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Abstract
Androgenic Regulation of Male Sexual Behavior and Physiology in the Syrian Hamster
(Mesocricetus Auratus)
by
David John Piekarski
Doctor of Philosophy in Psychology
University of California, Berkeley
Professor Irving Zucker, Chair
The androgen testosterone (T) and its metabolite, dihydrotestosterone (DHT), are
released from the gonads and act in the brain and periphery to control many male-typical
traits, including male sexual behavior (MSB). The classical model of androgenic action
asserts that T, or DHT binds to a single species of intracellular androgen receptor (AR),
that acts as a transcription factor to induce transactivation of androgen-regulated genes.
Accordingly, androgens may take hours or days to assert their full influence and
transcriptional activity of the AR may persist long after circulating androgens decline.
Despite decades of research on testicular factors that control MSB there are still major
gaps in our knowledge of how androgens exert their effects on MSB via the AR; most
related cellular and molecular data are derived from studies of prostate cancer cell lines
grown on cell culture plates—the applicability of these data to other AR positive celltypes and to regulation of behavior is unknown. Consequently the pattern of endogenous
gonadal release and its actions on the genome to control MSB requires more research.
In the present dissertation I tested the hypothesis that discontinuous hormone replacement
paradigms that maintain endogenous-like hormone release profiles are more effective
than constant release regimens at maintaining MSB in castrated male hamsters. Further,
by employing a discontinuous T replacement regimen I developed a paradigm by which
to investigate many general aspects of T action, including its interaction with the AR, and
its efficacy in maintaining and restoring MSB.
Experiments 1 and 2 establish that endogenous-like T replacement regimens require a
lower total concentration and duration of circulating androgen availability to effectively
maintain and restore MSB than T replacement via other commonly employed regimens. I
injected hamsters daily with T dissolved in an aqueous vehicle that raises circulating
concentrations for only 7h per day; hamsters that received only 15 µg T in this manner
maintained pre-operative- like MSB even though much higher doses are insufficient
when administered in a long-lasting oil vehicle (Experiments 1 and 2). Additionally, a
majority of hamsters injected with the low-dose of 50 µg T as infrequently as once per 7
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days maintained the ejaculatory reflex despite having supraphysiological concentrations
of circulating T for only 7 hours per week.
A follow-up study (experiment 3) suggests a more complex and potentially interesting
regulation of the AR by its ligands than is typically appreciated. DHT does not maintain
MSB in Syrian hamsters. I implanted 30 mm of DHT in Silastic tubing subcutaneously
into hamsters, to generate circulating DHT concentrations an order of magnitude greater
than those present endogenously, concurrent with daily T injections of 25 µg in aqueous
solution. The high doses of constantly circulating DHT failed to inhibit the restoration of
MSB by low-dose T treatment, instead surprisingly enhancing T’s restoration of the
behavior, suggesting that DHT and T do not compete for the same binding sites and the
possibility of multiple AR species with different affinities for T and DHT or differential
uptake of these hormones in the MSB neural circuit.
Discontinuous, low dose androgen treatment to castrated Syrian hamsters was then used
to probe the timing of protein synthesis required for the expression of MSB (experiment
4). Hamsters were injected with 100 µg T once per week, while also being injected with
the protein synthesis inhibitor anisomycin at varying times relative to the T injection.
Anisomycin treatment from 6 to 12 hours after T injection blocked the maintenance of
MSB, whereas injections before and up to 3 hours after T treatment were without
significant effect. By taking into account the time course of anisomycin inhibition of
protein synthesis, a time period of T-induced protein synthesis necessary for the
maintenance of MSB was identified—12-15 h post-injection.
Finally, photoperiod markedly affects T and MSB in Syrian hamsters. Dopamine and
norepinephrine are two critical neurotransmitter systems necessary for the expression of
MSB: norepinephrine induces generalized arousal of the CNS necessary for motivated
behavior, whereas dopamine must be released into the medial preoptic area (mPOA) to
induce MSB. Experiment 5 tested whether upregulation of dopamine or norepinephrine
signaling could bypass short-photoperiod induced sexual quiescence. Apomorphine and
yohimbine were administered just prior to MSB tests to photoregressed hamsters, but
failed to increase sexual behavior, suggesting that upregulation of these two systems is
not sufficient to restore MSB during the season of reproductive quiescence.
Overall, the research herein demonstrates that T replacement therapy that more closely
mimics endogenous T profiles is more effective at maintaining MSB and possibly other
traits controlled by androgens. Exploitation of this paradigm may enhance understanding
of hormone signaling of motivated behavior. Additionally, the present paradigm will
facilitate specification of the genomic and proteomic underpinnings of MSB as well as
molecular and cellular research into this complex social behavior.
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Chapter 1
General Introduction
Testosterone
Androgens are phylogenetically old molecules that influence diverse behavioral and
physiological systems, including sexual behavior and reproductive physiology, in all well studied
male vertebrates (Meisel and Sachs, 1994).
Testosterone (T), the primary androgen released from the testes of mammals, birds and
reptiles, is one of many steroid hormones (Adkins-Regan, 2005). All steroid hormones are
derived by a series of cleavages to cholesterol by enzymes specific to the tissue that synthesizes
the hormone. As a result, all steroid hormones have similar structure —four carbon rings: three
hexagons and one pentagon (Adkins-Regan, 2005)—but diverse function. Synthesis of most
steroid hormones requires a number of enzymes and thus a number of intermediates
(prohormones) are produced, which themselves can exert steroidal effects (e.g., cholesterol must
be cleaved into one of the progestagens prior to conversion to an androgen). As such, any
hormone that influences a behavior or physiological trait may be acting only after cleavage into
one of the hormones further along the pathway. These possibilities must be investigated before
implicating a single hormone in any action.
Androgens have 19 carbon atoms in their structure and include 5 hormones with varying
binding affinity for the AR. The two “strong” ligands with the highest affinity and presumably
the most biological action are T and its metabolite dihydrotestosterone (DHT), both of which
bind the AR to induce transactivation of androgen regulated genes (Grino et al., 1990; Ginsburg
and Shori, 1978; Chamness et al., 1979). However, binding affinity does not determine the endresults of AR induced transcription because activation of the AR by T and DHT induce
transcription of different genes (Lu et al., 1999; Hsiao et al., 2000; Dominguez et al., 1994).
The classical model of steroid hormone action is that steroids circulate through the
bloodstream to affect target cells that express the steroid’s cognate receptor. Because steroid
hormones are derived from cholesterol, they are hydrophobic and lipophilic, which allows them
to passively diffuse through hydrophobic cell membranes to access intracellular receptors
(Mendel, 1996). However, their hydrophobic nature causes approximately 60% of all T to bind
with sex hormone binding globulin and slightly less than 40% to bind to albumin, which leaves
only a fraction of all synthesized T to freely circulate in blood (Mendel, 1996); the free hormone
hypothesis suggests that this free T is able to diffuse into cells and bind the AR. While there are
actions of T bound to sex-hormone binding globulin that may affect androgen signaling in the
brain (Rosner et al., 1999), its role in the regulation of MSB is unknown. Thus, the free hormone
hypothesis is insufficient to explain all aspects of steroid signaling but is supported in many
functions, including the regulation of MSB.
Dynamic Secretion
T is synthesized and secreted from the gonads in irregular pulses that result in varying
concentrations of circulating T across the day. The specific pattern depends on an endogenous
circadian and ultradian rhythm of release that can be altered by physiological, social, or
environmental cues. For example, in mice basal T concentrations (1-2 ng/ml) are punctuated
periodically throughout the day by T pulses that rapidly increase circulating concentrations over
ten-fold with a half-life of approximately 20 minutes (Coquelin and Desjardins, 1982). Similar
profiles are present in rats (Steiner et al., 1984) and humans (Winters and Troen, 1986). Pieper
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and Lobocki (2000) measured circulating T at 8 time points throughout the day in Syrian
hamsters and demonstrated a circadian alteration in which T increases for approximately 5 hours
followed by a precipitous decline just after lights-off; with greater temporal resolution it is likely
that similar pulsatile T profiles exist in Syrian hamsters as in mice, rats and humans.
Determination of a T pulse’s timing is not exclusively endogenous; T pulses occur in
response to both social and environmental perturbations. A female conspecific or her odors are
sufficient to elicit a T pulse in sexually competent rodents (Nyby, 2008), and males display a T
pulse to a stimulus odor that is conditioned to predict a conspecific female (Graham and
Desjardins, 1980)—however, a male will cease to display reflexive T release if the same female
is presented repeatedly (Coquelin & Bronson, 1979). Shortly after aggressive encounters in
rodents and humans T is increased in the victor and decreased in the loser (Mehta & Josephs,
2006; Gleason et al., 2009). In humans T is tethered to competition and sexuality: T secretion is
altered during competitive sports (Edwards et al., 2006), while watching one’s past personal
victories (Carre & Putnam, 2010), pending the outcome of one’s favorite sports team’s
competition (Bernhardt et al., 1998) and prefaces activation of a number of neurotransmitter
systems in the brain necessary for sexuality and pair bonding (Bancroft, 2005).
T is also responsive to environmental perturbations, most notably in photoperiodic species,
which include Syrian hamsters, that experience marked alterations in their physiology and
behavior with the changing seasons; in short day lengths circulating T concentration is reduced,
negative feedback to the brain (discussed below) is sensitized (Hegarty et al., 1990) and sexual
behavior is reduced (Beery et al., 2007).
It is clear that the T signal in mammals is dynamic and varies across social, temporal and
physiological contexts and sends myriad signals to target tissues; steroidal signals contain
information in their circulating concentration, pulse duration (Taylor et al., 1989, 1990), pulse
frequency (Park et al., 2007, Marshall & Griffin, 1993), inter-pulse interval (Parsons et al., 1982;
Clark & Roy, 1987) and the circadian or ultradian phase during which a pulse occurs (Sodersten
et al., 1980). Thus, to fully understand T’s signals, researchers must take into account these
different sources of information.
Endogenous regulation of testosterone release
T is released primarily from the testes in males and the adrenal glands in females. The
signal to produce and release T is controlled by a hierarchical mechanism of neural control called
the Hypothalamic-Pituitary-Gonadal (HPG) axis. The hypothalamus communicates with the
pituitary, which then communicates with the gonads to signal when steroid biosynthesis and
release will occur. Dysregulation of the HPG axis can result in infertility (Pallais et al., 2007)
and dysfunction of MSB (Westberry & Meredith, 2003).
Gondadotropin-releasing hormone (GnRH) in rodents is produced by a small number of
neurons diffusely localized to the diagonal band of broca, preoptic and septal areas, and basal
hypothalamus (King et al., 1982) that act collectively as a single GnRH pulse generator, which
becomes active neonatally and pubertally to activate gonadal steroid secretion. GnRH synthesis
but not release then persists throughout adulthood in Syrian hamsters. A mutation in the GnRH
gene causes extreme hypogonadism in mice by decreasing gonadotropin secretion and thereby
inhibiting spermatogenesis and T synthesis; injection of GnRH ameliorates this hypogonadism
(Cattanach et al., 1977).
GnRH neurons project primarily to the external zone of the median eminence, close to the
primary capillary bed of the hypophyseal portal system (Page & Dovey-Hartman, 1984) where
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GnRH can be released into the portal blood, bind to its receptor on gonadotropes in the anterior
pituitary and release luteinizing hormone (LH) and follicle stimulating hormone (FSH) to induce
T biosynthesis. Critically, GnRH concentration and pulse frequency determine its specific
effects on the pituitary; if the total concentration of GnRH released is too low it will not support
sufficient LH release to maintain circulating T titers, whereas if too high, the GnRH receptors in
the pituitary will become desensitized. The specific pulse frequency also determines whether LH
or FSH is released preferentially; high frequency pulses favor LH, and lower frequency pulses
favor FSH (Marshall & Griffin, 1993).
Luteinizing Hormone (LH) boluses are tightly regulated by GnRH pulses; under normal
circumstances, LH faithfully represents the action of the GnRH pulse generator. LH receptors
are located in Leydig cells in the testes where androgens are produced to stimulate both
endocrine and paracrine functions (such as spermatogenesis; Themmen and Huhtaniemi, 2000).
However, LH does not act in a dose-dependent manner. Large doses of LH downregulate LH
receptors and decrease androgen secretion (Catt et al., 1980). LH has a half-life of approximately
20 minutes and it appears that a short-lived pulsatile signal mimicking its endogenous secretion
most efficiently stimulates steroid secretion from Leydig cells (Hakola et al., 1998).
LH and FSH induce de novo T biosynthesis and its immediate release because T is
lipophilic and cannot be stored in intracellular vesicles efficiently. There is variability between
species as to how closely LH and T secretion are paired, but it appears that LH pulses drive the
episodic release of T in direct response to LH itself (Hakola et al., 1998) within minutes
(Coquelin and Desjardins, 1982).
After T is released it negatively feeds back onto both the hypothalamus and pituitary to
inhibit further production of LH, FSH and GnRH. If an animal is castrated, circulating LH and
FSH rise as a result of the loss of T’s feedback (Cheung and Davidson, 1977). Exogenous T,
acting at both the pituitary and hypothalamus can reduce the serum concentrations of LH, and
LH ! subunit mRNA (Gharib et al., 1987). In eugonadal men, T decreases the likelihood of an
LH pulse and in GnRH deficient men, T decreases LH pulse amplitude after exogenous
administration of GnRH (Bhasin et al., 1987) or to men with idiopathic hypothalamic
hypogonadism (Santoro et al., 1986).
At the hypothalamic and pituitary levels of the HPG system both the concentration and
temporal characteristics of peptide secretion determine its effectiveness. The temporal
characteristics of T secretion, and its implications to both physiology and behavior, however,
remain poorly understood.
Syrian Hamster Male Sexual Behavior
T regulates MSB in most vertebrate taxa (Meisel & Sachs, 1994). After eliminating
circulating T by castration, MSB declines over the course of several weeks; T replacement then
restores MSB over the course of several more weeks (Meisel & Sachs, 1994). It is axiomatic
that more T is required to restore sexual behavior than to maintain it. Additionally, T likely acts
to drive MSB via transactivation of genes (McGinnis and Kahn, 1997) as well as via rapid, nongenomic effects (Foradori et al., 2008).
Syrian hamster MSB requires a serial succession of behaviors prior to ejaculation and
successful fertilization. When a male first gains access to a female he will initiate investigation
in which he contacts and investigates the female’s hindquarters and anogenital region (Siegel,
1985). If the female is receptive and displays complementary appetitive behaviors, the male will
mount between her hind legs while palpating the skin on her dorsal flanks which induces the
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lordosis posture. After some mounts, the male will achieve intromission, and after multiple,
distinct intromissions, will ejaculate. After ejaculation there will be a short absolute refractory
period in which the male will not mount, intromit or ejaculate. A male Syrian hamster may
ejaculate more than 10 times in a thirty-minute test prior to the onset of sexual satiety (ArteagaSilva et al., 2005; Piekarski et al., 2010).
Androgens and the male sexual behavior neural circuit
Androgen Action in the Brain
The central nervous system controls all complex behavior. In the case of MSB, this
includes amalgamating environmental, social, and physiological cues to determine if it is
appropriate to mate. To understand T’s modulation of behavior one must appreciate the neural
circuit on which T or its metabolites act. Because T can directly bind the AR, or act as a
prohormone for DHT and estradiol, it is required to further determine the manner in which T
elicits its effects. In a number of species, including some strains of mice and rats, aromatization
in the MSB neural nuclei is necessary for MSB (Luttge, 1975). However, in many species
including guinea pigs, rabbits and Syrian hamsters, activation of the AR is likely the most
important feature with aromatization playing a peripheral role at most; blockade of the aromatase
enzyme or estradiol receptor in Syrian hamsters does not reduce MSB (Cooper et al., 2000),
whereas estradiol administered directly to the brain in supraphysiological doses restores only
mounting behavior (Wood, 1996) and large peripherally administered doses are completely
ineffective (Arteaga-Silva et al., 2005). Interestingly, DHT is largely ineffective at maintaining
or restoring MSB in Syrian hamsters (Arteaga-Silva et al., 2005), suggesting that T acts directly
on the AR to induce copulatory behavior in this species.
Brain circuits
Hamsters require chemosensory input to recognize conspecifics and initiate mating
behavior; MSB declines in hamsters rendered anosmic by bilateral olfactory bulb lesions
(Murphy and Schneider, 1970). The olfactory bulbs project to downstream limbic regions,
including the cerebral cortex and medial amygdala (MeA), which integrates chemosensory,
somatic and hormonal information to modulate mating and other social behaviors (Hull et al.,
2006). The MeA is dense with AR and is strongly innervated by both the olfactory bulbs, and the
subparafascicular nucleus—which provides sensory input from the penis and is part of the
ejaculation circuit (Veening & Coolen, 1998). T administered directly to the MeA facilitates
MSB in castrated rodents (Wood and Williams, 2001) while conspecific pheromones activate it
(Swann et al., 2001). Lesions of the anterior subdivision of the medial amygdala—where
olfactory efferent pathways synapse—eliminate copulation (Lehman et al., 1980). The MeA
appears to be the first important site of integration of sensory and somatic cues in the MSB
pathway. It then sends many efferents through the stria terminalis to other brain nuclei
implicated in the control of MSB including the bed nucleus of the stria terminalis (BnST) and the
medial preoptic area (MPOA).
Like the MeA, the BnST has many androgen responsive neurons and contains many
overlapping connections with the MeA. The BnST is innervated directly by the MeA, and both
directly innervate the mPOA. As such, it is positioned to play a modulatory role in MSB.
However, lesions of the BnST do not necessarily eliminate copulation in rodents, rather, the
BnST appears to prepare the male for mating (Hull et al., 2006). BnST lesions in rats reduce noncontact erections to a greater degree than MPOA lesions, whereas MPOA lesions eliminate
copulation, but not non-contact erections (Liu et al., 1997).
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The MPOA is the most critical site of integration of disparate, mating-related signals in the
brain. In fact, it has been found to mediate MSB in every vertebrate studied to date (reviewed in
Meisel and Sachs, 1994). The MPOA receives afferents from the MeA, BnST and other brain
and spinal nuclei which allows it access to a variety of sensory modalities (Hull et al., 2006), and
position it as the critical mediator of flexibility of the mating response. Not only does it receive
input from sensory systems, but it also is dense in steroid receptors (Doherty & Sheridan, 1981);
activated ARs in the mPOA likely bias incoming sensory stimuli to favor sexual cues. The
MPOA also regulates somatic and motor outputs to produce proper mating patterns (Simerly and
Swanson, 1988). It is not surprising that an area so essential for mating is conserved throughout
vertebrate evolution.
To underscore its importance, both electrolytic and excitotoxic lesions of the mPOA
eliminate mating behavior in a wide swath of animals tested (Powers et al., 1987). It appears to
modulate both the ability to mate (motor output of the proper stereotyped movements) and, at
least partially, the motivation to mate (Paredes et al., 1993). This is independent of any
temporally induced changes in other brain regions, because temporary inhibition of the MPOA
with lidocaine reduces MSB and male motivation to mate (Hurtazo et al., 2008).
T is necessary for the MPOA to coordinate sexual behavior and motivation. After MSB
declines following castration, T infusion to the MPOA is sufficient to restore MSB, though not
always to pre-castration levels (Coolen and Wood, 1999). The endpoint for activation of MSB is
the release of DA into the MPOA from incerto-hypothalamic DA neurons (Putnam et al., 2001).
Direct application of DA to the MPOA facilitates copulation, genital reflexes and sexual
motivation (Hull et al., 2006). T appears to facilitate the release of stored dopamine from neurons
terminating in the MPOA (Putnam et al., 2005), and thus acts as a gating mechanism whose
presence is necessary before the final dopaminergic signal is sent.
Ultimately, the MPOA is the major integrative and regulatory site in the brain for the
expression of MSB in all vertebrates studied to date. Its conservation of function across multiple
phyla testifies to the reproductive fitness it confers. However, the MPOA often overshadows all
other nuclei integrated into the mating network, including nuclei not mentioned herein. Without
the afferent projections to the MPOA it would not be able to properly regulate the broad array of
behaviors and physiological changes necessary to mate competently. As the heavy density of AR
in these brain nuclei suggest, T, or its metabolites, act as important inputs to this system to
regulate the appropriateness of mating at a given time in a given environment. In fact, each of
these nuclei may be responding to different components of the hormonal signal. Thus, due to
dynamic T signaling and its varying effects in different neural nuclei, there are both temporal and
spatial consequences of T’s action.
Photoperiodism
As was noted above, environmental factors influence T secretion, most striking of which
may be alteration in T secretion with the changing seasons in photoperiodic species like the
Syrian hamster. All sexual behavior must be timed appropriately to offer the highest likelihood
of survival of the offspring once born. One common method across much of animalia is the
expression of circannual rhythms or photoperiodism.
Many animals mate to time parturition to coincide with the most favorable season for
offspring survival. In Syrian hamsters the gonads regress during autumn, T declines and MSB is
not expressed. When day length increases their testes grow larger and they again express MSB
(reviewed in Paul et al., 2008). Ultimately it is desirable to sire young during the spring or
summer, when food is most plentiful and other environmental conditions are favorable, so
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animals with short gestation periods, like short-lived mammals and birds, tend to mate in the
early spring or summer (Paul et al., 2008).
Concomitant with the changing day length, T secretion decreases with involution of the
gonads during autumn and winter and increases again with recrudescence in the spring.
However, other alterations in the neural mating circuit occur during short day lengths because T
replacement does not restore sexual behavior in early winter days (Morin and Zucker, 1978).
The mechanisms causing T’s ineffectiveness at restoring MSB during reproductive quiescence
remain unknown.
Overview of experiments
This dissertation is comprised of five experiments that explore pulsatile T replacement’s
regulation of MSB. In experiments 1 and 2, T, in an aqueous vehicle which induces endogenous
pulse-like increases in circulating T titers, was administered in varying concentrations and
frequencies in both MSB maintenance and restoration paradigms. It was discovered that pulses
are more effective at maintaining and restoring MSB than constantly circulating hormone
replacement. These experiments establish a T replacement regimen to castrated Syrian hamsters
that both maintains and restores MSB with physiological doses of T that increase circulating
concentrations for only hours at a time.
This new paradigm allowed exploration of a novel question in experiment 3 that probed
the differing T and DHT relations with the AR. Because T and DHT ostensibly bind the same
receptor, but DHT is ineffective at restoring MSB, I asked if large doses of DHT could be used
to antagonize T’s restoration of MSB under the previous replacement paradigm. The results
demonstrate that not only do T and DHT fail to counteract each other, but they additively or
synergistically improve copulatory ability, suggesting that there is differential action of these two
ligands at one or more points in the hamster mating circuit.
In experiment 4 I further exploited this paradigm to determine when neural protein
synthesis necessary to sustain MSB occurs in relation to a T pulse. Hamsters received once
weekly injections of T sufficient to maintain MSB while simultaneously receiving an injection of
a protein synthesis inhibitor, Anisomycin, at varying times relative to T treatment. In so doing, a
critical window was established during which T likely induces protein synthesis in the neural
circuit that subserves MSB.
Experiment 5 explored how photoperiod-induced sexual quiescence may be altered by
alteration in brain DA or norepinephrine. The short-day phenotype was induced and hamsters
were administered the DA agonist apomorphine, or the "-2 adrenergic antagonist yohimbine,
drugs known to facilitate sexual behavior in photostimulated hamsters; neither treatment
increased the expression of MSB in reproductively quiescent males
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Chapter 2
General Methods
Animals
Syrian hamsters (Mesocricetus Auratus; HsdHan:Aura) were obtained from one of two
commercial breeders (Harlan (Indianapolis, IN) or Charles River (Wilmington, MA) or bred
from Harlan stock, and were maintained on a 14L:10D photoperiod (14 h light/day, lights off
between 1600 and 1800 h PST) unless otherwise noted. Tap water and Lab Diet Prolab 5P00
were available ad libitum. Hamsters were group housed up to 60 days of age then singly housed
at 23 ± 1 °C in polypropylene cages (48 x 25 x 21 cm) furnished with Tek-Fresh Lab Animal
Bedding (Harlan Teklab, Madison, WI). All procedures were approved by the Animal Care and
Use Committee of the University of California at Berkeley.
Surgical procedures
Males and females were anesthetized with isoflurane vapors (Baxter Healthcare,
Deerfield, IL) and castrated or ovariectomized through a midline incision in the abdominal
cavity. Incisions were closed with sterile suture and wound clips (Mikron Auto Clip 9mm,
Becton Dickinson, Franklin Lakes, NJ). Hamsters were injected s.c. with the analgesic 5%
buprenorphine (0.2 ml/animal), immediately postoperatively and again 8-12 hours later (Hospira
Inc., Lake Forest, IL).
Induced female receptivity
Ovariectomized females were rendered sexually receptive with standard estradiol plus
progesterone treatments. A Silastic capsule (Dow Corning, Midland, MI, USA; 4 mm in length;
ID 1.98mm, OD 3.18 mm) filled with estradiol-17! (Sigma, St. Louis, MO) and sealed with
silicone adhesive, was implanted s.c. on the day of ovariectomy; behavioral estrus was induced
by injecting females s.c. with 350 µg progesterone (Sigma) dissolved in peanut oil (2.5 mg/ml) 4
h prior to the mating test. Females were utilized for behavioral testing at most once every 4
days.
Pre-screening for male sexual behavior (MSB)
Adult male hamsters were screened for MSB during the late portion of the light phase.
The testing arena consisted of a clear Plexiglass box (41 x 21 x 21 cm) set above a slanted mirror
to facilitate observation of intromissions and ejaculations. This apparatus was kept in the room in
which males were housed. After 10 min during which the male was acclimated to the apparatus,
a sexually receptive female was introduced and MSB recorded. Males that ejaculated within 15
min on two consecutive tests separated by a week were considered sexually experienced and
retained for the experiments. During the last pre-screening test the full suite of behaviors
(described below) and their latencies were recorded (except in experiments 1 and 2 in which a
single ejaculation and its latency were recorded). All observations were terminated after either
15 or 30 min.
I recorded the number of mounts not accompanied by an intromission that preceded the
first ejaculation, the number of intromissions that preceded ejaculation, the number of long
intromissions (Huck and Lisk, 1985) and latencies to each behavior. Males that failed to
ejaculate were assigned a latency that equaled the full length of the test (15 or 30 minutes).
Orbital bleeding procedures
Hamsters were anesthetized with isoflurane vapors. Blood was withdrawn from the
retro-orbital sinus in non-heperanized capillary tubes. Blood was immediately centrifuged at 4
°C for 20 min at 3000 rpm, and the serum collected and frozen at #80 °C until assayed.
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Radioimmunoassay detection of serum hormone concentrations
T was measured in a separate assay for each experiment using a solid-phase 125I
radioimmunoassay kit (DSL-4000; Diagnostic Systems Laboratories, Webster, TX). Serum
samples were aliquoted in 50-µl amounts into duplicate assay tubes and incubated with tracer for
1 h at 37 °C. The lower limit of detectability of the assay reported by the manufacturer was 0.08
ng/ml T. Estradiol was measured using the commercially available Radioimmunoassay kit
(DSL-43100) in single assays. Serum samples underwent an oxidation/extraction procedure
prior to being assayed for DHT (DSL-9600). Both intra and inter-assay coefficients of variation
were below 10% in all cases for all hormones measured. Cross-reactivity with T was 0.02% in
the DHT assay after extraction; in the T assay cross-reactivity with DHT was 5.8%, as reported
by the manufacturer. The minimum detectable concentrations for T, DHT and E2 were 0.08
ng/ml, 0.004 ng/ml and 0.011 ng/ml, respectively.

8

Chapter 3
Experiments 1 and 2: Infrequent low dose testosterone replacement maintains and restores
sexual behavior in castrated Syrian hamsters
Introduction
Mammalian male sex behavior (MSB) depends on gonadal androgen secretion (Meisel
and Sachs, 1994; Hull et al., 2002; Hull et al., 2006; Hull and Dominguez, 2007); copulatory
behavior declines in the absence of testosterone (T) and is restored with T replacement. T
replenishment typically has been achieved in rodents by implanting constant release capsules or
injecting steroid hormones dissolved in oil vehicles. In rats a single intramuscular injection of
100 µg testosterone propionate elevated T concentrations above the physiological range for 24 h;
residual hormone was present in the blood as long as a week after injection (Keating and
Tcholakian, 1983). Lingering effects of several days duration have also been reported in rats
after a single subcutaneous administration of non-esterified T dissolved in soybean oil (Gerrity et
al., 1982). The episodic ultradian rhythms of T secretion of intact rodents are not mimicked by
replacement procedures that chronically elevate circulating hormone concentrations (capsules,
Damassa et al., 1977) or injections that generate T concentrations well above the physiological
range (73 ng/ml in a typical replacement regimen compared to 2 ng/ml in intact male Syrian
hamsters; Arteaga-Silva et al., 2005). In mice and rats, T remains at low basal values except for
several fleeting surges each day (Coquelin and Desjardins, 1982; Ellis and Desjardins, 1982,
respectively). In Syrian hamsters, Mesocricetus auratus, T concentrations are elevated for 4
hours in the late subjective day (Pieper and Lobocki, 2000). Chronic exposure to hormones in
typical replacement paradigms may desensitize target tissues (Wolf et al., 1993) and influence
receptor dynamics; low or hormone-free intervals, timing of hormone secretion, and hormone
availability in target tissues are important considerations in deconstructing hormone-behavior
relations. Duration and frequency of T secretion may be as salient as the amount of available T.
Park et al. (2007) infused Syrian hamsters daily with 100 µg T over 4 hours or 50 µg T in
each of two 4-hour infusions separated by 8h. Both regimens maintained MSB despite rapid
clearance of circulating T after infusions were terminated. The authors concluded that basal
concentrations of T sustained by the gonads during inter-pulse intervals probably are
unnecessary for maintenance of MSB. In the present study I employed subcutaneous injections
of T dissolved in an aqueous vehicle to elevate blood T concentrations for only a few hours after
each injection (e.g., Taylor et al., 1989, 1990). No exogenous treatment can exactly simulate
endogenous patterns of T secretion, but this regimen appears to be more representative of the
natural condition than those typically employed.
I sought to determine the lowest dose of T necessary to maintain and restore the
ejaculatory reflex in castrated Syrian hamsters. Additionally, injection frequencies were
manipulated to determine if MSB is sustained by infrequent treatments followed by long
intervals during which T concentrations are either undetectable or well below physiological
values. Answers to these questions will increase understanding of fundamental hormonebehavior relations.
Materials and Methods
Experiment 1
24 male hamsters were pre-screened for MSB and castrated at day 0 as described above.
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Phase 1
To determine the lowest dose necessary to maintain MSB, sexually experienced males
were injected daily beginning on the day after castration with 0.2 ml of a 50% ethanol-distilled
water vehicle that contained 0, 50, 100, 200, or 400 µg T (Sigma) (n=5 per group except n=4 for
hamsters that received 200 µg T). Concentrations were chosen based on studies of Arteaga-Silva
et al. (2005) who reported that 50 µg T in oil was ineffective in restoring MSB in Syrian
hamsters. Animals were tested for sexual behavior 2, 5 and 11 weeks post-castration
approximately 5 h after that day’s injection (see Fig. 1 for time line).
Phase 2
I observed that daily treatment with 50 µg T maintained MSB in phase 1 and then
assessed the effects on MSB of less frequent injections. Beginning on week 12 post-castration,
all hamsters that had been injected with vehicle during phase 1 received 50 µg T daily
(restoration paradigm); the remaining hamsters were distributed evenly among groups and
treated with 50 µg T every 2, 4 or 7 days (maintenance paradigm). Hamsters were tested for
sexual behavior 17 weeks post-castration, i.e., 5 weeks after phase 2 treatment began (Fig. 1).
Experiment 2
Phase 1
Because all T concentrations in experiment 1 sustained MSB I again sought to establish
the threshold T dose sufficient to maintain MSB. A new group of sexually-experienced adult
male hamsters, tested and castrated as in experiment 1, received either vehicle or 15 µg T daily
(n=7 and 11, respectively) for 5 weeks beginning the day after castration (maintenance
paradigm). MSB was assessed after 2 and 5 weeks of treatment (Fig. 1).
Phase 2
At the end of 5 weeks of treatment, hamsters previously injected with the vehicle solution
were treated with 15 µg T daily (restoration paradigm); those previously injected with 15 µg T
daily transitioned to 5 µg T injections daily (maintenance paradigm). Hamsters were re-tested 2
and 5 weeks after the beginning of phase 2 treatment (weeks 7 and 10 in Fig. 1).
Statistical analyses
Differences between pre and post-operative sex behaviors were assessed with paired ttests. Mixed ANOVAs compared post-op, hormone-treated groups across time. Differences
between groups at specific time points or for post-mortem tissue weight analyses were assessed
with single factor ANOVA followed by pairwise comparisons using Tukey’s HSD test. If an
omnibus ANOVA could not be carried out due to too few data points in some groups, those
groups were excluded from analyses; e.g., at wk 7 no hamsters from the vehicle group and only
one from the DHT group ejaculated, which does not allow for statistical comparison, thus, these
groups were eliminated from the analysis. Comparisons of proportions of hamsters in each
group displaying a behavior were calculated with the Fisher-Freeman-Halton Exact Test. The
Statview program (Statview 5; SAS Institute, Cary NC, USA) was used for all ANOVA and ttests. The Fisher-Freeman-Halton Exact test was computed with the Statsdirect program
(Statsdirect 2.7.7; Altrincham, UK). Observed differences were considered significant if p<0.05,
and this value is reported for all significant comparisons regardless of the actual significance
level.
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Results
Effects of T concentrations on male sex behavior of castrated hamsters
Experiment 1
Phase 1
5 weeks after castration no vehicle-injected hamster (0 µg T) displayed the ejaculatory
reflex (ejaculation latency of 15 min, Fig. 2A). Ejaculation latencies (EL; did not differ after 11
weeks of treatment among groups receiving different doses of T (Fig. 2A; F3,15 = 1.06, p>0.05);
hamsters injected with the lowest dose (50 µg) generated more mounts at wks 5 and 11 and more
intromissions at wk 11 prior to ejaculation (Figs. 2B,C; F1,17= 22.55, 17.63, and 28.2
respectively, p<0.05) than did groups treated with higher T doses. At week 5 the vehicle-injected
hamsters did not intromit and had significantly longer mount latencies than did all other groups
(F1,21=39.53, p<0.05; not illustrated). By week 11 no vehicle injected hamster mounted or
intromitted. Additionally, at week 11 the 400 µg group was slower to intromit than either the
200 or 100 µg group (t7= 3.0 and 6.23 respectively, p<0.05; not illustrated). There were no
differences between groups in the post-ejaculatory intervals. No other differences between
groups were observed.
Phase 2
50 µg of daily T treatment restored ejaculatory behavior in 4 of 5 hamsters castrated 11
wks earlier and previously treated with the vehicle. All hamsters administered 50 µg T every 2
days (n=7) continued to ejaculate, as did 4 of 6 hamsters injected every 4 days and 4 of 6
hamsters injected every 7 days. Hamsters that ejaculated in the group treated every fourth day
had been injected with 100 µg (n=1), 200 µg (n=2) and 400 µg (n=1) during phase 1; the two
hamsters that failed to ejaculate had previously received 50 or 100 µg T. Corresponding Phase 1
treatments for the group injected once per week were 50 µg (n=1), 100 µg (n=1) and 400 µg
(n=2) for those that ejaculated; the two hamsters that failed to ejaculate were previously injected
with 50 or 200 µg T. Ejaculation latencies increased significantly in hamsters injected every 4th
or 7th day compared to values of hamsters treated every 2 days (Fig. 3A; t11= -2.69 and –4.04
respectively, p<0.05), but did not differ significantly from values of hamsters injected daily (t8= 1.51, p= 0.17 and t8= -2.27, p= 0.053, respectively). A greater number of mounts (Fig. 3B)
preceded ejaculation in hamsters injected once every 4 or 7 days compared to values for groups
injected daily or every other day (daily vs. 4 days, t8= -2.94, daily vs 7 days, t8= -2.40, 2 days vs
4 days, t11= -2.67 and 2 days vs. 7 days, t11= -2.22, p<0.05). When the analysis was restricted to
hamsters that ejaculated, males injected every 1 or 2 days had significantly shorter ejaculation
latencies and fewer mounts than those injected once every 7 days (F1,12=4.93 and 9.97
respectively, p<0.05); hamsters injected every 4 days did not differ significantly from any of the
other groups (not illustrated). The number of intromissions preceding ejaculation was equivalent
for groups treated daily or every 2 days and significantly lower than values for hamsters injected
every 4 or 7 days (Fig. 3C; t9 =0.76 and F1,16= 20.75, respectively). Hamsters injected every 2
days had significantly shorter post-ejaculatory intervals than hamsters injected either every 4 or 7
days (not illustrated; t11= -2.89 and –2.73 respectively, p<0.05).
Experiment 2
Phase 1 (Fig. 4)
Two weeks after castration, vehicle-treated hamsters (0 µg) displayed more mounts (Fig.
4B), longer ejaculation latencies (Fig. 4A) and longer post-ejaculatory intervals (not illustrated)
than hamsters injected with 15 µg T (t16 = -5.21, -3.38 and –3.57, respectively, p<0.05), but
there were no significant differences in number of intromissions (Fig. 4C) or in mount or
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intromission latencies (not illustrated) between the groups (t16= -1.02, 0.84, and 1.87, p>0.05).
By the end of phase 1 (5 wks), no vehicle-injected hamster displayed an ejaculatory reflex,
whereas 15 µg T maintained this behavior in all hamsters with latencies that did not differ from
pre-castration values (Fig. 4A; wk 5 vs. pre-op values, t10 = -0.05, p>0.05).
Phase 2 (Fig. 5)
5 weeks of 15 µg T treatment (weeks 5-10) restored copulation in all hamsters that had
previously ceased to ejaculate in phase 1 during treatment with the vehicle, but with ejaculation
latencies longer than their pre-castration values (Fig. 5A; wk 10 vs. pre-op values, t10= -4.77,
p<0.05). In contrast, a reduction of the T dose from 15 to 5 µg from wk 5 to wk 10 eliminated
ejaculation in 3/11 hamsters, significantly lengthened ejaculation latencies (Fig. 5A, wk 5 vs. wk
10, t10 = 7.67, p<0.05), and increased the number of mounts and intromissions at wk 10 (Fig.
5B,C ; t 10= -4.05, t10 = -5.6, respectively, p<0.05). Mount and intromission latencies did not
differ in hamsters treated with 15 µg T in the maintenance and restoration regimens (wk 5,
maintenance vs. wk 10 restoration, t16= -1.35 and -0.90 respectively, p>0.05, not illustrated).
Hamsters in the restoration regimen had significantly more intromissions preceding ejaculation
during treatment with 15 µg T than those in the maintenance regimen (~ 18 vs. ~35; Fig. 5C; wk.
5 maintenance vs wk. 10 restoration t16= -3.2, p<0.05).
T concentrations induced by injection regimens
Experiment 1
Phase 1
T concentrations of each group differed significantly from all others when blood was
sampled 7 hr after injection after 11 weeks of T or vehicle treatment (Phase 1; Fig. 6A; multiple t
tests, p<0.05). Hamsters injected with the vehicle had T concentrations below the lower limit of
detectability. T concentrations of hamsters treated with 50 µg T ranged between 0.9 and 1.3
ng/ml, which is below the values for intact males (Arteaga-Silva et al., 2005 and Park et al.,
2007, both reported values of ~2.0 ng/ml).
Phase 2
Hamsters were bled after the week 17 behavior tests 7, 31, 79, or 151 h after the most
recent 50 µg T injection (Phase 2). T concentrations at 7 h ranged from 0.47 to 0.9 ng/ml and
were significantly higher than values at all subsequent time points (multiple t tests, p<0.05; Fig.
6B), which did not differ from each other; hamsters treated every 2 days tended to have higher T
concentrations than those injected every 4 and 7 days (t11= 2.15 and 2.12, respectively, p=0.055
and 0.057 respectively). Nine of 19 hamsters sampled between 31 and 151 h post-injection had
undetectable T concentrations; T concentrations in the remaining 10 hamsters ranged from 0.09
to 0.21 ng/ml; an equal number of hamsters had non-detectable concentrations in groups injected
every 4 and 7 days.
Experiment 2
Hamsters treated with 15 µg T in the maintenance paradigm had significantly higher T
concentrations (<0.4 ng/ml) than those injected with the vehicle (non-detectable values) after 5
weeks of post-castration treatment (Fig. 6C; t16= 3.74, p<0.05), but well below the ~2 ng/ml
values of intact males (Park et al., 2007). T concentrations were equivalent after 5 wks of
treatment in the maintenance and restoration paradigms (Fig. 6C; t16= -0.67, p>0.05). The 5 µg
treatment produced T concentrations intermediate between and significantly different from those
of hamsters injected with the vehicle or 15 µg T (Fig. 6C; t16= 2.19 and t16= –3.91 respectively,
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p<0.05); T was undetectable in 3 hamsters and ranged between 0.11 and 0.32 ng/ml in the 8
remaining hamsters in this group.
Effects on androgen-responsive peripheral tissues
Experiment 1
Phase 2
50 µg T injections every day or every 2 days maintained higher ventral prostate weights
than did the less frequent treatments (Fig. 7A; daily vs. every 4 and 7 days; t9= 4.14 and 3.03.
Every 2 days vs every 4 and 7 days; t11= 2.86 and 2.36, p<0.05). Injections every 1 or 2 days
also maintained heavier seminal vesicles than did T treatment every 7 days (Fig. 7B; t9 = 6.35
and t11=7.8 respectively, p<0.05). Treatments during the first phase of the study were not
significantly correlated with terminal seminal vesicle or prostate weights during phase 2 (p>0.05,
not illustrated).
Experiment 2
Phase 2
Prostate and seminal vesicle weights of hamsters treated with 15 µg T daily (Fig. 7C)
were lower (~ 130 mg and 35 mg, respectively) than those of hamsters treated daily with 50 µg T
in phase 2 of experiment 1 (~ 250 mg and 70 mg, respectively; compare Figs. 7C to Fig. 7A,B;
t11= -5.91 and -7.39, p<0.05), but did not differ between the 15 and 5 µg treatment groups (t16= 0.26 and 1.3 respectively, p>0.05).
Discussion
Male sex behavior (MSB) of Syrian hamsters was sustained by daily subcutaneous
injection of 15 µg T in both maintenance and restoration paradigms. Transition to 5 µg T was
accompanied by a decrease in copulatory efficiency as evidenced by the substantial increase in
number of mounts and intromissions preceding ejaculation and an increase in the number of
males that failed to ejaculate; the threshold dose probably falls between these values but a
definitive conclusion awaits tests in which 5 µg T treatment is extended for more than 5 weeks.
The present work indicates that MSB is maintained by T concentrations substantially lower than
required when T is dissolved in oil; 50 µg T injected daily in an oil vehicle was ineffective in
restoring MSB in Syrian hamsters castrated 5 weeks earlier (Arteaga-Silva et al. 2005). The use
of an aqueous vehicle in the present study produced relatively brief elevations of blood T, which
more closely simulates endogenous episodes of T secretion (Pieper and Lobocki, 2000). Higher
and/or more rapidly achieved peak T tissue concentrations may result when the hormone is
administered in an aqueous vehicle; the rate of change in hormone concentration, in addition to
the absolute concentration of T, may influence MSB. T concentrations were undetectable in
20% of hamsters as early as 7 h after injection; T values were well below peak physiological
concentrations or undetectable in most hamsters 31 h post-injection of 50 µg T. It is notable that
8 of 12 hamsters treated with this dose sustained MSB during treatments spaced 4 or 7 days
apart. Some of these hamsters likely had undetectable blood T concentrations for 6 days between
injections. Future work utilizing the present injection regimen will be necessary to establish the
lowest frequency of T injections capable of maintaining MSB. Persistence of the ejaculatory
reflex after infrequent T injections was manifested by hamsters that had been injected with a
range of doses during phase 1 of Experiment 1. Because the ejaculatory reflex is absent 3 weeks
after castration (e.g., Park et al, 2007), treatment effects from phase 1 are unlikely to have
affected the outcome of phase 2 testing 5 weeks later. Whether the once weekly T injections
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would support MSB for many months is unknown. The experiment was terminated after 17
weeks to reduce stress associated with more prolonged treatments.
It remains to be established whether the minimalist replacement regimen described
herein, and even more extended spacing between T injections, will affect the amount of sexual
behavior males display before achieving sexual satiation (Arteaga et al., 2000) or the generation
of long intromissions (Huck and Lisk, 1985). Our tests were terminated after a single
intromission following the first ejaculatory series. Daily treatment with the lowest dose in phase
1 of Experiment 1 (50 µg T) was sufficient to maintain ejaculation with latencies that did not
differ from pre-operative values or from those of hamsters treated post-operatively with higher T
doses; the number of mounts and intromissions that preceded ejaculation were each elevated in
the group receiving 50 µg T compared to those receiving higher T doses, which is indicative of
reduced copulatory efficiency in the former group.
Each T pulse appears to initiate neural processes that bridge long gaps during which
circulating T is below physiological concentrations. T affects MSB by binding to androgen
receptors (ARs) in the cytosol of target tissues of a mating network (Wood, 1997). Subsequent
migration of the bound hormone to the cell nucleus affects transcription factors that direct
protein synthesis and support MSB (e.g., McGinnis and Kahn, 1997). A given T pulse may
continue to activate protein synthesis after the hormone is absent from target tissues. Krey and
McGinnis (1990) measured occupied AR complexes in target tissues of castrated rats just before,
0.5 h, and as late as 24 h after insertion of T capsules that produced blood concentrations in the
2–5 ng/ml range. Large increases in brain nuclear ARs were noted through 8 h, with no further
increase from 8–24 h; nuclear receptor number decreased by 60% 2 h after capsule removal and
values after 8 h were no different from those of untreated males. In Syrian hamsters migration of
ARs from the nucleus to the cytosol, assessed immunocytochemically, is not entirely complete
two weeks post-castration (Wood and Newman, 1993). Residual nuclear ARs may continue to
direct lower levels of protein synthesis for a number of days after the withdrawal of androgens,
thereby slowing the decline in post-castration MSB. The gradual decline of MSB after
gonadectomy may depend on lingering effects of pre-synthesized proteins in specific neurons.
The protein synthesis inhibitors anisomycin and cycloheximide applied to the preoptic area of
rats and mice, respectively, inhibit the display of MSB (McGinnis and Kahn 1997; Quadagno et
al. 1976), supporting the canonical view that classical genomic actions of steroids and de novo
protein synthesis are essential mediators of MSB. Time-limited ligand-independent activation of
steroid receptors also may slow the decline in MSB after castration (Blaustein, 2004).
The maintenance of nuclear ARs is not sufficient to support MSB. For example,
treatment of prepubertal Syrian hamsters with DHT is at least as effective in increasing brain
ARs in juvenile as in adult males, but only the latter show components of sexual behavior (Meek
et al., 1997; Romeo et al., 2001).
The means by which T maintains MSB is unclear. T may act via aromatization to
estrogens in neural tissue and 5-alpha reduction to DHT in peripheral structures which are
implicated in maintenance of MSB in Syrian hamsters. The doses previously used to address
these issues induced markedly supraphysiological blood hormone concentrations. Castrated
males treated daily with 1000 µg DHT showed no interest in estrous females, nor any copulatory
behavior, whereas males treated with 50 µg estradiol (E2) were sexually motivated but did not
display the ejaculation reflex (Arteaga-Silva et al., 2005). Combined treatment with DHT and E2
restored all components of MSB; the physiological significance of the latter finding is uncertain;
DHT and E2 concentrations of intact males were 0.2 and 0.07 ng/ml, respectively, 2 orders of
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magnitude lower than 45.3 and 8.0 ng/ml, respectively, in the hamsters treated with the DHT
plus E2 cocktail that restored MSB in castrates (Arteaga-Silva et al., 2005). It is unknown
whether the very low concentrations of T herein shown to maintain and restore MSB are
mediated in whole or part by conversion to estrogens. The quantities of T in the present study
likely generate much lower concentrations of estradiol than those effective in restoring MSB in
previous experiments.
In summary, the present study establishes that relatively brief elevations in blood T
concentrations at infrequent intervals sustain male sex behavior. This protocol provides a
complementary way to explore the relation of nuclear androgen receptor occupancy and protein
synthesis on the one hand, and sex behavior on the other.
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Fig. 1. Schematic of the experimental design. Hamsters were castrated ( ) at wk 0 and tested
postoperatively for sex behavior at weeks 2, 5, 11 and 17 in Experiment 1 and weeks 2, 5, 7 and
10 in Experiment 2. “B” indicates blood withdrawal one day after the mating test. Arrows
indicate when reproductive tissues were removed and weighed. The frequency and/or dose of T
injection, varied between phase 1 and 2.
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Fig. 2. Mean ± S.E.M. (A) ejaculation latencies, (B) number of mounts, and (C) number of
intromissions of hamsters tested pre-operatively and at 2, 5 and 11 weeks post- castration in
Experiment 1, phase 1. Hamsters that failed to ejaculate were assigned a latency of 15 min. Preoperative data were available only for ejaculation latency. *Significantly different from all other
groups (p < 0.05). Only hamsters injected with the vehicle manifested increased ejaculation
latencies over the course of 11 weeks. On the week 11 test, hamsters injected with 50 µg T
generated more mounts and intromissions prior to ejaculation—a sign of reduced copulatory
proficiency. However, their ejaculation latency did not increase.
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a decrease in copulatory proficiency.
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Fig. 4. Mean ± S.E.M. (A) ejaculation latency, (B) number of mounts, and (C) number of
intromissions by hamsters treated with 15 µg T ( ) or hormone vehicle ( ) each day for the first 5
weeks post-castration (Phase 1, Experiment 2). Hamsters that failed to ejaculate were assigned
the maximum ejaculation latency of 15 min. Pre-operative data were available only for
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Chapter 4
Experiment 3: Facilitation of male sexual behavior in Syrian hamsters by the combined
action of dihydrotestosterone and testosterone
Introduction
Testosterone (T) has long been implicated in the maintenance of male sex behavior
(MSB) (Young, 1961; Larsson, 1979; Hull et al., 2002). In many mammals reduced androgen
availability is associated with marked reductions in copulatory behavior. In some species
androgens exert their effects directly on androgen receptors (ARs); in others, conversion of T by
brain tissues may be an essential step (Ball and Balthazart, 2009). The canonical view, derived
from studies of rats, emphasizes conversion of T to estradiol (E2) by the enzyme aromatase as a
key step in nervous system maintenance of MSB. Treatment with 5!-dihydrotestosterone (DHT)
or E2 alone is not sufficient to maintain ejaculation in most castrated rats; combined treatment
with both hormones maintains full copulatory ability, although less effectively than T treatment
(Putnam et al., 2005). Physiologically relevant E2 plus DHT treatments that elevate brain
androgen and estrogen receptor levels to those of castrated rats treated with T capsules that
restore MSB, fail to reinstate copulation (McGinnis and Dreifuss, 1989). Nevertheless, both
androgenic and estrogenic metabolites are thought to contribute to MSB in rats (Putnam et al.,
2003; Baum, 2003).
Because DHT, a non-aromatizable steroid, effectively maintains MSB in guinea pigs,
rhesus monkeys, rabbits (reviewed in Sachs and Meisel, 1988), and some mouse strains (Luttge
and Hall, 1973), the generality of the aromatization hypothesis has been questioned. It remains
unclear which of T’s metabolites is critical for MSB in species other than rats (Whalen et al.,
1985).
In Syrian hamsters supraphysiological concentrations of E2 or DHT fail to restore MSB
(Arteaga-Silva et al., 2005; Arteaga-Silva et al., 2008). In a typical study only a cocktail of E2
and DHT that generates blood concentrations more than two orders of magnitude greater than
those in intact males restores copulatory behavior, but even then not to the high levels displayed
by intact males (Arteaga-Silva et al., 2005; Arteaga-Silva et al., 2008); the biological relevance
of such non-physiological treatments is questionable. Administration of the aromatase inhibitor
fadrozole does not compromise any component of copulatory behavior in intact male Syrian
hamsters, despite inhibiting brain formation of E2 from T (Cooper et al., 2000).
Nuclear binding of T to the AR in brain and peripheral tissues is abolished when an
excess of DHT is given simultaneously with T (Schleicher et al., 1989) and pretreatment with
DHT suppresses binding of T (Zakar and Toth, 1980). In Syrian hamsters both DHT and T are
ligands for ARs (Wood et al., 1992) and T treatment concurrent with injection of labeled DHT
completely inhibits uptake of DHT (Doherty and Sheridan, 1981). Although it remains
inconclusive whether separate ARs mediate effects of T and DHT (Sholl and Goy, 1981;
Sheridan, 1991), several investigators have suggested that these two androgens activate different
target genes or that two kinds of androgen-response elements mediate differential AR
transactivation by T and DHT (Lu et al., 1999; Hsiao et al., 2000). In Syrian hamsters T and
DHT differentially affect harderian gland mRNA (Dominguez et al., 1994), suggesting that the
two hormones may activate different genes after binding to the AR. Based on these
considerations I reasoned that if DHT and T occupy the same ARs, then treatment with a
supraphysiological dose of DHT (8 times the endogenous concentration), that by itself does not
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support MSB, might inhibit the ability of otherwise effective T treatment to restore MSB. This
presupposes that the DHT pretreatment saturates or substantially reduces the number of ARs
available to T. Alternatively, if T and DHT act at different ARs, pretreatment with DHT may
facilitate activation of MSB by low physiological dose T replacement, possibly by increasing
total androgen availability or by increasing the number of brain AR immunoreactive cells (Lynch
and Story, 2000).
Materials and methods
Screening for male sexual behavior
Adult male hamsters were 12 weeks old at the time they were screened in real time for
MSB during the late portion of the light phase (~1400-1700h) with ovariectomized females
rendered sexually receptive with standard estradiol plus progesterone treatments (Park et al.,
2007). Hamsters were then castrated on designated day 0.
Experimental Design
Sexually experienced males were re-tested 5 weeks after castration (wk 0) to verify the
loss of MSB, characterized by absence of intromission and ejaculation behaviors. The day after
loss of MSB was verified, hamsters were treated s.c. with three Silastic capsules (Dow Corning;
10 mm each in length; ID 1.98mm, OD 3.18 mm) that were either empty (blank) or packed with
powdered DHT. Capsule size was selected to generate supraphysiological concentrations of DHT
likely to compete effectively with much lower doses of injected T, thereby providing a test of the
ability of DHT to influence restoration of MSB by T. Beginning two weeks after capsule
implantation, hamsters were injected daily s.c. with 0.1 ml of a 50/50 % ethanol-distilled water
solution that contained either 25 µg T or no hormone. This concentration was selected based on
a previous study that established 15 µg T as a near threshold dose for restoration of MSB in
hamsters (Piekarski et al., 2009). The four treatment groups, each containing ten hamsters,
received either Blank implants + Vehicle injections (control), Blank implants + T injections (T),
DHT implants + Vehicle injections (DHT), or DHT implants + T injections (DHT + T). Sexual
behavior was tested in the same manner as in the final pre-operative testing session, except tests
were terminated if a hamster failed to intromit after 10 min. Tests occurred 4, 6, and 7 wks after
implantation of capsules, corresponding to 2, 4, and 5 wks after the start of daily injections.
Behavior tests commenced 5-7 h after the most recent injection.
T was administered in an aqueous rather than oil vehicle, because the former preparation
is more effective for restoration of hamster MSB (Piekarski et al., 2009). 50 µg/day T in oil
failed to restore MSB (Arteaga-Silva et al., 2005), whereas 15 µg of aqueous T/day restored the
ejaculatory reflex in 100% of castrated males (Piekarski et al., 2009). The latter procedure was
adopted in the present study on the assumption that T treatments that generate blood hormone
concentrations orders of magnitude greater than those present physiologically (Arteaga-Silva et
al., 2005) reduce the possibility of detecting interactions of T and DHT in the control of MSB.
The physiologically relevant T replacement regimen of 25 µg/day (Piekarski et al., 2009)
elevates blood T concentrations for several hours each day and more closely mimics the episodic
secretion of T in intact males (Pieper and Lobocki, 2000) than hormone replacement via
implanted capsules or administration in oil vehicles (reviewed in Park et al., 2007; Piekarski et
al., 2009).
Blood and tissue analysis
All hamsters were bled one day after the wk 5 behavior test, 2 h after injection of
hormone or vehicle. Blood was obtained from the retro-orbital sinus from hamsters lightly
anesthetized with isoflurane vapors. Samples were centrifuged at 4 °C for 20 min at 3000 rpm,
24

and the serum collected and frozen at #80 °C until assayed for concentrations of T, DHT and E2.
Two subgroups were formed from the DHT hamsters depending on whether the individual
ejaculated after replacement treatment (4 hamsters) or failed to ejaculate (6 hamsters generated 4
samples derived by pooling sera from 2 pairs of hamsters with insufficient blood volumes for
individual assays). T concentrations from unpooled samples were determined for 4 hamsters
from the DHT + T group, 4 hamsters from the T group and 5 hamsters from the control group.
Unpooled samples from 6 hamsters from the DHT + T group, 6 from the T group, and 5 from
control group were assayed for E2. The new groups created for blood hormone determinations
did not differ with respect to sexual behavior within groups; i.e., T-injected hamsters assayed for
T did not differ from T-injected hamsters assayed for E2.
Approximately 48 h after the final behavior test hamsters were euthanized by placement
in a carbon dioxide-filled chamber; the seminal vesicles, ventral prostate, and penis were
removed, and dry weights recorded (±0.01 mg).
Samples for T were assayed in duplicate (DSL-4000), whereas samples for E2 were
determined in singleton (DS-43100), owing to the larger sample volume requirement of that
assay. Serum samples underwent an oxidation/extraction procedure prior to the DHT assay
(DSL-9600). The intra-assay correlations of variation for T, E2, and DHT were 8.9, 2.0, and
3.1%, respectively, and the minimum detection limits were 0.08 ng for T, 0.01 ng for E2, and
0.004 ng/ml for DHT, respectively. Samples were run in a single assay for each hormone. Crossreactivity with T was 0.02% in the DHT assay after extraction; in the T assay cross-reactivity
with DHT was 5.8%, as reported by the manufacturer.
Statistical analyses
Differences between pre- and postoperative sex behaviors were assessed with paired ttests. Mixed ANOVAs compared postoperative, hormone-treated groups across time.
Differences between groups at specific time points or for post-mortem tissue weight analyses
were assessed with single factor ANOVA followed by pairwise comparisons using Tukey’s HSD
test. If an omnibus ANOVA could not be carried out due to too few data points in some groups,
those groups were excluded from analyses; e.g., at wk 5 no hamsters from the vehicle group and
only one from the DHT group ejaculated, which does not allow for statistical comparison; thus,
these groups were eliminated from the analysis. Comparisons of proportions of hamsters in each
group displaying a behavior were calculated with the Fisher-Freeman-Halton Exact Test. The
Statview program (Statview 5; SAS Institute, Cary, NC) was used for all ANOVA and t-tests.
The Fisher-Freeman-Halton Exact test was computed with the Statsdirect program (Statsdirect
2.7.7; Altrincham, UK). Observed differences were considered significant if p<0.05 and are
reported as such.
Results
There were no differences between groups in the numbers of hamsters displaying mounts,
intromissions, or ejaculations during pre-operative testing. All hamsters failed to intromit or
ejaculate 5 weeks after castration (wk 0 test).
Restoration of male sexual behavior after hormone treatments
Ejaculatory Behavior
All hamsters were treated with DHT or empty capsules beginning 2 wks prior to the start
of the injection regimen; capsules remained in situ for the duration of the experiment. None of
the control males treated with blank capsules and subsequently injected with vehicle displayed
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the ejaculatory reflex during any of the post-operative tests. After 2 wks of hormone injection,
however, ejaculatory behavior was displayed by 90% of the DHT + T group, compared to 30%
of the T group (p< 0.05) and 20% of the DHT males (Fig. 8A, wk 2, p< 0.05). Combined
treatment with both hormones substantially accelerated reinstatement of ejaculatory behavior.
After 5 wks of treatment (wk 5, Fig. 8A), 90% of males in both the DHT + T and T groups
ejaculated, compared to 10% of the DHT males (p<0.05). With continued treatment T was as
effective as DHT + T in restoring the ejaculatory reflex in 90% of males. DHT and control males
did not differ significantly at any time point.
The number of ejaculations per test differed significantly across time (F3,35=61.1, p<0.05)
and a significant group x time interaction was detected (p<0.05). At wk 2, the DHT + T group
ejaculated significantly more often than each of the other 3 groups (Fig. 8B). The time between
wks 2 and 4 accounted for this interaction (p<0.05). By wks 4 and 5, all groups differed
significantly from each other except for the DHT and control hamster comparison (Fig. 8B). The
number of ejaculations by males treated with both hormones did not differ from preoperative
values, indicative of full restoration of MSB, whereas males treated with just T ejaculated
significantly less often than during preoperative testing.
Hormone treatment significantly affected ejaculation latencies (ELs) across groups
(F3,36=51.5, p<0.05); ELs were significantly shorter for DHT + T hamsters than for all other
groups at wks 2 and 4 (Fig. 8C); by wk 5, ELs were equal in the DHT + T and T groups. Only
treatment with DHT + T restored ELs to preoperative values. At wks 4 and 5, ELs of the T
group were significantly shorter than those of the control and DHT hamsters. Again, there was a
significant interaction between the groups and time (p<0.05), with the changes between wks 2
and 4 accounting for this effect (p<0.05).
Intromission Behavior
DHT + T hamsters displayed significantly fewer intromissions prior to ejaculation than T
hamsters at wks 2, 4 and 5 (Fig. 9A). Values for DHT + T hamsters at wk 5 did not differ
significantly from preoperative values; T hamsters, in contrast, had substantially more
intromissions prior to ejaculation at wk 5 than preoperatively (p<0.05).
Hormone treatment significantly altered intromission latencies (ILs) across time
(F3,35=40.2, p<0.05; Fig. 9B); hamsters that failed to intromit during all postoperative behavior
tests were assigned the 30 min default value. There was no interaction between group and time
(p>0.05). DHT + T and T males maintained preoperative-like ILs at wks 2, 4, and 5, that were
significantly shorter than those of the control and DHT groups. By wk 5, DHT was no more
effective than vehicle at reducing ILs.
Mounting Behavior
After non-ejaculators were excluded from the data analysis, the number of mounts that
preceded the first ejaculation did not differ among groups (F2,11=1.1, p>0.05; Fig. 10A). In
addition, there was no significant interaction between the time and group factors (p>0.05).
Mount latencies (MLs) differed significantly as a function of hormone treatment (F3,35=33.2,
p<0.05; Fig. 10B). T and DHT + T groups had significantly shorter MLs than did the control
and DHT groups at wks 2, 4 and 5; DHT and control groups did not differ significantly (p>0.05).
The T and DHT + T groups maintained MLs during all postoperative tests that did not differ
significantly from preoperative values.
Peripheral organ and blood titers after hormone treatment
Ventral Prostate, Seminal Vesicle and Penis Weights
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Differential hormone treatment resulted in significantly different ventral prostate and
seminal vesicle weights (F3,35=24.0, F3,35=97.9, respectively, p<0.05). Administration of DHT,
either alone or in combination with T, resulted in significantly increased ventral prostate and
seminal vesicle weights compared to those of other groups (Fig. 11A, 11B; respectively) but the
DHT + T and DHT groups did not differ. T administration alone did not increase ventral
prostate weight, but did significantly increase seminal vesicle weight, compared to values of
vehicle-treated controls. Penile weights did not differ significantly based on a single factor
ANOVA analysis (F3,35=2.4, p=0.11; Fig. 11C).
Blood hormone concentrations
T and DHT + T injections each significantly elevated T concentrations compared to the
vehicle-injected control group; the T and DHT + T groups did not differ from each other (Fig.
12A).
Both T and control groups, had significantly lower E2 concentrations than the DHT + T
group (Fig. 12B). DHT males that had ejaculated on one or more of the tests (n=4) had
significantly higher DHT concentrations than those that did not ejaculate (p<0.05; Fig. 12C).
Discussion
Pretreatment with DHT, although itself ineffective for restoring MSB, combined with T
to restore copulatory behavior to values generated by intact males. Any competition of these
steroids for available ARs did not negatively affect the display of MSB. On the contrary, after
two weeks, the combined treatment was far more effective than T alone in restoring MSB. This
is the first such demonstration in any mammal, except for an unpublished study by Arteaga-Silva
et al. (2008, p. 419), who noted that “…simultaneous treatment with T and DHT is more
effective than T alone to restore MSB in castrated hamsters”. The more rapid restoration of MSB
by DHT + T treatment may involve metabolism of DHT to 3!–diol, a hormone effective in
restoring MSB in rats via actions on ER-! (Oliveira et al., 2007). This metabolite restored sexual
behavior in about half of the rats tested by Morali et al. (1994), but was only fully effective when
co-administered with DHT. Our observation that E2 concentrations were twice as high in the
DHT + T than in T-treated or control hamsters does not preclude the involvement of estrogens in
activation of MSB. Both DHT and its metabolite, 3!-diol, can upregulate aromatase activity,
which may account for these differences (Roselli et al., 1987); there is, however, little definitive
evidence for the regulation of the ejaculatory reflex by E2 in Syrian hamsters. Nor is it known
whether or not brain ER-! activation affects MSB in Syrian hamsters. Circulating E2
concentrations in the present study were much lower than those necessary to synergize with DHT
to partially restore MSB (Arteaga-Silva et al., 2005).
The more rapid restoration of MSB by DHT + T treatment suggests an additive effect of
T and DHT on the hamster brain mating circuit (Wood, 1997) or more effective restoration of
penile spines by DHT than T (Arteaga-Silva et al., 2008), but behavioral potency of steroids did
not correlate with stimulation of penile growth (Arteaga-Silva et al., 2008).
The long-term maintenance of localized nuclear ARs by DHT pretreatment also may
contribute to decreased latencies for restoration of MSB by T in castrated males. Two months
after castration, steady-state brain AR mRNA is decreased; administration of DHT restores
values in the bed nucleus of the stria terminalis and medial preoptic area of rats to within the
intact range (Handa et al., 1996; Burgess and Handa, 1993). DHT may accelerate resumption of
MSB in response to T treatment through rapid reinstatement of AR mRNA, or by inducing
higher levels of AR protein (Oliveira et al., 2007), thereby yielding more binding sites for the T
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ligand. Blood DHT concentrations generated by the implants were an order of magnitude higher
than those reported for intact hamsters (Arteaga-Silva et al., 2005) and well above concentrations
generated by 5 mm implants that “maintain androgen receptor immunoreactivity exclusively
within the neuronal cell nucleus” (Wood and Newman, 1999), which suggests that our dose of
DHT was sufficient. AR occupancy may be necessary but is not a sufficient condition for
activation of MSB in Syrian hamsters (Meek et al., 1997).
The complete pattern of MSB was restored in 90% of hamsters by daily injection of a
physiological dose of 25 µg T, but the number of ejaculations was reduced well below
preoperative values and the number of intromissions preceding ejaculation increased
substantially, suggesting that this was a suboptimal replacement regimen. The T dose employed
in the present study was much lower than those typically administered in replacement protocols
(500-1000 µg); it generated blood T concentrations twice the normal physiological value of 2
ng/ml for a short time, with decreases to below 0.9 ng/ml no later than 7 h after injection
(Piekarski et al., 2009). The amount of T present for most of the interval between injections is
unlikely to compete effectively with DHT for ARs, given chronic DHT concentrations of ~1.3 to
2.0 ng/ml produced by the Silastic capsule implants. Approximately 10 times higher
concentrations of T are required to produce the AR transcription effects of DHT (Askew et al.,
2007).
DHT restored MSB in a small number of hamsters, but less robustly than in hamsters
treated with T or DHT + T, as evidenced by increased latencies to intromit and ejaculate; longer
ejaculation latencies in DHT than T-treated males were previously reported (Powers et al., 1985).
When analyses were restricted to hamsters that ejaculated, latencies were similar in DHT and Ttreated hamsters. This effect was transient, however, as only one of the DHT hamsters that
ejaculated at wk 4 also ejaculated at wk 5. It is unknown why DHT is much less effective than T
for restoring MSB in Syrian hamsters or whether 5-! reduction of T to DHT is implicated in the
control of MSB in intact males.
T treatment increased seminal vesicle but not ventral prostate weights. Higher doses of T
restore both tissues to preoperative values (Crescioli et al., 2004). In the presence of the low dose
of T administered in the present study sensitivity of the seminal vesicles to T is greater than that
of the ventral prostate. DHT was effective at increasing both seminal vesicle and ventral prostate
weights to the same extent, with or without T supplementation, which confirms many earlier
studies that DHT is more potent than T in maintaining peripheral androgen-responsive tissues.
The seminal vesicle and prostate weights, were, however, lower than those of intact males in a
previous study from our laboratory (Park et al., 2007), suggesting that treatment duration or
steroid doses were suboptimal for these tissues.
To the extent that DHT competes with T for AR binding sites, it does not interfere with
sex behavior-promoting actions of T. Rather, MSB is facilitated by co-administration of the two
hormones, which may attest to their differing interactions with the AR, to unexplored effects of
DHT metabolites, or to the greater duration or amount of androgen exposure in hamsters treated
with both hormones.
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Chapter 5
Experiment 4: The protein synthesis inhibitor anisomycin reduces sex behavior during a
critical period after testosterone treatment in male Syrian hamsters
Introduction
In both male and female rodents copulatory behavior is dependent upon steroid
occupancy of nuclear receptors in central nervous system target tissues, and subsequent protein
synthesis. MSB always declines and in some mammals is virtually eliminated after castration,
but can be fully restored with T replacement. Circulating androgens are, however, unnecessary
for the continued expression of MSB, which persists for several weeks or months despite the
precipitous decline in circulating T concentrations within hours of orchidectomy (Ellis and
Desjardins, 1984; Schwartz and Justo, 1977; Sodersten et al., 1983). Full restoration of MSB in
castrated Syrian hamsters typically is first achieved after several weeks of androgen replacement,
even when markedly supraphysiological androgen concentrations are maintained by daily
injection (Arteaga-Silva et al., 2005). The relation of protein synthesis to the maintenance and
decline of MSB is poorly understood.
Female sexual receptivity is controlled by estradiol (E2) and progesterone, which are
secreted in a pulsatile fashion; lordosis can be induced in ovariectomized rats by discontinuous
exposure of two one-hour pulses of E2 separated by 4-13 h, administered 24 h prior to
progesterone treatment (Rainbow et al., 1980; Parsons et al., 1982). Treatment with the protein
synthesis inhibitor (PSI) anisomycin (Ani) at various times relative to E2 or progesterone
treatment, demarcated that protein synthesis within 11 h after the initiation of E2 treatment is
essential for the activation of the lordosis reflex. Ani applied to the VMH coincident with
systemic estrogen treatment disrupted lordosis in rats injected with progesterone 4-5 h later
(Meisel and Pfaff, 1985). In Syrian hamsters Ani applied to the VMH or ventral mesencephalon
of estrogen-primed females 30 min before progesterone treatment reduced lordosis (Pleim and
DeBold, 1988). No comparable information exists concerning the timing of protein synthesis
essential for the activation of MSB by T.
The timing of protein synthesis required for acquisition and retention of memories (Davis
and Squire, 1984), and phase-shifting of circadian rhythms (Takahashi and Turek, 1987), has
likewise been established using PSIs. The acute nature of these signals facilitates specification
of the time frame during which protein synthesis inhibition disrupts these processes. MSB has
not lent itself to this paradigm because prolonged daily hormone treatment of several weeks
duration is required to restore male sex behavior. Repeated daily administration of a PSI over
such a time span is impractical because of potential cumulative drug toxicity and the complexity
of the required experimental design.
Only three studies have explored the role of protein synthesis inhibition in the induction
of MSB. Ani applied chronically to the medial preoptic area of rats treated with constant release
T-filled Silastic capsules blocked the ejaculatory reflex in 70 % of castrated rats in a restoration
paradigm (McGinnis and Kahn, 1997). In intact mice, administration of the PSI cycloheximide to
the preoptic area decreased the percent of mice that mounted, intromitted or ejaculated 12h after
PSI administration (Quadagno, 1976). Application of cycloheximide to the medial preoptic area
of rats also decreased MSB (Hlinak et al., 1988). Because these experiments were conducted in
rodents with constantly elevated circulating hormones, we remain ignorant of the time course of
androgen-induced protein synthesis necessary to sustain MSB.
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Piekarski et al. (2009) developed a pulsatile T replacement paradigm that maintains MSB
in castrated Syrian hamsters. Injection of low doses of T in aqueous solution that increase blood
T concentrations for just a few hours on a single day were sufficient to maintain MSB when
administered once per week. Much lower doses were effective than when T is replaced with
constant release Silastic capsules or via injection in oil vehicles, both of which elevate T for long
intervals. That a pulsatile signal is more effective than a constant signal for maintaining MSB is
supported by observations that T secretion in male mammals is basal most of the day and
punctuated by pulses that substantially elevate blood concentrations for minutes to several hours.
In Syrian hamsters androgen concentrations increase above baseline values for ~4 h per day
(Pieper and Lobocki 2000). A paradigm that acutely elevates T for just 7 h provides a favorable
model system to assess the temporal relation of T availability and protein synthesis critical for
MSB.
I administered Ani at different times relative to a once weekly injection of T that
maintains MSB in a majority of castrated hamsters. The aim was to identify critical intervals
before or after T treatment during which interdiction of protein synthesis interferes with MSB.
This approach can help in future investigation of the molecular and cellular mechanisms that
underlie MSB.
Materials and methods
Experimental Procedure
Adult male hamsters were 12 wks old and screened in real time for MSB during the late
portion of the light phase (~1400-1700h) with ovariectomized females rendered sexually
receptive with standard E2 plus progesterone treatments.
Experimental Design
All sexually experienced males were castrated (day 0) and injected sc once every 7 days
for 5 wks with 0.1 ml of 100 $g T dissolved in a 50/50 ethanol-distilled water vehicle. This
concentration was selected based on a previous study in which 50 $g T in the same vehicle
maintained MSB in a majority of hamsters for 5 wks (Piekarski et al., 2009). Injections
commenced the day after castration. Hamsters were re-tested 1 wk after castration. Subsequently,
each hamster received either a 12.5 mg injection sc of the protein synthesis inhibitor anisomycin
(Ani; AG Scientific Inc., San Diego, CA) dissolved in 0.3 ml saline or vehicle, once per wk for
the remaining 4 wks of the experiment. This dose of Ani is well tolerated by adult Syrian
hamsters (Inouye et al., 1988), does not induce observable sickness, crosses the blood-brain
barrier, (Parsons et al., 1982; Wanisch and Wotjak, 2008) and inhibits protein synthesis for 6 h in
rats (Rainbow et al., 1980); a 50% higher dose inhibits protein synthesis for 9 h in mice
(Wanisch and Wotjak, 2008). 100 $g T induces supraphysiological circulating concentrations of
T (above 2 ng/ml) for 7 h, after which T concentrations decline over the ensuing hours (Piekarski
et al., 2009); This closely matches the reported time course of protein synthesis inhibition
induced by the present dose of Ani. Because I had no a priori knowledge if or when Ani
administration would interfere with copulatory behavior, groups of hamsters were administered
Ani at -3 (n=8), 0 (n=8), 3 (n=6), 6 (n=8), 9 (n=6), or 12 (n=7) h relative to T injection; choice of
time-points was guided by research that established the impact of the timing of protein synthesis
in response to physiological or environmental cues (Parsons et al., 1982, Zhang et al., 1996); one
group was treated with the saline vehicle instead of Ani, at hour zero (n=8).
Hamsters were tested for MSB once weekly, 6 days after previous T and Ani treatment,
one day before the next scheduled T and Ani injection. This ensured that no circulating T would
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be present for the 6 days after each T injection (Piekarski et al., 2009), and Ani would long since
be cleared from the circulation, reducing the possibility of illness during testing. Five postoperative behavior tests were conducted, including 4 after weekly Ani treatments began (wks 25). Tests were 15 min long and conducted in the same manner as in the last pre-operative test.
Statistical analyses
Pre-operative group equivalence was assessed with one-way omnibus ANOVAs.
Mixed ANOVAs tested for changes over the manipulation period of wks 2-5 post-op, with timepost castration as the within subjects and Ani treatment the between subjects factor. Tukey’s
HSD test was employed for all post-hoc comparisons after ANOVA. At wks 4 and 5, after a
large proportion of some groups approached the maximum ejaculation and intromission latency,
or the minimum number of 0 ejaculations, non-normality of data became a concern. Accordingly,
analyses at wks 4 and 5 for the ejaculation and intromission latencies, and the number of
ejaculations, employed the non-parametric Kruskal-Wallis one-way analysis of variance to test
for differences between group means, and a Wilcoxon rank-sum test for post-hoc comparisons
with the Sidak-Bonferroni correction to control for family-wise error rate. Because there were a
total of three post-hoc comparisons after each omnibus test, the adjusted alpha level for these
comparisons was set at 0.017. When hamsters assigned the maximum 15 min latencies were
excluded from analyses, the omnibus ANOVA was employed since there was no longer a risk of
non-normality.
Comparisons of proportions of hamsters in each group displaying ejaculatory behavior
were calculated with Fisher’s exact test, or the generalized Fisher-Freeman-Halton exact test in
the case of non 2x2 contingency tables. The Statview program (Statview 5; SAS Institute, Cary
NC, USA) was used for all ANOVAs and Tukey’s HSD tests. All other analyses were conducted
with R (R 2.12.1; R Foundation for Statistical Computing, Vienna, AT). Observed differences
were considered significant if p<0.05, or in the case of pairwise comparisons, p<0.017, and these
values are reported for all significant comparisons regardless of the actual significance level. All
parameters are reported as Mean ± S.E.M.
Results
There were no differences between groups in any recorded behavior in the preoperative or wk 1 postoperative behavior tests (p>0.05), both of which occurred prior to
differential treatment. Body weights were equivalent between groups prior to castration. Every
hamster ejaculated at the wk 1 test, indicating that castration spared MSB at this time point (Fig.
1).
The initial data analysis revealed no significant intergroup differences in effects of Ani
administered between 3 h before to 3 h after T injection; nor were there intergroup differences
between hamsters treated with Ani 6-12 h after T treatment. For purposes of analysis 3 groups
were constituted: early Ani treatment (-3 to +3 h relative to T), late Ani treatment (+6 to +12 h
relative to T), and vehicle treatment (0 h relative to T).
Proportion of Males Ejaculating
4/7, 7/21, and 2/21 hamsters (57.1, 33, and 9.5 %, respectively) ejaculated during the
wk 5 tests in the vehicle, early and late Ani groups, respectively, which differed significantly
(Fig. 13, Fisher-Freeman-Halton exact test; p<0.05). A lower percent of late Ani compared to
vehicle hamsters ejaculated (p<0.05), but no other pairwise comparisons were significant
(p>0.05). Additionally, at wk 4, 4/8, 13/21 and 3/21 (50, 61.9, and 14.3%, respectively) hamsters
ejaculated in the vehicle, early and late Ani groups, respectively, which differed significantly
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(p<0.05). At wk 4, the proportion of early Ani group hamsters ejaculating was significantly
greater than late Ani group hamsters (p<0.05); no other pairwise comparisons were significant
(p>0.05).
The proportion of tests collapsed across wks 2-5 of differential treatment in which a
hamster ejaculated were 20/31, 50/88, 27/84 (64.5, 56.8, 32.1%, respectively) in the vehicle,
early and late Ani groups, respectively. Overall, this difference is significant (p<0.05) with both
the vehicle and early Ani groups displaying significantly more ejaculations than the late Ani
group (p<0.017), while not differing from each other.
Ejaculatory Latency (EL)
Ejaculation latency increased over the course of post-operative testing in all groups
(F3,18=13.84; p<0.05; Fig. 14); By wk 5, the veh, early and late groups displayed ELs of 11.95 ±
3.03, 13.54 ± 2.54 and 14.55 ± 1.56, respectively, whereas at wk 4 the values were 13.09 ± 2.26,
11.59 ± 3.80 and 14.18 ± 2.17, respectively. There was a significant effect of group (F2,47=3.37;
p<0.05) over wks 2-5 in which ELs were significantly longer in the late versus early Ani
hamsters (post-hoc Tukey test p<0.05); values for the vehicle group were intermediate, but not
significantly different from those of the other groups (p>0.05). There was no interaction between
time and group (F6,141=1.56, p>0.05).
All behaviors were analyzed with a one-way Kruskal-Wallis test at wks 4 and 5 to
assess cumulative effects of multiple wks of Ani treatment. Groups differed at wk 5
(%2(2)=6.256, p<0.05) with the vehicle group displaying a trend toward a shorter EL than the late
Ani group (W=50; p=0.02). At wk 4 there was a trend toward differences between groups
(%2(2)=5.3361; p=0.069).
Ejaculation latencies did not differ between hamsters that maintained the ejaculatory
reflex at wk 5 (F2,10=0.054, p>0.05).
Number of Ejaculations
A trend was observed between groups over treatment wks 2-5 (F2,47=3.04; p<0.06; Fig.
15). There was no interaction between group and time (F6,147=1.39; p>0.05). The groups were
significantly different when wk 5 (0.85 ± 0.90, 0.59 ± 1.05, 0.1 ± 0.30; veh, early and late
groups, respectively) and wk 4 (0.63 ± 0.74, 1.41 ± 1.62, 0.29 ± 0.78; veh, early and late groups,
respectively) were considered separately (%2(2)=7.64, %2(2)=9.19, respectively; p<0.05, Fig. 3).
The vehicle group had a greater number of ejaculations than the late Ani group (W=121;
p<0.017) at wk 5. At wk 4, however, the early group displayed significantly more ejaculations
than the late group (W=336.5; p<0.017); no other comparisons were significant.
Intromission (IL) and Mount Latency (ML)
There was no main effect of group (F2,45=1.55; p>0.05), or an interaction between
group and time (F6,135=1.75; p>0.05) for IL over wks 2-5 (Fig. 16A). Additionally, there was no
effect on IL when wk 5 (3.19 ± 1.66, 6.7 ± 6.06, 8.02 ± 5.79; veh, early and late groups,
respectively) was considered separately (%2(2)=2.60; p>0.05), but a trend at wk 4 (%2(2)=5.949;
p=0.051) with shorter latencies for the vehicle than late Ani-treated hamsters (2.54 ± 0.93, 5.12 ±
4.96, 7.73 ± 5.94; veh, early and late groups, respectively). When hamsters that did not intromit
were excluded from analyses there was a trend toward significance at wk 5 (F2,23=3.31;
p=0.054).
There were no differences in ML between groups over wks 2-5 (Fig. 4B; F2,45=0.83;
p>0.05; Fig. 16B) and no interaction between time and group (F6,135=0.98). There were also no
significant differences between groups at wk 5 (1.87 ± 0.55, 4.76 ± 4.96, 5.55 ± 5.94; veh, early
and late groups, respectively) and wk 4 (1.89 ± 0.53, 4.06 ± 4.67, 4.89 ± 5.19; veh, early and late
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groups, respectively) with data from all hamsters included or excluding non-ejaculators (p>0.05
in each case).
Discussion
A single injection of 100 $g T once per week maintained the ejaculatory reflex in a
majority of control hamsters. Ani treatment 6-12 h after each T injection reduced the number of
ejaculations, ejaculation latency, and proportion of hamsters that ejaculated, but did not affect the
latency to mount or intromit. Ani administered 3 h before to 3 h after T did not significantly
affect MSB
Previous research suggests that protein synthesis in the medial preoptic area is important
for MSB; the present study is the first to assess the temporal aspects of protein synthesis
inhibition on MSB. Our injection paradigm maintains MSB even though it limits
supraphysiological concentrations of circulating T to just 7 h per day, which more closely
mimics the endogenous pattern of daily androgen secretion (Pieper and Lobocki, 2000).
Systemic Ani treatment ostensibly blocks protein synthesis in multiple brain and spinal cord
tissues that mediate MSB, rather than in just a single brain site (McGiniss and Kahn, 1997;
Quadagno, 1976). Insufficient protein synthesis inhibition may have contributed to the retention
of ejaculatory behavior in two of the hamsters treated in the late Ani group.
In model systems of female sexual receptivity, learning and memory, and phase-shifting
of circadian rhythms, PSI administration 1-5 h after treatment interferes with expression of
behavior, defining a critical interval during which protein synthesis is necessary for normal
function. For example, cycloheximide eliminated phase-shifting of circadian rhythms when
administered 1 h before to 4 h after, but not 6 or 9 h after a 5 min light-pulse (Zhang et al., 1996).
The formation of long-term memory is blocked by Ani treatment between 0 and 4 h after
contextual fear conditioning (Bourtchouladze et al., 1998). Similarly, lordosis behavior was
reduced in female rats when Ani was administered between 0.5 to 4 hours after the start of
estradiol treatment, but not 6 h later (Rainbow et al., 1980); the sequential inhibition of lordosis
by multiple doses of progesterone was inhibited by Ani up to 9 hours later (Parsons et al., 1981).
The effectiveness of Ani treatment 6-12 h after T injection, suggests that functionally
significant protein synthesis involved in maintenance of MSB occurs 12-18 hr after T injection.
This conclusion is tentative pending determination of the actual duration of protein synthesis
inhibition produced by our treatment in the hamster mating circuit. After androgen withdrawal,
androgen receptors (ARs) translocate from the nucleus to the cytoplasm over the course of
several weeks, but T replacement induces maximal translocation of AR from the cytoplasm to
the cell nucleus within 8 h (Krey and McGinnis, 1990; Wood and Newman, 1993), which
ostensibly induces maximal protein synthesis within the next several hours. The loss of MSB
occurs in Syrian hamsters 2-3 weeks after castration (Arteaga-Silva et al., 2005; Piekarski et al.,
2009). The delay between androgen withdrawal and deterioration of MSB may reflect protein
degradation over the course of several days. Ani administered between 6-12 h after T injection
blocks protein synthesis at a time when migration of androgen receptors to cell nuclei is likely at
its peak. The dose of Ani I employed blocks protein synthesis for approximately 6-9 h (Rainbow
et al., 1980, Wanisch and Wotjak, 2008), which, coupled with the time points at which MSB was
inhibited, suggests that relevant protein synthesis occurs soon after the ARs are bound to ligand
and translocate to the nucleus. Alternatively, the activated AR may act by inducing other
transcription factors, such as AP-1 or Ets (Klocker et al., 1999). Additionally the AR can be
regulated by a number of signaling pathways including MAP kinases, PKC, PKA, and
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phosphorylation (Mendelsohn, 2000). These alternative mechanisms of AR regulation have been
studied primarily in prostate cells, but similar mechanisms may be operative in the brain.
Androgens can be converted to estrogens in target tissues, which may contribute to the
expression of MSB in a number of mammals (Meisel and Sachs, 1994; hull et al., 2002; Hull and
Dominguez, 2007). Though the extent to which estrogens mediate MSB in hamsters is unclear
(see Piekarski et al., 2010 for discussion), Ani may block the upregulation of proteins necessary
for aromatization (e.g., the aromatase enzyme), which eliminates estrogenic-driven genomic
effects. Which of the many potential proteins Ani may be disrupting to compromise MSB
remains to be established.
The effects of Ani likely reflect inhibition of androgenic action on the central nervous
system, rather than on androgen-responsive peripheral tissues. MSB is maintained in hamsters
treated with low doses of T despite castrate-like seminal vesicle and prostate weights (Piekarski
et al., 2009). Ani does not interfere with penile reflexes or erectile function in rats (Meisel et al.,
1986). There were no differences between the number of hamsters displaying intromissions in
each of the three groups, which allays concerns that Ani induced erectile dysfunction. Latencies
to mount and intromit, indicators of male motivation to copulate (Pfaus, 1999), were not
significantly reduced by Ani treatment, although there was a trend in that direction. Protein
synthesis inhibition may selectively affect consummatory rather than appetitive components of
copulation (Meisel and Sachs, 1994). Future studies will be required to assess the effects of PSIs
on T-regulated appetitive behaviors.
Ani has a number of side-effects that might reduce sexual behavior, including illness,
cell-death, and large release of biogenic amines including dopamine and norepinephrine (Adams,
2003; Canal et al., 2007). By administering the PSI 6 days prior to behavior testing, the
probability that illness induced side-effects contributed to the decline in MSB is diminished.
Nevertheless, effects on sex behavior may be unrelated to interdiction of protein synthesis by T,
but could involve disrupting synthesis of regulatory proteins (Meisel and Pfaff, 1985).
Much of our understanding of the cellular and molecular actions of T comes from work
on prostate cancer cell lines (reviewed in Lamont and Tindall, 2011), with relatively little known
about the mechanism underlying regulation of MSB by T after it binds to its cognate receptor.
Park et al. (2010) recently reported that amyloid-beta precursor protein, a T-regulated protein
(Sivanandam and Thakur, 2011), modulates MSB in a strain of mice in which a subset of males
display T-independent mating behavior. The present approach should facilitate investigation of
involvement of this and other proteins in androgenic control of MSB in mammals.
In summary, the present study establishes that Ani reduces the expression of MSB when
administered between 6 and 12 hours after a T pulse, presumably by blocking protein synthesis
necessary to maintain the expression of MSB by the Syrian hamster mating circuit.
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Fig. 13. Percent of males ejaculating at weeks 1–5 post-castration. Differential anisomycin (ANI)
administration began the day after the week 1 test. “Early” represents the combined #3, 0, and 3
h Ani groups. “Late” represents the combined 6, 9, and 12 h Ani groups. The vehicle and early
ANI groups displayed significantly more ejaculations than the late ANI group, while not
differing from one another. There were differences between groups at weeks 4 and 5 when
considered separately. *Vehicle group differs significantly from late ANI group. “a” Early ANI
group values are significantly different from those of the late ANI group.
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Fig. 14. Mean ± S.E.M. ejaculation latency of hamsters tested for 5 weeks post-castration.
Hamsters that failed to ejaculate were assigned the maximum latency of 15 min. ANI treatment
began the day after the week 1 test. There was a significant difference between groups both over
the time-period of ANI treatment (weeks 2–5) and between groups when week 5 is considered
separately, though no pairwise comparisons between groups were significant. *Significant
omnibus ANOVA.
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Fig. 15. Mean ± S.E.M. number of ejaculations per 15min test for weeks 1–5 post- castration.
Differential ANI treatment began the day after the week 1 test. There were significant
differences between groups at weeks 4 and 5 post-castration. *Vehicle group significantly
different from late ANI group. “a” Early ANI group significantly dif- ferent from late ANI
group.
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Chapter 6
Experiment 5: Winter day lengths counteract stimulatory effects of apomorphine and
yohimbine on sexual behavior of male Syrian hamsters
Introduction
Apomorphine, a dopamine receptor agonist, and yohimbine, an alpha adrenergic receptor
antagonist, facilitate male sex behavior (MSB) (Clark et al., 1984; Hull et al 1986). Yohimbine
restored mounting and intromission behaviors in rats treated 13 wks after castration (Clark et al.,
1985) and apomorphine increased the number of mounts and intromissions in long-term castrated
rats (Scaletta and Hull, 1990). Both drugs restored sex behavior of gonadectomized males in the
absence of androgen replacement.
In male hamsters housed in spring day lengths (14 h light/day) yohimbine facilitated
MSB by decreasing mount, intromission and ejaculation latencies by almost 50% and produced
even greater percentage decreases in the number of mounts and intromissions preceding the first
ejaculation. Apomorphine did not influence mount, intromission and ejaculation latencies in the
first copulatory series but substantially reduced the number of mounts that preceded the initial
ejaculation and reduced the postejaculatory interval (Arteaga et al., 2002).
In previous studies yohimbine and apomorphine were administered to males housed in
day lengths that support reproduction. Decreasing day lengths in the late summer and autumn
curtail reproduction in many rodent species (reviewed in Prendergast et al., 2002). Syrian
hamsters undergo reproductive arrest after 8-12 wks of short-day treatment (<12 h light/day),
during which androgen secretion decreases (Drazen et al., 2002) and MSB is eliminated or
substantially attenuated (Morin and Zucker, 1978). Testosterone replacement restores MSB in
castrated males housed in long day lengths, but is much less effective in short-day males. The
brain mating circuit that mediates MSB appears to be less responsive to steroid hormones after a
few months of short-day exposure (Morin and Zucker, 1978). With continued short-day
treatment, however, hamsters become photorefractory and their testes spontaneously revert to the
long-day phenotype, a transition fully completed 32 wks after transfer to short days (Reiter,
1980). It is thought that hamsters develop photorefractoriness to “anticipate” spring and allow
both central and peripheral tissues time to develop prior to the mating season. Seasonal changes
in the hypothalamic-pituitary-gonadal axis presumably evolved to restrict reproduction to times
of year favorable for survival of offspring.
I assessed whether drug treatments that augment MSB in long-day hamsters can also
enhance copulation in reproductively quiescent short-day males. Modulation of MSB by drugs
that influence catecholaminergic transmission via steroid-independent mechanisms has not been
assessed previously in Syrian hamsters or other photoperiodic seasonal rodents. Because
yohimbine and apomorphine increase MSB in castrated rats lacking androgens (Clark et al.,
1985; Scaletta and Hull, 1990), we anticipated that these manipulations might restore
components of MSB in reproductively quiescent short-day hamsters with reduced blood
androgen concentrations. I considered 16 wks after onset of short days an optimal time to detect
effects of these drugs on MSB; the testes are not yet in the early stages of recrudescence (Bae et
al., 1999; Powers et al., 1997) and sex behavior is on the verge of recovery from short-day
suppression (Morin and Zucker, 1978). I also determined whether completion of spontaneous
gonadal recrudescence sustains copulation in short-day males during initial encounters with
estrous females after a hiatus of 4 months devoid of mating opportunities. Resumption of mating
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activity by overwintering males at the onset of favorable spring conditions likely would increase
fitness by extending the breeding season (see Reiter, 1974), so we anticipated that males, after
completing gonadal recrudescence, would display the full suite of copulatory behaviors upon
first exposure to receptive females. Testicular recrudescence in adult Syrian hamsters
approximates the changes that occur at puberty (Berkowitz and Heindel, 1984); these life stages
share similar endocrine profiles but sexual behavior of early post-pubertal males is incompletely
formed and does not include ejaculation (Meek et al., 1997); we therefore considered that a
similar deficit might characterize the initial mating test after testicular recrudescence in adult
males.
Materials and Methods
Animals
Syrian hamsters (Mesocricetus Auratus; HsdHan:Aura) obtained from Harlan
(Indianapolis, IN) were maintained on either a 14L:10D photoperiod (14 h light/day, lights off at
1600 h PST) or 8L:16D photoperiod (8 h light per day, lights off at 1600h PST). All procedures
were approved by the Animal Care and Use Committee of the University of California at
Berkeley and conform to international ethical standards (Portaluppi et al., 2010).
Experimental Procedure
Adult males were screened for MSB during the late portion of the light phase (~14001600h) as previously described. Pre-screening tests were terminated after the first ejaculation,
but all subsequent tests (see below) were conducted for a full 15 minutes and thus included
measures of the total number of ejaculations and the post-ejaculatory interval (time between the
initial ejaculation and the next intromission).
16 and 32 weeks after transfer to short days hamsters were re-tested for sexual behavior.
The first time point spans the final interval preceding the onset of gonadal recrudescence (wk
16), when the testes have only just begun to increase substantially from nadir values (see Fig. 4
and Powers et al., 1997) and blood androgen concentrations and neuroendocrine substrates that
mediate MSB have not yet recovered from short day inhibition (Morin and Zucker 1978, Powers
et al., 1989). By wk 32, short-day testes have regained their original long-day dimensions and
sustain blood androgen concentration and spermatogenesis equal to or exceeding values in longday controls (Powers et al., 1997; Kawazu et al., 2003).
Hamsters were injected with either apomorphine chloride (.025mg/kg in 0.1 ml saline;
Sigma, n=10) 15 min prior to the test, yohimbine (2mg/kg in 0.1 ml deionized water; Sigma;
n=8) 30 min prior to the test, or vehicle either 15 or 30 min prior to the test (n=7). Hamsters
were treated with the same drug or vehicle prior to the wk 16 and wk 32 tests; fresh solutions
were prepared before each test. Drug concentrations and injection times replicated those in a
previous study in which these drugs augmented MSB in long-day hamsters (Arteaga et al.,
2002).
After the final pre-screening test, hamsters were anesthetized with isoflurane vapors
(Baxter Healthcare, Deerfield, IL) and the length and width of the right testis were measured
externally (± 0.1 mm) with calipers. The product (testis width)2 x (length) is highly correlated
with paired testis weight (Watson-Whitmyre and Stetson, 1985) and is a measure of estimated
testis volume (ETV). ETV was determined at wks 0, 12, 16 and 32. The day after the wk 0 ETV
determination hamsters were transferred to short day lengths (8L:16D, lights on at 0700). ETVs
at wk 12 verified gonadal regression (< 48% of initial ETV; Larkin et al., 2002) in all hamsters
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included in the study; ETV measures were obtained the day before behavior testing at wks 16
and 32.
Statistical Analyses
Mixed model ANOVAs were calculated with drug treatment as the between groups factor
and time as the within subjects factor. Single Factor ANOVAs or t-tests were employed for
planned comparisons. Tukey’s HSD test was employed for post-hoc analyses where appropriate.
Family-wise error rate for post-hoc tests of simple effects following a significant main effect was
controlled with the Sidak-Bonferroni correction; the adjusted critical p value for three follow-up
comparisons is p<0.017. A Fisher-Freeman-Halton exact test was used to determine if
proportions of hamsters displaying behavior differed between treatments. Observed differences
were considered significant if p<0.05 and this value is reported for all significant comparisons
regardless of the actual significance level except for for post-hoc comparisons which are subject
to the Sidak-Bonferroni correction and a more stringent p-value (see above). All analyses were
conducted with R (R 2.12.1; R Foundation for Statistical Computing, Vienna, AT).
Results
Prior to differential treatment groups were well equated with respect to wk 0 ETV,
ejaculation latency (EL), mount latency (ML), and intromission latency (IL) (One-way
ANOVAs; p>.05; data not shown).
Group Ejaculation Frequency
3/10 apomorphine-injected hamsters, 4/7 vehicle-treated hamsters and 5/8 yohimbineinjected hamsters ejaculated, proportions that do not differ significantly from each other (Fig. 1;
Fisher exact test; p>0.05).
All hamsters ejaculated at wk 32. Hamsters treated with apomorphine were less likely to
ejaculate at wk 16 than at wk 32 (p<0.05); these same analyses for the vehicle and yohimbine
groups were not significant (p>0.19 and p >0.20, respectively). Collapsing across all groups,
ejaculation occurred in a greater proportion of hamsters on wk 32 than wk 16 (p<0.05).
Number of Ejaculations
There was a main effect of drug treatment on ejaculation frequency (F2,22=4.42; p<0.05)
and hamsters ejaculated significantly more often at wk 32 than at wk 16 (Fig. 2, F1,22=121.07;
p<0.05), but there was no interaction between the wk of the test and the drug treatment group
(F2,22=1.20; p>0.05).
A follow-up simple comparison between groups at wk 16 revealed no differences
between groups in the number of ejaculations (Fig. 2; F2,22=.47; p>0.05)
Previous studies established that these two drugs increase ejaculation frequency in
reproductively competent male hamsters so we planned, a priori, to compare the number of
ejaculations between groups at wk 32; the drug treatment groups were significantly different
(Fig. 2; F2,22=3.74, p<0.05); hamsters treated with yohimbine ejaculated more frequently than
those receiving apomorphine (Fig. 2, Tukey’s HSD; p<0.05) but not more than vehicle-treated
hamsters (p=0.16; Fig. 2).
Ejaculation Latencies (ELs)
Non-ejaculators were assigned an ejaculation latency of 15 min. There was no main
effect of drug treatment (F2,22=1.58; p>0.05) or interaction (F2,22=1.18; p>0.05) but there was a
main effect of time in which males were quicker to ejaculate at wk 32 than at wk 16 (F1,22=
148.3; p>0.05; Fig. 3).
Mount Latencies (MLs)
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There were no differences between drug treatment groups (F2,21=0.43), and wks tested
(F1,21=1.78), and there was no interaction (F2,21=.41; p>0.05 in each case; Table 1).
Intromission Latencies (ILs)
There were no differences between drug treatment groups (F2,20=.55; p>0.05), wks tested
(F1,20=2.00; p>0.05) and there was no interaction (Table 1; F2,20=.413; p>0.05).
Post-Ejaculatory Interval
There were no differences between drug treatment groups (F2,8=.82; p>0.05) or wks
tested (F1,2=.47; p>0.05) and there was no interaction (not illustrated, F2,8 =1.774; p>0.05). The
PEI was ~0.9 min for all groups on both tests, compared to 0.65 min for vehicle-treated hamsters
reported by Arteaga et al. (2002).
Testicular dimensions
ETV differed as a function of drug treatment over wks 12 to 32 (F2,22=4.13; p<0.05; Fig.
4). There was a main effect of time on ETV (F2,4= 268.03; p<0.05) and there was no interaction
between group and time (F4,44=1.09; p>0.05).
A post-hoc one-way within subjects ANOVA with ETV as the independent variable was
calculated and found that there were significant differences between time-points (F3,92=66.71;
p<0.017). Further, all time-points were significantly different from all others (Tukey’s HSD;
p<0.017) except when comparing wk 0 to Wk 32, which did not differ (p=0.22).
Between groups ETVs at wk 16 approached significance but failed to meet that threshold
due to family-wise error correction (F2,22=4.69; p=0.02); groups did not differ at wk 32
(F2,22=0.88; p>.017).
Furthermore, ETVs did not differ at wk 16 between hamsters that ejaculated and those
that failed to do so (t23=.84; p>0.017) suggesting that likelihood of ejaculation was not dependent
upon extent of gonadal recrudescence.
Power Analysis
My primary goal was to test if apomorphine or yohimbine increased the likelihood that
hamsters would copulate during short day gonadal quiescence (wk 16), and if yohimbine
decreases ejaculation latencies after gonadal recrudescence (wk 32). We conducted a power
analysis to determine if our non-significant results were caused by a lack of power (1 – !) due to
a small sample size.
An estimated effect size (Cohen’s d) of yohimbine treatment in rats is d=1.28 (calculated
from Clark et al., 1985), and an a priori power analysis suggests our power would be 0.76 (given
n=7 and 8 for the vehicle and yohimbine groups, respectively); despite no group means and
standard deviations being reported in Arteaga et al. (2002), the bar graphs in that paper suggest
the effect size is bigger in long-day housed hamsters than rats, significantly increasing our
power. Apomorphine did not alter latency to the first ejaculation (Arteaga et al., 2002).
Our observed effect size of EL at wk 32 was &2=0.157, and our calculated power was thus
0.09; using this effect size with an a priori power analysis we would have needed to include 396
total hamsters in the study to achieve a power of 0.8.
When examining the likelihood of ejaculation during the wk 16 tests, to obtain a power of
0.8 when comparing the vehicle group to the apomorphine or yohimbine group, 117 and 2551
hamsters would have been required, respectively. These prohibitively large numbers suggest our
non-significant results were not due to an insufficient number of hamsters in each group, but
rather, reflect the absence of a meaningful effect.
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Discussion
Apormorphine failed to significantly facilitate any measure of MSB in gonadally
regressed hamsters (wk 16 test) or in photorefractory hamsters that had undergone gonadal
recrudescence in short days (wk 32 test). Apomorphine facilitated several components of MSB in
long days (Arteaga et al., 2002), as summarized in the introduction of the present report.
Yohimbine increases ejaculation frequency during long days (Arteaga et al., 2002), but not
during short days (wk 16, present study). Furthermore, photorefractory hamsters treated with
yohimbine ejaculated more frequently than apomorphine—but not vehicle—treated hamsters on
wk 32. The facilitatory effect of both drugs in long day hamsters is completely absent in short
photoperiods. The substrate that mediates MSB either is less responsive in short day lengths to
neurotransmitter changes induced by yohimbine and apomorphine or the effects of these drugs
on adrenergic and dopaminergic receptors are less pronounced than in long days.
The latencies to the first mount (80 sec) were nearly identical in vehicle-treated hamsters
after 16 wk of short days and in similarly-treated hamsters housed in long days (Arteaga et al.,
2002). Mount latency is sometimes viewed as a measure of motivation and the present data
suggest this measure is not compromised by short day treatments. In contrast, the ejaculatory
latency after 16 wk in short days was far longer than at wk 32 (7.5 versus 2.5 min), or during
baseline testing, suggesting that consummatory components of MSB are negatively impacted by
suppressive winter day lengths, a conclusion buttressed by the marked reduction in the number
of ejaculations at wk 16 versus wk 32.
In photoperiods that support male reproductive physiology, dopamine (DA) release from
the zona incerta to the medial preoptic area is both necessary and sufficient for expression of
MSB (Hull and Dominguez, 2007). Peripheral administration of the DA agonist, apomorphine,
also stimulates MSB by activating dopamine receptors, presumably in the medial preoptic area.
Our failure to replicate the robust effects of apomorphine on MSB obtained in long-day hamsters
(Arteaga et al., 2002) suggests that DA agonism is insufficient to facilitate copulatory behavior
in hamsters manifesting short-day gonadal quiescence, or after the gonads have undergone
recrudescence. Altered neurotransmitter dynamics in short days (Steger et al., 1995) may render
neural substrates less responsive to dopaminergic modulation of mating behavior.
Likewise, inhibition of "-2 adrenergic receptors with yohimbine did not facilitate MSB
during short day lengths (present study) but did increase the number of ejaculations in long-day
males (Arteaga et al., 2002). The noradrenergic system modulates generalized arousal, which
affects sexual behavior in a dose-dependent manner: higher arousal correlates with decreased
ejaculation latencies (Weil et al., 2010). Photoinhibition may alter neural adrenergic receptors or
other downstream processes in the mating circuit and counteract effects of yohimbine on
reproductive behavior. Alternatively, adrenergic activation of copulation in long days may act in
concert with upstream processes that are rendered less responsive in short day lengths. It is also
possible that brain substrates of reproductively quiescent male hamsters are less responsive to
catecholaminergic modulation because testosterone secretion is greatly diminished from longday values. In photorefractory hamsters yohimbine did modestly increase ejaculatory frequency,
suggesting that adrenergic mechanisms regain some long-day like responsiveness.
Syrian hamsters begin spontaneous testicular recrudescence after 18-20 weeks in short
day lengths, evidenced by increasing blood concentrations of prolactin and follicle stimulating
hormone and increasing testis dimensions (Powers et al., 1997). No hamsters ejaculated after 15
weeks of short day treatment (Powers et al., 1989), and 48% ejaculated after 16 wks (present
study). All hamsters ejaculated during the wk 32 tests, despite the absence of mating tests during
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the preceding four months; ejaculation latencies were significantly shorter at wk 32 than during
baseline long-day testing at wk 0 or during tests after 16 wks of short days. The enhanced
performance at wk 32 was not attributable to additional sexual experience culminating in
ejaculation; hamsters that ejaculated at wk 16 and those that failed to do so were no different at
wk 32.
Because MSB of hamsters that have undergone testicular regression in short day
lengths is similar in many respects to that of long-day males, one might expect that yohimbine
and apomorphine would increase copulation in the former cohort but this did not transpire. The
difference may be related to steroid-independent effects of short day lengths on the
neuroendocrine axis (Turek and Ellis, 1981); the duration of nightly secretion of melatonin
remains unchanged in photorefractory mammals, despite the change in gonadal status (e.g.,
Malpaux et al., 1988; Rollag et al., 1980) and may ameliorate the effectiveness of yohimbine and
apomorphine as sexual stimulants.
The present data suggest that overwintering males, having undergone spontaneous
gonadal recrudescence, are in a state of reproductive readiness on first encountering sexually
receptive females; multiple ejaculations by males undergoing gonadal regression in short day
lengths do not necessarily result in successful pregnancies (Beery et al., 2007), however, the
fertility status of males that have completed gonadal recrudescence suggests they are fertile
(Reiter, 1974).
In summary, the present study establishes that administration of dopaminergic or
adrenergic receptor modulators fails to override short-day-induced decrements in male sex
behavior when administered in doses sufficient to alter the behavior in long day lengths.
Elevated thresholds of responsiveness to yohimbine and apomorphine in short day lengths may
contribute to this photoperiod-mediated difference. Additionally, the development of
refractoriness to short day lengths is compatible with full-restoration of copulatory ability in the
absence of intervening sexual experience of several months duration which differs from the
incomplete MSB of males during initial mating tests shortly after achieving puberty (Meek et al.,
1997).
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Fig 17. Percent of males ejaculating at wk 16. 3/10 apomorphine, 5/8 yohimbine, and 4/7
vehicle treated hamsters ejaculated. These proportions were not significantly different from one
another (p>0.05).
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Fig 18. Mean ± S.E.M. Number of ejaculations per 15 min test at wks 16 and 32. Drug treatment
did not induce significant differences between groups during short days (p>0.05) but yohimbine
hamsters did ejaculate significantly more frequently than the apomorphine group after gonadal
recrudescence (wk 32). * Significantly different from the apomorphine group (p<0.05).
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Fig 19. Mean ± S.E.M. Ejaculation latency of Vehicle (Veh), Apomorphine (Apo), and
Yohimbine (Yoh) treated hamsters at weeks 16 and 32. There were no differences between
groups within each time-point, however, ejaculation latencies were significantly reduced at wk
32 compared to week 16 for all three groups (p<0.05). * Significantly different from
corresponding value at wk 16.
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Fig. 20. Mean ± S.E.M. Estimated Testis Volume (ETV) for each group at long-day baseline
testing (wk 0), and after 12, 16, and 32 wks in short days. Groups were similar within timepoints. ETVs differed between all time-points (p<0.05) except between baseline and wk 32
(p>0.05).
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Table 1. Mount latency, intromission latency, and post-ejaculatory interval (ML, IL, PEI, respectively) at wks 16 and 32.
Week 16
Week 32
Groups
ML
IL
PEI
ML
IL
PEI
Apomorphine
1.39 ± .16
2.09 ± .48
.85 ± .08
1.23 ± .17
1.64 ± .31
.75 ± .17
Yohimbine
1.94 ± .37
2.60 ± .76
.72 ± .03
1.29 ± .10
1.73 ± .18
.87 ± .08
Vehicle
1.34 ± .18
1.68 ± .20
.89 ± .34
1.16 ± .15
1.48 ± .20
.95 ± .48
Values are mean ± S.E.M. (mins). No differences between groups and within time points were significant.
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Chapter 7
Summary and Conclusions
Male sexual behavior is one of the primary motivated behaviors controlled by the
hypothalamus. It is a prerequisite for the survival of sexually reproducing species, and in the
course of evolution has been the target of exquisite control over its regulation. In most mammals
MSB is regulated by gonadal T. T release is often in phase with the environment to drive the
behavior when it is most appropriate; male Syrian hamsters mate during the spring and summer
months when it is most favorable to maintain their gonads and sire offspring, whereas short days
induce gonadal regression and sexual quiescence. In addition to yearly rhythms, T is under
circadian and ultradian control (Place and Nichols, 1991); T increases in the late afternoon and
for the first couple of hours after lights out (Pieper and Lobocki, 2000), which coincides with
time of ovulation in female Syrian hamsters. Additionally, male rodents display spontaneous
multiple short duration T pulses throughout the day, which are labile and can be induced by
ejaculation or the presence of a conspecific female (Nyby, 2008). This dissertation has developed
a new paradigm by which to maintain or restore MSB by inducing discontinuous circulating T in
an endogenous pulse-like manner. In so doing, previously infeasible avenues of exploration
have been pursued and the relations between T, the brain, and behavior have been further
elucidated.
In experiments 1 and 2 the frequency and concentration of T in castrated hamsters was
manipulated by subcutaneous T injection that mimicked a single endogenous T pulse; a single
injection of 50 µg T increased blood T concentrations to supraphysiological concentrations for
fewer than 7 hours. T replaced in this manner was able to restore and maintain behavior while an
equimolar dose in oil vehicle was not (Arteaga-Silva et al., 2005), implicating the endogenous
pulsatile nature of the T signal with functional significance and demonstrating that long periods
in which T is absent from circulation are compatible with the expression of MSB. In fact, daily
injections of 15 µg T maintained and restored behavior in 100% of hamsters while a single 50 µg
T injection once per 7 days maintained MSB in 66% of hamsters for 5 weeks, despite the near
absence of circulating T concentrations for 5-6 days per week. This suggests that T induces
long-lasting effects in the neural substrate that regulates MSB and further demonstrates that
MSB is not tightly tethered to concurrent circulating T, but rather activates relatively long-lasting
mechanisms that maintain MSB in T’s absence.
Large doses of DHT fail to restore or maintain MSB in Syrian hamsters (Arteaga-Silva et
al., 2005) despite DHT and T binding the same AR, which raises the possibility that DHT may
act as a competitive antagonist for T-induced MSB. Experiment 3 exploited the low-dose Treplacement paradigm by administering T injections in the presence or absence of
supraphysiological, constantly circulating DHT to determine if they do in fact compete for the
same receptors. 5 weeks after hormone treatment to sexually quiescent castrated hamsters, 90
percent of males treated with 25 µg T daily, or 25 µg T daily plus constantly circulating DHT,
ejaculated, while only 10 percent of those treated with DHT alone ejaculated. Additionally, MSB
of the DHT + T group was restored approximately 2 weeks sooner than for the T group. Because
DHT failed to counteract T’s restoration of MSB, this study raises a number of questions
concerning the presence of T and DHT specific receptors, or of splice variants that are
differentially localized and may be binding the two hormones with different affinities. The AR
gene produces multiple splice variants in prostate cancer cell lines and metastases (Dehm and
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Tindall, 2011, Hornberg et al., 2011) and two forms of androgen receptor mRNA have been
reported in the brain (Burgess and Handa, 1993), however there has been no rigorous exploration
of other splice variants or their functional significance in the brain. Additionally, there exists
differential uptake and retention of these steroids in specific neural nuclei in rats, suggesting a
complex mode of hormone reception that could require differentially functional receptors.
Ultimately, this study establishes the need for further research into the AR’s dynamic
relationship with its multiple ostensible ligands.
Protein synthesis in the mPOA is necessary for the expression of MSB. Experiment 4
further exploited the low-dose T replacement paradigm to establish when translation of the
proteins critical for MSB occurs in the brain. Hamsters were injected once weekly with 100 µg
T in a maintenance paradigm while anisomycin, a protein synthesis inhibitor that is effective for
6-9 hours, was injected to different groups every 3 hours—from 3 hours prior to T injection to 12
hours after. Hamsters injected from 6 to 12 hours after T injection displayed a significant
decline in ejaculatory function while groups injected earlier were not different from control
hamsters. This established a critical window that includes the 12-15 h timeframe in which
translation occurs in brain after a T injection. Extensive molecular and cellular research on T or
DHT relations with the AR in prostate cancer cell lines and in vitro analyses have been reported
(reviewed in Lamont and Tindall, 2011); relatively few studies have explicitly addressed similar
questions in the brain and consequences for behavior. In part, this research has been neglected
because of the difficulty in establishing the T-induced molecular substrates that regulate MSB.
Given the data from experiment 4, we are now able to take the first steps toward establishing a
molecular profile of this complex social behavior to foster reductionist research into MSB’s
molecular underpinnings to complement knowledge of the neural, systems, physiological,
behavioral and ecological perspectives
Experiment 6 assessed the expression of MSB in photoregressed sexually quiescent
hamsters by pharmacologically altering dopamine or "-2 adrenergic receptors with the drugs
apomorphine or yohimbine, respectively. Both treatments failed to facilitate sexual behavior in
short-day housed intact hamsters, suggesting that photoperiod inhibits MSB downstream of DA
release in the mPOA.
It is clear that steroid hormone signaling is dynamic and carries with it myriad different
informative signals including its circulating concentration, pulse duration, pulse frequency, interpulse interval and the ultradian and circadian phase at which it is released. Prior to the
development of the current paradigm it was known that the pulse frequency and concentration of
GnRH released to the median eminence defined the magnitude and type of hormone released
from the anterior pituitary. It follows logically that other hormones are capable of this dynamic
signaling—especially the gonadal steroids, which are tightly tethered to GnRH itself.
These data establish that MSB is compatible with long intervals during which T is absent.
In rats, T withdrawal increases AR expression in the brain within 4 days whereas hormone
replacement reduces it back to pre-castration expression (Burgess and Handa, 1993). A short
duration pulse of approximately 7 hours once per week may induce protein synthesis in the brain,
then subside long enough to allow for the upregulation of ARs so that upon the next pulse, the
brain is maximally sensitive to circulating T, allowing for a decrease of the effective replacement
dose of T. It will be necessary to determine if the observed results on MSB generalize to other
androgen regulated physiologies and behaviors.
Implications for translational research
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The implications of basic research into the mechanistic regulation of sexual behavior and
androgen action are large and varied with respect to human health, forensic psychology, sexual
function, animal husbandry and veterinary practices. T replacement therapy is common in
hypogonadal men suffering from an organic disorder, destruction of the gonads, or normal
ageing. Additionally androgens are frequently abused as performance enhancing drugs
(Turillazzi et al., 2011). Therapeutic T replacement is currently achieved by transdermal patches
or gels, ingestible tablets, injections, or surgical implants (Pfeil and Dobs, 2008), all of which
increase T to high concentrations for long-uninterrupted periods of time. However, there are
significant side-effects associated with these treatments which requires research into T
replacement therapies that maximize therapeutic benefit while minimizing side-effects. As such
it is critical to establish T replacement regimens that limit the amount of circulating T. Further
research into low-dose and infrequent replacement regimens to treat other androgen regulated
behaviors and physiologies will inform future improvements in T replacement therapy that
increase efficacy and decrease side-effects while minimizing disruptions to the patient’s daily
life.
Pharmacological inhibition of the HPG axis is sometimes employed to decrease sex drive
in sex offenders or as a male contraceptive, with variable results (Schmucker and Losel, 2008).
Alternately, anabolic steroid abuse among athletes is associated with a number of behavioral
problems including irritability, aggressiveness, anxiety, sexual dysfunction and depression
(Hallberg, 2011). The relation between T signaling and human behavior remains unclear, but
further basic research into T’s actions on the brain and behavior in animal models will guide
hypothesis testing on hormone-brain relations as well as normal human sexual function,
paraphilia, and recidivism of sex offenders.
Summary
The hormonal signal is dynamic and contains within it multiple sources of information
for target tissues. It is necessary to account for these different signaling capabilities and
determine both the phenomenology and physiological mechanisms that allow the brain to decode
and respond appropriately to incoming endocrine signals. In so doing, we can gain a richer
understanding of hormone-brain relations and new avenues for research and clinical treatment
for hypogonadism may present themselves.
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