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Abstract

High versus low novelty exploration predicts a variety of behavioral differences. For example, rats
selectively-bred for high novelty exploration (bred High Responders, bHR) exhibit exaggerated
aggression, impulsivity, and proclivity to addictive behaviors compared to low novelty-reactive
rats (bred Low Responders, bLRs), which are characterized by a high anxiety/depressive-like
phenotype. Since bHR/bLR rats exhibit differences in dopaminergic circuitry and differential
response to rewarding stimuli (i.e., psychostimulants, food), the present study examined whether
they also differ in another key hedonic behavior — sex. Thus, adult bHR/bLR males were given
five 30-min opportunities to engage in sexual activity with a receptive female. Sexual behavior
and motivation were examined and compared between the groups. The bHR/bLR phenotype
affected both sexual motivation and behavior, with bLR males demonstrating reduced motivation
for sex compared with bHR males (i.e., fewer animals copulated, longer latency to engage in sex).
The bHR males required more intromissions at a faster pace per ejaculation than did bLR males.
Thus, neurobiological differences that affect motivation for drugs of abuse, aggression, and
impulsivity in rats also affect sexual motivation and performance.

Keywords
bred High Responder (bHR); bred Low Responder (bLR); sexual performance; reward; dopamine

Introduction

Individual differences in temperament and environmental or emotional reactivity predict a
variety of behavioral traits and increase vulnerability to certain psychopathologies ranging
from mood disorders to drug addiction (Cloninger, 1987; Lukasiewicz et al., 2008; Serretti
et al., 2006; VVan Laere et al., 2009). In recent years, we developed selectively-bred Sprague-
Dawley rats that show extreme differences in novelty exploration (Stead et al., 2006), with
bred High Responders (bHRs) vigorously exploring a novel environment and bred Low
Responders (bLR) showing limited novelty-induced activity. These high versus low novelty-
seeking traits in rats (as in humans) predict distinct behavioral phenotypes, with high
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novelty-seekers (bHRs) showing high aggression (Kerman et al., 2011), impulsivity (Flagel
etal., 2011; Flagel et al., 2010) and proclivity to addictive behaviors (Cummings et al.,
2011; Davis, Clinton, Akil, & Becker, 2008; Flagel et al., 2011; Garcia-Fuster, Perez,
Clinton, Watson, & Akil, 2010). Low novelty-seekers (bLRs), on the other hand, naturally
exhibit exaggerated anxiety (S. M. Clinton, Stead, Miller, Watson, & Akil, 2011; S.M.
Clinton, Miller, Watson, & Akil, 2008; Flagel et al., 2010; Kabbaj, Devine, Savage, & Akil,
2000; Perez, Clinton, Turner, Watson, & Akil, 2009; White, Kalinichev, & Holtzman,
2007), depression-like behavior and chronic stress vulnerability (Garcia-Fuster et al., 2012;
Stedenfeld et al., 2011).

Numerous studies have examined neurobiological differences that may contribute to the
high versus low novelty-seeking traits (e.g., (S. M. Clinton, Stead, et al., 2011; Hooks,
Jones, Smith, Neill, & Justice, 1991; Hooks et al., 1994; Hooks & Kalivas, 1994; Kabbaj &
Akil, 2001; Kabbaj et al., 2000; Lemaire, Aurousseau, Le Moal, & Abrous, 1999; Perez et
al., 2009; Piazza, Maccari, et al., 1991; Rosario & Abercrombie, 1999; Rouge-Pont,
Deroche, Le Moal, & Piazza, 1998)), and abundant evidence points to key differences in the
dopamine (DA) system. Early studies in commercially available (non-selectively bred) HR/
LR rats found that HRs showed increased responsiveness to DAergic drugs (e.g.,
psychostimulants), but lower D2 mRNA and D2 receptor binding relative to LR rats (Hooks
et al., 1994). Our recent work with the bHR/bLR lines augment these findings, showing that
bHRs are also more sensitive to the psychomotor activating effects of DAergic agonists
(Flagel et al., 2010; Garcia-Fuster et al., 2010), are more inclined to self-administer cocaine
(Cummings et al., 2011; Davis et al., 2008), have lower levels of D2 mRNA, and a greater
proportion D2-high affinity receptors in the dorsal striatum (Flagel et al., 2010).
Interestingly, fast-scan cyclic voltammetry experiments revealed that bHRs also exhibit a
greater number of spontaneous DA release events in the nucleus accumbens (NAc) and have
higher reward-related DA release compared to bLRs (Flagel et al., 2011). Taken together,
much of our research to date points to bLR animals as a useful new rodent model for
examining co-morbid depression-like behavior and anxiety.

The display of sexual behavior consists of two separate but complementary components: the
appetitive aspects of sex, or sexual motivation, and consummatory components, or sexual
behavior/performance. DA in the NAc has been implicated in male sexual behavior and
motivation (Everitt, 1990; Hull et al., 1999; Pfaus, 2010; Pfaus et al., 1990; Pfaus & Phillips,
1989, 1991), and the D1/D2 receptor ratio in the medial preoptic area of male rats is critical
for sexual motivation and ejaculation (Hull et al., 1989). Given the known bHR/bLR DA
system differences and their distinct behavioral responses to a variety of rewarding stimuli
(i.e., food and drugs of abuse), the present study determined whether bHR/bLR males also
exhibit differences in another key hedonic behavior — sex.

In this experiment, adult bHR/bLR males were subjected to a 5-week sexual behavior testing
paradigm where they were exposed to a sexually receptive female 30-min once a week for 5
weeks. Males were allowed to engage in sexual activity, and both motivation for sexual
activity as well as sexual performance were examined. Additionally, considering known HR/
LR differences in hypothalamic-pituitary-adrenal (HPA) stress axis activity (Kabbaj et al.,
2000; Kerman et al., 2012), and possible consequences on the hypothalamic-pituitary-
gonadal axis and sexual behavior, we examined seminal vesicles, testes, epididymis, and
adrenals in bHR/bLR males as proxy measures for circulating androgens and corticosterone
(Akana, Shinsako, & Dallman, 1983; Gonzales, 2001; Swerdloff, Wang, Hines, & Gorski,
1992).
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bHR and bLR male Sprague Dawley rats (n=20 per phenotype) were acquired from the in-
house breeding colony in the Akil laboratory at the University of Michigan. We previously
published a description of our breeding strategy and initial behavioral characterization of the
bHR/bLR lines (Stead et al., 2006). Animals used in the present experiments were taken
from the 28t generation of the colony. Prior to sexual behavior testing, male bHR/bLR rats
were screened to assess novelty-induced locomotor activity, and only rats whose scores fell
within one standard deviation of their respective group average (from the 28 generation of
our bHR/bLR colony) were used for the present studies. Half of the bHR and bLR rats were
randomly assigned to the “Sex” group (n=10/phenotype) while the other bHR and bLR
animals were placed in the “Naive” group (n=10/phenotype).

All animals were housed in same-group pairs in standard laboratory cages with free access
to food (Harlan 2014) and water. Animals were maintained on a 14:10 light:dark cycle, with
lights on at 7:00 am through the locomotor screening tests after which time they were set on
a reverse light cycle (lights off at 10:00 am). Males and females were housed in the same
room that was maintained at a constant temperature of 22°C. All procedures were conducted
in accordance with the National Institutes of Health (NIH) guidelines on laboratory animal
use and care, using a protocol approved by the University of Michigan Committee on Use
and Care of Animals.

Sexual Behavior Testing

Stimulus females were ovariectomized at approximately 60 days of age and allowed to
recover for at least 2 weeks before the start of testing. Sexual receptivity was induced with
17B-estradiol benzoate (10 pg in 0.1 ml peanut oil, s.c.) administered 48 hr prior to testing,
followed by progesterone (500 pug in 0.1 ml peanut oil, s.c.) 4-6 hr prior to the encounter.
Each female was used only once per test day, and care was taken to ensure that each male
received a novel stimulus female for every test. Prior to each test, stimulus females were
briefly paired with non-experimental males and verified to display lordosis. The group of
sexually-naive bHR/bHR males served as controls for exposure to the novel environment.
Males in this “naive” group were placed in testing chambers with their cage mate for five
30-minute sessions.

Sexual behavior testing began when males were 90 days of age. Tests were conducted once
per week for 5 weeks in a standard glass 10-gallon aquarium between 1:00-4:00 pm. bHR/
bLR males were allowed 5 min to acclimate before introduction of the female, and each test
lasted 30 min. Behavior was videotaped and analyzed using a computerized program
(Noldus Observer 5.0, Leesburg, VA), which recorded the latency, duration, and frequency
of events from videotape. The person scoring the tapes was blind to the experimental
treatments and trained to observe the following behaviors: mounts (male's front paws on the
rump of the female, no penile insertion into vagina), intromissions (a mount with penile
insertion), and ejaculations. Due to differences in the percentage of bHR and bLR males
engaging in these behaviors across test sessions, sexual behavior during the first three tests
with a complete ejaculatory series (i.e. mating to at least one ejaculation) were scored,
noting the frequency of each behavior as well as the copulatory efficiency (intromissions
divided by the sum of intromissions and mounts). Additional behavioral parameters were
also examined, including the number of mounts per ejaculation, the number of intromissions
per ejaculation, the post-ejaculatory refractory period (PERP, the amount of time between an
ejaculation and the next intromission of the subsequent copulatory series), and inter-
intromission interval (111; calculated as average amount of time between intromissions).

Behav Neurosci. Author manuscript; available in PMC 2014 April 10.
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Tissue Collection

One week after the final sexual behavior test, naive and sexually experienced bHR/bLR
males were euthanized with an overdose of sodium pentobarbital, followed by transcardiac
perfusion with 4% paraformaldehyde. The adrenals, seminal vesicles, testes, and epididymis
were dissected out and weighed as proxy measures for HPA axis activity and androgen
levels.

Statistical Analysis

Results

Data were analyzed with Statview Statistical Software, version 5 from SAS. Differences in
the percentage of bHR/bLR males exhibiting mounts, intromissions, and ejaculations were
examined by chi square analyses for each of the five test sessions, and included all
experimental animals. Because fewer bLRs engaged in sex through ejaculation during the
first two test sessions, an analysis examining sexual behavior across all 5 test sessions
included comparisons between groups of animals that were sexually naive versus those that
were active and exhibited one or more ejaculations. As sexual experience alters
neurochemical function and, thus, subsequent displays of sexual activity (Pfaus, 2009; Pfaus
et al., 2012), we structured our successive analysis such that we could compare bHRs and
bLRs with comparable sexual experience by comparing their motivation and behavior by
“copulation day”. For example, many bHR males engaged in sex and ejaculated during the
first test session, so their “copulation days 1-3” corresponded to test sessions 1-3. However,
some bLRs did not engage in sex until the third test session, so their “copulation days 1-3”
corresponded to test sessions 3-5. By conducting the analysis in this way, we are comparing
the sexual motivation and ability in animals with similar amounts of sexual experience.

Group differences in behavioral parameters (latency to mount/intromit/ejaculate, number of
mounts/intromissions, PERP, copulatory efficiency, and I11) during the first ejaculatory
sequence of each of the three copulation days were examined by repeated measures
ANOVA, with copulation day as within subject factor and bHR/bLR phenotype as between
subject factor. Mount latency, intromission latency, ejaculation latency, and 111 data were
log transformed prior to analysis due to unequal variance across days. We also examined
these parameters within test session to compare behavior during the first ejaculatory
sequence (E1) versus second (E2). Accordingly, for each of the first three copulation days,
we performed a repeated measures ANOVA with ejaculatory sequence (E1 and E2) as
within subject factor and bHR/bLR phenotype as between subject factor.

Organ weights were corrected for body weight and analyzed by 2-way ANOVA, with bHR/
bLR phenotype and sexual experience as independent variables. ANOVAs were followed by
Fisher's post-hoc comparisons when appropriate. For all tests, a was 0.05.

Male bHR initiate and engage in sexual behavior with less experience than bLR

During the first two test sessions, a greater percentage of bHRs mounted the female
compared to bLRs (day 1: x2=5.83, d.f.=1, p<0.05; day 2: ¥=4.90, d.f.=1, p<0.05; Fig. 1A).
Similarly, a greater percentage of bHRs exhibited intromissions (day 1: x2=5.83, d.f.=1,
p<0.05; day 2: ¥2=4.90, d.f.=1, p<0.05; Fig. 1B) and achieved an ejaculation (day 1:
x2=5.10, d.f.=1, p<0.05; day 2: ¥2=10.80, d.f.=1, p<0.01; Fig. 1C) during the first two test
sessions compared to bLRs. During sessions 3-5, however, there was no group differences in
percentage of animals exhibiting mounting behavior, intromissions or ejaculations (Fig. 1A-
C).
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Sexual behavior during the first 3 days of a complete copulatory bout

On the first three test days that an animal exhibited an ejaculation (copulation days 1-3), the
first ejaculatory bout of each day was analyzed (Figure 2). The latency to mount decreased
over time (effect of copulation day, Fp 32 = 37.72, p<0.0001; Fig. 2A) and bLR males took
longer to mount than bHRs (F; 3 = 21.16, p<0.01). There was also a test day x phenotype
interaction (Fy 3p = 4.37, p<0.05; Fig. 2A). Post-hoc analysis showed that all animals
steadily reduced latency to mount over copulation days 1-3 (p<0.0001 day 1 versus each day
2 and 3), and that bLRs exhibited greater latency to mount compared to bHRs on all
copulation days (p<0.001 for each day; Fig. 2A).

The number of mounts per ejaculation decreased over copulation days 1-3 (main effect of
day Fp 32 = 3.82, p<0.05; Fig. 2B), but there was no significant effect of bHR/bLR
phenotype, and no phenotype x day interaction. Post-hoc analysis showed that animals
mounted less during copulations days 2 and 3 compared to day 1 (p<0.05).

As shown in Figure 2C, latency to intromit also decreased with experience (Fp 35 = 34.79,
p<0.0001) and varied by bHR/bLR phenotype (F1 32 = 23.95, p<0.01; no significant
interaction). All animals steadily reduced the latency to intromit over the 3 copulation days;
post-hoc analysis showed that latency to intromit was greater on day 1 versus 2 and 3
(p<0.0001 for each comparison). Post-hoc analysis also showed that bLRs exhibited greater
latency to intromit compared to bHRs across copulation days (p<0.0001; Fig. 2C).

The bHR males exhibited more intromissions per ejaculation than bLR males during the first
copulatory bout of each copulation day (effect of phenotype, Fy 32 = 7.18, p<0.05; Fig. 2D).
There was no effect of copulation day, and no day x phenotype interaction for this measure.
In contrast, bLR males exhibited longer inter-intromission intervals than bHR males (F1 32
= 4.54, p<0.05; Fig 2E), and both phenotypes exhibited decreased intervals with time (F2 32
=29.43, p<0.0001). There was no phenotype x day interaction. Post-hoc analysis showed
that the inter-intromission interval on test days 2 and 3 were significantly shorter than on
day 1 (p<0.05 for each comparison).

Although there were bHR/bLR differences in number of intromissions and inter-
intromission interval, the latency to ejaculate decreased over time for both groups (F2 32 =
9.51, p<0.0001), and there was no effect of bHR/bLR phenotype or day x phenotype
interaction (Fig. 2F). Post-hoc analysis showed that animals exhibited steadily shorter
latencies to ejaculate across copulation days (p<0.05 for each day compared to one another).
Thus, the unique intromission pattern of bHR versus bLR males was equally efficient at
achieving ejaculation. For the post-ejaculatory refractory period, there was no effect of bHR/
bLR phenotype or copulation day, and no copulation day x phenotype interaction (Fig. 2G).
Finally, we found a main effect of copulation day on copulatory efficiency (F,, 32 = 3.94,
p<0.05); all animals exhibited greater efficiency on day 2 versus 1 (p<0.05). There was no
effect of phenotype, and no day x phenotype interaction (Fig. 2H).

Sexual behavior within test session

All males exhibited more mounts per ejaculation during the first bout on copulation day 1
than during the second bout (F; g = 6.61, p<0.05; Fig. 3A). For copulation days 2 and 3,
there was no main effect of ejaculatory bout or bHR/bLR phenotype, and no bout x
phenotype interactions.

The bHR males exhibited more intromissions per ejaculation on each copulation day
compared to bLR males (day 1: F1 ¢ = 8.66, p<0.05; day 2: F1 13 = 4.73, p<0.05; day 3:
F1 14 = 6.21, p<0.05; Fig. 3B). On each copulation day there was also a main effect of
ejaculatory sequence (day 1: Fq ¢ = 22.79, p<0.01; day 2: F;1 13 = 37.37, p<0.0001; day 3:

Behav Neurosci. Author manuscript; available in PMC 2014 April 10.
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F1 14 = 27.02, p<0.0001), with all rats showing significantly fewer intromissions during the
second compared to the first ejaculatory bout. On the first copulation day, there was a
phenotype x ejaculatory bout interaction (Fq o = 7.89, p<0.05); post-hoc analysis showed
that bHRs exhibited fewer intromissions during the first bout on this day compared to bLRs
(p<0.05; Fig. 3B). There were no significant phenotype x ejaculatory sequence interactions
for copulation days 2 and 3.

Inter-intromission interval did not vary with session on any of the 3 copulation days (Fig.
3C). Latency to ejaculate decreased over ejaculatory bouts on copulation days 1-3 (day 1:
F1 g =38.58, p<0.01; day 2: Fy g = 24.42, p<0.01; day 3: F1 g = 10.39, p<0.05; Fig. 3D).
There was no effect of bHR/bLR phenotype, and no bout x phenotype interaction for
copulation days 1-3.

Interestingly, the post-ejaculatory refractory period was greater for bHR than bLR only on
copulation day 3 (F1, 11 = 7.50, p<0.05; Fig. 3E). There was no effect of ejaculatory
sequence on post-ejaculatory refractory period on copulation day 1, but there was an effect
on copulation days 2 (F1, g = 21.90, p<0.01) and 3 (F1, 11 = 28.25, p<0.01), with animals
showing an increased post-ejaculatory refractory period during E2 versus E1. There was no
phenotype x sequence interaction on this measure on copulation days 1-3.

Organ weights

Sexually experienced bHR/bLR males weighed significantly less than sexually-naive males
(F1, 36 = 7.39, p<0.01; Table 1), but there was no effect of phenotype, and no sex x
phenotype interaction. For the adrenal glands, there was a main effect of bHR/bLR
phenotype (F1 36 = 10.34, p<0.01), with bHRs having heavier adrenals compared to bLRs
regardless of sexual experience. There was no effect of sexual experience, and no phenotype
x sex interaction on adrenal size. Sexual experience significantly increased seminal vesicle
weight (F1, 36 = 28.93, p<0.0001), and while there was no effect of phenotype, there was a
significant phenotype x sex interaction (F1 36 = 4.58, p<0.05). Sexual experience increased
seminal vesicle weight in both bHR and bLR animals, although this effect was more
prominent in bLRs (p<0.05 for sexually-experienced versus sexually-naive bLRs). Finally,
there was no effect of phenotype or sexual experience, and no phenotype x sex interaction
on weight of the testes or epididymis.

Discussion

The present experiments show that male rats selectively-bred for high (bHR) versus low
(bLR) reactivity to novelty, known to exhibit drastic differences in behavioral and
neurochemical response to reward, also differ in their display of sexual motivation and
behavior. During the first two opportunities with sexually receptive females, fewer bLR
males engaged in sexual activity compared to bHRs, who readily engaged in sex across all
test days. Even after gaining sexual experience, bLRs continued to exhibit reduced sexual
motivation when presented with a receptive female, evident by increased mount and
intromission latencies on each of the three copulation days. There were also significant
differences in sexual behavior, with bHRs requiring more intromissions per ejaculation and
demonstrating shorter intervals between intromissions than bLRs. Interestingly, bHR/bLR
males were similar in several other sex behavioral measures, including latency to ejaculate,
post-ejaculatory refractory period, and copulatory efficiency. Additionally, both bHRs and
bLRs demonstrated experience-induced behavioral plasticity, since both groups improved
their sexual performance with increased experience. Several of the known bHR/bLR
neurobiological differences occur in neurochemical and/or hormonal systems important for
sexual motivation and performance; thus, these selectively-bred lines offer a unique tool for
studying neural circuits relevant for male sexual function and dysfunction.

Behav Neurosci. Author manuscript; available in PMC 2014 April 10.
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As mentioned in the Introduction, successful sexual activity requires the proper functioning
of both motivation and ability. Numerous studies have delineated specific brain regions,
hormones, and neurotransmitters that mediate the disparate components of sexual activity
(for example, see (Conrad & Pfaff, 1976; Hull et al., 1999; Meisel & Sachs, 1994; Pfaff,
1970; Pfaus & Heeb, 1997). While there is some overlap, the control of sexual ability and
motivation appear to be largely independent of one another. Indeed, elegant experiments by
Everitt (Everitt, 1990; Everitt & Stacey, 1987) have shown that motivation and ability are
dissociable; that is, either performance or motivation can be altered while the other remains
intact.

Sexual motivation in bHR and bLR males

Sexual motivation in male rats is traditionally evaluated by investigating how long it takes a
male to express sexual interest in a female (latency to mount or intromit with a female), as
well as examining the number of males within a given group that engage in sexual behaviors
(Meisel & Sachs, 1994). The present experiments revealed that significantly fewer bLR
males engage the stimulus female in sex during the first two encounters, and continue to
exhibit longer latencies to copulation even with sexual experience. Together, these data
indicate that bLR males exhibit reduced sexual motivation in comparison to bHR males.
Novel techniques have since been designed that directly examine differences in sexual
motivation (e.g. via operant responding to gain access to a sexually active conspecific
(Cummings & Becker, 2012)). Future studies utilizing these techniques would allow for a
more detailed examination of the possible differences in sexual motivation in the bHR/bLR
line.

It is also important to consider that the number of bLR males engaging in sexual activity
during the first two test sessions may be affected by their tendency to show reduced novelty-
induced activity and exploration. bLRs are more inhibited in a novel situation as compared
to bHRs, which results in reduced general activity and exploration. In a recent experiment,
we found that bHRs approached a novel male or female stimulus rat more quickly than bLRs
in a social interaction test (Clinton, unpublished observations). In the present study, most
bLRs begin to engage in sexual activity by the third test, while many bHRs copulate in the
first session. It is possible that by the third exposure to the test environment, bLRs have
grown more familiar with the situation, reducing their inhibition of engaging the females in
sex. Nonetheless, while this may contribute to the fewer number of bLR males engaging in
sexual activity during the initial tests, the significant differences in sexual motivation that
remain even after the animals have gained sexual experience cannot be explained by a
novelty-induced reduction in activity.

Sexual motivation in bHR/bLR males: A potential role for neurochemical systems

Several studies have identified a series of neurobiological factors that likely contribute to
marked behavioral differences in commercially-available HR/LR (Ballaz, Akil, & Watson,
2007; Cecchi, Capriles, Watson, & Akil, 2007; Hooks et al., 1994; Kabbaj, 2004; Kabbaj et
al., 2000; Piazza, Rouge-Pont, et al., 1991; Rosario & Abercrombie, 1999) and selectively-
bred bHR/bLR (S. M. Clinton, Bedrosian, Abraham, Watson, & Akil, 2010; S. M. Clinton,
Stead, et al., 2011; Flagel et al., 2011; Flagel et al., 2010; Kerman et al., 2011; Kerman et
al., 2012) rats. Many of these same neurotransmitter and neuropeptide systems play critical
roles in regulating sexual motivation. While future experiments will be required to
investigate possible roles of each of these neurotransmitter systems in shaping bHR/bLR
sexual motivation, here we outline a few major systems that it will be important to consider.

DA is a key neurotransmitter involved in the neural processing of natural and artificial
rewards, including sex and drugs of abuse (Dominguez & Hull, 2005; Kelley, 2004; Koob &
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Le Moal, 2001). DA influences human male sexual motivation, with attenuated sexual desire
being associated with reduced levels of DA (Giargiari, Mahaffey, Craighead, & Hutchison,
2005; Pfaus, 2009; Stahl, 2010). Rodent studies support these findings, demonstrating that
DA is released in the medial preoptic area (MPOA) and nucleus accumbens (NAc) both
upon the presentation of a sexually receptive female as well as during copulation (Damsma,
Pfaus, Wenkstern, Phillips, & Fibiger, 1992; Hull et al., 1999; Hull, Muschamp, & Sato,
2004; Pfaus et al., 1990; Robinson, Heien, & Wightman, 2002; Robinson et al., 2001).
Furthermore, pharmacologically reducing NAc DA levels delays the onset of sexual activity
(Hull et al., 1999). DA facilitates sexual activity, in part, by removing tonic inhibition of
GABAergic neurons in the MPOA,; this permits increased sensory processing and the
display of appropriate motoric behaviors (Chevalier & Deniau, 1990; Hull, Du, Lorrain, &
Matuszewich, 1997; Hull et al., 1999). Thus, DA release increases the probability that
sexually relevant stimuli will elicit the appropriate sexual behavioral response (i.e., initiation
of sex). Prior studies in our bHR/bLR rats revealed reduced DAergic responsivity in the
NAc of bLR versus bHR males, including lower tonic DA levels and less reward-induced
DA release (Flagel et al., 2011). bLRs’ reduced sexual motivation may therefore be due to
reduced DA release in response to the sexually receptive female. If bLR males release less
DA in response to sexual cues (i.e., placement into the testing chamber and introduction of
the female), they may require longer cue exposure to stimulate sufficient DA release and
prime the circuitry to respond with sexual activity.

Serotonin is another key neurotransmitter system that impacts sexual motivation and
behavior. Serotonin inhibits the molecular mechanisms required for increased sexual
excitation, and elevated serotonin levels have been shown to reduce sexual motivation
(Giargiari et al., 2005; Pfaus, 2009). Indeed, it is widely reported that depressed men and
women taking selective serotonin reuptake inhibitors (SSRIs)—which increases brain levels
of serotonin—experience reduced sexual motivation (Stahl, 2010). Dysregulation of
serotonin neurotransmission has also been shown to contribute toward highly aggressive and
depressive phenotypes in animals, and importantly, bLR males demonstrate increased
activation of specific serotonergic brainstem cell groups (S. M. Clinton, Kerman, et al.,
2011; Kerman et al., 2011). This increased activation could be a mechanism by which bLR
males manifest alterations in sexual motivation, similar to that reported in humans
experiencing sexual dysfunction.

Another neurotransmitter system known to stimulate sexual motivation is oxytocin (Pfaus,
2009). Oxytocin is a neuropeptide found in the hypothalamus that stimulates sexual arousal
and induces response to sexual cues. Sexual excitation can be primed by activating the
oxytocin system or blunted by inhibiting oxytocin action. For example, sexual incentives
and cues previously paired with sexual activity stimulate oxytocin release in the brain of
male rats (Hillegaart, Alster, Uvnas-Moberg, & Ahlenius, 1998), which facilitates erection
(Kita, Yoshida, & Nishino, 2006). Previous experiments in bHR/bLR females found reduced
oxytocin mMRNA levels in the hypothalamus of bLRs versus bHRs (S. M. Clinton et al.,
2010). If male bLRs also demonstrate a less responsive oxytocinergic system, this could
contribute to their reduced sexual motivation.

Sexual Behavior in bHR and bLR males

In addition to apparent bHR/bLR differences in sexual motivation, bHR and bLR males also
differ in certain consummatory aspects of copulation — that is, the act of engaging in sexual
activity. The most pronounced bHR/bLR difference in sexual performance is the number
and timing of intromissions, with bHR males demonstrating more intromissions at a faster
pace compared to bLR males. Commercially-available Long Evans rats have been shown to
exhibit intromission numbers (per ejaculation) that vary widely based on an animal's type of
sexual experience (Ismail, Gelez, Lachapelle, & Pfaus, 2009; Ismail, Zhao, & Pfaus, 2008).
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Early reports examining male sexual behavior note that the number of intromissions per
ejaculation for outbred male rats would be closer to our bLR males than bHR males
(Erskine, 1989), indicating that it is the bHR group demonstrating perturbed intromission
timing.

bHR males exhibit more intromissions at a faster rate than bLRs. In many rodent species, the
identification and processing of appropriate environmental and sensory cues are imperative
for successful copulation (Been & Petrulis, 2012; Liu, Salamone, & Sachs, 1997; Meisel &
Sachs, 1994). Brain regions that are crucial to this processing include the bed nucleus of the
stria terminalis (BNST) and the medial amygdala (MeA). Lesions to these areas increase the
number of intromissions preceding ejaculation, and lesions to lateral nuclei in the amygdala
increase the rate of copulation (Meisel & Sachs, 1994). It is possible, therefore, that
perturbed signaling or responsiveness in the amygdala, BNST, or interconnections between
these areas may play a role shaping bHRs’ pattern of sex behavior.

Both bHR and bLR males demonstrate experience-induced plasticity in their sexual
behavior. Indeed, all animals show shorter ejaculation latencies both between and within
sessions—a pattern of behavior that is typical of laboratory rats (Sachs, Barfield, Jay S.
Rosenblatt, & Colin, 1976). Sexual experience produces morphological and functional
changes in the related neural circuitry (McEwen, 2010; Pfaus et al., 2012; Pitchers et al.,
2010), leading to enhanced reproductive success for the animal as it increases performance.
Therefore, while the brains of bHR and bLR males are surely different prior to (and perhaps
upon) engaging in sexual activity, it appears that both are capable of learning and improving
sexual performance in subsequent copulatory sessions, leading to increased reproductive
success.

While the post-ejaculatory refractory period (PERP) analysis did not find an overall
phenotypic difference across all copulation days, we did observe an effect of phenotype on
copulation day 3 (with a trend on day 2), where bLR males demonstrated shorter refractory
periods than bHRs. This difference could be related to altered glutamatergic signaling in the
MPOA of bLRs or bHRs during or immediately following sexual activity. The MPOA is
imperative in the display of male sexual behavior, and levels of glutamate in particular have
been linked to PERP duration (Dominguez, Gil, & Hull, 2006; Dominguez & Hull, 2005).
Specifically, glutamate increases in the male MPOA during sexual activity and drops during
the refractory period; the magnitude of this drop correlates with the PERP duration. Thus,
bLRs’ shortened duration to reinitiate sex after ejaculation may result from an attenuated
drop in glutamate, stemming from either reduced glutamate release during ejaculation or
increased levels of glutamate in the MPOA during the refractory period (i.e., enhanced
released or attenuated reuptake of glutamate). As increased MPOA glutamate levels have
also been associated with enhanced sexual performance (Dominguez et al., 2006), and here
the bLR males exhibit reduced sexual performance on some of the measures, it is more
likely that their reduced PERP is caused by a lower glutamate peak during ejaculation than
enhanced glutamate release during the PERP.

Serotonin has also been implicated in sexual satiety in humans and animals (Pfaus, 2009;
Stahl, 2010). As mentioned above, an earlier study found altered activation of certain
serotonergic cell groups in bLR versus bHR males, as well as altered expression of key
molecules involved in serotonin neurotransmission (tryptophan hydroxylase-2, the key
synthetic enzyme for serotonin, and the serotonin transporter, which removes serotonin from
the synaptic cleft) (Kerman et al., 2011). These serotonin system differences may contribute
to a variety of bLRs’ behavioral abnormalities (relative to bHRs), including high anxiety-
and depression-like behavior, diminished aggression, as well as their diminished sexual
performance. Perhaps bLRs exhibit increased serotonin reuptake or turnover in brain areas
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relevant for sexual behavior and satiety, which may reduce the refractive period after
ejaculation by an early clearing of serotonin.

Sex behavior in bHR/bLR: A potential role for hormones

The observed bHR/bLR differences in sexual behavior may also be driven indirectly by
differences in hypothalamic-pituitary adrenal (HPA) stress axis responsivity. Previous
experiments demonstrated that non-selectively-bred HR males compared to LR males
display lower glucocorticoid receptor mMRNA expression in the hippocampus and lower
CRH mRNA in the amygdala (Kabbaj et al., 2000), which may contribute to their
exaggerated stress-induced corticosterone release and reduced anxiety (Kabbaj et al., 2000;
Marquez, Nadal, & Armario, 2006; Piazza et al., 1993; Piazza, Maccari, et al., 1991).
Similar differences have been observed in bHR/bLR rats (S.M. Clinton et al., 2008; Kerman
et al., 2012). Given the well-known reciprocal interactions between the stress and gonadal
axes (Dallman et al., 2002; Handa et al., 1994; Rivier & Rivest, 1991; Viau & Meaney,
1996; Young, 1996), and the importance of androgen action for reproductive function
(Arnold & Breedlove, 1985; Hull, Du, Lorrain, & Matuszewich, 1995; McGinnis &
Dreifuss, 1989), it is possible that bHR/bLR HPA stress axis differences contribute to
differences in gonadal steroid production or sensitivity and, thus, differences in sexual
activity. Indeed, testosterone is imperative for the proper display of both sexual behavior and
motivation in men (Pfaus, 2009). We report here that bLR males have significantly lighter
adrenal glands compared to bHRs, which parallels previous findings and indicates reduced
activity of the HPA axis (Kabbaj et al., 2000; Kerman et al., 2012). Since the HPA axis
typically opposes hypothalamic-pituitary-gonadal function, it would stand to reason that
bLR males, with their lighter adrenals (and reduced HPA activity), would demonstrate
enhanced reproductive function. However, we do not find a general enhancement in
reproductive function in bLRs, as they take longer to engage in sexual activity upon
introduction of the female, and require more exposures to the female before reproducing.
Additional studies will be required to further examine how the unique tuning of the bHR vs.
bLR HPA axis impacts their sexual performance and motivation.

To determine if differences in sexual activity may be the result of differential androgenic
activity between bHR and bLR males, we also harvested and weighed the seminal vesicles
as seminal vesicle weight can be used as a marker for androgenic activity (Gonzales, 2001;
Swerdloff et al., 1992). While we found that sexual experience increased seminal vesicle
weight, we did not find any effect of phenotype on seminal vesicle weight. Thus, there are
not likely any differences in circulating androgens between bHR/bLR males. We have not
examined the central pattern of androgen receptors however, and a difference in receptor
number would make one set of animals more sensitive to androgenic action, which could
alter sexual activity.

Finally, it is important to consider the potential impact that the differences in bHR/bLR
sexual behavior may have on mating success. Indeed, that bHR males engage in sex more
quickly than bLRs following exposure to a female may be an advantage; female rats are only
sexually receptive for a short time, and therefore, delayed onset of male sexual activity
could result in fewer females inseminated. On the other hand, timing of intromissions for a
successful mating is also important. Female rats prefer a longer period of time between
intromissions in order to induce the progestational reflex, which enhances implantation of
the fertilized embryo (Erskine, 1989). In this case, bLR males may be considered to have a
reproductive advantage since their timing between sexual contacts is closer to the rate
preferred by females. However, care must be taken when generalizing the exhibition of
sexual activity in the laboratory to mating success in an evolutionary context, as rats in the
wild mate in groups and the timing of their interactions (as well as the display of their
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behavior) can be different to what is observed in the laboratory (McClintock & Anisko,
1982; McClintock, Anisko, & Adler, 1982).

Sexual Behavior in bHR and bLR males: Contribution of early-life experiences

Finally, some of the observed bHR/bLR differences in sexual activity may be related to
early-life experiences of the animals. bHR/bLR mothers exhibit distinct maternal styles
when caring for their pups, with bHR mothers spending less time licking and grooming their
offspring compared to bLR dams (S. M. Clinton et al., 2007). Reduced licking and grooming
of rat pups can elicit a variety of physiological and behavioral effects in adult offspring
(Meaney, 2001), including lasting effects on sexual behavior (Cameron et al., 2005; Moore,
1984). For example, decreased licking and grooming has been shown to lead to increased
ejaculation latencies and inter-intromission intervals in males. While these changes are not
an exact parallel to what is seen in bHR males, maternal care is an important way in which
sexual behavior can be altered and should be considered as a potential mechanism when
considering perturbations in sexual behavior.

Conclusions

Sexual dysfunction is a common symptom of major depression and anxiety, with patients
frequently experiencing a range of sexual problems including reduced libido, difficulty with
arousal, and/or difficulty achieving orgasm (Kennedy & Rizvi, 2009; Laurent & Simons,
2009). These effects can result not only from the condition, but also from the medications
prescribed to treat such a condition (Stahl 2010). Results from animal studies parallel these
findings, showing that there is evolutionary conservation of the neural mechanisms
controlling sexual perturbations across species. This presents a unique opportunity for
clinical and pre-clinical researchers, as it offers a mechanism by which scientists can attempt
to further unravel the neurological and behavioral mysteries that present with sexual
function and dysfunction. We posit that the bLR rat represents a useful new rodent model of
co-morbid anxiety- and depression given their high levels of anxiety- and depressive-like
behavior, chronic stress vulnerability, diminished aggression, and reduced responsivity to
reward (S. M. Clinton, Stead, et al., 2011; Garcia-Fuster et al., 2012; Kerman et al., 2011;
Stead et al., 2006; Stedenfeld et al., 2011). We now show that bLRs also exhibit attenuated
sexual behavior compared to bHRs, suggesting that they may be a particularly useful animal
model to study the neurobiology of sexual dysfunction in depression.

In summary, a substantial body of work demonstrates how innate differences in novelty
reactivity and exploration predicts a variety of behaviors, including response to natural and
drug reward (Cummings et al., 2011; Davis et al., 2008; Flagel et al., 2011; Garcia-Fuster et
al., 2010; Kabbaj, 2004; Piazza, Deminiere, Le Moal, & Simon, 1989), impulsivity (Flagel
etal., 2011; Flagel et al., 2010), aggression (Kerman et al., 2011), anxiety (S. M. Clinton,
Stead, et al., 2011; S.M. Clinton et al., 2008; Flagel et al., 2010; Kabbaj et al., 2000; Perez et
al., 2009; White et al., 2007), and depressive-like behavior (Stedenfeld et al., 2011). The
present study extends these findings, showing that high (bHR) versus low (bLR) novelty-
seeking male rats also exhibit differences in sexual behavior and motivation, with bLR
males demonstrating reduced sexual motivation and bHR males showing alterations in some
measures of sexual behavior. These differences demonstrate that neurobiological differences
in rats that affect motivation for drugs of abuse, aggression, and impulsivity also affect
sexual motivation and performance.
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Figure 1. Percentage of bHR and bLR males engaged in sexual behavior
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During each of the 5 sex test sessions, bHR/bLR males were exposed to a sexually receptive
female for 30-min. During the first two test sessions, a greater percentage of bHRs mounted
the females compared to bLRs, but by session 3, a similar proportion of bLRs exhibited
mounting behavior (A). Similarly, during the first two test sessions, a greater percentage of
bHRs exhibited intromissions (B) and ejaculated compared to their bLR counterparts (C). A
similar proportion of bLRs and bHRs were engaged in intromissions and ejaculation during

test sessions 3-5. * indicates p<0.05
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Figure 2. bHR and bLR male sexual performance during the first ejaculatory sequence
For each rat, we designated the first three consecutive test sessions when they successfully

engaged in sex (i.e. achieved ejaculation) as their “copulation days 1-3”. Across days, we
found that bLRs showed a greater latency to mount the female compared to bHRs (A), and
all animals generally showed a reduced latency to mount over the 3 copulation days

(difference between days indicated by a versus b). All animals also showed fewer mounts
per ejaculation across copulation days (B; indicated by a versus b). bLRs also exhibited
increased latency to intromit (C) and fewer intromissions per ejaculation (D) compared to
bHR males. All rats showed reduced latency to ejaculate across copulation days (F;
indicated by a versus b versus c), although there were no bHR/bLR differences on this
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measure. Post-ejaculatory refractory period (time between an ejaculation the next mount or

intromission) did not change over days, and did not differ between bHR/bLR groups (G).
bLR>bHR indicates significant main effect of phenotype; * indicates p<0.05
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Figure 3. bHR versus bLR sexual behavior during the first two ejaculatory sequences of
copulation days 1-3

We examined the number of mounts (A), intromissions (B), inter-intromission interval (C),
latency to ejaculate (D), and post-ejaculation refractory period (E) during the first two
ejaculatory sequences (E1 and E2) of each rats’ copulation day 1 through 3. This analysis
revealed not only how bHR versus bLR males performed across copulation days, but also
how their behavior patterns differed during the course of those sessions. bHRs showed a
trend for more mounting compared to bLRs on the first copulation day, but no differences
on days 2 or 3 (A). All animals showed more mounting during the first ejaculatory bout on
copulation day 1 compared to the second ejaculatory bout (indicated by a versus b). bHRs
exhibited far more intromissions than bLRs across the three days (B), and all animals
showed far more intromissions during the first versus second ejaculatory bout (indicated by
a versus b). There were no group differences on inter-intromission interval (C). Similarly,
there were no bHR/bLR differences in the latency to ejaculate (D), although all rats showed
significantly reduced latency to ejaculate during the second ejaculatory bout compared to the
first (indicated by a versus b). Finally, we found that the post-ejaculation refractory period
increased between E1 and E2 on copulation days 2 and 3 (indicated by a versus b). There
was a trend for bHRs to show increased post-ejaculation refractory period compared to bLR
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on copulation 2, and this difference was statistically significant on copulation day 3 (E).
bHR>bLR indicates significant main effect of phenotype; * indicates p<0.05
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