State (Intact vs. Castrated) as

the independent variables and with Behavior as the dependent variable. Male ID

was also included as a random variable nested within Incubation Temperature;

adding this factor eliminates the variability among subjects due to individual

differences from the error term (Sokal and Rohlf, 1995; Stevens, 1996).

Courtship behavior:

While gonadally intact: Only males assigned to the experienced group

were tested with females while gonadally intact, and we investigated differences

in the proportion of males that body-gripped, mounted and ejaculated with

females on their first and last exposure to females while gonadally intact
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(Likelihood ratio test). The rationale for the analysis of the first test was to find

support for previous reports that naïve males from 30°C are more predisposed to

display courtship behaviors (Flores et al., 1994; Rhen and Crews, 1999). We

analyzed the last test to see whether group differences caused by incubation

temperature were altered by adult social experience.

We also analyzed group differences in the proportion of the ten tests in

which body-grips, mounts, and ejaculations were exhibited. We analyzed

courtship behavior while gonadally intact (Phase B in Figure 5.1) using a one-way

MANOVA. The sole independent variable was Incubation Temperature, and

Behavior (proportion of tests with body-grip, with mount, and with ejaculation)

was the dependent variables.

 Following castration: We gave both experienced and naïve males ten

tests with a receptive female after castration (Phase D in Figure 5.1). We analyzed

group differences in the proportion of tests in which body-grips, mounts, and

ejaculations were exhibited using a two-way MANOVA. Incubation Temperature

and Social Experience were the independent variables, and Behavior was the

dependent variable.

All analyses were done using JMP 3.2 (SAS Institute) for the Macintosh,

and for all analyses, unless otherwise stated, α=0.05. For all multivariate

analyses, we used Pillai's trace as our test statistic because it is the most robust to

deviations from multivariate normality and homogeneity of variance-covariance
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matrices (Olson, 1974). Furthermore, all proportion data were first arc-sine

square-root transformed to improve normality (Stevens, 1996).

RESULTS

Behavior in the empty test arena:

While gonadally intact: There was a significant effect of Incubation

Temperature (MANOVA: F1,38=4.9, P=0.033) but not Social Experience

(F1,38=0.1, P=0.708) on average activity duration. Overall, males from 30°C were

more active than males from 32.5°C.

On the first pair of tests in the arena (i.e., before experienced males gained

experience) more males from 32.5°C (6/21, or 29%) scent-marked relative to

males from 30°C (1/21, or 5%)(Likelihood ratio test: 2
1=4.7, P=0.031; Figure

5.2). However, this was not considered statistically significant given our set α

level of 0.01. There was no overall difference in marking behavior between males

assigned to the experienced (4/24, or 17%) and naïve (3/18, or 17%) groups at this

time ( 2
1=0.0, P=1.000). Furthermore, there was no difference between

experienced (1/12, or 8%) and naïve (0/9, or 0%) males from 30°C ( 2
1=1.2,

P=0.282; Figure 5.3A) or between experienced (3/12, or 25%) and naïve (3/9, or

33%) males from 32.5°C ( 2
1=0.2, P=0.677; Figure 5.3B) at this time.
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On the second pair of tests (i.e., after experienced males gained

experience), there was no significant difference between males from different

incubation temperatures (6/21, or 29%, of males from 30°C and 5/21, or 23%, of

males from 32.5°C scent-marked; 2
1=0.1, P=0.726; Figure 5.2). Overall, more

experienced males (9/24, or 38%) relative to naïve males (2/18, or 11%) scent-

marked ( 2
1=4.0, P=0.046), but this difference did not reach statistical

significance at our α level (α=0.01). Among 30°C males, more experienced males

(6/12, or 50%) scent-marked relative to naïve males (0/9, or 0%)( 2
1=8.5,

P=0.004; Figure 5.3A). Among males from 32.5°C, there was no difference

between experienced (3/12, or 25%) and naïve males (2/9, or 22%)( 2
1=0.0,

P=0.882; Figure 5.3B). It is clear that males from 30°C were more likely to scent-

mark following the acquisition of sexual experience, but that the proportion of

32.5°C males that scent-marked was not affected by sexual experience (Figure

5.3).

Following castration: There was no effect of Incubation temperature

(ANOVA: F1,37=1.4, P=0.250) or Experience (F1,37=1.0, P=0.312) on average

activity durations across the three tests following castration.

Overall, there were no differences in the proportion of males between

males from 30 vs. 32.5°C (Likelihood ratio test: 2
1=0.2, P=0.655) or between

experienced and naïve males ( 2
1=1.3, P=0.256) that scent-marked at least once

during the three tests following castration. Among males from 30°C, we found

that more experienced males scent-marked at least once relative to naïve males
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( 2
1=3.8, P=0.051), but we found no difference between experienced and naïve

males among 32.5°C males ( 2
1=0.8, P=0.376).

Behavior prior to the introduction of the female:

There were significant effects of Social Experience (MANOVA: F1,73=8.9,

P=0.004) and Behavior (F2,72=45.0, P<0.001) on the proportion of tests in which

activity, marking and tail vibrations were shown. Regarding the effect of Social

Experience, experienced males had overall elevated scores, and regarding the

effect of Behavior, activity was displayed significantly more frequently than

marking or tail vibrations. Moreover, there was a marginal interaction between

Social Experience and Gonadal State (F1,73=3.5, P=0.065). Because of this

interaction, we separately assessed the effect of Incubation Temperature and

Social Experience on Behavior using a two-way MANOVA on intact and

castrated animals.

When gonadally intact, there was a significant effect of Social Experience

(F1,38=6.3, P=0.017) and Behavior (F2,37=251.5, P<0.001) on behaviors during the

habituation period (Figure 5.4). Again, experienced males had elevated scores and

activity was displayed more frequently than marking or tail vibrations. Only a few

males displayed marking or tail vibrations during this period, and the frequencies

of these displays were low (Figure 5.4). Thus we also looked at group differences

in the proportion of individuals that displayed scent-marking or tail vibrations at

least once. Marking behavior was only displayed by experienced males and was
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displayed predominantly in the later tests (tests 8-10). Moreover, the only males

(n=3) that scent-marked during this period were males from 30°C. More

experienced males from 30°C scent-marked relative to naïve males from the same

incubation temperature (Likelihood ratio test: 2
1=3.7, P=0.054; Figure 5.5) and

relative to experienced males from 32.5°C ( 2
1=4.6, P=0.032; Figure 5.5). Only

seven males tail vibrated at least once during this period, one of which was naïve.

Moreover, of the six experienced males that tail vibrated, four were from 30°C.

The differences between experienced males from 30°C and naïve males from the

same temperature ( 2
1=1.5, P=0.221; Figure 5.5) and experienced males from

32.5°C ( 2
1=0.9, P=0.342; Figure 5.5), however, were not statistically significant.

Altogether, it seems that males from 30°C show more experience-induced

changes in marking and tail vibrations than males from 32.5°C (Figure 5.5).

Following castration, however, there was only a significant effect of

Behavior (MANOVA: F2,37=361.4, P<0.001), and again activity was displayed

more frequently than marking or tail vibrations. Very few castrated males scent-

marked or tail vibrated prior to the introduction of the female.

Courtship behavior:

While gonadally intact: On their first exposure to females, significantly

more males from 30°C (9/12, or 75%) body-gripped stimulus females relative to

males from 32.5°C (4/12, or 33%)(Likelihood ratio test: 2
1=4.3, P=0.037; Figure

5.6). This is consistent with previous reports (Flores et al., 1994; Rhen and Crews,
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1999). However, no differences were found in mounts or ejaculations on their first

test. The proportion of males from 30 and 32.5°C that body-gripped, mounted, or

ejaculated on the 10th test was virtually identical (Figure 5.6).

Incubation Temperature did not affect the proportion of tests in which

courtship behavior was exhibited while gonadally intact (F1,22=1.4, P=0.257).

There was a significant effect of Behavior (F2,21=22.8, P<0.001), which was due

to the facts that males ejaculated on a significantly smaller percent of tests relative

to body-grips and mounts and that males mounted on significantly fewer tests

than they body-gripped.

Following castration: There was a trend for courtship behavior following

castration to be affected by Incubation Temperature (MANOVA: F1,37=3.8,

P=0.057) but not by Social Experience. Overall, males from 30°C courted

females on more tests than males from 32.5°C (Figure 5.7). There was also a

significant effect of Behavior (F2,36=20.4, P<0.001), which was due to the facts

that males ejaculated on a significantly smaller percent of tests relative to body-

grips and mounts and that males mounted on significantly fewer tests than they

body-gripped. We also looked at differences in the proportion of castrated males

from different incubation temperatures that ejaculated at least once, and we found

that more males from 30°C (13/20, or 65%) ejaculated at least once relative to

males from 32.5°C (6/21, or 29%)(Likelihood ratio test: 2
1=5.6, P=0.018).
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DISCUSSION

Here we report that in male leopard geckos, Eublepharis macularius,

embryonic incubation temperature alters the propensity to display territorial and

courtship behavior and, moreover, moulds behavioral plasticity in response to

social experience. We compared the degree of behavioral change in males from

30 and 32.5°C that were either given 10 opportunities to copulate with females or

left socially naïve. In response to repeated interactions with females, we found

that males from 30°C but not 32.5°C showed significant increases in territorial

behavior and anticipatory behaviors. Specifically, the proportion of males that

scent-marked in the neutral test arena increased following tests with receptive

females only in males from 30°C. Furthermore, with repeated social experience,

only males from 30°C showed elevated amounts of activity, marking and tail

vibrations during the period preceding the introduction of the female. On the other

hand, sexual vigor increased only in males from 32.5°C with repeated interactions

with females. This suggests that, in male leopard geckos, embryonic incubation

temperature modulates behavioral plasticity in response to experiences with

females. A similar interaction between social experience and incubation

temperature on neural phenotype has been documented in female leopard geckos

(Crews et al., 1997).

When we analyzed the percent of males that scent-marked on a clean

substrate in a neutral test arena (i.e., assay for territorial behavior) following our



123

social manipulations (Phase C in Figure 5.1), we found a greater difference

between experienced and naïve males among 30°C males than among 32.5°C

males (Figure 5.3). Naïve males from 30°C scent-marked the least, followed by

naïve and experienced males from 32.5°C, and followed by experienced males

from 30°C. The difference between experienced and naïve males from 30°C did

not exist at the beginning of the experiment (Phase A), suggesting that the

difference was induced by the social manipulations. Males from 32.5°C,

regardless of their experience, did not show any change in marking propensity

from the first to second pair of tests. In summary, we found that repeated tests

with females can increase the propensity to display territorial behavior more

readily in males from 30°C, and we propose that this is analogous to experience-

dependent increases in aggressiveness found in male rodents (de Jonge and van de

Poll, 1984; Albert et al., 1988; Sandnabba, 1996).

The fact that experience with females did not change territorial behavior in

males from 32.5°C was unexpected. This is because we previously found that

males from 32.5°C with extensive heterosexual experience show more territorial

behavior relative to age-matched, socially naïve males (Sakata et al., 2002a).

There were, however, several procedural differences that could have caused this

discrepancy, the most salient being the duration and extent of the social

manipulation. Here, we gave males only 10 opportunities to copulate with

females, whereas in the previous study experienced males were continuously

housed with intact, cycling females for 1-2 years (Sakata et al., 2002a). Further,

here we studied males ranging from 1-1.5 years of age, whereas males were twice
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as old in the previous study (Sakata et al., 2002a). It is possible that the type and

duration of social experience and/or the age of the animal affected the degree to

which experience affects territorial behavior.

Interestingly, experienced males from 30°C also tended to continue to

scent-mark in the neutral arena following castration, whereas experienced males

from 32.5°C and naïve males from both temperatures failed to show much

marking behavior following castration. This suggests that repeated copulatory

interactions with females made scent-marking behavior more resilient to androgen

deprivation in males from 30°C but not in males from 32.5°C. Phrased differently,

social experience seemed to have a more crystallizing effect on marking behavior

in males from 30°C.

We also looked at changes in activity, scent-marking, and tail vibrations

during the habituation period to assess the degree to which conditioning occurred.

Among males with social experience, the removal of home cage material reliably

signaled the introduction of a receptive female after 5 min. Changes in the

behavior of males during this habituation period suggest that males might be

anticipating the opportunity to copulate with females (i.e., sexual arousal).

Activity was pertinent because increases in general activity during the period

preceding the introduction of the female have been observed in male rats

(Mendelson and Pfaus, 1989) and Japanese quail, Coturnix coturnix japonica

(Akins et al., 1994; reviewed in Pfaus et al., 2001). We noted scent-marking and

tail vibrations during the habituation period because these are usually not

exhibited in this context. Scent-marking behavior is rarely observed in the home
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cage after a male thoroughly marks his territory (J.T. Sakata and D. Crews,

unpublished data) but is often seen when males are place in novel areas.

Interestingly, scent-marking behavior in male Mongolian gerbils, Meriones

unguiculatus, seems to be related to sexual behavior; it is displayed more often in

test arenas associated with sexual behavior than open fields and is elevated when

females are present (Yahr et al., 1980; Pendergrass et al., 1989). Tail vibration is a

courtship behavior that is usually displayed in the presence of a female, but it is

also displayed by males following ejaculation. In this context, because females

are absent during the habituation period, tail vibrations suggest a level of sexual

arousal. Though we have not rigorously tested the idea that both scent-marking

and tail vibrations in the home cage are linked to sexual arousal, we do not

observe either of these behaviors in response to food or to other males, which

suggests that they are specific for sexual interactions (J.T. Sakata and D. Crews,

unpublished data).

We found that experiences with females led to an overall increase in the

amount of activity, marking, and tail vibrations and, moreover, that this increase

was greater among 30°C males than among 32.5°C males. For example, the

difference in activity scores between experienced and naïve males was much

greater among males from 30°C than among males from 32.5°C (Figure 5.4).

Furthermore, only experienced males from 30°C showed scent-marking behavior

in the home cage during this period, and four of the six experienced males that tail

vibrated during this period were from 30°C (Figure 5.5). The group difference in

scent-marking was not due to group differences in the novelty of substrate; all
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males were given ample and equal time to mark their home cage before testing.

Interestingly, scent-marking behavior and tail vibrations were not displayed

during the habituation period in experienced males until the latter half of the

experiment. We observed marking only on the 9th and 10th tests and tail vibrations

mostly on tests 7-10. One male showed tail vibrations as early as the 2nd test, and

two others tail vibrated on the 5th test. However, no male showed tail vibrations

during the habituation period of the first test, and only one male that was not

exposed to females showed tail vibrations. In summary, we propose that the

experience-dependent changes we observed were indicative of conditioning and

that males from 30°C acquired this conditioning more readily.

To assess the direct effects of copulatory experience vs. exposure to

females on the behavioral changes observed during the habituation period, we

compared the behavior of males that ejaculated at least once with a female vs.

males that never ejaculated. One-third of all males tested with females did not

ejaculated on any test, and none of these males scent-marked or tail vibrated

during the habituation period. Only males that ejaculated males showed scent-

marking behavior during the habituation period, and of the six experienced males

that tail vibrated during the habituation period, five had ejaculated at least once

with a female. Therefore, it seems that only copulating, but not all copulating

males show these arousal-like behaviors.

Regarding the role of copulatory experience in changing territorial

behavior, we focused on males that did not mark during the first pair of tests in

the test arena (Phase A; n=20 experienced males). Twelve of these males
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ejaculated at least once whereas 8 did not. Of those that ejaculated, four males

(4/12, or 33%) subsequently showed marking behavior on the second pair of tests

(Phase C). Of those that did not copulate with a female at least once, only one

showed marking behavior (1/8). Phrased differently, of the five males that

initially did not scent-mark in the arena but subsequently showed marking

behavior in the second pair of tests, four males ejaculated at least once. Though

larger sample sizes would be useful, this also suggests that copulatory experience

might be more effective at changing behavior than merely exposure to females.

On the other hand, the data is also consistent with the notion that heightened

sexual vigor is important for these experience-dependent changes.

In a number of other species, sexual experience with females in adulthood

increases the retention of sexual behavior following castration (reviewed in

Meisel and Sachs, 1994); in other words, experienced males are more robust to

castration. As in a previous experiment (Sakata et al., 2002a), we found that social

experience in adulthood does not increase the retention of courtship and

copulatory behavior in male leopard geckos. This is in contrast to male cats

(Rosenblatt and Aronson, 1958a, b), mice (Manning and Thompson, 1976; Phelps

et al., 1998), and rats (Larsson, 1978; Retana-Marquez and Velazquez-

Moctezuma, 1997). However, male leopard geckos resemble male dogs in this

respect (Hart, 1968). It is not the case that experiential modulation of post-

castration behavior is absent in lizards because we have recently documented such

effects in male whiptail lizards, Cnemidophorus inornatus  (Sakata et al., 2002c).

It is likely that species differences in neural plasticity underlie this difference.
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Interestingly, we found that castrated males from 30°C, regardless of their

social experience, showed more courtship behavior and were more likely to

ejaculate at least once with stimulus females than castrates from 32.5°C. This is

consistent with the notion that males from 30°C are, overall, more primed to

display sexual behavior and suggests that the neural circuit underlying copulatory

behavior is more resilient to castration in males from 30°C. It is not known how

this difference is achieved, but differences in neural metabolism and/or

neurochemical systems could contribute to this (e.g., Coomber et al., 1997; Sakata

et al., 2001).

The mechanism(s) by which incubation temperature modulates social

plasticity in male leopard geckos is unknown. It is possible that differences in

cytochrome oxidase (CO) activity (metabolic capacity) can modulate behavioral

plasticity. There is an interesting correlation between NMDA receptor expression

and CO activity (Zhang and Wong-Riley, 1999). Because NMDA receptors can

underlie neural and behavioral plasticity, differences in CO activity could signal

differences in NMDA receptor expression and, hence, plasticity. There are many

differences in CO activity between males from 30 and 32.5°C (Coomber et al.,

1997), the most notable being that males from 30°C have elevated metabolic

capacity in the preoptic area (POA). The POA is a brain area that modulates the

expression of sexual behavior in all species examined to date (reviewed in Meisel

and Sachs, 1994). Consequently, it is possible that increased CO activity in the

POA primes males from 30°C to more readily learn about sociosexual

experiences. Given the elevated metabolic capacity in brain areas modulating
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aggressive behavior in males from 32.5°C (Coomber et al., 1997), it would be

interesting to test whether males from 32.5°C are more primed to learn about

agonistic interactions. Furthermore, because estrogens modulate neural plasticity

(e.g., Woolley, 1999) and because 17β-estradiol concentrations are elevated in

males from 30°C (Tousignant and Crews, 1995; Coomber et al., 1997), it is

possible that elevated estrogen concentrations facilitate learning from sociosexual

experiences. Finally, it is also possible that males from 30 and 32.5°C differ in the

expression of immediate early genes or plasticity genes differs following

interactions with females or that the two males differ in neurochemical or

neuromodulatory traits (Morgan and Curran, 1989; Winslow et al., 1993;

reviewed in Pfaus and Heeb, 1997; Nedivi et al., 1998; Wright, 1998; Insel and

Young, 2001).

Another way to phrase the results presented here is that the magnitude of

phenotypic differences between males from different incubation temperatures

depended on their social experience. When sexually naïve, males from 30°C were

more likely to court females and less likely to display territorial behavior relative

to males from 32.5°C. These results consistent with previous reports from our lab

using naïve males (Flores et al., 1994; Rhen and Crews, 1999). However, these

differences were not significant following the acquisition of social experience. In

other words, social experience with females seemed to compensate for intrinsic

differences caused by embryonic incubation temperature. Because males from

30°C but not males from 32.5°C showed experience-dependent increases in scent-

marking behavior, the overall difference in marking behavior found initially
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between males from 30 and 32.5°C was minimized following interactions with

females (Figure 5.2). Similarly, because males from 32.5°C but not males from

30°C showed experience-dependent increases in courtship propensity, the

difference in body-gripping found initially was minimized following interactions

with females (Figure 5.6). This highlights the importance of assessing phenotypic

differences through time and following a variety of experiences to understand the

resilience of experimentally-induced differences. More recently, similar

arguments have been made regarding genetic manipulations (e.g., Phelps et al.,

1998; Ogawa et al., 1999; Nomura et al., 2002).
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Figure 5.1. Experimental design. Forty two males (n=21 from both 30°C and

32.5°C) were first given two tests in an empty test arena to assess intrinsic

differences in activity and scent-marking (Phase A). One group (n=12 from each

temperature; experienced males) were to be given ten opportunities to copulate

with receptive females. The other group (n=9 from each temperature; naïve

males) were tested in a similar manner but females were not introduced into their

home cage (Phase B). After these ten tests, all males were again tested in the

empty test arena and watched for activity and scent-marking (Phase C).

Thereafter, all males were castrated, and all males were subsequently given ten

tests with a receptive female after a recovery period of one week. After tests one,

four, and seven following castration, males were tested in the empty test arena.
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Two tests in empty test arena - activity and scent-marking.
Tests were separated by three days.

Ten tests in home cage with (grey) or without (white)
exposure to sexually receptive female. Tests
were separated by three to four days.

Behavior observed during five min habituation period
(activity, scent-marking and tail-vibrations) and
following entry of female (body-grips, mounts
and ejaculations). Only males allocated to the
"Experienced" group were allowed to interact
with females while gonadally intact.

Two tests in empty test arena - activity and scent-marking.
Tests separated by three days.

Ten tests in home cage with sexually receptive female.
Behavior observed during five min habituation period

(activity, scent-marking and tail-vibrations) and
following entry of female (body-grips, mounts
and ejaculations).

Three tests in empty test arena administered after
castration after first, fourth, and seventh test with
female.

 Gonadectomy

ExperiencedNaive Phase

A

B

C

D
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Figure 5.2. Scent-marking behavior. Scent-marking behavior of males from 30

and 32.5°C before (first pair of tests) and after social experience (second pair). On

the first pair of tests, more adult males from 32.5°C (black) scent-marked in the

empty test arena relative to adult males from 30°C (white). This was consistent

with a previous report (Rhen and Crews, 1999). However, this difference was

minimal on the second pair of tests.
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Figure 5.3. Interactions between incubation temperature and social experience on

scent-marking behavior. Scent-marking behavior before (first pair of tests) and

after social experience (second pair) in males from 30 and 32.5°C. There was a

greater difference in marking behavior between experienced (black) and naïve

(white) males from 30°C on the second pair of tests (i.e., after experienced males

gained social experience) relative to the first pair (i.e., before experienced males

gained experience). However, there were no discernible differences between

experienced and naïve males from 32.5°C in their propensity to scent-marked on

either pair of tests.
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Figure 5.4. Behavior prior to the introduction of the female. Experienced males

(black) showed overall more activity, marking, and tail vibrations during the

habituation period relative to naïve males (white). This difference seemed to be

exaggerated among males from 30°C relative to males from 32.5°C.
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Figure 5.5. Percent of males scent-marking and tail vibrating during the

habituation period. Only experienced males (black) from 30°C (n=3) scent-

marked in their home cage during the habituation period, and the percent of

experienced males from 30°C that marked was greater than that of naïve males

(white) from the same temperature as well as of experienced males from 32.5°C.

Six experienced and one naïve male showed tail vibrations during the habituation

period, and four of the six experienced males were from 30°C.



140

0

20

40

60

80

100

30 C males 32.5 C males 30 C males 32.5 C males

Scent-Marking Tail Vibrations

P
e

rc
e

nt
 o

f g
o

na
d

al
ly

 in
ta

ct
 m

a
le

s 
d

is
pl

a
yi

n
g

be
h

av
io

r 
a

t l
e

as
t 

o
nc

e
 d

u
rin

g
 h

ab
itu

at
io

n
 p

er
io

d

P=0.054
P=0.032



141

Figure 5.6. Sexual vigor of males from 30 and 32.5°C. On their first exposure to

females, significantly more gonadally intact males from 30°C (white) body-

gripped females relative to males from 32.5°C (black). One the other hand, the

same percent of males from each temperature body-gripped females on the tenth

test.
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Figure 5.7. Frequency of courtship display following castration. Overall, there

was a trend for males from 30°C, regardless of their experience, to display more

courtship behavior following castration (MANOVA: P=0.057).
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Figure 5.8. Proportion of males from 30 (white) and 32.5°C (black) that

ejaculated at least once with a stimulus female following castration.
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Chapter 6

Conclusion

The current set of experiments assesses the relationship between

experience-dependent changes in cytochrome oxidase (CO) activity in limbic

brain areas and experience-dependent changes in social behavior. My primary

behavioral interest is the effect of sociosexual experiences on the retention of

copulatory behavior in males, but I also assess the effect of social experience on

courtship behavior in the presence of sex steroid hormones and on territorial

behavior. I focus primarily on species differences in behavioral and neural

plasticity but also investigate factors that can affect behavioral plasticity within a

species. In Chapter 2, 3, and 4, respectively, I investigate the effects of social

experience in adulthood on courtship behavior and/or neural metabolism in male

rats, leopard geckos, and whiptail lizards. In Chapter 5, I report how early

experiences can affect social plasticity in male leopard geckos.

In this chapter, I will focus on the relationship between experience-

dependent changes in CO activity and changes in the robustness to castration.

Though links between changes in CO activity and changes in other social

behaviors, such as territorial behavior, can be made, I will not expound on this
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here for the sake of cohesion. For those who are interested in these other links,

refer back to chapters 3 and 5.

CHANGES IN CYTOCHROME OXIDASE ACTIVITY IN THE BRAIN FOLLOWING
DIFFERENT SOCIAL EXPERIENCES:

In Chapters 2 and 4, I report results from different animal model systems

with regard to the effects of social experience on neural CO activity in gonadally

intact males. I found that extensive opportunities to copulate with females, but not

limited opportunities, lead to elevations in CO activity in a suite of limbic nuclei

in male rats (Chapter 2). For example, males with 16 daily opportunities to

copulate with females have elevated metabolic capacity in the medial preoptic

area (MPOA), periventricular preoptic area (PP), bed nucleus of the stria

terminalis, medial amygdala (MeA), ventromedial hypothalamus (VMH), and

habenula relative to naïve males. In male whiptail lizards, housing males with

females leads to elevations in metabolic capacity in the MPOA, PP, MeA (nucleus

sphericus and external nucleus of the amygdala), anterior hypothalamus (AH),

and VMH (Chapter 4). Interestingly, in male leopard geckos, housing with

females for 1-2 years increases metabolic capacity in the AH and VMH but not in

the POA or MeA (Crews et al., 1997).

Changes in the MPOA and MeA in response to adult sexual experience in

rats and whiptails are not surprising given the wealth of data suggesting that these

two areas are critical in the regulation of male-typical sexual behavior (Meisel and

Sachs, 1994). Both areas show high levels of androgen receptor expression in
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rodents and lizards as well as neural activity during copulation, and lesions of and

hormonal implants into these areas lead to an inhibition and facilitation,

respectively, of courtship and copulatory behavior (Crews and Silver, 1985;

Meisel and Sachs, 1994; Rand and Crews, 1994; Pfaus and Heeb, 1997).

Additionally, experience-dependent changes in FOS expression (Heeb and Yahr,

1996; Kollack-Walker and Newman, 1997; Lumley and Hull, 1999; Pfaus et al.,

2001) and in the effects of lesions of the MPOA and MeA have been reported

(Harris and Sachs, 1975; Arendash and Gorski, 1983; de Jonge et al., 1989;

Kondo, 1992).

The fact that extensive sociosexual experience does not lead to increased

CO activity in the preoptic area and amygdala in male leopard geckos is relatively

surprising (Crews et al., 1997). In Chapter 2, I proposed that both increased

metabolic activity and androgenic stimulation are critical for experience-

dependent increases in CO activity. It is unlikely that the POA is not active during

courtship and copulatory behavior in this species, as the POA is considered to be

the critical evolutionarily conserved node in the circuit underlying male-typical

sexual behavior. Androgen receptor mRNA has been detected in the leopard

gecko in the POA as well as the reptilian amygdala (Rhen and Crews, 2001).

Therefore, it seems that the critical factors needed to increase CO activity in these

areas are present. This species difference in neural metabolic plasticity could

relate to differences in the control of mitochondrial gene expression (Hevner and

Wong-Riley, 1993).
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Across all three species, the VMH was the only consistent nucleus to show

elevations in CO activity following sociosexual experience in males.

Consequently, I propose that the VMH is involved in male-typical sexual

behavior and that it could modulate some experience-dependent changes in

behavior. Support for its involvement in copulatory behavior comes from the facts

that copulation induces c-fos expression in the VMH of male rats (Greco et al.,

1996), that the VMH is replete with androgen receptors (Roselli et al., 1989;

Young et al., 1994; Rhen and Crews, 2001), that antagonism of androgen

receptors in the VMH significantly inhibits copulatory behavior (McGinnis et al.,

1996), and that lesions of the basal hypothalamus that include the VMH inhibit

the expression of courtship behaviors in a variety of species (green anoles:

Farragher and Crews, 1979; red-sided garter snakes: Friedman and Crews, 1985;

and ring doves: Bernstein et al., 1993). The role of the VMH in social plasticity in

males has not been investigated, and it would be interesting to assess the degree to

which experimentally inhibiting experience-dependent increases in CO activity in

the VMH precludes experience-dependent changes in behavior.

In both lizard species studied, but not in rats, social experience increases

CO activity in the anterior hypothalamic area (AH). This suggests that neural

metabolic plasticity in the AH in response to social experience is greater in male

lizards than in rodents, and differences in the amount of neural activity and/or

hormonal stimulation could underlie this difference. Because changes in CO

activity parallel changes in excitatory input and dendritic density (reviewed in

Wong-Riley et al., 1998), these species differences could be linked to differences
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in the malleability of excitatory inputs into the AH or dendritic change in the AH.

Alternatively, because social experience consisted of long-term housing with

females for male lizards but consisted only of daily testing with females for male

rats, it is possible that the magnitude of social interactions was insufficient to

induce metabolic increases in the AH in male rats.

All in all, social experience tended to increase metabolic capacity in brain

areas that accumulate sex steroid hormones. Social experiences can also alter the

endocrine milieu in a variety of species (Lindzey and Crews, 1988; Crews et al.,

1997; Whalen and Schneider, 2000), so it is possible that social experiences may

have their effects on neural metabolism via changes in sex steroid hormones. In

the leopard gecko, for example, conspecific housing leads to an elevation in

androgen concentrations, and androgens increase metabolic capacity in a suite of

brain areas including the MPOA, amygdala and AH (Crews et al., 1996a, 1997). It

would be interesting to study the effects of social experience on gonadectomized

individuals given androgen implants, for example, to tease out the direct

contribution of experience on neural plasticity.

CHANGES IN SOCIAL BEHAVIOR FOLLOWING DIFFERENT SOCIAL
EXPERIENCES:

As mentioned earlier, I am primarily interested in how social experiences

in adulthood increase the capacity to display courtship behavior following

castration. I am interested in post-castration behavior because I argue that the

capacity to display copulatory behavior following castration lends insight into the
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strength of the limbic neural circuit. In other words, post-castration behavior lends

insight into the integrity of the brain. Following castration, a suite of degenerative

changes occurs in the limbic system (e.g., MPOA and MeA) that correlate with

the decline of sexual behavior (see Chapter 1). Therefore, it is plausible that

individual differences or experimentally-induced changes in the retention of

sexual behavior following castration are linked to changes in the resilience of this

neural circuit to hormone deprivation.

I found that social experience increases the retention of courtship and

copulatory behavior in male whiptail lizards (Chapter 4) but not male leopard

geckos (Chapter 3). Previous studies have shown that sexual experience in

adulthood increases the retention of copulatory behavior following castration in

male rats (Larsson, 1978; Retana-Marquez and Velazquez-Moctezuma, 1997),

cats (Rosenblatt and Aronson, 1958a, b), hamsters (Lisk and Heimann, 1980), and

mice (Manning and Thompson, 1976; Phelps et al., 1998). Therefore, male

whiptail lizards but not male leopard geckos resemble other mammals in their

behavioral plasticity following social experience in adulthood.

One factor that did seem to affect the post-castration sexual behavior in

male leopard geckos was embryonic incubation temperature. Adult males hatched

from eggs incubated at 30°C were more sexually active following castration than

males from 32.5°C (Chapter 5). Males from different incubation temperatures

experience different hormonal environments both during development and

adulthood (reviewed in Crews et al., 1998), and this may have contributed to this

behavioral difference. A parallel between incubation temperature effects in
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leopard geckos and intrauterine position effects in rodents has been drawn (Crews

et al., 1998; Sakata et al., 2001; Rhen and Crews, 2002), and it would be

interesting to see if intrauterine position affects post-castration behavior in male

rodents.

The expression of aggressive and territorial behavior also changes

following social experiences with females. I found that male leopard geckos show

heightened levels of territorial behavior following adult social experience

(Chapters 3 and 5), and this is analogous to experience-dependent increases in

aggressiveness found in rats and other species (de Jonge and van de Poll, 1984;

Meisel and Sachs, 1994). This increase in territoriality seems to be resilient to

androgen deprivation, and, consequently, may be an androgen-independent

process. The latter has been suggested in male rats (Albert et al., 1988).

Consequently, though changes in the retention of sexual behavior following

sociosexual experience are different between male geckos and rodents,

experience-dependent changes in territorial behavior seem to be conserved.

RELATIONSHIP BETWEEN EXPERIENCE-INDUCED CHANGES IN NEURAL
METABOLISM AND CHANGES IN THE RETENTION OF SEXUAL BEHAVIOR
FOLLOWING HORMONE DEPRIVATION:

In Chapter 1, I proposed a link between CO activity and the display of

sexual behavior (Figure 1.1), and I proposed three models linking the effects of

social experience on robustness to castration and on CO activity (Figure 1.2; see

also Figure 6.2). Briefly, because there is a threshold amount of androgenic
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stimulation that is required for the display of copulatory behavior and because

androgens stimulate CO activity in limbic brain areas, I hypothesized that there is

a threshold amount of CO activity that is integral for the display of male-typical

sexual behavior. I also proposed that experienced males are more robust to

castration because it takes longer for CO activity in pertinent brain areas to fall

below this threshold following castration. Finally, I hypothesized that species

differences in the effect of social experience on post-castration behavior are

linked to differences in the effect of social experience on CO activity in the

MPOA and MeA.

These studies show that social experience in adulthood enhances the

retention of sexual behavior in male rats and whiptail lizards but not male leopard

geckos. Social experience increases metabolic capacity in caudal hypothalamic

areas in all three species, but only in male rats and whiptail lizards is CO activity

elevated in the preoptic area (POA) and MeA with social stimulation (Table 6.1).

Therefore, behavioral plasticity in response to social experience in adulthood is

linked to metabolic plasticity in the POA and MeA. The correlation between

neural metabolic plasticity in these areas and behavioral plasticity suggests that

these areas are integral in this type of social plasticity.

The link between elevated CO activity in the POA and the heightened

retention of courtship behavior following castration is also supported by the

finding that male leopard geckos, regardless of their sexual experience, from the

female-biased temperature (30°C) display more courtship behavior following

castration than males from the male-biased temperature (32.5°C)(Chapter 5).
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Because males from 30°C have elevated CO activity in the POA relative to

32.5°C (Coomber et al., 1997), this is further support that elevated CO in this area

might translate into an increased robustness to castration. Interestingly, these

studies also suggest that elevations in CO activity in the MeA, as found with

sexual experience, might be less important for heightened retention of courtship

behavior following hormone deprivation.

An important conclusion from these set of experiments is that experience-

dependent increases in CO activity might allow for a longer retention of the

capacity to court females following castration. This is important because CO is

used primarily as a marker of past neural activity, and experiments on the link

between changes in CO as potential predictors of future behavior are much less

common. Cytochrome oxidase activity in limbic circuits could reflect the integrity

of the circuit and could predict resilience to other manipulations.

FACTORS MODULATING BETWEEN- AND WITHIN-SPECIES DIFFERENCES IN
BEHAVIORAL PLASTICITY:

Differences in behavioral plasticity are likely to be linked to species

differences in neuromodulatory traits (e.g., Winslow et al., 1993; Wright, 1998;

Insel and Young, 2001). Species differences in the induction of partner

preferences following cohabitation, for example, has been extensively studied in

microtine voles. In monogamous voles, cohabitation of a male with a female

induces a long-term preference for that female, and this partner preference has
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been linked to changes in neurochemical systems such as vasopressin and

oxytocin (reviewed in Insel and Young, 2001; Young et al., 2001). On the other

hand, in polygamous voles, identical treatments do not lead to a partner

preference in males, and this species difference in behavioral change is paralleled

by species differences in vasopressin receptor expression. Moreover, using

genetic tools to induce patterns of vasopressin receptor expression in a

polygamous mouse to resemble that of a monogamous vole, it has been found that

changing receptor phenotype can change affiliative behaviors (Young et al.,

1999). In this respect, it will be important to characterize the specific

neuromodulatory systems that are involved in experience-mediated changes, and

to assess the degree to which rats, leopard geckos, and whiptail lizards differ in

these systems.

Steroid hormones such as estrogen have also been found to modulate

neural and behavioral plasticity (McEwen et al., 1991; Woolley, 1998). Across

these studies I found an interesting link between the capacity for progesterone (P)

to induce copulatory behavior (P-sensitivity) and behavioral plasticity following

social experience. In both male rats and whiptail lizards, exogenous P treatment in

adulthood can induce the expression of male-typical courtship and copulatory

behavior (Lindzey and Crews, 1986, 1992; Witt et al., 1995). On the other hand,

to date, we have not found that P can elicit courtship behavior in male leopard

geckos (J.T. Sakata and D. Crews, unpublished data). In a preliminary study we

implanted gonadectomized male geckos from both 30 and 32.5°C that stopped

courting females with either a blank implant or one or two P implants (10 mm
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each; n=5/grp). We did not find that P could reinstate courtship behavior in any

male. It is possible, however, that a different dose is required to successfully

activate courtship behavior in this species, or that longer periods of testing are

necessary. However, with the evidence gathered to date, it appears that P

manipulations that have been found to be efficacious in other species (Lindzey

and Crews, 1986, 1992) are not effective in male leopard geckos.

The notion that P-sensitivity may modulate behavioral plasticity is

supported by two findings. First, Phelps et al. (1998) reported that the degree to

which sexual experience altered the robustness to castration in male mice

depending upon whether or not they had a functional P receptor (PR). When

tested three weeks following castration, the difference between sexually

experienced and naïve wild-type (WT) males was much greater than that between

experienced and naïve PR knock-out (PRKO) males; experienced PRKO males

showed relatively little mounting behavior. In other words, the effect of

experience was greater in males sensitive to P (WT males) than males not

sensitive to P (PRKO males). Second, in the experiment described in Chapter 4, I

also screened all males for P-sensitivity after they stopped showing courtship

behavior (data not shown). When I analyze the interaction between P-sensitivity

(P-sensitive vs. P-insensitive) and social experience (males housed with females

(HWF) vs. isolated males (ISOLATE), I found that there was a marginally

significant interaction between P-sensitivity and social experience (F1,34 =3.8,

P=0.06) on courtship behavior on tests 11-20 following castration (see Chapter 4

for details on protocol and analysis). Among P-sensitive males, HWF court more
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frequently than ISOLATE males, but among P-insensitive males, HWF and

ISOLATE males court at the same frequency on tests 11-20 (Figure 6.1). Sample

size is very small for HWF males (n=3 P-sensitive males and n=5 P-insensitive

males), and consequently, these data are very preliminary. Nevertheless, this

result suggests that P-sensitive males "benefit" more from social experience than

P-insensitive males and is consistent with that found in male mice.

Because changes in CO activity in the POA and MeA seems to be a neural

correlate of social plasticity, it is likely that P-sensitivity also affects experience-

dependent changes in CO activity. This is evident when we look across species:

only species that are P-sensitive show experience-dependent changes in post-

castration behavior and CO activity. However, it would be to look within a

species, such as whiptail lizards, to assess the degree to which P-sensitivity

modulates neural metabolic plasticity.

FUTURE DIRECTIONS AND FINAL COMMENTS:

The current experiments focus on one neural phenotype - changes in CO

activity - which changes in concert with changes in the retention of copulatory

behavior. Experience-dependent changes in neurotransmitter systems, gene

expression, neuronal structure, and structural and functional connectivity have all

been documented, and it is possible that these phenotypic changes play a

significant role in social plasticity. I am currently assessing the degree to which

social experience (housing with females) can alter the number of cells expressing
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tyrosine hydroxylase, a rate-limiting enzyme in dopamine synthesis, in male

whiptail lizards. Because dopamine significantly modulates courtship behavior

(Woolley et al., 2001), social experience-induced changes in courtship behavior

could also be mediated by changes in the dopaminergic system.

Furthermore, I focus on only one model relating CO to courtship behavior

following hormone deprivation. Figure 6.2 highlights three possible scenarios that

could underlie experience-dependent increases in robustness to hormone

deprivation, and in this thesis I focus only on testing the hypothesis that factors

that increase robustness to castration also elevate metabolic capacity (Figure

6.2a). I do not assess whether individual or group differences in the propensity to

court females following hormone deprivation are correlated with differences in

the rate of decline in metabolic capacity following hormone deprivation (Figure

6.2b) or with changes in neural thresholds (Figure 6.2c).

It should be mentioned that I have found hormone-induced changes in the

retention of courtship behavior following hormone deprivation that are not

paralleled by changes in CO activity. Gonadectomized male whiptail lizards

previously implanted with testosterone (T) retain the expression of courtship

behavior longer than gonadectomized males previously given progesterone

(P)(Sakata et al., 2002d). However, CO activity in limbic brain areas such as the

POA and MeA are not significantly different between males implanted with T and

P (J.T. Sakata, S.C. Woolley, A. Gupta, and D. Crews, unpublished data).

Therefore, not all manipulations that increase sexual behavior in the absence of

hormones affect CO activity.
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It would be very interesting to see if social experiences change the rate at

which CO activity in the POA and MeA declines following hormone deprivation.

For example, experienced males could have a slower rate of decline (Figure 6.2b).

This notion  is consistent with the notion that courtship behavior becomes less

androgen-dependent following experience. Following social experience, the

neural circuits underlying sexual behavior might become less responsive to

decreases in androgen concentrations. Furthermore, the difference between male

whiptail lizards implanted with T and P in courtship displays following implant

removal (Sakata et al., 2002d) could be due to slower metabolic declines in males

previously given T. I feel that the scenario presented in Figure 6.2b is particularly

plausible.

The third hypothesis relating to experience-dependent changes in

thresholds is conceptually very attractive. Beach (1942) was one of the first to

suggest that the threshold for inducing sexual arousal and sexual behavior was

reduced following experience. However, this concept would be extremely

difficult to test without a large number of animals. For example, if intact levels of

CO activity and the rate of decline in CO activity following hormone deprivation

were equivalent between experienced and naïve males, it is possible that threshold

could be different. However, another interpretation of the previous scenario could

be that CO activity does not correlate with differences in sexual behavior. One

way to assess changes in neural thresholds for copulation could be to stimulate the

POA of gonadectomized experienced and naïve individuals that were no longer

displaying sexual behavior. If the neural threshold for activity is lower in
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experienced males, lower amounts of stimulation could lead to the expression of

copulatory behavior.

Finally, I would like to highlight the fact that the relationship between

neural metabolism and the retention of behavior following castration is purely

correlative in nature. I propose that a threshold level of CO activity is essential for

the display of copulatory behavior, suggesting a causal link. However, CO

activity may simply be a window into another factor that is causally paramount.

For example, CO activity reflects the degree of excitatory innervation (Nie and

Wong-Riley, 1996), and this might be the rate-limiting factor underlying the

expression of sexual behavior; behavior is lost when excitatory innervation falls

below the threshold. It is not known the degree to which dopaminergic

stimulation affects CO activity, but the critical role of dopamine, particularly in

the preoptic area, in courtship and copulatory behavior is clear (Hull et al., 1997;

Woolley et al., 2001). Consequently, CO changes could simply reflect

dopaminergic or other neurochemical changes. Experimentation into the causal

link between metabolic capacity and the expression of behavior would be of

value.
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Figure 6.1. Interaction between progesterone (P)-sensitivity and social experience

in male whiptail lizards on courtship behavior (neck gripping) on tests 11-20

(GNX11-20) following castration. Social experience (housing with females;

black) leads to an increase in courtship frequency in castrated, P-sensitive males

but not in P-insensitive males. Data for isolated males are in white.
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Figure 6.2. Three potential mechanisms by which sociosexual experience could

increase the retention of copulatory behavior following castration in vertebrate

animals. Cytochrome oxidase (CO) activity decreases following castration, and

this decline is correlated with the loss of sexual behavior (Crews et al., 1997). All

models three postulate that there exists a threshold amount of CO activity that is

necessary for the expression of sexual behavior, and when CO activity falls below

this threshold, sexual behavior is no longer expressed. (a) Sociosexual experience

could increase CO activity in limbic brain areas. Therefore, assuming similar rates

of metabolic decline following castration, it takes longer for metabolic capacity to

fall below the threshold in experienced males because they have elevated CO

activity at the time of castration. (b) Sociosexual experience could decrease the

rate at which CO activity declines following castration. (c) Sociosexually

experienced males could have a lower neural threshold for sexual behavior. These

three models are not mutually exclusive.
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Table 6.1. Summary of the effects of social experience in adulthood and

incubation temperature on courtship behavior following hormone deprivation and

metabolic capacity (cytochrome oxidase activity) in limbic brain areas. Patterns of

group differences in cytochrome oxidase activity that are consistent with group

differences in post-castration courtship behavior are boxed. It appears that

differences in metabolic capacity in the preoptic area correlate best with

differences in the retention of courtship behavior following gonadectomy.

    Whiptail Lizards       Leopard Geckos        Rats       Leopard Geckos
 Heterosexual housing    Heterosexual housing          Tests with female       Incubation Temperature

Post-castration courtship             Exp > Naive       Equal             Exp > Naive 30M  >  32.5M

Metabolic capacity

   Preoptic area - medial   Exp > Naive       Equal         Exp > Naive 30M  >  32.5M

   Preoptic area - periventricular   Exp > Naive       Equal       Exp > Naive          30M  >  32.5M

   Medial amygdala       Exp > Naive

   Nucleus sphericus    Exp > Naive        Equal 32.5M > 30M

   External nucleus of the   Exp > Naive       Equal       Equal
amygdala

   Ventromedial hypothalamus   Exp > Naive  Exp > Naive       Exp > Naive          30M  >  32.5M

   Anterior hypothalamus   Exp > Naive  Exp > Naive  Equal 32.5M > 30M

   Lateral hypothalamus         Equal  Exp > Naive  Equal       Equal

   Habenula      Equal       Equal       Exp > Naive       Equal
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