Copyright
by
Brian George Dias
2008

The Dissertation Committee for Brian George Dias
certifies that this is the approved version of the following dissertation:

Molecular Parsimony Underlying Behavioral Plasticity

Committee:
__________________________________
David Crews, Supervisor
__________________________________
Andrea Gore
__________________________________
Theresa Jones
__________________________________
Harold Zakon
__________________________________
Timothy Schallert

Molecular Parsimony Underlying Behavioral Plasticity

by
Brian George Dias, B.S. ; M.S.

Dissertation
Presented to the Faculty of the Graduate School of
the University of Texas at Austin
in Partial Fulfillment
of the Requirements
for the Degree of
Doctor of Philosophy
The University of Texas at Austin
August, 2008

Dedication
This dissertation is dedicated to Mumsie, Popsie, Andy and Principessa
for keeping me sane.

Acknowledgements
Giants have carried me on their shoulders whilst I have traveled on an
emotional rollercoaster that epitomizes graduate school. This is their story…
David Crews has been extremely generous with his vast reservoir of
knowledge and experience, and from him I have learned much about the “art”,
“science”, and “business” of scientific enterprise. The input from Andrea Gore,
Theresa Jones, Harold Zakon, and Timothy Schallert (my committee members)
strengthened the quality of my work as well as helped crystallize ideas as only
their wisdom could. Walt Wilczynski taught me the value of being and having a
great teacher. Hans Hofmann and Vidita Vaidya (my M.S. advisor) have always
been giving of their time and counsel. Members of the Crews lab (past and
present) have made life in the basement less onerous with their constant support,
encouragement and hospitality. Chris Mazzucco and Maggie Fitch bailed me out
of administrative hassles, and made it easier to jump through the bureaucratic
hoops when they were Graduate Coordinators for the Institute for Neuroscience.
Raymond Porter, Oliver Putz, Niyati Dhuldhoya, Lynn Almli, and Alexander
Baugh have been the best “sounding-boards” I could have asked for. I have had
the privilege of working with Ramona Ataya, Jun Zhao, David Rushworth, Sonia
Chin, and Andrea Luna (undergraduate researchers), and they have all taught me
more than they might imagine. Ilana Baar, Bridget McGovern, Rouzheen

v

Arianpour and Nick Lerman have contributed immensely to my general wellbeing over the last year and a half. Paolo Bientinesi and Jules Woolf have been
my “rocks” during graduate school and I thank them for their friendship.
To all of you, I extend a sincere “Thank You”.
Blanche and Alpheo Dias (my parents), Adrian Dias (my brother), and
Sunayana Banerjee have witnessed first-hand the blood, sweat, and tears that have
gone toward this Ph.D. They are my reason for being. This accomplishment is as
much theirs’ as it is mine. To you all I say, “We did it”.

vi

Molecular Parsimony Underlying Behavioral Plasticity
Publication No. ______________________

Brian George Dias, Ph.D.
The University of Texas at Austin, 2008

Supervisor: David Crews

The brain is inherently bisexual, differentiating during development so that in
adulthood, males mount receptive females. Yet, vestiges of this bisexuality persist
in adults, with heterotypical behaviors (females mounting and males being
receptive) observed in some species. Consequently, differences in sexual behavior
between the sexes, and between individuals of the same sex, are reflective of the
predisposition and degree to which these behaviors are exhibited. How one
behavior is facilitated and its complement simultaneously suppressed during a
reproductive encounter suggests that behavioral expression is gated in some
manner. Because male and female vertebrates typically display behavior
characteristic of their own sex, simultaneous study of neural circuits gating
homotypical and heterotypical behaviors in conventional animal models has
received scant attention. The whiptail lizard species, Cnemidophorus uniparens,
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comprises individuals that are genetically and hormonally female, and that
naturally display both types of behavior. Using High Pressure Liquid
Chromatography (HPLC), immunocytochemistry, in situ hybridization, intracranial surgeries, as well as pharmacological and behavioral analyses, I report that
serotonin levels, and signaling via distinct serotonergic receptors at behaviorally
relevant brain nuclei might allow the system to switch between either behavioral
repertoire. The use of the same molecule to mediate the reciprocal inhibition of
complementary behavioral repertories within the same sex is evidence of a
phenomenon of molecular parsimony underlying a striking form of behavioral
plasticity. This dissertation also illustrates that sexually differentiated traits such
as male and female-typical sexual behaviors are sculpted by neurochemical
signaling at neural substrates present in both sexes.
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Chapter One: Introduction

All social interactions are characterized by complementary behavioral
repertoires. An example in tetrapods would be the male-typical mounting
complementing female-typical receptivity necessary for fertilization. These
behavioral phenotypes usually are sexually dimorphic and might be thought of as
existing at opposite ends of a continuum. Research has shed light on each end of
the behavioral continuum, but it has done so in a manner that has been sex- and
behavior-limited; i.e. the study of male-typical sexual behavior in males and
female-typical sexual behavior in females (homotypical behavioral patterns).
However, the observation of heterotypical behavioral patterns, viz. male-typical
sexual behavior by females and female-typical sexual behavior by males, suggests
that the brain is indeed bisexual and plastic in its ability to mediate both
homotypical as well as heterotypical behavior. The neurobiology underlying the
facilitation of one sex-typical behavior (e.g., female-typical receptivity) and the
simultaneous suppression of the complementary pattern (e.g., male-typical
mounting) within the same individual regardless of its sex is the central theme of
this dissertation.
Much like the initially bipotential gonadal primordium that is differentiated
into a testes or ovary by a variety of signals (Crews, 1993; Brennan and Capel,
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2004), a suite of genetic, developmental, hormonal and environmental factors
sculpt the brain to yield sex-typical behaviors within a sex. At the core of most
sexually differentiated traits is a role mediated by steroid hormones, and
testosterone (T) and estrogen (E) play pivotal roles in the organization of brain
mechanisms controlling male- and female-typical sexual behavior. Hormones
exert their action by binding to receptors present in specific brain nuclei, resulting
in the recruitment of downstream targets such as neurotransmitter systems. Other
factors such as the genetic complement of brain cells (XX/XY or ZZ/ZW) have
been shown to affect male- and female-typical sexual and aggressive behavior in
mammalian and avian species (Arnold, 2004; Gatewood et al., 2006). Sexual
experience also has a profound effect on reproductive behavior (Pfaus et al., 2001;
Sakata et al., 2002a; Sakata et al., 2002b). The interaction between the gonadal
steroid hormone milieu, brain neurotransmitters, and the social environment is the
subject of studies compiled in this dissertation.

Steroid hormones, sexual behavior and neuronal circuitry.
Male-typical sexual behavior: The dependence of sexual behavior in males
on testosterone is highlighted by the diminution of sexual activity in a variety of
vertebrates after castration, and the subsequent reinstatement of behavior by
administration of exogenous androgen (Beach and Inman, 1965; Davidson, 1966a,
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1966b; McGinnis and Dreifuss, 1989). Although, testosterone is crucial to
mounting, the process of aromatization (conversion of testosterone to estrogen)
plays a critical role in the organization as well as the subsequent activation of
behavior in some species (Bakker et al., 2006; Kudwa et al., 2006). Estradiol
administration to adult gonadectomized male rats and quail elicits male-typical
sexual behavior, while the non-aromatizable androgen, dihydrotestsoterone
(DHT) fails to do so (Clancy et al., 2000; Ball and Balthazart, 2004). In guinea
pigs (Alsum and Goy, 1974) and whiptail lizards (Wade et al., 1993), however,
DHT is as effective as testosterone in terms of reliably reinstating mounting,
while estradiol is ineffective. Progesterone is also important in the organization
and activation of mounting behavior with progesterone implants reversing the
effects of castration on sexual behavior in sexually naïve male rats (Witt et al.,
1994, 1995; reviewed in Wagner, 2006).
The neuronal circuitry involved in sex hormone-mediated male-typical sexual
behavior includes sensory, integrative, and motor components. For example, in
the male rat, chemosensory information is transmitted via the main and accessory
olfactory systems to the amygdala and the bed nucleus of the stria terminalis
(BNST) which in turn project to the preoptic area (POA) - the main integrative
area of sensory stimulation. Efferent projections from the POA coordinate the act
of copulation by innervating hypothalamic, midbrain, and brain stem nuclei that
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regulate autonomic processes and motivational state. Motor output is elicited in
the form of a sensory-motor reflex pattern that includes sensory input from the
genitalia, relayed by the lumbro-sacral region of the spinal cord to the brainstem
(reviewed in Hull et al., 2002).
In all vertebrate species studies to date, lesions of the POA inhibit maletypical sexual behavior, an indication of the importance of this region in the
behavior (reviewed in Paredes, 2003). Several studies visualizing immediate early
genes such as c-fos as markers of neuronal activity indicate that the POA is
activated in response to sexual stimuli such as the presence of a female
conspecific or following exposure to the odor of an estrous female (Baum and
Everitt, 1992; Heeb and Yahr, 1996; Neal and Wade, 2007). Evidence for the
hormonal mediation of the male’s sexual behavior is reflected by AR as well as
ER expression in the POA. In addition, implantation of testosterone directly into
the POA elicits sexual behavior in castrated males (Fisher, 1956; Morgantaler and
Crews, 1978; Watson and Adkins-Regan, 1989).
Female-typical sexual behavior: Estrogen and progesterone are crucial to the
expression of receptivity in females. The sequential secretion of estradiol and
progesterone from the ovaries during the estrous cycles of rodent species results
in a period of maximal receptivity that coincides with the time of ovulation
(Feder, 1981). A receptive phenotype can be reinstated in ovariectomized females
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by administration of exogenous hormones in a pattern that mimics the natural
secretion of estradiol and progesterone (Pfaff et al., 1994), which also affects the
expression of estrogen and progesterone receptors in behaviorally relevant brain
nuclei.
Much like mounting behavior, the neural circuitry underlying receptive
behavior comprises of sensory, integrative, and motor pathways (Pfaff et al.,
1994). Sensory input from the rump, flanks and perianal region of the female are
transmitted to vestibular organs in the lower brain stem which aid in the
maintenance of posture, as well as to midbrain, hypothalamic and forebrain
regions. The ventromedial nucleus of the hypothalamus (VMN) appears to be the
final integrative area in the control of lordosis. Information transfer in terms of
neuropeptidergic transmission from the hypothalamus to the midbrain, brain stem
and spinal cord results in the motor output characterized by dorsoflexion of the
back muscles.
How hormonal signaling is translated into behavioral output at the cellular and
molecular level in brain nuclei is the subject of the following section.

Neuromodulators- a bridge between hormones and behavior.
Steroid hormone receptors were thought to only bind to their ligands in the
cytoplasm, resulting in their translocation into the nucleus, where they altered the
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transcription of genes and affected physiological processes within the cell over a
long time period. This was modified with evidence that steroid hormones can act
directly on nuclear receptors and, most recently, on membrane-bound steroid
hormone receptors exerting their action non-genomically (Razandi et al., 1999).
Common to these modes of action is the targeting of neurochemical systems in
the brain that modulate neuronal activity (Kawata, 1995). This targeting might
take the form of affecting either or both pre-synaptic and post-synaptic neurons.
Pre-synaptic effects might include, but are not limited to, altered synthesis and/or
release of the particular neuromodulator, while post-synaptic changes might
involve altered transcription, protein translation, and activity of specific receptor
sub-types that would confer an element of specificity to the hormonal
responsiveness. Empirical analyses of the hormonal responsiveness of presynaptic cells involve the measurement of neuromodulator levels using techniques
such as High Pressure Liquid Chromatography (HPLC), and in vivo microdialysis.
Effects of the hormonal environment on post-synaptic parameters are assayed by
quantifying levels of biosynthetic enzymes and receptors using in situ
hybridization, immunocytochemistry, and receptor autoradiography, in addition to
electrophysiological techniques that detect changes in neuronal activity relative to
internal physiology.
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Even though there exist a wealth of data to support a role for dopamine and
norepinephrine in male- as well as female-typical sexual behaviors, none of the
reported studies to my knowledge examine the complementarity of both behaviors
within the same individual. For example, while dopamine facilitates male-typical
sexual behavior in the male rat (reviewed in Melis and Argiolas, 1995) and
Japanese quail (Balthazart et al., 1997), no mention is made of whether the
dopaminergic system is involved in the simultaneous suppression of femaletypical receptive behaviors in that male. My dissertation investigates this
simultaneous facilitation and suppression of complementary behavioral
repertoires by examining the role played by molecules in both male- and femaletypical sexual behavior in the same individual. To begin addressing this issue,
what is needed is the examination of a particular neurotransmitter’s role in
homotypical as well as heterotypical sexual behavior.

Serotonin’s role in homotypical as well as heterotypical sexual behavior.
Broadly speaking, serotonin (5-HT) suppresses sexual behavior, exerting its
effect at both the periphery as well as within the central nervous system to play an
important role in mediating the expression of homotypical and heterotypical
sexual behavior.
1. Neuroanatomical circuitry and the serotonergic system.
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Serotonergic neurons project from the main serotonergic nuclei (the raphe
nuclei) to hypothalamic nuclei implicated in sex-typical copulatory behavior. 5HT levels are decreased in the VMN of estrous female rats at the time when
receptivity is maximal (Gundlah et al., 1998). In male rats, intra-hypothalamic
administration of 5,7-dihydroxytryptamine (a serotonergic neurotoxin) into the
VMN unmasks lordotic behavior (Moreines et al., 1988). Taken together these
data point to the fact that increased 5-HT neurotransmission at the VMN inhibits
receptive behavior, and hence, a decrease in 5-HT neurotransmission in this area
of the brain may be correlated with the onset of lordosis.
2. Implication of serotonin in reproductive behavior.
Peripheral action: Serotonergic neurotransmission appears to be critical for
normal reproductive function. Accumulating evidence suggests that patients
administered antidepressant treatments that increase serotonergic levels
commonly list sexual dysfunction (e.g., erectile dysfunction, impaired ejaculation,
and decreased libido) as side effects (Meston and Frohlich, 2000; Frohlich and
Meston, 2000; Frank et al., 2000). Fluctuating serotonin levels are also known to
be important in genital vasoconstriction and vasodilation.
Central Nervous System action: Lesioning the serotonergic system in
castrated and T-implanted male rats via the systemic administration of pCPA, a
drug that inhibits tryptophan hydroxylase (the rate-limiting step of serotonin
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biosynthesis), elicits increased mounting, intromissions and ejaculations
(Tagliamonte et al., 1969; Ahlenius et al., 1971; Del Fiacco et al., 1974). While
one study indicates that this increase in mounting behavior requires testosterone
(Sodersten and Larsson., 1976), it is contradicted by another in which exaggerated
levels of mounting in male rats in response to pCPA is shown to be independent
of circulating testosterone (Bond et al., 1972). Administration of pCPA to
castrated male rats without testosterone replacement increases mounting, as does
administration of pCPA to intact males. Castrated male rats primed with estrogen
and subjected to either surgical lesioning of serotonergic nuclei or
pharmacological depletion of serotonin levels exhibit lordosis when tested with
stimulus intact males (Yamanouchi and Arai, 1985; Moreines et al., 1988;
Kakeyama and Yamanouchi, 1992, 1993, 1994, 1997; Kakeyama et al., 2002).
An increase in receptive behavior is observed in ovariectomized, estrogenprimed female rats that have received 5,7-DHT injections into the VMN, when
tested with stimulus stud males (Frankfurt et al., 1985). In contrast, the
administration of pCPA to ovariectomized and both hormonally-primed and
unprimed female rats elicits increases in the incidence of mounting behavior when
they are tested with receptive females (Emery and Sachs, 1976; Rodriguez-Sierra
et al., 1976; Sodersten et al., 1976; van de Poll et al., 1977).
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Administration of agents that act on specific serotonin receptor subtypes
affect copulatory behavior in rats, hamsters, ferrets and rhesus monkeys
(Kishitake and Yamanouchi, 2003; Caldwell and Albers, 2002; Pomerantz et al.,
1993; Paredes et al., 1994; Uphouse, 2000). For example, neurotransmission via
the 5-HT1A receptor is involved in the lordosis-inhibiting mechanisms in female
rats and hamsters (Kishitake and Yamanouchi, 2003; Caldwell and Albers, 2002),
while 5-HT2A receptor associated signaling plays a role in the induction of
lordosis (Wolf et al., 1998). Activation of the 5-HT1A receptor in male rats
decreases intromission and ejaculation latencies (Fernandez-Guasti and Manzo,
1997; Matsuzewich et al., 1999).
In summary, it appears that 5-HT inhibits copulatory behavior in conventional
animal models. More specifically, in order to elicit receptive behavior in male
rats, estrogen is not sufficient, but when combined with loss of serotonergic
neurotransmission, estrogen-primed male rats will exhibit lordosis when mounted
by stimulus male animals. Also, lesioning the serotonin system systemically in
female rats considerably increases the incidence of heterotypical sexual behavior.
These data suggest that synergism between the circulating hormonal environment
and 5-HT may play a role in the facilitation and suppression of copulatory
behavior.
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In the above studies, the measurement of heterotypical sexual behavior in
male rats was tested using other stimulus males. Assaying for homotypical sexual
behavior of the same test males when tested with receptive stimulus females
would also have been particularly informative. A decrease in mounting behavior
accompanied by a concomitant increase in lordosis behavior would point to a
potentially de-masculinizing/feminizing effect in these male rats. Further,
assessing manipulated female rats for both their receptive behavior in response to
stimulus males, as well as mounting behavior in response to receptive females,
would provide more information on the mechanisms mediating homotypical and
heterotypical sexual behavior. In addition, the study of sex-typical reproductive
behaviors in gonochoristic systems is confounded by the contribution of sextypical genomes and sex-typical hormonal environments.
Organisms that reliably express both forms of behavior as part of their natural
histories such as hermaphroditic or parthenogenetic species, rather than
traditionally studied gonochoristic model systems that typically express only sextypical reproductive behavior (either male- or female-typical sexual behavior)
might provide insight into the mechanisms underlying sex-typical behaviors.

The parthenogenetic whiptail lizard, C. uniparens.
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Whiptail lizards (genus Cnemidophorus) exhibit simple forms of dimorphic
sexual behaviors that lend themselves to experimental investigation (first noted by
Noble and Bradley, 1933). Several species of the genus consist only of female
individuals that reproduce parthenogenetically, giving rise to clonal populations
(Conant and Collins, 2003). The presence of populations of the ancestral sexual
species from which the parthenogens descended allows for comparisons to be
made between such sexual and unisexual species pairs from an evolutionary and
mechanistic point of view. Such investigations will also shed light on the
conservation of brain mechanisms underlying the expression of behavior across
vertebrate taxa. The laboratory of Dr. David Crews has studied two such species
Cnemidophorus inornatus (sexual species) and Cnemidophorus uniparens
(unisexual species) over a span of 27 years conceptually advancing our
knowledge about the evolution of brain-behavior controlling relationships.
Members of the sexual ancestral species (C. inornatus) exhibit dimorphic
sexual behaviors with males exhibit a mounting phenotype at the time of
copulation, and females exhibiting a receptive posture to the male’s mount (Wade
et al., 1993; Rand and Crews, 1994). Previous research has shown that mounting
in the ancestral species (C. inornatus) is dependent on androgens, although some
individuals will also respond to progesterone (Crews et al., 1996). Both
gonadectomized male and female C. inornatus implanted with testosterone will
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exhibit mounting behavior when tested with receptive stimulus females (Wade et
al., 1993; Crews, 2005). The converse, however, is not true, and males cannot be
induced to exhibit receptivity to stimulus stud males; while receptivity can be
elicited from ovariectomized females after administration of estradiol (Wade et
al., 1993).
In the descendant parthenogenetic species (C. uniparens) individuals alternate
in their display of both male-like mounting (pseudocopulation) and female-like
receptivity, in synchrony with their ovarian cycle (first noted by Crews and
Fitzgerald, 1980). The absence of detectable levels of circulating androgens in
these lizards does not preclude mounting behavior, and it has been documented
that estrogen and progesterone play pivotal roles in the alternation between
female-like receptivity and male-like mounting behavior, respectively (Moore et
al., 1985). Thus, given that C. uniparens females exhibit both male- and femalelike pseudosexual behavior, their brain can be deemed functionally bisexual in its
ability to mediate both homotypical and heterotypical sexual behavior. It follows
that the expression of each behavior by this bisexual brain involves the activation
of one behavior and the simultaneous suppression of the complementary sexual
behavior. Consequently C. uniparens is an ideal system to study dynamic
interactions that balance the complementarity of sexual behavior phenotypes.
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Serotonergic modulation of pseudosexual behavior in C. uniparens as a
potential mechanism underlying behavioral complementarity.
Previous studies have revealed that dopamine (Woolley et al., 2001) and nitric
oxide (Sanderson et al., 2008) are responsive to the hormonal environment and
play important roles in male-typical sexual behavior expressed by C. uniparens.
The role played by serotonin in the mediation of homotypical as well as
heterotypical sexual behavior in several mammalian species points to the
possibility that a link might exist between the type of pseudocopulatory behavior
displayed by unisexual whiptail lizards and their serotonergic status. In other
words, serotonergic neurotransmission might allow for the switching back and
forth between the pseudosexual repertoires and allow for the facilitationsuppression cycles that are inherent in the switching. This dissertation tests the
hypothesis that 5-HT, in conjunction with the circulating hormonal environment
within specific regions of the brain and the appropriate social stimuli, underlies
these complementary behavior patterns.
Chapter Two examines the role of serotonergic neurotransmission on malelike pseudosexual behavior in hormonally-manipulated lizards via systemic
administration of drugs that either increase or decrease serotonin levels. Building
on this study, Chapter Three investigates the serotonergic modulation of both
male- and female-like pseudosexual behavior at brain loci such as the POA and
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VMN, in addition to delineating the involvement of distinct serotonergic receptor
sub-types in the mediation of pseduosexual behavior in C. uniparens, and
examines the regulation of serotonin levels, serotonin receptor mRNA levels, and
tryptophan hydroxylase immunopositive cell numbers by the hormonal milieu in
naturally-cycling as well as hormonally-manipulated animals. Conclusions and
future directions arising from this research are the subject of Chapter Four. Taken
together these experiments demonstrate that serotonin is involved in the switching
between both forms of pseudosexual behavior expressed by C. uniparens. The
responsiveness of serotonin to the endocrinological state of the animal, and the
subsequent gating of the behavioral repertoire expressed in an appropriate social
context, highlight an element of molecular parsimony that affords the system an
avenue to control both behaviors via recruitment of a single molecule.

15

Chapter Two: Serotonergic modulation of male-like pseudocopulatory
behavior in the parthenogenetic whiptail lizard, Cnemidophorus uniparens.

Introduction
Sexual behavior is a composite of male- and female-typical behavioral
repertoires including male-typical mounting and female-typical receptivity. The
mechanisms underlying both behaviors involve a complex interplay of internal
and external factors within a spatial and temporal framework. Circulating sex
steroid hormones play a pivotal role in the expression of sexual behavior and
neurotransmitters are thought to be an important link between hormones and
behavior in several species (Hull et al., 1999; Summers, 2001). However, details
of how steroid hormones and neurotransmitters interact remain poorly understood.
Among the neurotransmitters, serotonin (5-HT) is inhibitory to sexual
behavior in a variety of vertebrates (Bitran and Hull, 1987; Gorzalka et al., 1990).
Decreasing 5-HT levels via the systemic administration of a tryptophan
hydroxylase inhibitor (pCPA) increases mounting, intromission, and ejaculatory
behavior in intact male rats (Tagliamonte et al., 1969; Ahlenius et al., 1971; Del
Fiacco et al., 1974). Conversely, increasing 5-HT levels by chronic administration
of fluoxetine to adult male rats suppresses male-typical sexual behavior (Frank et
al., 2000), as does the injection of 5-HT directly into the preoptic area (POA) of
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male rats (Verma et al., 1989). Administration of pCPA to ovariectomized female
rats increases the incidence of mounting behavior when treated females are tested
with receptive females, an effect that appears to be independent of the circulating
hormonal milieu (Emery and Sachs, 1976; Rodriguez-Sierra et al., 1976;
Sodersten et al., 1976; van de Poll et al., 1977).
The unisexual whiptail lizard Cnemidophorus uniparens alternately displays
male-like pseudocopulation and female-like receptivity during the course of the
ovarian cycle (reviewed in Crews, 2005). High circulating levels of estrogen prior
to ovulation are associated with the display of receptive behavior, while the surge
in progesterone accompanied by a rapid decline in estrogen levels following
ovulation coincides with the display of male-like pseudocopulation. Although this
species does not normally secrete androgens, it retains sensitivity to androgen
from C. inornatus (its sexual ancestor), and treatment with exogenous androgen
results in individuals displaying only male-like pseudocopulatory behavior. As in
sexual vertebrate species, the POA is critical to the expression of male-like
pseudocopulation (Wade and Crews, 1991; Kingston and Crews, 1994).
Serotonin’s role in male-typical sexual behavior in female mammals suggests
that the ovarian hormonal environment might interact with the serotonergic
system to regulate male-like pseudosexual behavior in C. uniparens. Specifically,
we investigated the effect of altering 5-HT levels in hormonally manipulated
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lizards by assaying for male-like pseudosexual behavior, and measuring levels of
serotonin, dopamine, and their metabolites 5-hydroxy indoleacetic acid and 3,4dihydroxyphenylacetic

acid

in

the

POA

using

high

pressure

liquid

chromatography (HPLC). Our data suggest that 5-HT is inhibitory to male-like
pseudosexual behavior in C. uniparens and that the extent of inhibition depends
on the circulating hormonal environment. To our knowledge, this is the first study
that examines the role of 5-HT in the sexual behavior of a lizard species.

Materials and Methods
Animals
Adult C. uniparens were collected from the Sonoran desert in Arizona and
New Mexico and transported to the University of Texas at Austin in the summer
of 2005. In the laboratory, lizards were group-housed in sand-filled terraria placed
in environmentally controlled chambers as described in Woolley and Crews
(2004). All animal procedures were carried out in accordance with NIH and
IACUC guidelines on the care and use of animals. All the following experiments
were carried out in the fall of 2005.
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Behavioral testing
In both experiments, a receptive stimulus animal (ovariectomized and
estradiol-injected) was introduced into the test animal’s tank and the frequency
and latency of mounting and pseudocopulatory behavior recorded. Mounting
behavior involves climbing on the back of the stimulus animal and being aligned
along the longitudinal axis. The riding animal then assumes a characteristic
doughnut

posture

by

wrapping

itself

around

the

stimulus

animal

(pseudocopulation) (Fig. 1). In Experiment 2, animals exhibiting mounting
behavior on one out of the three days were assigned a mounting score of 0.33,
those mounting on two out of three days a score of 0.66, and animals mounting on
all days received a score of 0.99.

Tissue collection for HPLC analysis
Lizards were decapitated, brains rapidly dissected, frozen on dry ice, and
stored at -80 ˚C until the time of sectioning. Using a cryostat (Microm HM 500
OM), 200 µm coronal sections were thaw-mounted onto Superfrost Plus slides
(Erie Scientific, USA). Sections were then rapidly frozen using a cooling block
set at -20 ˚C (Physitemp Instruments Inc., USA), and the POA was dissected
using a 300 µm diameter micropunch, as per Smeets and Steinbusch (1988) and
Young et al. (1994). Tissue samples from each animal were assayed
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independently of each other and not pooled. The punched tissue was stored in icecold 70 µl homogenization solution [a mixture of 60 µl homogenization buffer:
0.1M Perchloric acid (Sigma-Aldrich) containing 347 µM sodium bisulphate
(Sigma-Aldrich) and 134 µM EDTA disodium salt (Fluka, USA), and 10 µl of
100 nM Epinine- internal standard; Sigma-Aldrich]. Tissue samples in
homogenization solution were frozen at -80 ˚C overnight and thawed after 24
hours. The thawed samples were centrifuged at 14,000 rpm at 4 ˚C for 20
minutes, after which the supernatant was collected and used for HPLC analysis.
Protein content in the resulting pellet was determined by re-suspending and
agitating the pellet in 45 µl ice-cold 0.3N NaOH for 24 hours at 4 ˚C, and
carrying out a modified Bradford assay thereafter (Pierce Biotechnology Inc.,
USA).

HPLC Analysis
Levels of serotonin, dopamine (DA), and their metabolites 5-hydroxy
indoleacetic acid (5-HIAA) and 3,4-dihydroxyphenylacetic acid (DOPAC) in the
POA were determined by HPLC-EC using modifications of Bai et al., (1999) with
the assistance of Dr. Herng-Hsiang Lo in the CRED Analytical Instrumentation
Facility Core (UT-Austin). In brief, 50 µl of sample was injected into an HPLC
system that comprised a Shimadzu SCL-10A system controller, LC-10AD pump,
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an SIL-10A auto-sampler (Shimadzu, Columbia, MD), and coupled with a fourchannel CoulArray electrochemical detector (ESA, Chelmsford, MA).

The

isocratic mobile phase contained 4 mM citric acid, 8 mM ammonium acetate, 120
µM 1-octanesulfonic acid sodium salt, 60 µM EDTA disodium in water and 5%
MeOH, pH 3.5.

The flow rate of the mobile phase remained at 1 ml/min.

Separation was achieved by a 4.6 mm x 80 mm reverse-phase HR-80, 3 µm
particle size column (ESA, Chelmsford, MA).

The potential of channels 1

through 4 of CoulArray was set at -50, 0, 300, and 400 mV, respectively. Peak
area (nC) of 5-HT, 5-HIAA, DA and DOPAC at the corresponding retention time
on the chromatogram resulted from 300 mV, and was used to quantify the amount
based on the standard curve of each neurotransmitter. Recovery of internal
standard was consistently high across all experimental runs (95%-100%) making
it unnecessary to correct for recovery of internal standard. Levels of 5-HT, 5HIAA, DA and DOPAC in the POA were expressed as pg/µg of protein in the
microdissected tissue extract.
Neurotransmitter

activity can be

estimated

using a

ratio

of

the

neurotransmitter to catabolite (e.g. 5-HIAA/5-HT) taking into account the
synthesis and catabolism of the system. However, in some cases (as in the data
reported), such estimation might not be accurate since administration of a drug
may cause decreased synthesis as well as catabolism, leading to decreases in both
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neurotransmitter as well as catabolite levels. Such a scenario results in no
difference in neurotransmitter to catabolite ratio even though profound changes in
neurotransmitter dynamics have occurred. We have thus represented our data as
levels of neurotransmitter and catabolite independently, and not as a ratio of these
two entities.

Statistical analysis
SPSS v12.0 for Windows was used for all statistical analysis with significance
set at p < 0.05, and Tukey post-hoc analysis conducted where appropriate. For
Experiment 1, multivariate ANOVAs were used to test the effect of treatment
(VEH or DRUG) on serotonin and dopamine levels within the POA, with separate
analyses run on the SAME DAY and NEXT DAY groups. Since the latencies to
mount did not follow normal distributions, the non-parametric Mann-Whitney test
was used to analyze the effect of vehicle and drug treatment on the latency to
mount in the SAME DAY and NEXT DAY groups of animals. In Experiment 2,
within each hormone group, the effect of treatment (Saline, pCPA, Recovery) on
mounting score, 5-HT, 5-HIAA, DA and DOPAC levels in the POA were
statistically analyzed using a multivariate ANOVA. To assess for an interaction
effect between treatment and hormone on mounting score, 5-HT, 5-HIAA, DA
and DOPAC levels in the POA, a combined multivariate ANOVA (time-point x
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hormone)

with

all

the

hormones

was

used.

The

Grubbs

test

(http://www.graphpad.com/calculators/GrubbsHowTo.cfm) was used to identify
outliers; only one value for 5-HT in the OVX+E Recovery time-point
(Experiment 2) qualified, and was excluded from analysis.

Experiment 1: Effect of increasing serotonin levels in the POA of androgenized
C. uniparens using clorgyline and 5-HTP.
Adult C. uniparens were ovariectomized and implanted with a 12 mm Silastic
capsule (Helix Medical Inc., USA) containing testosterone (n = 16). Fourteen
days later, animals were tested for male-like pseudocopulation on three
consecutive days (Baseline tests) (Fig. 2, upper panel). All animals rapidly
mounted and pseudocopulated on all test days upon introduction of the receptive
stimulus animal, a finding supported by extensive previous research (Crews,
2005). One day after the baseline tests, animals were injected i.p. with either
Vehicle (VEH) (DMSO + 0.9% saline) (n = 8), or a combination of the
monoamine oxidase inhibitor, Clorgyline (0.3 mg/kg; Sigma-Aldrich, USA), and
the precursor of serotonin, 5-hydroxytryptophan (5-HTP) (20 mg/kg; SigmaAldrich, USA) (DRUG; n = 8) following a paradigm outlined by Shioda et al.
(2004). Ninety minutes after the injection, animals were tested and the latency to
mount a receptive stimulus lizard noted. Four animals from each group (VEH, n =
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4; DRUG, n = 4) were sacrificed 20 minutes after the behavioral test (SAME
DAY group) and brains set aside for HPLC. The next day, in order to control for
order effects and to test the transience of serotonergic modulation of male-like
pseudosexual behavior, animals that had been injected with VEH the day before
were injected with DRUG (VEH-DRUG, n = 4), and vice versa (DRUG-VEH, n
= 4). Once again, the injected animals were tested for male-like pseudocopulation
90 minutes after the injection and the latency to mount noted. These lizards were
then sacrificed for the purpose of HPLC 20 minutes after their behavioral test
(NEXT DAY group).

Experiment 2: Effect of decreasing serotonin levels in the POA via injection of
pCPA.
Animals were ovariectomized and implanted with either a 12 mm blank
Silastic capsule (n = 15, OVX+Bl), one packed with progesterone (n = 15,
OVX+P) or packed with testosterone (n = 15, OVX+T); all hormones were
purchased from Sigma-Aldrich, USA. The extremely low survival rate of animals
implanted with estradiol benzoate (EB) precludes an implanted OVX+E group
from being generated. Instead, another 15 adults were ovariectomized and not
implanted but administered i.p. injections of 0.5 µg EB twice a week (n = 15,
OVX+E). This paradigm has yielded receptive animals in the past and is used as a
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read-out of estrogen being the predominant hormone in circulation (Young and
Crews, 1995). All hormonal manipulations yield physiological concentrations of
circulating hormones (Lindzey and Crews, 1986). Animals were housed in
isolation and allowed a 6 day recovery period. Each hormonal group was run
through the experimental design at the same time (Fig. 2, lower panel) with all
behavioral observations recorded and video clips analyzed later. All animals were
administered 0.9% saline (i.p.) for four days and assayed for male-like mounting
behavior on the last three days of saline injection. Five animals from each group
were then sacrificed for neurochemical analysis (Saline time-point). The
remaining ten lizards were injected i.p. with a tryptophan hydroxylase inhibitor
para-chlorophenylalanine (pCPA) (100 mg/kg) for four days and scored for malelike mounting behavior for three consecutive days starting the day after the last
pCPA injection. Five animals representing the OVX+Bl, OVX+P and OVX+E
groups, and ten animals from the OVX+T group were sacrificed to conduct HPLC
analysis (pCPA time-point). Twenty-seven days after the last pCPA injection, the
five remaining lizards from the OVX+Bl, OVX+P and OVX+E groups were
tested for male-like mounting behavior on three consecutive days (Recovery timepoint), and then sacrificed for HPLC analysis.
The OVX+Bl group served as a negative control, as ovariectomy abolishes
pseudosexual behavior, while OVX+T animals served as positive controls. A
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third control group consisted of OVX+T animals (n = 10) sacrificed at the pCPA
time-point to distinguish between the serotonergic mediation of the behavior and
the role of previous experience. Also, it might be argued that the OVX+T animals
at the pCPA time-point had more T in circulation since they were implanted for
seven days longer than the saline group and that this increase in T level might be
related to any behavior observed at the pCPA time point. Although we cannot rule
out this possibility, circulating hormone levels in animals receiving Silastic
capsules have been shown to plateau after a few days, and no relationship exists
between differing testosterone levels brought about by implantation of various
lengths of Silastic capsules and sexual behavior in the rat (Johnston and
Davidson, 1979; Damassa et al., 1977).
All animals were sacrificed two hours after the last testing period. This
injection and testing paradigm was based on rat studies that showed significant
depletion of serotonin levels after four daily injections of pCPA, and a return to
baseline levels after approximately three weeks (Koe and Weissman, 1966).
In both experiments, all animals ate a live cricket following behavior tests, an
indication that motivational and motor systems were unaffected by any
pharmacological manipulation.
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Results
Increased 5-HT level within the POA correlates with suppression of male-like
pseudocopulation (Experiment 1).
The combination drug regimen consisting of 5-HTP and clorgyline increased
the latency of drug-injected animals to mount a receptive stimulus animal. This
increase was accompanied by elevated 5-HT and 5-HIAA levels, while DA and
DOPAC levels were unchanged (Table 1, Fig. 3).
SAME DAY group: All lizards injected with drug took significantly longer to
mount when compared to vehicle-injected controls (p < 0.001), and also had
significantly higher levels of 5-HT and 5-HIAA in the POA.
NEXT DAY group: The latency to mount was not significantly different
between the DRUG-VEH and VEH-DRUG-injected group (p > 0.05), nor was
there a significant difference in 5-HT levels within the POA. 5-HIAA levels were
significantly higher in the VEH-DRUG group compared to DRUG-VEH animals.
There was a positive relationship between 5-HT level in the POA and latency
to mount (Fig. 4).
DA and DOPAC levels in the POA were not significantly different between
drug-and vehicle-injected animals in either group (p > 0.05).
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Facilitation of male-like mounting in ovariectomized, hormonally implanted
C. uniparens after the administration of pCPA (Experiment 2).
Male-like mounting behavior was increased significantly after pCPA
administration to OVX+Bl and OVX+T lizards (Fig. 5). In OVX+Bl animals,
male-like mounting behavior was significantly enhanced in pCPA-treated
animals. The OVX+T animals injected with pCPA showed significantly more
mounting behavior than the Saline-treated lizards. No significant differences in
mounting behavior between animals at any of the time-points were noted in the
OVX+P and OVX+E groups.

Differences in baseline 5-HT and DA levels in the POA of hormonally
manipulated C. uniparens (Experiment 2).
There was a significant effect of the different hormonal regimens on 5-HT
levels within the POA at a baseline state (Saline time-point) (F3,16 = 5.40, p <
0.01). Post-hoc analysis of these data indicates that 5-HT levels in the POA of
OVX+Bl animals were significantly greater than levels in the OVX+T group (p =
0.006) (Fig. 6). 5-HT levels in the POA of OVX+P and OVX+E were
intermediate compared to OVX+Bl and OVX+T animals (p > 0.05). There was no
difference in DA levels in the POA between any of the hormonally manipulated
lizards at the saline time-point (p > 0.05) (Fig. 7).
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Alterations in 5-HT, 5-HIAA, DA and DOPAC levels across time-points of
the pCPA regimen (Experiment 2).
Administration of pCPA significantly decreased 5-HT levels within the POA
in OVX+Bl, OVX+P, OVX+E and OVX+T groups when compared to Salinetreated animals (Fig. 6). 5-HT levels in the OVX+E group at the pCPA time-point
were also significantly different from those at the Recovery time-point.
5-HIAA levels were significantly decreased at the pCPA time-point compared
to the Saline and Recovery time-points in OVX+Bl, OVX+P, OVX+E, and
OVX+T animals (Fig. 6).
DA and DOPAC levels at all time-points across all hormonal regimens were
not significantly different from each other in the POA (p > 0.05) (Fig. 7).

Discussion
We have demonstrated that increasing 5-HT levels inhibited male-like
pseudosexual behavior in the parthenogenetic whiptail lizard C. uniparens
(Experiment 1). Decreasing 5-HT levels using pCPA facilitated male-like
mounting, an effect influenced by hormone treatment (Experiment 2). Significant
alterations in 5-HT and 5-HIAA levels in the POA accompanied the expression or
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lack thereof of male-like pseudosexual behavior, respectively, without any
concomitant changes in DA and DOPAC levels.
A study in rodents indicating that an increase in male mounting behavior after
decreasing 5-HT levels using pCPA requires testosterone (Sodersten and Larsson,
1976) is contradicted by another that shows male hypersexuality in response to
pCPA to be independent of circulating testosterone (Bond et al., 1972). The
observation of male-like mounting in pCPA-injected OVX+Bl lizards suggests
that 5-HT does indeed act independently to regulate the expression of male-like
pseudosexual behavior with the hormonal environment modulating the nature of
this regulation, as observed in the OVX+T, OVX+P and OVX+E groups.
Specificity of the hormonal dependence of pseudosexual behavior in C.
uniparens is illustrated by androgen-treated lizards exhibiting male-like
pseudocopulation (Experiment 1) and estradiol-injected animals displaying
female-like

receptivity

(Experiment

2).

The

absence

of

male-like

pseudocopulatory behavior by OVX+P animals might be due to the need for a
decrease in levels of estrogen to accompany an increase in progesterone levels (as
observed in naturally cycling animals), a hormonal profile not achieved by
implanting animals in the OVX+P group with only progesterone. In addition, in
Experiment 2 only a week followed the hormone implantation prior to testing and
this is insufficient time for the activation of male-like pseudosexual behavior.
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The suppression of male-like mounting behavior in testosterone-treated C.
uniparens by increasing 5-HT levels in the POA, suggests that, as in other
vertebrates studied, 5-HT is inhibitory to male-like pseudosexual behavior and
acts in the POA to exert this inhibitory effect, thereby pointing towards an
evolutionarily conserved neurochemical pathway that regulates male sexual
behavior. Data from animals injected with 5-HTP/clorgyline suggest that since 5HT levels in the POA of DRUG-VEH animals were still elevated relative to
baseline levels, increased mount latencies comparable to those observed in VEHDRUG animals were noted.
Although 5-HT levels in the POA decreased after pCPA treatment in all
treated animals, mounting frequency significantly increased only in the OVX+Bl
and OVX+T animals. This observation indicates differential control of male-like
pseudosexual behavior in C. uniparens by the circulating hormonal environment.
One possible explanation is that factors other than 5-HT are involved in the
inhibition of male-like pseudocopulation in progesterone- or estrogen-treated
animals, and hence relieving only the serotonergic inhibition is insufficient to
elicit the behavioral pattern in these cohorts. Interestingly, administration of the
D1 receptor agonist SKF 81927 facilitates male-like mounting behavior in
estrogen-injected C. uniparens (Woolley et al. 2001). In the present study no
differences in dopaminergic activity as measured by DA and DOPAC levels were
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observed in any of the hormonal groups. Thus it may be that 5-HT plays a central
role in the male-like pseudosexual behavior expressed by OVX+T lizards, while
the dopaminergic system needs to be recruited for the expression of behavior in
OVX+E and OVX+P animals.
The POA serves as an integrative area for exogenous and endogenous stimuli
regulating the expression of male-typical copulatory behavior across vertebrates
(Beach, 1967; Friedman and Crews, 1985; Hull et al., 2002). In C. uniparens,
male-like pseudocopulation is mediated by the POA (Wade and Crews, 1991;
Kingston and Crews, 1994). A correlation between neuronal activity within the
POA and male-like pseudocopulation (Rand and Crews, 1994; Sakata et al.,
2002a) makes it plausible to suggest that alterations in the neurochemical milieu
within the POA may have profound effects on male-like pseudocopulation.
Interactions between neurotransmitter systems are reported to influence the
expression of stereotypical sexual behavior across several species (FernandezGuasti et al., 1986; Cornil et al., 2005). Testosterone acting at the level of the
POA is thought to “gate” male-typical copulatory behavior by increasing
extracellular dopamine in this region (Dominguez and Hull, 2005). Successful
copulatory behavior is also correlated with an increase in extracellular dopamine
in the nucleus accumbens, which in turn is regulated by serotonin levels in the
hypothalamus (Lorrain et al., 1999). In the present study, the hormonal
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environment did not influence baseline DA levels in the POA. In addition, no
alterations in DA and DOPAC levels were observed in the POA of lizards
expressing male-like mounting behavior, and it seems that the 5-HT system does
not affect stored DA levels to elicit behavioral changes. Noradrenergic
neurotransmission in the POA is known to be involved in male sexual behavior
(Mallick et al., 1996), and norepinephrine and serotonin interact to influence
sexual behavior in the male rat (Fernandez-Guasti et al., 1986). Experiments
addressing this issue of independence or interaction between the serotonergic,
dopaminergic and noradrenergic systems and their respective roles in
pseudosexual behavior in C. uniparens are in progress.
Although little is known about 5-HT levels in the POA under the influence of
androgen, 5-HT synthesizing raphe neurons projecting to hypothalamic nuclei are
known to express receptors for ovarian steroid hormones (reviewed in Bethea et
al., 2002). This provides a mechanism by which ovarian hormonal environments
might regulate 5-HT levels. For example, hypothalamic serotonin levels have
been shown to be lower in estrous female rats than in intact male rats (Gundlah et
al., 1998). Microdialysis studies indicate that decreases in 5-HT levels in the
VMN after sequential treatment with estrogen and progesterone coincide with
periods of maximal lordosis (Farmer etal., 1996; Glaser etal., 1983). Thus, we
propose that different steroid hormones might regulate the serotonergic system
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that in turn establishes thresholds for the expression of male-like pseudosexual
behavior, thereby “gating” the expression of behavioral repertoires. This
interpretation is supported by our finding that expression of male-like
pseudosexual behavior is the result of disinhibition by 5-HT at the POA. At
baseline (saline time-point; Figure 6), OVX+Bl animals have significantly higher
5-HT levels in the POA than do OVX+T animals. Thus, the administration of T
disinhibits the effect of serotonin on male-like pseudosexual behavior to a greater
extent relative to that seen in blank-implanted animals. This suggests that the
degree of disinhibition necessary to elicit a behavioral response will be different
for different hormones.
According to this model, the degree of inhibition exerted at the level of the
POA by 5-HT prior to administration of pCPA (saline time-point), and the extent
of disinhibition following pCPA administration, depends upon the nature and
amount of steroid hormones in circulation. 5-HT levels in the POA of pCPAinjected blank and hormone-treated ovariectomized lizards were reduced
compared to baseline levels in the following order: Bl > E = P > T. Such
differences in baseline 5-HT levels might explain why a smaller reduction in 5HT levels is sufficient to produce an increase in mounting scores in OVX+T
lizards, while a greater decrease is required to produce a similar mounting score in
OVX+Bl animals. The reductions in 5-HT levels from baseline in the OVX+E

34

and OVX+P groups may not result in disinhibition to the extent achieved in the
OVX+Bl group as evidenced by their lack of mounting. Modulation of 5-HT
levels might be only one of many ways that the 5-HT system establishes
behavioral thresholds. For example, several serotonin receptor sub-types are
expressed in the brain of the green anole, Anolis carolinensis (Baxter, 2001; Clark
and Baxter, 2000; Baxter et al., 2001).
The complementarity of serotonergic manipulation coupled with the
contrasting patterns of behavior (suppression with increases, and facilitation with
decreases in 5-HT levels) indicates that serotonergic activity in the POA is a
major factor in androgen-induced male-like pseudocopulatory behavior exhibited
by C. uniparens. This suggests that the mechanism of androgen action on maletypical mounting behavior might be evolutionarily conserved across a wide array
of vertebrate taxa. We have discussed the inhibition of male-like pseudosexual
behavior by 5-HT within the POA in C. uniparens, in addition to proposing that
the specific endocrine context modulates the serotonergic system in the POA,
which in turn establishes thresholds to enable the “gating” of male-like
pseudosexual behavior. Future studies of the interaction between the serotonergic
system and gonadal hormones, as well as the interactions between different
neurotransmitter systems in brain nuclei of C. uniparens might allow us to
integrate neuronal circuits and complementary behavioral patterns, providing
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insight into how the neurochemical milieu acts at different nuclei to mediate
behavioral repertoires.
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Chapter Three: Molecular Parsimony Governing Pseudosexual Behavior in a
Parthenogenetic Whiptail Lizard, Cnemidophorus uniparens.

Introduction.
Typically, mounting and receptivity are sexually dimorphic behaviors, with
males mounting receptive females. However, the observation of heterotypical
behaviors in both sexes indicates that the brain retains its bisexuality in adulthood
(Beach, 1938). The facilitation of one behavioral pattern accompanied by the
simultaneous suppression of its complement indicates some form of gating. While
the neurobiology underlying homotypical sexual behaviors is well studied, less is
known about mechanisms governing heterotypical behaviors, primarily because
most research is conducted in a sex-typical manner; that is, males are tested with
receptive females, and vice versa. Examination of the gating of sexually
differentiated states in the same individual necessitate behavioral analysis of
organisms wherein the simultaneous expression and suppression of these
complementary behaviors are part of their natural history, such as such as
parthenogenetic, and hermaphroditic species (Crews, 1993; Bass and Grober,
2001) wherein a bisexual brain mediates both homotypical and heterotypical
behaviors that are gated in some manner.
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The all-female desert-grassland whiptail lizard, Cnemidophorus (Aspidoscelis)
uniparens, reproduces by obligate parthenogenesis and consists of a single clone
throughout its range (Conant and Collins, 2003). Although males are lacking,
individuals engage in pseudosexual behaviors that are identical to the courtship
and copulatory behavior of closely related sexual species (Crews and Fitzgerald,
1980; Crews, 2005). Individual lizards exhibit a female-like receptive phenotype
prior to ovulation, switching to a male-like pseudocopulatory phenotype
following ovulation. These ovarian and behavioral states are correlated with high
levels of estrogen before ovulation, and high progesterone levels during the
postovulatory state.
Although androgens are undetectable in circulation throughout the breeding
season, C. uniparens are sensitive to exogenous androgen (Crews et al., 1986).
Ovariectomized

animals

will

not

display

pseudosexual

behavior,

but

administration of exogenous testosterone (T) causes individuals to display robust
male-like pseudocopulation, while exogenous estrogen (E) induces female-like
receptivity. This hormonal specificity also extends to the brain with intracranial
implantation of T into the POA inducing mounting behavior, while E implantation
into the VMN elicits receptivity (Wade and Crews, 1991; Kingston and Crews,
1994; Rand and Crews, 1994; Wennstrom et al., 1999). Neither T implanted into
the VMN, nor E into the POA, will elicit female- or male-like pseudosexual
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behaviors respectively. Hence, pseudosexual behaviors are both steroid hormonedependent and brain nuclei-specific.
Neurotransmitters are important links between steroid hormones and behavior
(Hull et al., 1999). Serotonin is involved in a variety of physiological processes
such as aggression, sleep and sexual behavior. In this chapter, I focus on
serotonin’s role in the pseudosexual behavior expressed by C. uniparens. In C.
uniparens, pharmacologically increasing 5-HT levels inhibits male-like
pseudosexual behavior in androgen-implanted lizards, while decreases in 5-HT
levels are correlated with an increased incidence of mounting (Dias and Crews,
2006). My current findings suggest that serotonergic neurotransmission modulates
the expression of one behavior while simultaneously suppressing its complement,
and vice versa. This molecular parsimony, the use of the same molecule to
balance complementary behavioral repertoires within the same individual, sheds
light on how homotypical and heterotypical behaviors are controlled in
vertebrates.

Materials and Methods.
Animals
Adult C. uniparens were collected in the Sonoran desert in Arizona and New
Mexico and transported to the University of Texas at Austin in the summers of
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2006 and 2007. In the laboratory, lizards were group-housed in sand-filled terraria
placed in environmentally controlled chambers as described in Woolley and
Crews (2004). All animal procedures were carried out in accordance with NIH
and IACUC guidelines on the care and use of animals. All the following
experiments were carried out between June 2006 and August 2007.

Behavioral testing
In all experiments, animals were tested for both male-like pseudocopulation
and female-like receptivity. To test for male-like pseudocopulation, a receptive
stimulus animal (ovariectomized and estradiol-injected) was introduced into the
test animal’s tank and the time taken by the experimental animal to mount the
stimulus animal was recorded (latency to mount). Mounting behavior involves
climbing on the back of the stimulus animal and being aligned along the
longitudinal axis. The riding animal then assumes a characteristic doughnut
posture by wrapping itself around the stimulus animal (pseudocopulation).
Female-like receptivity was tested by introducing the experimental animal into the
tank of an ovariectomized and testosterone-implanted stimulus animal that had
previously shown robust male-like pseudocopulation. The experimental animal
was characterized as being receptive (allowed stimulus animal to mount with no
resistance) or non-receptive (showed resistance to being mounted by biting or
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fleeing from the stimulus animal). All animals were also tested for general
motivation and locomotor activity by recording the number of steps taken in one
minute, movement while chased by the experimenter’s hand, and the latency to
seize a live, moving cricket. Non-reproductive behaviors were not affected in any
of the reported experiments, with the effects being specific to pseudosexual
behavior.

Naturally cycling animals and hormonal manipulations
Preovulatory and postovulatory ovarian states were determined by abdominal
palpation. Female-like receptivity was then tested by introducing the experimental
animal into the tank of an ovariectomized and testosterone-implanted stimulus
animal that had previously shown robust male-like pseudocopulation. In addition,
ovarian morphology was noted after sacrificing the experimental animal. All
preovulatory animals were characterized by the presence of developing follicles
and a receptive phenotype, while postovulatory animals had corpora lutea and
were non-receptive.
In the hormonally manipulated conditions, adult C. uniparens were
ovariectomized and implanted with a 12 mm Silastic capsule packed with
testosterone. Independent cohorts of animals were ovariectomized and not
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implanted but administered i.p. injections of 0.5 µg estradiol benzoate (EB) on
three consecutive days six days after ovariectomy (OVX+E).

Tryptophan hydroxylase immunocytochemistry (TrpH ICC)
Methods for tryptophan hydroxylase (TrpH) immunocytochemistry and
quantification were similar to tyrosine hydroxylase immunocytochemistry
described previously in Dias et al. (2007). Briefly, TrpH-immunopositive cells in
the whiptail brain were stained using the following immunohistochemical
protocol with all steps being carried out at room temperature. Slides containing
whiptail brain tissue were removed from -80 ºC and allowed to dry completely.
They were then immersed in 4% PFA for 10 minutes, and washed twice in 1X
PBS for 5 minutes. To block endogenous peroxidase activity, the sections were
exposed to 0.3% hydrogen peroxide in 1X PBS for 20 minutes and washed twice
in 1X PBS for 5 minutes. Antigen retrieval was accomplished by incubation in
1% sodium borohydride in 1X PBS for 20 minutes, and 1X PBS was used to wash
off the excess sodium borohydride. A blocking step using 4% normal goat serum,
0.3% TritonX-100 and 1X PBS was carried out for one hour to prevent nonspecific binding. Sections were then incubated for two days with a primary
antibody solution that contained 2% normal goat serum, 0.3% TritonX-100, 1X
PBS and a sheep polyclonal antibody that detects TrpH (Chemicon International,
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USA; AB1541; 1:250). After washing with 1X PBS, the slides were incubated for
two hours with a secondary antibody solution that contained 2% normal goat
serum, 0.3% TritonX-100, 1X PBS and biotinylated goat anti-sheep antiobody
(Vector Laboratories, USA; 1:200), followed by one hour exposure to horseradish
peroxidase-conjugated Avidin-Biotin complex (Vector Laboratories, USA).
TrpH-immunoreactive cells were visualized using the DAB substrate kit (Vector
Laboratories, USA). Sections incubated in the absence of a primary antibody
served as controls and resulted in no staining of TrpH-immunopositive cells.

Cell number quantitation
The optical fractionator module of StereoInvestigator software
(Microbrightfield Inc., USA) was used as an unbiased estimator of TrpHimmunopositive cells in the VTA of the adult gecko. The POA, and VMN were
outlined as per Smeets and Steinbusch (1988), and TrpH-immunoreactive cells
were counted from four sections per brain. Cells were counted in sample frames
placed at fixed stepping distances within the outlined region using the 40X
objective on a Zeiss microscope. Total cell number was calculated using a
formula enumerated in West et al. (1991).

Cloning of C. uniparens 5-HT1A and 5-HT2A receptors, and in situ hybridization
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Total RNA extracted from the C. uniparens brain using Trizol reagent
(Invitrogen Corp., CA, USA) was reverse transcribed using the first strand cDNA
synthesis kit (Invitrogen Corp., CA, USA) and oligo (dT) primers. A 155 bp
fragment of C. uniparens 5-HT2A receptor (Genbank Accession Number:
EF628369), and a 77 bp fragment of the 5-HT1A receptor (Genbank Accession
Number: EF628370) were cloned from this cDNA using a nested primer design
and two rounds of Polymerase Chain Reaction (PCR). The following primers
obtained from IDT (IA, USA) were used in the PCRs: 5-HT2A; Outer primer pair:
5’- GACATGCTGCTGGGCTTCYTNGTNATGCC- 3’, 5’ –
CACCATGATGGTCAGGGGNAYRAARAA- 3’; Inner primer pair: 5’ –
TGGGCATCTCCATGCCNATHCCNGT- 3’, 5’ –
CACCATGATGGTCAGGGGNAYRAARAA- 3’. 5-HT1A; Outer primer pair: 5’
– CTGCAGAACGTGGCCAAYTAYYTNAT- 3’, 5’ –
ACAGGATGAAGGTGCCCATDATDAT- 3’; Inner primer pair: 5’ –
CTGGACCGGTACTGGGCNATHAC- 3’, 5’ –
ACAGGATGAAGGTGCCCATDATDAT- 3’.
In situ hybridization was conducted as per Dias et al. (2003) using riboprobes
specific to the 5-HT1A and 5-HT2A receptors (Fig. 10). Briefly, 20 µm coronal
sections were sectioned on a cryostat and thaw mounted on Superfrost Plus
Slides. Slides were then fixed in 4% paraformaldehyde, acetylated and dehydrated
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prior to storage at -80 °C. Riboprobes specific to the lizard 5-HT1A and 5-HT2A
receptors were transcribed from inserts ligated into the TOPO PCRII vector
(Invitrogen Inc.) using T7 and SP6 RNA polymerases. All cRNA probes were
transcribed using 35S-labeled UTP. Slides were incubated for 16–18 h at 55 °C
with hybridization buffer (50% formamide, 1X SSC, 25X Denhardts solution, 40
mM dithiothreitol, 150 µg/ml yeast tRNA, 10% dextran sulphate, 400 µg/ml
salmon sperm DNA) and 35S-UTP labeled exon-specific riboprobes at a
concentration of 1x 106 cpm/150 ul. After hybridization, the tissue was washed in
4X SSC at 60 °C, treated with RNase A (20 µg/ml) at 45 °C for 30 min, followed
by stringent washes in decreasing concentrations of SSC with a final wash in 0.5X
SSC at 60 °C. Slides were air dried and exposed to BioMAX-MR (Kodak, Inc.)
for 2 weeks. Sense riboprobes did not yield significant hybridization confirming
the specificity of the signal observed with the antisense riboprobes. 5-HT1A and 5HT2A receptor mRNA levels were analyzed using Scion Image (Scion, USA) after
performing in situ hybridization. To correct for non-linearity, 14C standards were
used for calibration purposes. Optical density measurements were obtained from
both sides of 3-4 individual sections from each animal after the specific regions
were outlined.

Statistical analyses
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All statistical analysis was conducted using SPSS v12.0 for Windows with
significance set at p < 0.05. Analyses for individual experiments are outlined in
the main text.

Results.
Neurochemical levels in naturally-cycling and hormonally-manipulated C.
uniparens.
Postovulatory animals (n = 5) had significantly lower 5-HT (serotonin) and 5HIAA (5-hydroxyindole acetic acid) levels than preovulatory animals (n = 4) in
the POA (5-HT: F1,8 = 7.538, p < 0.05; 5-HIAA: F1,8 = 8.343, p < 0.05) (Fig. 8a,
8c). No significant differences in 5-HT and 5-HIAA levels were observed in the
VMN across ovarian states. DA (dopamine) and DOPAC (3-dihydroxy phenyl
acetic acid) levels were not significantly different between preovulatory and
postovulatory animals in any of the regions examined (DA: p = 0.448, DOPAC: p
= 0.150).
There was a significant effect of hormonal manipulation on 5-HT and 5-HIAA
levels, but not on DA and DOPAC levels. OVX+T (n = 5) animals had
significantly lower 5-HT and 5-HIAA levels than OVX+E (n = 4) animals in the
POA (5-HT: F1,8 = 8.61, p < 0.01; 5-HIAA: F1,8 = 7.87, p < 0.05) (Fig. 8b, 8d).
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No significant differences were observed in the VMN (5-HT: p > 0.05; 5-HIAA: p
= 0.07).
Having established a correlation between serotonin and the hormonal
environment in both naturally-cycling and hormonally-manipulated animals, I
proceeded to investigate the underlying neurochemical specificity and molecular
mechanisms by which the hormonal milieu and the serotonergic system might
interact. Tryptophan hydroxylase immunocytochemistry (TrpH ICC) (Fig. 9a) did
not reveal any differences in the number of serotonin-synthesizing TrpH
immunoreactive cell numbers in the POA or VMN of either the naturally-cycling
(Postovulatory, n = 8; Preovulatory, n = 7) or hormonally-manipulated animals
(OVX+T, n = 7; OVX+E, n = 5) (Fig. 10). This indicated that the differences in
serotonin levels were not due to differences in quantity of TrpH immunoreactive
cells.

5-HT receptor sub-type mRNA expression in brain nuclei of naturallycycling and hormonally-manipulated C. uniparens.
Preovulatory animals have less 5-HT1A mRNA in the POA as compared to
postovulatory lizards (F1,14 = 5.370, p < 0.05) (Fig. 9b,c and Fig. 11a). Similar
levels were measured in the CxD and VMN across the ovarian cycle. 5-HT2A
mRNA levels in the VMN were significantly lower in the preovulatory group
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compared to postovulatory animals (F1,14 = 5.372, p < 0.05) (Fig. 11c) . Levels in
the POA and CxD were unchanged across both groups.
5-HT1A mRNA in the POA of OVX+T-implanted lizards tended to be greater
than that found in OVX+E-injected animals (F1,11 = 4.594, p = 0.06) (Fig. 11b).
Similar levels were measured in the CxD and VMN across both hormonal groups.
5-HT2A mRNA levels in the POA were greater in OVX+T-implanted lizards
compared to OVX+E-injected animals (F1,11 = 4.760, p = 0.05) (Fig. 11d). In the
VMN, 5-HT2A mRNA levels were significantly lower in the OVX+E-injected
group compared to OVX+T-implanted animals (F1,11 = 5.815, p < 0.05). Levels in
the CxD were unchanged across both groups.

Effect of intracranial injection of serotonin into the POA and VMN.
There was a significant interaction between treatment (saline or 5-HT) and
placement (within or outside the POA) on the latency to mount a stimulus
receptive animal by OVX+T-implanted lizards (F1,24 = 9.967, p < 0.01) (Fig. 12b).
Tukey post hoc analysis indicated that animals injected with 5-HT into the POA
took significantly longer to mount the stimulus animals compared to all other
groups (p < 0.01). No other significant differences between groups were noted.
None

of

the

test

animals

expressed

female-like

receptivity.

Further,

intraperitoneal injection of methysergide (a broad 5-HT receptor antagonist) one
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hour prior to intracranial injection of serotonin, prevented the suppression of
male-like pseudocopulation in 4 out of 4 OVX+T animals.
Intracranial injection (saline or 5-HT) was a significant predictor of
receptivity in OVX+E animals after the injection with receptivity being
suppressed in a greater percentage of 5-HT injected animals compared to salineinjected controls (X2 = 11.255, p < 0.01; binary logistic regression with treatment,
placement and treatment x placement interaction as predictors of receptivity) (Fig.
13b). Examination of the data indicates that receptivity is suppressed by 5-HT
injection into the VMN and not outside this brain nucleus. Male-like
pseudocopulation was not exhibited by any of the animals.

Effect of a 5-HT1A receptor agonist (8-OH-DPAT) on pseudosexual behavior.
A significant effect of the interaction between time (0, 20, 45 minutes after
injection) and treatment (saline or DPAT) on the latency to mount stimulus
receptive females was detected using a split plot ANOVA (F2,32 = 649.68, p <
0.001) (Fig. 14). Tukey post hoc analysis indicated that OVX+T-implanted
animals injected with DPAT took significantly longer to mount the stimulus
animals 20 minutes after drug administration compared to all other groups (p <
0.001). No other significant differences between groups were noted.
8-OH-DPAT did not affect the receptivity exhibited by OVX+E lizards.
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Effect of a 5-HT2A/2C receptor agonist (DOI) on pseudosexual behavior.
The administration of DOI elicited a receptive phenotype 20 minutes after
drug administration with animals returning to a non-receptive state 50 minutes
after injection (X2 = 12.713, p < 0.001) (Fig. 15). DOI administration had no
effect on male-like pseudocopulation in OVX+T-implanted animals.
The receptivity already observed in OVX+E-injected animals was unaffected
by DOI administration.

Discussion.
At first glance, it may appear that these findings are mere extensions of
mammalian work in a reptilian system. However, the mammalian literature
seldom tests for the gating of both homotypical and heterotypical behavior,
focusing instead only on homotypical behaviors. When mention is made of the
complementarity of sexual behavior, the gating of behavioral expression is
attributed to independently acting mechanisms at the POA (mounting) and VMN
(receptivity). A novelty of this study is the suggestion of a single mechanism that
allows for sexually differentiated traits such as male-typical mounting and femaletypical receptivity to be gated by the appropriate hormonal context within the
same individual. In contrast to the gating of sexual behavior by independent
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mechanisms at the POA and VMN, our data suggest that these nuclei are nodes of
a neural network common to both sexes and it is their interaction, the
neurochemistry at each node, and the stimulus partner’s qualities, that dictate
behavioral output.
Cnemidophorus uniparens is a unisexual lizard species consisting of females
that naturally alternate in the expression of male- as well as female-like
pseudosexual behavior. Postovulatory and OVX+T lizards exhibit male-like
pseudocopulation and are not receptive, while preovulatory and OVX+E animals
are receptive and do not mount. I report that serotonin injected into the POA
suppresses male-like mounting, while serotonin injected into the VMN suppresses
female-like receptivity. Naturally-cycling and hormonally-manipulated lizards
that mount have lower intracellular serotonin levels in the POA. 5-HT1A receptor
stimulation inhibits male-like pseudosexual behavior in OVX+T lizards, while
activation of the 5-HT2A receptor facilitates receptivity. In situ hybridization
indicates differences in 5-HT1A and 5-HT2A mRNA levels in the POA and VMN
across naturally-cycling and hormonally-manipulated groups. These results
suggest that serotonin levels, and signaling via distinct serotonergic receptors at
behaviorally relevant brain nuclei allows for switching between behavioral
repertoires. Using the same molecule to mediate the reciprocal inhibition of
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complementary behavioral repertories is evidence of molecular parsimony
underlying a striking form of behavioral plasticity.
Serotonin (5-HT) inhibits sexual behavior in a variety of mammalian species
(Ahlenius et al., 1980; Bitran and Hull, 1987). The tryptophan hydroxylase
inhibitor pCPA inhibits 5-HT synthesis and increases mounting behavior in both
ovariectomized rats as well as those ovariectomized and implanted with
testosterone and estrogen (Emery and Sachs, 1976; Rodriguez-Sierra et al., 1976;
Sodersten et al., 1976; van de Poll et al., 1977). In estrogen-primed
ovariectomized female rats, pCPA increases the lordosis quotient (Zemlan et al.,
1973). The injection of 5-HT into the POA of male rats suppresses mounting
(Verma et al., 1989), while 5-HT injection into the VMN of hormonally-primed
female rats inhibits lordosis (Foreman and Moss, 1978). Thus, the literature not
only suggests that serotonin is involved in homotypical sexual behavior
(receptivity) but also in heterotypical sexual behavior (mounting) in the female
rat. These data are consistent with these findings and suggests that serotonergic
modulation of behavior at the POA and VMN is evolutionarily conserved. The
absence of any behavioral suppression in OVX+T lizards pre-treated with
methysergide (a broad serotonin receptor antagonist) and then injected with 5-HT
into the POA (data not shown) suggests that 5-HT is indeed responsible for the
suppression of mounting. It is noteworthy that most mammalian studies do not
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test animals for both homotypical and heterotypical behavior, thus ignoring
mechanisms that gate complementary behaviors.
Hormonal mediation of behavior often arises from altering neurotransmitter
levels. Hypothalamic serotonin levels are lower in proestrous female rats than in
diestrous females as well as intact male rats (James et al., 1989; Gundlah et al.,
1998; Maswood et al., 1999), with this reduction coinciding with the period of
maximal receptivity. In contrast, prenatal androgens have been shown to lower
serotonin levels in the anterior hypothalamus of male compared to female rats
(Borisova et al., 1996). Estrogen and progesterone also alter 5-HT content in
hypothalamic nuclei in female rats (Lu et al., 1998). Correlations between
preoptic aromatase activity, fluctuations in monoamine concentrations, and male
sexual behavior have also been documented in an avian species (Cornil et al.,
2005). Lower intracellular 5-HT levels are detected in the POA of both
postovulatory and OVX+T lizards compared to preovulatory and OVX+E
animals. In keeping with the inhibitory role of 5-HT in the POA on male-like
pseudocopulation, lower 5-HT levels in the POA of OVX+T lizards correspond
with the expression of male-like pseudosexual behavior, while such behavior is
suppressed in OVX+E-injected animals that have high 5-HT levels in the POA.
The absence of any significant differences in 5-HT levels in the VMN suggests
that 5-HT neurotransmission at the POA serves to gate the expression or
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suppression of male-like pseudocopulation. One potential explanation for the
fluctuation in 5-HT levels across the ovarian states might be differences in the
number of 5-HT synthesizing neurons in the POA and VMN. However, these data
suggest that tryptophan hydroxylase immunoreactive cell numbers in the POA
and VMN do not fluctuate across hormonal states. Alternatively, the differing 5HT levels might result from the differential amount of activation of serotonergic
neurons in specific brain nuclei- a possibility that warrants further analysis.
Serotonin acts via signaling through a diverse family of receptors. 5-HT1A and
5-HT2A receptors mediate sexual behavior in male and female mammals
(Gonzalez et al., 1994; Uphouse, 2000). Signaling via the 5-HT1A receptor
typically facilitates male sexual behavior, while 5-HT2A receptor stimulation is
associated with an increase in female receptivity (Morali and Larsson, 1984;
Bethea et al., 2002). Receptor autoradiography reveals both receptor sub-types in
the brain of a lizard, Anolis carolinensis (Clark and Baxter, 2000). It is important
to note that the 5-HT1A receptor-mediated facilitation of male sexual behavior in
rats and primates occurs at the level of intromission and ejaculation, while the
number of mounts is actually decreased (Fernandez-Guasti et al., 1992). The
absence of hemipenes in C. uniparens obviates any effect on intromission and
ejaculation, and the effect of 8-OH-DPAT on increasing mount latency is
consistent with the rat and primate literature. Similarly, the facilitation of
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receptivity through signaling via the 5-HT2A receptor is in agreement with the
mammalian literature, and corroborated by the inhibition of DOI-induced
receptivity in C. uniparens by pre-treatment with the 5-HT2A receptor antagonist
Ketanserin.
Another mechanism by which hormones affect neurotransmitter dynamics is
by altering mRNA and protein levels of specific receptor sub-types. Differences
in serotonin receptor sub-type levels and their activity in hormonally manipulated
female rats are reported (Gonzalez et al., 1997), and these changes are thought to
underlie the expression of receptivity or the lack thereof. Steroid hormones alter
serotonergic receptor sub-type mRNA levels in the POA and VMN of C.
uniparens and this might be responsible for the form of behavior expressed. These
observations are similar to the hypothesis that dopaminergic signaling via D1 or
D2 receptors mediates distinct aspects of male rat sexual behavior (Dominguez
and Hull, 2005), as well as 5-HT1A and 5-HT2A receptor activities respectively
mediating an inhibitory and facilitatory role of 5-HT on female receptivity
(Mendelson and Gorzalka, 1985).
This work demonstrates a gating mechanism involving the alteration of 5-HT
and 5-HT receptor sub-type mRNA levels by the hormonal milieu at the POA and
VMN, and signaling via distinct receptor sub-types (Fig. 16). Low 5-HT levels in
the POA of postovulatory and OVX+T animals might result in the stimulation of
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fewer 5-HT1A receptors, resulting in male-like pseudosexual behavior not being
inhibited, while high 5-HT levels in the POA of preovulatory and OVX+E
animals might stimulate more 5-HT1A receptors leading to an inhibition of malelike pseudocopulation. The unmasking of a receptive phenotype in OVX+T
lizards by stimulation of the 5-HT2A receptor suggests that both OVX+T as well
as OVX+E animals are receptive. When serotonergic dynamics at the POA
facilitate a male-like pseudosexual phenotype, the receptive phenotype is
suppressed by an as yet unknown mechanism.
Lastly, the finding that genetically-modified female mice with a null mutation
for Trpc2-/- exhibit male-typical copulatory behavior has led to the suggestion that
male-typical copulatory behavior is inhibited in normal females and hence the
default neural circuit underlying sexual behaviors is male (Kimchi et al., 2007).
Such an interpretation is inconsistent with evolution. First, sperm (‘male’ trait)
evolved after eggs (‘female’ trait) (Ghiselin, 1974). Second, the canonical concept
that the female sex is the default or neutral sex and males are the organized sex is
inaccurate (Crews, 1993). Research on sex determination reveals that both sexes
are organized, the difference lying in the patterns of expression of gonad
differentiating genes (Brennan and Capel, 2004). Hence, the female can be
regarded as the ancestral, and the male as the derived, sex. The present results are
consistent with the findings that the neural circuitry underlying male- and female-
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typical sexual behaviors share a common neural substrate with sex-typical
behaviors resulting from differential neurochemical activity within this social
behavior network (Newman, 1999; Crews et al., 2006). To my knowledge, this is
the first demonstration that a single molecule regulates the complementarity of
sex-typical behaviors in a reptile, and sheds light on the mechanisms by which
homotypical and heterotypical behaviors might be balanced within a sex.
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Chapter Four: Conclusion

A key question in animal behavior is the nature of the sex-typical dimorphism
of sexual behavior. I argue that a good starting point to understand what
contributes to such dimorphism is investigating an animal model wherein there is
an equal probability for both male and female-typical behavior to be expressed.
Understanding the complementarity implicit in a reproductive encounter between
two animals as characterized by sexually dimorphic behaviors such as maletypical mounting and female-typical receptivity was the motivation behind the
experiments conducted in this dissertation. The experimental subject (C.
uniparens) presents a unique form of behavioral plasticity in its expression of
male- as well as female-like behavioral repertoires during the breeding season.
Traditionally studied animals are gonochoristic and express behavior typical of
their own sex and only occasionally behave like the other sex, and few
investigators have addressed questions pertaining to the complementarity of
behavior at the neural level. I have demonstrated that the circulating hormonal
milieu alters serotonergic dynamics at the POA and VMN which, in turn, serves
to switch the form of behavior expressed by C. uniparens in the appropriate social
context. Pharmacological analyses illustrate that serotonin inhibits both forms of
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pseudosexual behavior in C. uniparens, while distinct serotonin receptors mediate
the strikingly different repertoires that are male-like pseudocopulation and
female-like receptivity. This hormonal environment also affects serotonin levels
in the POA as well as receptor sub-type mRNA levels in both the POA and VMN.
An unexpected finding of this dissertation is the unmasking of a receptive
phenotype in otherwise non-receptive animals (OVX+T), and to my knowledge is
among the first empirical studies that addresses the complementarity underlying
sex-typical dimorphic behaviors at a neurobiological level. While the concept of
gonadal development along a female trajectory being the ancestral pathway and
certain triggers sculpting male gonadal development has been the subject of
extensive investigation (reviewed in Crews, 1993), this idea has seldom been
discussed within the framework of sexual behavior. It is widely accepted that in
gonochoristic species both males and females possess the neuronal circuitry and
molecular pathways to mediate both homotypical and heterotypical behavior, with
one behavioral trajectory being suppressed as a consequence of sexual
differentiation. A novel finding of these dissertation data lies in the implication
that being receptive might be the default state of an animal, with endogenous
stimuli (testosterone) serving to facilitate male-like pseudosexual behavior, while
concurrently masking the receptive phenotype. These data corroborate the idea
that the expression of male-like sexual behavior in rodents as well as whiptail
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lizards is gated by neurochemical events at the POA (reviewed in Hull and
Dominguez, 2007; Sanderson et al., 2008). While male pseudosexual behavior
might be facilitated by lowered levels of serotonin and possibly diminished
signaling via 5-HT1A receptors at the POA, the POA-mediated suppression of
molecular events at the VMN to inhibit female-like receptivity present an avenue
for future research.
The observation of male-like mounting (Chapter Two) and female-like
receptivity (Chapter Three) in ovariectomized (OVX) animals hints that certain
behavioral output might occur independently of steroid hormone signaling.
Ligand-independent signaling underlying female receptivity in the rat has been
shown to involve the convergence of dopaminergic neurotransmission with
downstream effectors of progesterone signaling (reviewed in Mani, 2006). A
similar process might be occurring in the parthenogenetic whiptail with signaling
via distinct serotonergic receptor subtypes eventually converging on steroid
hormone-dependent pathways resulting in behavior. While the effect of steroid
hormones on the serotonin system have been the focus of this dissertation, the
reciprocal relationship involving serotonergic modulation of steroid hormone
action cannot be ruled out.
Although the gonads have been thought to be the primary source of steroid
hormones mediating sexual behavior, the absence of gonads in an OVX animal
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does not guarantee an independence from steroid hormone mediated processes. A
line of research that is not included in my dissertation but that I am pursuing, tests
the hypothesis that steroid hormones are locally synthesized in the relevant brain
nuclei by the action of steroidogenic enzyme activity in the brain. If this were the
case, then the observations of pseudosexual behavior in gonadectomized animal
might be explained by the locally synthesized brain hormonal milieu affecting
serotonergic neurotransmission with the brain.
While it seems like serotonin appears to play a crucial role in gating the form
of pseudosexual expressed, it is a certainty that serotonin is but one molecule
involved in this phenomenon. Both dopamine and nitric oxide are known to
mediate male-like pseudosexual behavior in C. uniparens (Woolley et al., 2001;
Sanderson et al., 2008), although their roles in female-like receptivity have not
been investigated. In addition, dopamine and nitric oxide interact with the
serotonergic system to modulate male-typical sexual behavior in rodents
(reviewed in Hull and Dominguez, 2007). Future studies might choose to
establish such a link between these neuromodulatory systems as being central to
the hormonal mediation of pseudosexual behavior.
Among the neuromodulatory systems, dopamine and norepinephrine have
received the most attention for their roles in male- and female-typical sexual
behavior, respectively. Exposure to a receptive female causes an increase in
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extracellular dopamine levels in the preoptic area of male rats (Hull et al., 1995),
and mounting is restored in castrated male rats when the non-specific dopamine
antagonist apomorphine is injected into the POA (Scaletta and Hull, 1990). It has
been posited that estradiol and progesterone cause release of norepinephrine into
the VMN which in turn is increases neuronal excitability resulting in the
expression of female-typical receptivity (Etgen and Karkanias, 1994). Thus it is
possible that distinct neuromodulatory systems might independently control sextypical behaviors at brain loci, thereby obviating the need for needing to balance
complex complementary behaviors such as male- and female-typical sexual
behavior. Within this framework, the idea that such complementarity is balanced
parsimoniously by a single molecule to “switch” between behavioral repertoires
might prove overly simplistic. However, it is conceivable to think of processes
within biological systems as being centered around “hubs” that may be brain
nuclei or specific molecules. With this thought in mind, perhaps the whiptail
nervous system is organized such that serotonin is one of the hubs which interacts
with other systems, and the interaction between all these neuromodulatory
systems gates the complementarity of pseudosexual behavior- another avenue for
future investigation.
Amongst serotonin’s many roles is its involvement in aggression (reviewed in
Nelson and Trainor, 2007). The experiments designed in this dissertation were not
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aimed at dissecting serotonin’s role in aggression vs reproduction. However, it is
important to note that most reproductive encounters are characterized by
aggressive interactions and parsing out these two phenomena is challenging. It is
conceivable that some of the effects observed might be related to aggression in
these lizards rather than reproductive processes. Such behavioral dissection is
difficult to accomplish but can be done so with alternative experimental designs.
By using the same molecule (serotonin) to modulate the form of pseudosexual
behavior at two distinct brain loci, the physiological system of these lizards
exhibits a phenomenon of molecular parsimony to achieve complementary
behavioral outcomes. Extending these studies to other behavioral phenomena such
as aggression, we could ask whether a single molecule known to be involved in
aggression and sexual behavior independently (e.g. serotonin) acts
antagonistically at the relevant brain nuclei to facilitate one form of behavior and
suppress the other simultaneously. For example, an animal expressing foodrelated aggression cannot express sexual behavior simultaneously and vice versa.
Could the same molecule facilitate aggression while simultaneously suppressing
sexual behavior via signaling at distinct brain loci? Examining a constellation of
behaviors and the neurobiological dynamics accompanying them will
undoubtedly allow us to understand how different stimuli (social contexts)
produce varied output.
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Figures
Monoamine level (pg/µg of protein) expressed as Mean ± SEM
Day of
Treatment
5-HT
treatment
SAME DAY VEH
15.18 ±
3.51
DRUG
46.17
± 7.7
p value
0.01
NEXT DAY

VEHDRUG
DRUGVEH

p value

5-HIAA

45.86 ±
6.06
28.20 ±
5.65
NS

DA

DOPAC

17.19
± 1.60
56.59
± 6.69
< 0.01

4.98 ±
0.33
5.50 ±
0.72
NS

2.81 ±
0.25
2.13 ±
0.50
NS

26.45
± 3.89
11.34
± 1.39
0.01

5.66 ±
1.35
6.16 ±
1.22
NS

1.43 ±
0.26
1.03 ±
0.37
NS

Combined (SAME DAY and NEXT DAY)
5-HT
5-HIAA
VEHICLE
21.69 ± 3.95
14.26 ± 1.48
DRUG
46.01 ± 4.55
41.52 ± 6.81

DA
5.57 ± 1.76
5.58 ± 0.71

DOPAC
1.92 ± 1.12
1.78 ± 0.29

p value

NS

NS

0.001

0.002

Table 1: Monoamine levels of 5-HT, 5-HIAA, DA and DOPAC in the POA of the
parthenogenetic lizard, Cnemidophorus uniparens obtained in Experiment 1 (Chapter
Two). Data expressed as pg/µg of protein (mean ± SEM). Top: SAME DAY animals
were injected with either VEH or DRUG and sacrificed the same day (n = 4/group).
NEXT DAY animals were injected with VEH on the day of sacrifice after having been
injected with DRUG the day before (DRUG-VEH) and vice versa (n = 4/group). Bottom:
Data combined over both days that consist of animals receiving either VEHICLE or
DRUG on the day of sacrifice.
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Fig 1: Pseudocopulation observed in parthenogenetic Cnemidophorus uniparens. The
display of this behavior involves one lizard mounting and riding another, and eventually
culminates in the characteristic pseudocopulation posture. (Photo credit: Valentino
Mauricio)
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Fig 2: Schematic representation of Experiments 1 and 2 (Chapter Two). In Experiment 1,
Cnemidophorus uniparens were ovariectomized and given a Silastic implant i.p.
containing testosterone. After a series of baseline tests to establish robust male-like
pseudocopulation, animals were injected i.p. with either saline+DMSO (VEH) or
clorgyline+5-HTP (DRUG) and tested 90 minutes later; latency to mount was recorded
(maximum 600 seconds). Four VEH and four DRUG animals were sacrificed for HPLC
analysis (SAME DAY group). The next day, animals injected with VEH on the previous
day were injected i.p. with DRUG (VEH-DRUG animals) and vice versa (DRUG-VEH
animals) and tested 90 minutes later for mounting. These lizards were sacrificed for
monoamine analysis using HPLC (NEXT DAY group). In Experiment 2 ovariectomized
lizards received a Silastic implant that was either blank (OVX+Bl) or contained
progesterone (OVX+P) or testosterone (OVX+T). Another set of animals was
ovariectomized and injected i.p. with estradiol to generate an OVX+E group. One week
later, animals were injected with saline i.p. and tested for male-like mounting. Five
animals from each hormonal group were sacrificed and brains used for HPLC analysis
(Saline time-point). pCPA was administered to the remaining animals for four days, and
behavioral testing conducted for three consecutive days after the last pCPA injection,
after which five animals belonging to each hormonal cohort were sacrificed (pCPA timepoint). The remaining OVX+Bl, OVX+P and OVX+E animals (n = 5/group) were then
tested 27 days after the last pCPA injection and sacrificed (Recovery time-point).
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Fig 3: Latency to mount (secs) and 5-HT levels (expressed as pg/µg of protein) in the
preoptic area of ovariectomized, testosterone-implanted Cnemidophorus uniparens
receiving either vehicle (DMSO+Saline; VEH) or drug (5-HTP+clorgyline; DRUG) in
Experiment 1. All data are expressed as mean ± SEM. SAME DAY animals were
injected with either VEH or DRUG and sacrificed the same day (n = 4/group). NEXT
DAY animals were injected with VEH on the day of sacrifice after having been injected
with DRUG the day before (DRUG-VEH) and vice versa (n = 4/group). A significant
increase in the latency to mount was observed in DRUG-injected animals compared to
VEH-injected controls (p < 0.001), and was mirrored by a significant increase in 5-HT
levels in the POA of DRUG-treated lizards compared to VEH-treated animals (F1,6 =
13.33, p = 0.01). No significant differences were observed for either parameter in the
NEXT DAY animals.
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Fig 4: Correlation between 5-HT levels in the preoptic area of Cnemidophorus uniparens
that were ovariectomized and received a Silastic capsule containing testosterone.
Presented is the latency to mount (secs) across all animals (SAME DAY and NEXT DAY
groups; n =16) in Experiment 1 (Chapter Two). A positive relationship exists with high
5-HT levels correlated with a longer latency to mount (F1,14 = 6.06, p = 0.02, r = 0.55).
SAME DAY animals are expressed as open squares (Vehicle-injected) or closed squares
(Drug-injected). NEXT DAY animals are represented as open triangles (Drug-Vehicle
injected) or closed triangles (Vehicle-Drug injected).
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Fig 5: Relationship between steroid hormones, serotonin manipulation and mounting
behavior in the unisexual whiptail lizard, Cnemidophorus uniparens using pCPA in
Experiment 2 (Chapter Two). Mounting score is expressed as mean ± SEM at three time
points: Saline, pCPA and Recovery. Ovariectomized lizards received a Silastic implant
that was either blank (OVX+Bl) or contained progesterone (OVX+P) or testosterone
(OVX+T). Another set of animals was ovariectomized and injected i.p. with estradiol to
generate an OVX+E group. Numbers within bars indicate sample size of group. A
significant induction in mounting behavior is observed between Saline and pCPA-treated
OVX+Bl (F2,12 = 6.89, p = 0.01: Saline vs. pCPA, p = 0.01) and OVX+T (F1,13 = 7.05, p =
0.02) lizards. In the OVX+Bl group, mounting scores were also significantly different
between animals at the pCPA time-point and the Recovery time-point (p = 0.03). No
significant differences were detected in OVX+P and OVX+E animals (p > 0.05).
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Fig 6: Relationship between steroid hormones and serotonin manipulation on serotonin
and its metabolite in the preoptic area (POA) of the unisexual whiptail lizard,
Cnemidophorus uniparens in Experiment 2 (Chapter Two). Presented are levels of 5-HT
(top) and 5-HIAA (bottom) (pg/µg of protein). Numbers in parentheses indicate sample
size per group. See Fig. 5 for groups. A significant decrease in 5-HT levels is observed at
the pCPA time-point of OVX+Bl (p = 0.02), OVX+P (p = 0.02), OVX+E (p < 0.001) and
OVX+T (p = 0.05) lizards in comparison with the Saline time-point. 5-HT levels in the
OVX+E group at the pCPA time-point were also significantly different from those at the
Recovery time-point (p < 0.001). Mean 5-HT levels at the saline time-point in the POA
of OVX+Bl and OVX+T differ significantly from each other (p < 0.01). 5-HIAA levels
in the POA at the pCPA time-point are significantly different from levels at the Saline
and Recovery time-points (OVX+Bl: Saline vs. pCPA, p = 0.02; Recovery vs. pCPA, p =
0.02; OVX+P: Saline vs. pCPA, p < 0.001; Recovery vs. pCPA, p < 0.01; OVX+E:
Saline vs. pCPA, p < 0.01; Recovery vs. pCPA, p < 0.01; OVX+T: Saline vs. pCPA, p <
0.01).
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Fig 7: Relationship between steroid hormones and serotonin manipulation on dopamine
(DA) and its metabolite (DOPAC) in the preoptic area (POA) of the unisexual whiptail
lizard, Cnemidophorus uniparens in Experiment 2 (Chapter Two). Data expressed as
pg/µg of protein in the POA of hormonally manipulated C. uniparens. See Fig. 5 for
groups. Numbers in parentheses indicate sample size per group. No significant
differences were observed across time-points in any of the hormonal groups (p > 0.05).
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Fig 8: Serotonin (5-HT) and 5-hydroxy indole acetic acid (5-HIAA) levels in naturallycycling (a, c) and OVX+E-injected and OVX+T-implanted (b, d) C. uniparens. Brain
tissue (200 µm coronal sections) of naturally-cycling [preovulatory (n = 4), postovulatory
(n = 5)] and hormonally-manipulated [ovariectomized and androgen-implanted [OVX+T]
(n = 5), ovariectomized and estradiol-injected [OVX+E] (n = 4)] lizards was sampled and
processed for High Pressure Liquid Chromatography as described in (Dias and Crews,
2006; Dias et al., 2007). For the hormonal manipulations, C. uniparens were
ovariectomized and implanted with a 12 mm Silastic capsule packed with testosterone
(OVX+T) (n = 5). An independent cohort of animals were ovariectomized and not
implanted but administered i.p. injections of 0.5 µg EB on three consecutive days six
days after ovariectomy (OVX+E) (n = 4). Ten days after ovariectomy all animals were
sacrificed and neurochemical levels measured using HPLC analysis. Data are expressed
as pg/µg of protein ± SEM in the POA and VMN. A multivariate ANOVA using 5-HT
(serotonin), 5-HIAA (5-hydroxyindole acetic acid), DA (dopamine) and DOPAC (3dihydroxy phenyl acetic acid) levels as dependent variables and hormonal condition as
the independent variable was used for analysis.
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Fig 9: Tryptophan hydroxylase immunocytochemistry and receptor in situ hybridization.
a- Representative photomicrograph showing tryptophan hydroxylase immunopositive
cells in the VMN of C. uniparens. Cells were visualized using a polyclonal sheep antitryptophan hydroxylase antibody. b, c- Representative autoradiogaphs illustrating 5-HT1A
and 5-HT2A receptor mRNA in the brain of C. uniparens. Left half shows labeling of
antisense probe using in situ hybridization, and right half shows labeling with sense probe
as a control.
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Fig 10: Tryptophan hydroxylase (TrpH) immunopositive cell numbers in brain nuclei of
naturally cycling (a) and hormonally manipulated lizards (b).Data represented as number
of tryptophan hydroxylase immunopositive cells x 10 9 ± SEM. A univariate ANOVA
was used to analyze differences in TrpH-immunoreactive cells numbers in the POA and
VMN of with hormonal manipulation (preovulatory vs postovulatory, and OVX+E vs
OVX+T as independent analyses) and region as the independent variables, and cell
number as the dependent variable.
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Fig 11: Regulation of 5-HT receptor sub-type mRNA expression in brain nuclei of
naturally cycling (a, c) and hormonally manipulated (b, d) C. uniparens.
5-HT1A and 5-HT2A mRNA levels in the dorsolateral cortex (CxD), POA and VMN of
postovulatory, preovulatory, OVX+T and OVX+E lizards (n = 7/group) were measured
using radioactive in situ hybridization with riboprobes specific to lizard 5-HT1A and 5HT2A receptors. 5-HT1A and 5-HT2A receptor mRNA levels were analyzed using Scion
Image (Scion, USA) after performing in situ hybridization. To correct for non-linearity,
14
C standards were used for calibration purposes. Optical density measurements were
obtained from both sides of 3-4 individual sections from each animal after the specific
regions were outlined. Data are expressed as mean ± SEM. For each gene, a multivariate
ANOVA was conducted using hormonal state (preovulatory/postovulatory, or,
OVX+E/OVX+T) as the independent variable, and mRNA level as dependent variables.
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Fig 12: Effect of intra-cranial injection of either 0.9% saline or serotonin (5-HT; 10 µg)
on the latency (secs) of an OVX+T lizard to mount a receptive stimulus female.
Androgen-treated ovariectomized lizards (n = 29) were anaesthetized using hypothermia
and placed in a modified stereotaxic apparatus (Kopf, Tujunga, CA) as per Mayo and
Crews (1987). A 30-gauge steel cannula attached to polyethylene tubing was inserted to
the desired depth and the compound was injected in a controlled manner using a syringe
pump (Razel Scientific, St. Albans, VT). After the injection, the cannula was slowly
withdrawn and the skull hole covered using Gelfoam. Animals were then returned to their
home tanks and typically recovered within 10 minutes. Pseudosexual and nonreproductive behavior was tested 20 minutes after injection and animals were sacrificed
20 minutes thereafter. Using the point of intersection of the two frontal parietal scales and
the interparietal scale as the reference point, injections were targeted at the POA in the
OVX+T animals. Intracranial injections were unilateral and 1 µl of either 0.9% saline or
10 µg of serotonin creatinine sulfate complex over a period of 5 minutes. Saline or
serotonin was injected into the brains of OVX+T-implanted lizards that were robustly and
reliably mounting receptive stimulus animals during baseline tests (In POA- Saline: n =
7, Serotonin: n = 9; Outside POA- Saline: n = 7, Serotonin: n = 6). Both compounds were
mixed with a 0.25% solution of toluidine blue to visualize the site of injection in coronal
brain sections (40 µm). Photomicrographs represent site of injection into the POA but not
into the VMN (a). Data are expressed as mean ± SEM. A univariate ANOVA was
conducted using pre-injection mount latency as a covariate, treatment (saline or 5-HT)
and placement (in or out of the POA) as independent variables and the post-injection
mount latency as the dependent variable. a: p < 0.01; significantly different from all other
groups.
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Fig 13: Receptivity affected by the injection of either 0.9% saline or serotonin (5-HT; 10
µg) into or out of the VMN of receptive OVX+E-injected lizards. Saline or serotonin was
injected into the brains of OVX+E-injected lizards (n = 29) that were receptive (In VMNSaline: n = 7, Serotonin: n = 9; Outside VMN- Saline: n = 7, Serotonin: n = 6) (see Fig.
12 for details). Photomicrographs represent site of injection into the VMN but not into
the POA (a). Data represented as the percentage of animals showing a receptive
phenotype (b).
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Fig 14: Effect of intra-peritoneal (i.p.) administration of 8-OH-DPAT on mount latency
(secs) in OVX+T animals. Hormonally manipulated lizards (OVX+T) were injected i.p.
either with 0.9% saline (n = 9) or 1 mg/kg 8-Hydroxy-2-(dipropylamino) tetralin (8-OHDPAT) (n = 9) and their latency to mount was noted before (pre-drug), 20 minutes after
injection (20 mins post-drug) or 45 minutes after injection (45 mins post-drug). Data are
represented as mean ± SEM. A split plot ANOVA and Tukey post-hoc analysis was used
to analyze the data. a: p < 0.001; significantly different from all other groups. The
injection of 8-OH-DPAT had no effect on the receptivity exhibited by OVX+E lizards.
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Fig 15: Unmasking of a receptive phenotype by i.p. administration of DOI in OVX+T
lizards. Androgen-treated lizards (OVX+T) were injected i.p. either with 0.9% saline (n =
8) or 1 mg/kg 1-(2,5-Dimethoxy-4-iodophenyl)-2-aminopropane (DOI) (n = 8), and
receptivity was noted before (pre-drug), 20 minutes after injection (20 mins post-drug) or
50 minutes after injection (50 mins post-drug). Neither the receptivity already observed
in OVX+E-injected animals, nor the mount latency of OVX+T animals was affected by
DOI administration.
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Fig 16: Working model which illustrates the molecular parsimony underlying behavioral
complementarity observed in C. uniparens. Background: Serotonin injected into the POA
and VMN inhibits male- and female-like pseudosexual behavior respectively. Signaling
via the 5-HT1A receptor suppresses male-like pseudocopulation, while stimulation of the
5-HT2A receptor facilitates receptivity. In postovulatory and T-implanted animals: Low
serotonin levels in the POA allow for male-like pseudocopulation to be expressed by
signaling via only a fraction of the 5-HT1A receptors. While serotonin binds to 5-HT2A
receptors in the VMN and mediates receptivity, the expression of this receptive
phenotype is inhibited by an as yet undetermined mechanism. In preovulatory and Einjected lizards: An increase in serotonin levels in the POA suppresses a male-like
pseudocopulatory phenotype by potentially increased signaling via the 5-HT1A receptors.
This results in disinhibition of the previously repressed receptive phenotype resulting in
female-like receptivity. Central to this model is the fact that serotonergic dynamics at the
POA appear to gate the facilitation/suppression of male-like pseudocopulation, which in
turn allows for the masking or unmasking of a tonically active receptive repertoire.

80

Bibliography
Ahlenius S, Eriksson H, Larsson K, Modigh K, Sodersten P (1971) Mating
behavior in the male rat treated with p-chlorophenylalanine methyl ester alone
and in combination with pargyline. Psychopharmacologia 20: 383-388.
Ahlenius S, Larsson K, Svensson L (1980) Further evidence for an inhibitory role
of central 5-HT in male rat sexual behavior. Psychopharmacology 68: 217-220.
Alsum P, Goy RW (1974) Actions of esters of testosterone, dihydrotestosterone,
or estradiol on sexual behavior in castrated male guinea pigs. Horm Behav 5: 207217.
Arnold AP (2004) Sex chromosomes and brain gender. Nat Rev Neurosci 5: 701708.
Bai F, Lau SS, Monks TJ (1999) Glutathione and N-acetylcysteine conjugates of
alpha-methyldopamine produce serotonergic neurotoxicity: possible role in
methylenedioxyamphetamine-mediated neurotoxicity. Chem Res Toxicol 12:
1150-1157.
Bakker J, De Mees C, Douhard Q, Balthazart J, Gabant P, Szpirer J, Szpirer C
(2006) Alpha-fetoprotein protects the developing female mouse brain from
masculinization and defeminization by estrogens. Nat Neurosci 9: 220-226.
Ball GF, Balthazart J (2004) Hormonal regulation of brain circuits mediating male
sexual behavior in birds. Physiol Behav. 83: 329-346.
Balthazart J, Castagna C, Ball GF (1997) Differential effects of D1 and D2
dopamine-receptor agonists and antagonists on appetitive and consummatory
aspects of male sexual behavior in Japanese quail. Physiol Behav. 62: 571-80.
Bass AH, Grober MS (2001) Social and neural modulation of sexual plasticity in
teleost fish. Brain Behav Evol 57: 293-300.
Baum MJ, Everitt BJ (1992) Increased expression of c-fos in the medial preoptic
area after mating in male rats: role of afferent inputs from the medial amygdala
and midbrain central tegmental field. Neuroscience 50: 627-646.

81

Baxter LR Jr (2001) Brain mediation of Anolis social dominance displays. III.
Differential forebrain 3H-sumatriptan binding in dominant vs. submissive males.
Brain Behav Evol 57: 202-213.
Baxter LR Jr., Clark EC, Ackermann RF, Lacan G, Melega WP (2001) Brain
mediation of Anolis social dominance displays. II. Differential forebrain serotonin
turnover, and effects of specific 5-HT receptor agonists. Brain Behav Evol 57:
184-201.
Beach FA (1938) Sex reversals in the mating pattern of the rat. J Genet Psychol
53: 329-334.
Beach FA, Inman NG (1965) Effects of castration and androgen replacement on
mating in male quail. Proc Natl Acad Sci U S A. 54: 1426-1431.
Beach FA (1967) Cerebral and hormonal control of reflexive mechanisms
involved in copulatory behavior. Physiol Rev 47: 289-316.
Bethea CL, Lu NZ, Gundlah C, Streicher JM (2002) Diverse actions of ovarian
steroids in the serotonin neural system. Front Neuroendocrinol 23: 41-100.
Bitran D, Hull EM (1987) Pharmacological analysis of male rat sexual behavior.
Neurosci Biobehav Rev 11: 365-389.
Bond VJ, Shillito EE, Vogt M (1972) Influence of age and of testosterone on the
response of male rats to parachlorophenylalanine. Br J Pharmacol 46: 46-55.
Borisova NA, Proshlyakova EV, Sapronova AY, Ugrumov MV (1996) Androgendependent sex differences in the hypothalamic serotoninergic system. Eur J
Endocrinol 134: 232-235.
Brennan J, Capel B (2004) One tissue, two fates: molecular genetic events that
underlie testis versus ovary development. Nat Rev Genet 5: 509-521.
Caldwell HK, Albers HE (2002) The effects of serotonin agonists on the
hypothalamic regulation of sexual receptivity in Syrian hamsters. Horm Behav
42: 78-84.
Clancy AN, Zumpe D, Michael RP (2000) Estrogen in the medial preoptic area of
male rats facilitates copulatory behavior. Horm Behav 38: 86-93.

82

Clark EC, Baxter LR Jr. (2000) Mammal-like striatal functions in Anolis. I.
Distribution of serotonin receptor subtypes, and absence of striosome and matrix
organization. Brain Behav Evol 56: 235-248.
Conant R, Collins JT (2003) Reptiles and amphibians: Eastern and Central North
America. New York: Houghton Mifflin Co.
Cornil CA, Dalla C, Papadopoulou-Daifoti Z, Baillien M, Dejace C, Ball GF,
Balthazart J (2005) Rapid decreases in preoptic aromatase activity and brain
monoamine concentrations after engaging in male sexual behavior.
Endocrinology 146: 3809-3820.
Crews D, Fitzgerald KT (1980) "Sexual" behavior in parthenogenetic lizards
(Cnemidophorus). Proc Natl Acad Sci U S A 77: 499-502.
Crews D, Grassman M, Lindzey J (1986) Behavioral facilitation of reproduction
in sexual and unisexual whiptail lizards. Proc Natl Acad Sci U S A 83: 95479550.
Crews D (1993) The organizational concept and vertebrates without sex
chromosomes. Brain Behav Evol 42: 202-214.
Crews D (1996) Temperature-dependent sex determination: the interplay of
steroid hormones and temperature. Zoolog Sci 13: 1-13.
Crews D, Godwin J, Hartman V, Grammar M, Prediger EA, Shephard R (1996)
Intrahypothalamic implantation of progesterone in castrated male whiptail lizards
(Cnemidophorus inornatus) elicits courtship and copulatory behavior and affects
androgen receptor and progesterone receptor-mRNA expression in the brain. J
Neurosci 16: 7347-7352.
Crews D (2005) Evolution of neuroendocrine mechanisms that regulate sexual
behavior. Trends Endocrinol Metab 16: 354-361.
Damassa DA, Smith ER, Tennent B, Davidson JM (1977) The relationship
between circulating testosterone levels and male sexual behavior in rats. Horm
Behav 8: 275-286.

83

Davidson JM (1966a) Charatersitics of sex behaviour in male rats following
castration. Anim Behav 14: 266-272.
Davidson JM (1966b) Activation of the male rat's sexual behavior by intracerebral
implantation of androgen. Endocrinology 79: 783-794.
Del Fiacco M, Fratta W, Gessa GL, Tagliamonte A (1974) Lack of copulatory
behaviour in male castrated rats after p-chlorophenylalanine. Br J Pharmacol 51:
249-251.
Dias BG, Banerjee BS, Duman RS, Vaidya VA (2003) Differential regulation of
brain derived neurotrophic factor transcripts by antidepressant treatments in the
adult rat brain. Neuropharmacology 45: 553-563.
Dias BG, Crews D (2006) Serotonergic modulation of male-like
pseudocopulatory behavior in the parthenogenetic whiptail lizard, Cnemidophorus
uniparens. Horm Behav 50: 401-409.
Dias BG, Ataya RS, Rushworth D, Zhao J, Crews D (2007) Effect of incubation
temperature and androgens on dopaminergic activity in the leopard gecko,
Eublepharis macularius. Dev Neurobiol 67: 630-636.
Dominguez JM, Hull EM (2005) Dopamine, the medial preoptic area, and male
sexual behavior. Physiol Behav 86: 356-368.
Emery DE, Sachs BD (1976) Hormonal and monoaminergic influences on
masculine copulatory behavior in the female rat. Horm Behav 7: 341-352.
Etgen AM, Karkanias GB (1994) Estrogen regulation of noradrenergic signaling
in the hypothalamus. Psychoneuroendocrinology 19: 603-610.
Farmer CJ, Isakson TR, Coy DJ, Renner KJ (1996) In vivo evidence for
progesterone dependent decreases in serotonin release in the hypothalamus and
midbrain central grey: relation to the induction of lordosis. Brain Res 711: 84-92.
Feder HH (1981) Estrous cyclicity in mammals. In: Adler NT (Ed),
Neuroendocrinology of Reproduction. Plenum Press, New York, pp. 279-348.
Fernandez-Guasti A, Hansen S, Archer T, Jonsson G (1986) Noradrenalineserotonin interactions in the control of sexual behavior in the male rat: DSP4-

84

induced noradrenaline depletion antagonizes the facilitatory effect of serotonin
receptor agonists, 5-MeODMT and lisuride. Brain Res 377: 112-118.
Fernandez-Guasti A, Escalante AL, Ahlenius S, Hillegaart V, Larsson K (1992)
Stimulation of 5-HT1A and 5-HT1B receptors in brain regions and its effects on
male rat sexual behaviour. Eur J Pharmacol 210: 121-129.
Fernandez-Guasti A, Rodriguez-Manzo G (1997) 8-OH-DPAT and male rat
sexual behavior: partial blockade by noradrenergic lesion and sexual exhaustion.
Pharmacol Biochem Behav 56: 111-116.
Fisher AE (1956) Maternal and sexual behavior induced by intracranial chemical
stimulation. Science 124: 228-229.
Foreman MM, Moss RL (1978) Role of hypothalamic serotonergic receptors in
the control of lordosis behavior in the female rat. Horm Behav 10: 97-106.
Frank JL, Hendricks SE, Olson CH (2000) Multiple ejaculations and chronic
fluoxetine: effects on male rat copulatory behavior. Pharmacol Biochem Behav
66: 337-42.
Frankfurt M, Renner K, Azmitia E, Luine V (1985) Intrahypothalamic 5,7dihydroxytryptamine: temporal analysis of effects on 5-hydroxytryptamine
content in brain nuclei and on facilitated lordosis behavior. Brain Res 340: 127133.
Friedman D, Crews D (1985) Role of the anterior hypothalamus-preoptic area in
the regulation of courtship behavior in the male Canadian red-sided garter snake
(Thamnophis sirtalis parietalis): intracranial implantation experiments. Horm
Behav 19: 122-136.
Frohlich PF, Meston CM (2000) Evidence that serotonin affects female sexual
functioning via peripheral mechanisms. Physiol Behav 71: 383-393.
Gatewood JD, Wills A, Shetty S, Xu J, Arnold AP, Burgoyne PS, Rissman EF
(2006) Sex chromosome complement and gonadal sex influence aggressive and
parental behaviors in mice. J Neurosci 26: 2335-2342.
Ghiselin MT (1974) The economy of nature and the evolution of sex. In:
University of California Press.

85

Glaser JH, Rubin BS, Barfield RJ (1983) Onset of the receptive and proceptive
components of feminine sexual behavior in rats following the intravenous
administration of progesterone. Horm Behav 17: 18-27.
Gonzalez MI, Farabollini F, Albonetti E, Wilson CA (1994) Interactions between
5-hydroxytryptamine (5-HT) and testosterone in the control of sexual and
nonsexual behaviour in male and female rats. Pharmacol Biochem Behav 47: 591601.
Gonzalez MI, Greengrass P, Russell M, Wilson CA (1997) Comparison of
serotonin receptor numbers and activity in specific hypothalamic areas of sexually
active and inactive female rats. Neuroendocrinology 66: 384-392.
Gorzalka BB, Mendelson SD, Watson NV (1990) Serotonin receptor subtypes and
sexual behavior. Ann N Y Acad Sci 600: 435-444.
Gundlah C, Simon LD, Auerbach SB (1998) Differences in hypothalamic
serotonin between estrous phases and gender: an in vivo microdialysis study.
Brain Res 785: 91-96.
Heeb MM, Yahr P (1996) c-Fos immunoreactivity in the sexually dimorphic area
of the hypothalamus and related brain regions of male gerbils after exposure to
sex-related stimuli or performance of specific sexual behaviors. Neuroscience
72:1049-1071.
Hull EM, Du J, Lorrain DS, Matuszewich L (1995) Extracellular dopamine in the
medial preoptic area: implications for sexual motivation and hormonal control of
copulation. J Neurosci. 15: 7465-7471.
Hull EM, Lorrain DS, Du J., Matuszewich L, Lumley LA, Putnam SK, Moses J
(1999) Hormone-neurotransmitter interactions in the control of sexual behavior.
Behav Brain Res105: 105-116.
Hull EM, Meisel R, Sachs B (2002) Male sexual behavior. In: Pfaff DW, Arnold
AP, Etgen AM, Fahrbach SE, Rubin RT (Eds), Horm. Brain Behav., vol. 1.
Academic Press, New York, pp. 3-137.
Hull EM, Dominguez JM (2007) Sexual behavior in male rodents. Horm Behav
52: 45-55.

86

James MD, Hole DR, Wilson CA (1989) Differential involvement of 5hydroxytryptamine (5HT) in specific hypothalamic areas in the mediation of
steroid-induced changes in gonadotrophin release and sexual behaviour in female
rats. Neuroendocrinology 49: 561-569.
Johnston PG, Davidson JM (1979) Priming action of estrogen: minimum duration
of exposure for feedback and behavioral effects. Neuroendocrinology 28: 155159.
Kakeyama M, Yamanouchi K (1992) Lordosis in male rats: the facilitatory effect
of mesencephalic dorsal raphe nucleus lesion. Physiol Behav 51: 181-184.
Kakeyama M, Yamanouchi K (1993) Female sexual behaviors in male rats with
dorsal raphe nucleus lesions: treatment with p-chlorophenylalanine. Brain Res
Bull 30: 705-709.
Kakeyama M, Yamanouchi K (1994) Two types of lordosis-inhibiting systems in
male rats: dorsal raphe nucleus lesions and septal cuts. Physiol Behav 56: 189192.
Kakeyama M, Yamanouchi K (1997) Lordosis in male rats: effect of dorsal raphe
nucleus cuts. Horm Behav 32: 60-67.
Kakeyama M, Umino A, Nishikawa T, Yamanouchi K (2002) Decrease of
serotonin and metabolite in the forebrain and facilitation of lordosis by dorsal
raphe nucleus lesions in male rats. Endocr J 49: 573-579.
Kawata M (1995) Roles of steroid hormones and their receptors in structural
organization in the nervous system. Neurosci Res 24: 1-46.
Kingston PA, Crews D (1994) Effects of hypothalamic lesions on courtship and
copulatory behavior in sexual and unisexual whiptail lizards. Brain Res 643: 349351.
Kishitake M, Yamanouchi K (2003) Effects of highly or relatively selective 5HT1A receptor agonists on lordosis in female rats. Zoolog Sci 20: 1133-1138.
Koe BK, Weissman, A (1966) p-Chlorophenylalanine: a specific depletor of brain
serotonin. J Pharmacol Exp Ther 154: 499-516.

87

Kudwa AE, Michopoulos V, Gatewood JD, Rissman EF (2006) Roles of estrogen
receptors alpha and beta in differentiation of mouse sexual behavior.
Neuroscience 138: 921-928.
Lindzey J, Crews D (1986) Hormonal control of courtship and copulatory
behavior in male Cnemidophorus inornatus, a direct sexual ancestor of a
unisexual, parthenogenetic lizard. Gen Comp Endocrinol 64: 411-418.
Lorrain DS, Riolo JV, Matuszewich L, Hull EM (1999) Lateral hypothalamic
serotonin inhibits nucleus accumbens dopamine: implications for sexual satiety. J
Neurosci 19: 7648-7652.
Lowe CH, Wright JW (1996) Evolution of parthenogenetic species of
Cnemidophorus (whiptail) lizards in western North America. J Ariz Acad Sci 4:
81-87.
Lu H, Yuri K, Ito T, Yoshimoto K, Kawata M (1998) The effects of oestrogen
and progesterone on serotonin and its metabolite in the lateral septum, medial
preoptic area and ventromedial hypothalamic nucleus of female rats. J
Neuroendocrinol 10: 919-926.
Mallick H, Manchanda SK, Kumar VM (1996) beta-adrenergic modulation of
male sexual behavior elicited from the medial preoptic area in rats. Behav Brain
Res 74: 181-187.
Mani SK (2006) Signaling mechanisms in progesterone-neurotransmitter
interactions. Neuroscience 138: 773-781.
Maswood S, Truitt W, Hotema M, Caldarola-Pastuszka M, Uphouse L (1999)
Estrous cycle modulation of extracellular serotonin in mediobasal hypothalamus:
role of the serotonin transporter and terminal autoreceptors. Brain Res 831: 146154.
Matuszewich L, Lorrain DS, Trujillo R, Dominguez J, Putnam SK, Hull EM
(1999) Partial antagonism of 8-OH-DPAT'S effects on male rat sexual behavior
with a D2, but not a 5-HT1A, antagonist. Brain Res 820: 55-62.

88

Mayo ML, Crews D (1987) Neural control of male-like pseudocopulatory
behavior in the all-female lizard, Cnemidophorus uniparens: effects of intracranial
implantation of dihydrotestosterone. Horm Behav 21: 181-192.
McGinnis MY, Dreifuss RM (1989) Evidence for a role of testosterone-androgen
receptor interactions in mediating masculine sexual behavior in male rats.
Endocrinology 124: 618-626.
Melis MR, Argiolas A (1995) Dopamine and sexual behavior. Neurosci Biobehav
Rev 19: 19-38.
Mendelson SD, Gorzalka BB (1985) A facilitatory role for serotonin in the sexual
behavior of the female rat. Pharmacol Biochem Behav 22: 1025-1033.
Meston CM, Frohlich PF (2000) The neurobiology of sexual function. Arch Gen
Psychiatry 57: 1012-1030.
Moore MC, Whittier JM, Crews D (1985) Sex steroid hormones during the
ovarian cycle of an all-female, parthenogenetic lizard and their correlation with
pseudosexual behavior. Gen Comp Endocrinol 60: 144-153.
Morali G, Larsson K (1984) Differential effects of a new serotoninomimetic drug,
8-OH-DPAT, on copulatory behavior and pelvic thrusting pattern in the male rat.
Pharmacol Biochem Behav 20: 185-187.
Moreines J, Kelton M, Luine VN, Pfaff DW, McEwen BS (1988) Hypothalamic
serotonin lesions unmask hormone responsiveness of lordosis behavior in adult
male rats. Neuroendocrinology 47: 453-458.
Morgantaler A, Crews D (1978) Role of the anterior hypothalamus-preoptic area
in the regulation of reproductive behavior in the lizard, Anolis carolinensis:
implantation studies. Horm Behav 11: 61-73.
Neal JK, Wade J (2007) Effects of season, testosterone and female exposure on cfos expression in the preoptic area and amygdala of male green anoles. Brain Res
1166: 124-131.
Nelson RJ, Trainor BC (2007) Neural mechanisms of aggression. Nat Rev
Neurosci 8: 536-546.

89

Newman SW (1999) The medial extended amygdala in male reproductive
behavior. A node in the mammalian social behavior network. Ann NY Acad Sci
877: 242-257.
Noble GK, Bradley HT (1933) The mating behavior of lizards; its bearing on the
theory of sexual selection. Ann NY Acad Sci 35: 25-100.
Paredes RG, Kica E, Baum MJ (1994) Differential effects of the serotonin1A
agonist, 8-OH-DPAT, on masculine and feminine sexual behavior of the ferret.
Psychopharmacology (Berl). 114: 591-596.
Paredes RG (2003) Medial preoptic area/anterior hypothalamus and sexual
motivation. Scand J Psychol 44: 203-212.
Pfaff DW, Schwartz-Giblin S, McCarthy MM, Kow LM (1994) Cellular and
molecular mechanisms of female reproductive behaviors. In: Knobil E, Neill JD
(Eds), The Physiology of Reproduction, 2nd ed., Raven press, New York, pp.
107-220.
Pfaus JG, Kippin TE, Centeno S (2001) Conditioning and sexual behavior: a
review. Horm Behav 40: 291-321.
Pomerantz SM, Hepner BC, Wertz JM (1993) Serotonergic influences on male
sexual behavior of rhesus monkeys: effects of serotonin agonists.
Psychopharmacology (Berl) 111: 47-54.
Rand MS, Crews D (1994) The bisexual brain: sex behavior differences and sex
differences in parthenogenetic and sexual lizards. Brain Res 663: 163-167.
Razandi M, Pedram A, Greene GL, Levin ER (1999) Cell membrane and nuclear
estrogen receptors (ERs) originate from a single transcript: studies of ERalpha
and ERbeta expressed in Chinese hamster ovary cells. Mol Endocrinol. 13: 307319.
Rodriguez-Sierra JF, Naggar AN, Komisaruk BR (1976) Monoaminergic
mediation of masculine and feminine copulatory behavior in female rats.
Pharmacol Biochem Behav 5: 457-463.
Sakata JT, Gupta A, Gonzalez-Lima F, Crews D (2002a) Heterosexual housing
increases the retention of courtship behavior following castration and elevates

90

metabolic capacity in limbic brain nuclei in male whiptail lizards, Cnemidophorus
inornatus. Horm Behav 42: 263-273.
Sakata JT, Gupta A, Chuang C, Crews D (2002b) Social experience affects
territorial and reproductive behaviours in male leopard geckos, Eublepharis
macularius. Anim Behav 63: 487-493.
Sanderson NS, Le B, Zhou Z, Crews D (2008) Preoptic neuronal nitric oxide
synthase induction by testosterone is consistent with a role in gating male
copulatory behavior. Eur J Neurosci 27: 183-190.
Scaletta LL, Hull EM (1990) Systemic or intracranial apomorphine increases
copulation in long-term castrated male rats. Pharmacol Biochem Behav. 37: 471475.
Shioda K, Nisijima K, Yoshino T, Kato S (2004) Extracellular serotonin,
dopamine and glutamate levels are elevated in the hypothalamus in a serotonin
syndrome animal model induced by tranylcypromine and fluoxetine. Prog
Neuropsychopharmacol Biol Psychiatry 28: 633-640.
Smeets WJ, Steinbusch HW (1988) Distribution of serotonin immunoreactivity in
the forebrain and midbrain of the lizard Gekko gecko. J Comp Neurol 271: 419434.
Sodersten P, Larsson K (1976) Sexual behavior in castrated male rats treated with
monoamine synthesis inhibitors and testosterone. Pharmacol Biochem Behav 5:
319-327.
Sodersten P, Larsson K, Ahlenius S, Engel J (1976) Stimulation of mounting
behavior but not lordosis behavior in ovariectomized female rats by pchlorophenylalanine. Pharmacol Biochem Behav 5: 329-333.
Summers CH (2001) Mechanisms for quick and variable responses. Brain Behav
Evol 57: 283-292.
Tagliamonte A, Tagliamonte P, Gessa GL, Brodie BB (1969) Compulsive sexual
activity induced by p-chlorophenylalanine in normal and pinealectomized male
rats. Science. 166: 1433-1435.

91

Uphouse L (2000) Female gonadal hormones, serotonin, and sexual receptivity.
Brain Res Brain Res Rev 33: 242-257.
van de Poll NE, van Dis H, Bermond B (1977) The induction of mounting
behavior in female rats by p-chlorophenylalanine. Eur J Pharmacol 41: 225-229.
Verma S, Chhina GS, Mohan Kumar V, Singh B (1989) Inhibition of male sexual
behavior by serotonin application in the medial preoptic area. Physiol Behav 46:
327-330.
Wade J, Crews D (1991) The relationship between reproductive state and
"sexually" dimorphic brain areas in sexually reproducing and parthenogenetic
whiptail lizards. J Comp Neurol 309:507-514.
Wade J, Huang JM, Crews D (1993) Hormonal control of sex differences in the
brain, behavior and accessory sex structures of whiptail lizards (Cnemidophorus
species). J Neuroendocrinol 5: 81-93.
Wagner CK (2006) The many faces of progesterone: a role in adult and
developing male brain. Front Neuroendocrinol 27: 340-59.
Watson JT, Adkins-Regan E (1989) Testosterone implanted in the preoptic area of
male Japanese quail must be aromatized to activate copulation. Horm Behav 23:
432-447.
Wennstrom KL, Blesius F, Crews D (1999) Volumetric analysis of sexually
dimorphic limbic nuclei in normal and sex-reversed whiptail lizards. Brain Res
838: 104-109.
West MJ, Slomianka L, Gundersen HJ (1991) Unbiased stereological estimation
of the total number of neurons in the subdivisions of the rat hippocampus using
the optical fractionator. Anat Rec 231: 482-497.
Witt DM, Young LJ, Crews D (1994) Progesterone and sexual behavior in males.
Psychoneuroendocrinology 19: 553-562.
Witt DM, Young LJ, Crews D (1995) Progesterone modulation of androgendependent sexual behavior in male rats. Physiol Behav 57: 307-313.

92

Wolf A, Caldarola-Pastuszka M, Uphouse L (1998) Facilitation of female rat
lordosis behavior by hypothalamic infusion of 5-HT(2A/2C) receptor agonists.
Brain Res 779: 84-95.
Woolley SC, Sakata JT, Gupta A, Crews D (2001) Evolutionary changes in
dopaminergic modulation of courtship behavior in Cnemidophorus whiptail
lizards. Horm Behav 40: 483-489.
Woolley SC, Crews D (2004) Species differences in the regulation of tyrosine
hydroxylase in Cnemidophorus whiptail lizards. J Neurobiol 60: 360-368.
Yamanouchi K, Arai Y (1985) Presence of a neural mechanism for the expression
of female sexual behaviors in the male rat brain. Neuroendocrinology 40: 393397.
Young LJ, Lopreato GF, Horan K, Crews D (1994) Cloning and in situ
hybridization analysis of estrogen receptor, progesterone receptor, and androgen
receptor expression in the brain of whiptail lizards (Cnemidophorus uniparens and
C. inornatus). J Comp Neurol 347: 288-300.
Young LJ, Crews D (1995) Comparative neuroendocrinology of steroid receptor
gene expression and regulation: Relationship to physiology and behavior. Trends
Endocrinol Metab 6: 317-323.
Zemlan FP, Ward IL, Crowley WR, Margules DL (1973) Activation of lordotic
responding in female rats by suppression of serotonergic activity. Science 179:
1010-1011.

93

VITA
Brian George Dias was born in Mumbai, India on June 24, 1980, the son of
Blanche Dias and Alpheo Dias. He graduated from St. Xavier’s High School (Vile
Parle) in Mumbai, India and then matriculated to St. Xavier’s College in Mumbai,
India, where he received the degree of Bachelor of Science in July 2000. He then
joined the Tata Institute of Fundamental Research and was awarded a Master of
Science degree in 2003 by Mumbai University, after which he enrolled in the
Graduate School of the University of Texas in August 2003.

Permanent Address:
136/B Avinash, 7 Bungalows, Andheri (W), Mumbai 400 053, India.

This Dissertation was typed by the author.

94

