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There is increasing evidence that exposure to stressors in adolescence has long-lasting effects on emotional
and cognitive behavior, but little is known as to whether reproductive functions are affected. We investigated
appetitive and consummatory aspects of sexual behavior in male rats that were exposed to chronic social in-
stability stress (SS, n=24) for 16 days in mid-adolescence compared to control rats (CTL, n=24). Over five
sexual behavior test sessions with a receptive female, SS rats made fewer ejaculations (p=0.02) and had lon-
ger latencies to ejaculation (p=0.03). When only data from rats that ejaculated in the fifth session were an-
alyzed, SS rats (n=18) had reduced copulatory efficiency (more mounts and intromissions before
ejaculation) compared to CTL rats (n=19) (p=0.004), and CTL rats were twice as likely as SS rats to
make more than one ejaculation in the fifth session (p=0.05). Further, more CTL (14/24) than SS (5/25)
rats ejaculated in four or more sessions (p=0.05). SS rats had lower plasma testosterone concentrations
than CTL rats (p=0.05), but did not differ in androgen receptor, estrogen receptor alpha, or Fos immunore-
active cell counts in the medial preoptic area. The groups did not differ in a partner preference test adminis-
tered between the fourth and fifth sexual behavior session. The results suggest that developmental history
contributes to individual differences in reproductive behavior, and that stress exposures in adolescence
may be a factor in sexual sluggishness.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Changes in the reactivity of stress systems, notably the hypothalamic–
pituitary–adrenal (HPA) axis, during times of biological transition are
thought to confer vulnerability to the organism (Dorn and Chrousos,
1997). Nevertheless, less is known about the stress-related plasticity of
the adolescent period than is known for other stages of ontogeny. Al-
though the onset and offset of adolescence is gradual, there are qualita-
tive differences in behavior between adolescence and both earlier and
later stages of life that highlight the significant reorganization of brain
function that occurs during that period of development (reviewed in
Doremus-Fitzwater et al., 2010;McCormick andMathews, 2010). The ad-
olescent brain may be particularly vulnerable to the effects of stressors
for many reasons. First, because of a heightened rate of development in
adolescence compared to adulthood, the brain may be more malleable
during that time (reviewed in Brenhouse and Andersen, 2011; Crews et
and Centre for Neuroscience,
ario, Canada L2S 3A1. Fax: +1
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al., 2007). Second, the HPA axis functions differently in adolescence,
with amore prolonged release of glucocorticoids in response to a stressor
in adolescent rats compared to adult rats (reviewed in Romeo, 2010);
glucocorticoids affect brain development and plasticity, and underlie
several “programming” effects of environmental experiences in early
life (Harris and Seckl, 2011; Seckl, 2008). Third, stressors affect gonadal
function,which also plays a role in adolescent brain development. For ex-
ample, there are organizational effects of gonadal hormones in adoles-
cence that serve to shape male social behavior and associated neural
circuitry (e.g., Hebbard et al., 2003; Schulz et al., 2004). Thus, the effects
of stressors on brain development may be mediated in part by effects
on the gonadal system. Most of the research investigating the conse-
quences of stress exposures in adolescence, however, has focused on end-
points such as cognitive and emotional function (reviewed inMcCormick
and Green, in press; McCormick et al., 2010), with few studies investigat-
ing reproductive function.

In the few available studies, there is mixed evidence regarding the
effects of stressors in adolescence on male reproductive function.
Although some chronic stressors administered in periadolescence
decreased circulating testosterone concentrations (Llorente et al.,
2011; Retana-Marquez et al., 2003), repeated immobilization stress in
adolescence increased testosterone concentrations (Almeida et al.,
havior in adulthood after social instability stress in adolescence in rats,
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2000a, 2000b). Chronic isolation housing in adolescence typically im-
paired sexual behavior (e.g., Bulygina et al., 2005; Ward and Reed,
1985), although one study found that isolation housing beginning in
early adolescence improved sexual performance of male rats compared
to pair-housed rats (Swanson and van de Poll, 1983). Detrimental effects
of such lengthy social deprivation are not limited to adolescence, howev-
er; chronic isolation housing beginning in adulthood also impaired
sexual performance of male rats (Brotto et al., 1998). Subjugation stress
in adolescence in hamsters decreased the latency to mount receptive
females (Ferris et al., 2005), but had little effect on sexual behavior in
rats (Frahm et al., 2011). Rats that underwent 6 h of daily immobiliza-
tion stress for 15 days at postnatal day 40 had longer latencies to
mount, but an increased frequency of thrusting when tested soon
after the last stress exposure (which the authors characterized as better
sexual performance); neither the stressed nor control rats ejaculated
during the session (Almeida et al., 2000a). Furthermore, most experi-
ments included only one sexual behavior test session, and thuswhether
group differences would increase or decrease with more experience
with receptive females is unknown.

Here, we investigated whether social instability stress experienced
inmid-adolescence inmaleswould impair sexual behavior when tested
sixweeks after the last stress exposure in adulthood. The social instabil-
ity stress (SS) procedure (daily 1 h isolation followed by change of cage
partner) was administered in mid-adolescence from postnatal days 30
to 45, and thus spans pre- and post-pubertal periods as defined by
balanopreputial separation (which occurs at about 40–42 days of
age), although plasma concentrations of testosterone are still signifi-
cantly lower at postnatal day 45 than in adulthood (>postnatal day
60) (reviewed in McCormick and Mathews, 2010). Sexual performance
was measured in five sessions with a receptive female to investigate
whether differences between adolescent SS and control rats increased
or decreased with experience. Between the fourth and fifth session, a
partner preference test was administered to assess sexual motivation
(e.g., Harding and Velotta, 2011; Kelliher and Baum, 2001; Vagell and
McGinnis, 1997). We previously found that as adults, male SS rats do
not differ from control male rats in social approach (time spent near
novel male confined behind wire mesh), but they spent less time
engaged in social interactions when given access to a novel male than
did control rats (Green et al., in press). Thus, we hypothesized that SS
in adolescence may affect sexual performance rather than sexual
motivation. Because adolescent stressors have been found to decrease
testosterone concentrations, and male sexual behavior involves
testosterone's actions at androgen receptors (AR) and, through its
aromatization to estradiol, at estrogen receptors (ER) (reviewed in
Baum, 2003), we measured testosterone concentrations before the
first and after the last sexual behavior test session.

We also investigated after the last test session whether SS and
control rats differed in Fos expression in the medial preoptic area
(mPOA), a critical neural region formale sexual performance (reviewed
in Sakamoto, 2012). Although several neural regions show increased
expression of Fos after male sexual behavior, Fos expression in the
mPOA is specific to performance aspects (mounts and intromission)
rather than motivational aspects such as anogenital investigation,
with expression of Fos proportional to the amount of sexual activity
(reviewed in Coolen, 2005). In parallel sections, we investigatedwheth-
er SS and control rats differed in the number of cells expressing AR and
ERα in the mPOA; because AR gene expression in the MPOA increase
during adolescence (Walker et al., 2009), effects of adolescent stressors
on sexual behavior may involve effects on receptor expression.

Methods

Animals

Male Long Evans rats (n=48) arrived at 22 days of age and female
rats (n=32) arrived later at 55 days of age from Charles Rivers
Please cite this article as: McCormick, C.M., et al., Deficits inmale sexual be
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Laboratories (St. Constant, Quebec). All rats were housed in same
condition pairs and placed on a 12 h light–dark cycle (lights on at
08:00 h). Food and water was made available ad libitum. All experi-
mental procedures complied with the National Institutes of Health
Guide for Care and Use of Laboratory Animals (Publication No.
85–23, revised 1985) and the Canadian Council on Animal Care guide-
lines and received approval from the Brock University Animal Care
and Use Committee.

Social stress procedure

Rats were given 7 days to acclimate to the colony, and males were
randomly assigned to either the social stress (SS, n=24) or the no
stress control (CTL, n=24) conditions. Every day from 30 to
45 days of age, SS rats were isolated in a room outside the colony,
each in a small ventilated container (12 cm in diameter) for 1 h.
After isolation, rats were returned to the colony and paired with a
new cage partner from the SS condition such that they were never
housed with the same partner twice. The stress procedure was
performed during the lights on phase and at various times through-
out the day to minimize predictability and habituation. CTL rats
were not disturbed except for feeding and cage maintenance. This
stress procedure is known to result in an elevated exposure to gluco-
corticoids compared to that in control rats and in rats that are
exposed to daily isolation only in the absence of the social instability
(absence of change in cage partners) (McCormick et al., 2007).
Further, although this stress procedure produced immediate and
delayed (evident several weeks after the stress exposure) effects on
cognitive performance (McCormick et al., 2012; Morrissey et al.,
2011), the same stress exposure administered to adult males
produced neither immediate nor delayed effects compared to control
males (Morrissey et al., 2011); thus, this stress procedure allows
investigation of stress-related plasticity that may be unique to the
adolescent period (see also a review of the model in McCormick,
2010).

Ovariectomy and hormone regimen of females

Female rats were ovariectomized at about 65 days of age approx-
imately two weeks before sexual behavior test sessions. Females were
first anesthetized with a ketamine (40–50 mg/kg) and xylazine
(6–8 mg/kg) cocktail administered s.c. Their sides were shaved and
disinfected with Betadine and 75% ethanol. Ovaries were accessed
through bilateral dorsolateral incisions and were removed after
ligation of the fallopian tubes. Incisions were sutured, and recovery
was monitored.

Any given female was used for sexual behavior testing only once
within a 4 day period. To induce sexual receptivity, females were
injected with 10 μg estradiol benzoate (Sigma) suspended in 100 μl
of sesame oil 48 h before, and 0.5 mg of progesterone (Sigma)
suspended in 200 μl of sesame oil 3.5 h before participating in two
45 min test sessions.

Sexual behavior testing

Before testing began, males were dummy-coded so that behavior
would be scored blind to experimental group. Test sessions were
conducted in a separate room from the colony under red light and
were video-recorded. Sessions were conducted between 1 and 4 h
after lights off (12/12 light cycle). To allow testing to be restricted
to these hours, the experiment was run with two cohorts of rats
containing equal numbers of CTL and SS rats, and each cohort was
divided into subgroups of 8 (4 CTL and 4 SS), with only one subgroup
tested on any given day. Thus, on a given test day there were 8 test
sessions involving pairings of 8 males with 4 females. Two rats
(pairs from the same cage) were tested at the same time in separate
havior in adulthood after social instability stress in adolescence in rats,
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chambers to prevent any effect of sequential removal of a cage
partner on behavior during the test sessions. Males were habituated
to one of two test chambers for 10 min, twice, 1 and 2 days before
testing commenced (Table 1 for a timeline of experimental proce-
dures). Males were paired with a different female in each of the five
sessions. After the first sexual behavior test session, males were
housed individually to prevent aggressive interactions.

The number and timing of mounts without intromissions (mounts),
intromissions, and ejaculations were scored. Once these data were
collected, subsequent analyses were performed to determine the
latencies to display a mount, intromission, and ejaculation. When a rat
did not engage in a behavior, a maximum score of 2700 s was given
for the latency; this latency corresponds to the total length of the
session. The average number of mounts and intromissions required to
reach an ejaculation and the refractory period (recovery phase after
an ejaculation) were also calculated.

To obtain a score that reflects the sexual behavior of each rat in
each session, rats were assigned a score of 0 if they did not mount,
intromit, or ejaculate, 1 if they only mounted, 2 if they mounted
and intromitted, 3 if they ejaculated, 4 if they ejaculated twice, and
5 if they ejaculated three times in a session.

Receptive vs. non-receptive female partner preference test

The preference test was used to assess sexual motivation (e.g.,
Harding and Velotta, 2011; Kelliher and Baum, 2001; Vagell and
McGinnis, 1997). The apparatus consisted of an open compartment
made of white melamine (60 cm×30 cm×60 cm) with two small
boxes (30 cm×30 cm×30) at each end. Wire mesh separated the
small boxes from the larger compartment. A hormone-primed,
receptive female was placed in one small box, and a non-receptive
female was in the other small box. A male rat was then placed in
the center of the compartment for a 15 min session. Videotracking
software was used to measure the percentage of time in the zone
(one third of compartment) near the receptive female and the zone
(one third of compartment) near the non-receptive female. The
partner preference test was conducted during the dark phase of the
light cycle under red light. To minimize any effect of heightened
anxiety in SS rats (Green et al., in press; McCormick et al., 2008) on
performance, and to allow motivation to be assessed after some
sexual experience and yet allow brains to be collected for Fos-
immunoreactive cell counts in response to sexual behavior after the
fifth sexual behavior test session, the test was conducted between
the fourth and fifth sessions.
Table 1
Experimental timeline.

Age (days) Procedure

22 Housed in pairs in colony.
30 to 45 SS: daily 1 h isolation and re-housed with new cage partner.

CTL: undisturbed except for cage maintenance.
46 to 84–86 SS: housed with original partner; undisturbed except for cage

maintenance.
CTL: undisturbed except for cage maintenance.

83 Blood sample collected.
84–85, 85–86, or
86–87

Two days of habituation (10 min) to the test chamber.

86, 87, or 88 First sex behavior test session of 45 min.
Singly-housed after test session for remainder of the
experiment.

89, 90, or 91 Second sex behavior test session of 45 min.
92, 93, or 94 Third sex behavior test session of 45 min.
95, 96, or 97 Fourth sex behavior test session of 45 min.
98, 99, or 100 Receptive vs. non-receptive partner preference test.
101, 102, or 103 Fifth sex behavior test session of 45 min.

Anesthetized and perfused 1 h after the session for
immunohistochemistry.
A blood sample was obtained at the onset of perfusion.

Please cite this article as: McCormick, C.M., et al., Deficits inmale sexual be
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A blood sample (approximately 200 μl) was obtained from a tail
nick from the rats at 83 days of age, before sexual behavior testing
began. A second sample was obtained at the time of perfusion after
the last test session. Blood samples were collected in ice chilled
tubes containing EDTA and were centrifuged at 1730 ×g and 4 °C
for 10 min. Plasma was collected and stored at −20 °C until testos-
terone was measured using enzyme-linked immunosorbent assay
kits (Neogen, Lansing MI) and a Biotek Synergy plate reader. The
cross-reactivity of the antibody is 100% with testosterone and
dihydrotestosterone, and less than 1% with other steroids. Testoster-
one was extracted from the 50 μl samples using ethyl ether and the
samples were reconstituted in 100 μl of the buffer provided in the
kit, then further diluted (20 μl in 980 μl buffer). Duplicate aliquots
(50 μl) of the final dilution were used for the assay. Intra-assay
variance was 6.3% and inter-assay variance was 13.8%. Assay sensitiv-
ity is 0.006 ng/ml.

Immunohistochemistry

Two hours after the beginning of the last sex behavior test session
(45 min in test session and 75 min in home cage), rats were deeply
anesthetized with Euthanyl® and perfused transcardially with 0.9%
saline and 4% paraformaldehyde in a 0.1 M phosphate buffer (pH
7.4). Brains were removed from the skulls and kept in 30% sucrose
and paraformaldehyde solution until equilibrated. Coronal sections
(40 μm) were taken throughout the mPOA using a cryostat
(ThermoShandon) and were kept in cryoprotectant at −20 °C until
the time of the assay. Immunohistochemistry was performed on
three parallel sets of four sections (sections within a set were separat-
ed by 240 μm), one set for the detection of Fos, one for the detection
of AR, and one for the detection of ERa.

Sections were generously washed in 0.1 M phosphate buffered
saline (PBS; pH 7.4), then washed in PBS-X (PBS with 0.3% Triton
X-100). Sections were incubated at room temperature in a 0.3%
hydrogen peroxide solution for 30 min and were washed in PBS-X,
then blocked in 10% goat serum (Sigma) solution for 1 h. Sections
were incubated at room temperature overnight in primary antibody
(either 1:2000 c-Fos rabbit polyclonal IgG, sc-52; AR rabbit polyclonal
IgG, AR sc-816; or ERα rabbit polyclonal IgG, sc-542; all from Santa
Cruz Biotechnology). The next day, sections were washed in PBS-X,
then incubated for 2 h at room temperature in secondary antibody
(biotinylated goat anti-rabbit IgG, Vector Laboratories; 1:500). After
another series of washes in PBS-X, sections were incubated in
avidin:biotinylated enzyme complex (Vector Laboratories) for 1.5 h
at room temperature. Sections were again washed in PBS-X, and
then incubated at room temperature for 5 min in diaminobenzidine
and nickel staining solution (see DAB SK-4100 instructions; Vector
Laboratories). After a final series of washes in PBS-X, sections were
mounted on Superfrost plus slides (Fischerbrand) and coverslipped
the next day.

Immunostained sections were viewed using a using Nikon digital
camera attached to an Eclipse brightfield microscope and Nikon
ACT-1 software. Pictures of the mPOA were taken between bregma
−0.12 mm and −0.48 mm (according to Paxinos and Watson,
2005). Immunoreactive (ir) cells were counted at 400×magnification
in a 250 μm2 area in each hemisphere. No ir cells were detected in
control sections that were not treated with primary antibody. The
mean number of ir cells per hemisphere per rat per primary antibody
type was used for analysis.

Statistical analyses

Statistical analyses were performed using SPSS version 19 soft-
ware and consisted of independent group t-tests, and mixed-factor
havior in adulthood after social instability stress in adolescence in rats,
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(Group×Session, for sexual behavior test measures or Group×Side
for partner preference test measures) analysis of variance (ANOVA),
Chi squares, and Pearson correlations. An alpha level of pb0.05,
two-tailed, was used to determine statistical significance.

Results

In brief, rats of both groups improved sexual performance across
sessions. There was evidence of deficits in sexual performance in SS
rats compared to CTL rats; the main differences between SS and CTL
rats were that SS rats had longer latencies to ejaculation, made
fewer ejaculations, had lower sex scores, and lower testosterone
concentrations than did CTL rats.

Sexual performance measures in each session

Fig. 1 shows the measures obtained for mounts, intromissions, and
ejaculation in each session for both groups.

Mounts
The number of mounts increased across sessions (F4,184=7.92,

pb0.0001, partial η2=0.15). The groups did not differ in number of
Fig. 1. Percentage of SS and CTL rats that mounted, intromitted, and ejaculated as well as th
ulations in each session.
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mounts (F1,46=2.62, p=0.11, partial η2=0.05), and there was no
interaction of Group and Session (F4,184=1.54, p=0.19, partial
η2=0.03). The effect of Group in latency to mount was not significant
(F4,184=2.24, p=0.14, partial η2=0.05), and there was no effect of
Session (F4,184=1.39, p=0.24, partial η2=0.03) or interaction of
Group and Session (F4,184=1.33, p=0.26, partial η2=0.03).

Intromissions
The number of intromissions increased across sessions (F4,184=8.70,

pb0.0001, partial η2=0.16). The effect of Group was not significant
(F1,46=3.50, p=0.07, partial η2=0.07), and there was no interaction of
Group and Session (F4,184=1.02, p=0.40, partial η2=0.02). The laten-
cies to intromission of CTL rats and SS rats were not significantly different
(F1,46=3.26, p=0.08, partial η2=0.07). Latencies decreased across
sessions (F4,184=6.26, pb0.001, partial η2=0.12), and there was no
interaction of Group and Session (F4,184=1.63, p=0.17, partial
η2=0.03).

Ejaculations
The number of ejaculations in a session increased across days

(F4,184=10.26, pb0.0001, partial η2=0.18). CTL rats made more
ejaculations than SS rats (F1,46=5.77, p=0.02, partial η2=0.11),
e mean (±S.E.M.) number of, and latency to perform, mounts, intromissions, and ejac-

havior in adulthood after social instability stress in adolescence in rats,
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and there was no interaction of Group and Session (F4,184=.98,
p=0.42, partial η2=0.02). The mean number of ejaculations made
in the five sessions by CTL rats was 5.33 (±0.60) and by SS rats was
3.34 (±0.55). The latency to ejaculation was shorter for CTL rats than
for SS rats (F1,46=5.31, p=0.03, partial η2=0.10), latencies decreased
across sessions (F4,184=8.59, p≤0.001, partial η2=0.15), and there
was no interaction of Group and Session (F4,184=1.23, p=0.30, partial
η2=0.02).

Every rat except for three SS rats completed at least one ejaculatory
sequence in the five sessions. The number of sessions in which
rats made an ejaculation was higher for CTL rats than for SS rats
(t46=2.08, p=0.04, Cohen's d=0.61). More CTL (14/24) than
SS (5/24) rats ejaculated in 4 of the five sessions (χ2=4.15, p=0.05)
(Fig. 2).

Copulatory efficiency in the fifth session

Of those that ejaculated in the last session, the mean ejaculations
made by CTL rats (2±0.17; n=19) did not differ from SS rats
(1.56±0.18, n=18) (t35=1.77, p=0.09, Cohen's d=0.59) (Fig. 3).
The number of mounts and intromissions to ejaculation were higher
in SS rats than in CTL rats (t35=3.09, p=0.004, Cohen's d=1.04)
(Fig. 3). For those rats for which a refractory period could be calculat-
ed (i.e., rats that mounted female after an ejaculation: n=17 CTL rats;
n=12 SS rats) the length of the refractory period did not differ for SS
and CTL rats (Fig. 3). 58% (14/24) of CTL rats and 29% (7/24) of SS rats
made more than one ejaculation in the fifth session (χ2=4.15,
p=0.05).

Sex scores

There was an effect of Session for sex scores (F4,184=9.42,
pb0.001, partial η2=0.17), with higher sex scores obtained in later
sessions (Fig. 4). CTL rats had higher sex scores than SS rats (F1,46=
4.29, p=0.04, partial η2=0.09), and there was no interaction of
Group and Session (F4,184=1.09, p=0.36, partial η2=0.02).

Female partner preference test

A Group×Side ANOVA on percentage of time spent near the
receptive female compared to the non-receptive female found no
significant preference for the side near the receptive female
(F1,46=3.20, p=0.08, partial η2=0.07), no Group differences
(F1,46=0.14, p=0.85, partial η2=0.007), nor an interaction of
Group and Side (F1,46=1.00, p=0.32, partial η2=0.02) (Fig. 5).
Fig. 2. Frequency distribution showing the number of sessions in which an ejaculation
occurred for both SS and CTL rats.
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Testosterone measures from both before the first and after the last
sexual behavior test sessions were available for 14 CTL and 16 SS rats.
There was no effect of sampling time (F1,28=1.38, p=0.25, partial
η2=0.05). CTL rats had higher plasma testosterone concentrations
than SS rats (F1,28=4.84, p=0.04, partial η2=0.15), and there was
no interaction of Group and Time (F1,28=0.96, p=0.78, partial
η2=0.003) (Fig. 6). Testosterone concentrations after the last session
were not correlated with behavioral measures for either CTL or SS
rats.

Immunohistochemistry

There were no group differences in the number of Fos-ir
(t37=0.95, p=0.35, Cohen's d=0.31), AR-ir (t39=0.52, p=0.61,
Cohen's d=0.17), or ERα-ir cells (t33=1.10, p=0.59, Cohen's d=
0.38) in the mPOA (Fig. 7). Because of the role of the mPOA in sexual
performance, we tested the association between number of Fos-ir
cells and number of intromissions in the last test session. Fos-ir was
correlated with number of intromissions (r39=0.34, p=0.03), but the
correlation was driven by the scores for the SS rats (r19=.45,
p=0.05); the correlation was not significant for the CTL rats
(r19=0.15, p=0.53) (Fig. 7).

Discussion

When tested as adults six weeks after the last stress exposure, rats
exposed to social instability stress (SS) in adolescence had deficits in
Fig. 4. Mean (±S.E.M.) Sex Score assigned to the sexual performance of each rat by test
session (range of 0=nomounts, intromissions, or ejaculation; to 5=three ejaculations).

havior in adulthood after social instability stress in adolescence in rats,
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Fig. 5. Mean (±S.E.M.) percent of time that SS and CTL rats spent near a receptive or a
non-receptive female during the partner preference test.
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sexual performance compared to control rats. Both groups of rats im-
proved performance across test sessions, as indicated by reduced
latencies to display, and increased numbers of, mounts, intromissions,
and ejaculations from session to session. CTL rats, however, made
more ejaculations than did SS rats across sessions. Further, the
reduced performance of SS rats was evident in the fifth test session
even when only rats that completed an ejaculatory sequence were
considered; SS rats displayed more mounts and intromissions before
ejaculation, and fewer SS than CTL rats made more than one ejacula-
tion in the last session. Thus, social instability stress in adolescence
leads to an enduring deficit in sexual performance. SS and CTL rats
did not differ in sexual motivation as gauged by the partner prefer-
ence test, a test for which preference for an estrous versus a
non-estrous female has been a successful gauge of sexual motivation
(e.g., Harding and Velotta, 2011; Kelliher and Baum, 2001; Vagell and
McGinnis, 1997). Our version of the test, however, may not have been
a sensitive enough measure of sexual motivation as the overall pref-
erence for a receptive female over a non-receptive female was not
statistically significant.

Testosterone and its aromatization to estradiol are necessary for a
complete presentation of male sexual behavior (reviewed in Baum,
2003). For example, castrated rats given low testosterone replace-
ment had fewer ejaculations, longer latencies to ejaculation, and a
reduced preference for a receptive female in a partner preference
test than rats given a high testosterone replacement intended to
mimic physiological concentrations (Harding and Velotta, 2011). SS
rats had lower plasma concentrations of testosterone than did control
rats, but testosterone concentrations did not account for individual
differences in sexual behavior within groups. Further, SS and control
rats did not differ in counts of cells immunoreactive for either AR or
ERα in the mPOA. Others have reported that rats determined to be
non-copulators had lower ERα immunoreactive cell counts in the
mPOA than did copulators (Portillo et al., 2006), but at most three
of the rats in the present study could be considered non-copulators.
Fig. 6. Mean (±S.E.M.) plasma testosterone concentrations collected before and after
sexual behavior testing.
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Rather, in many respects, the sexual performance of SS rats fits the
definition of “sexually sluggish”, a term that refers to animals that
display few ejaculations in sexual test sessions. Further, although
neither plasma testosterone nor estradiol concentrations distin-
guished between rats with and without impaired sexual performance,
aromatase (responsible for the conversion of testosterone to estradi-
ol) concentrations were lower in the mPOA in “sexually sluggish” rats
(Portillo et al., 2007). Thus, reduced testosterone for conversion to
estradiol may be a basis for the sexual deficits observed here. Several
neurotransmitter systems, and notably dopamine, have been impli-
cated in sexual sluggishness in rats (reviewed in Pfaus, 2009), but
its basis continues to be poorly understood (e.g., Antonio-Cabrera
and Paredes, 2012).

Another possibility is that changes in the brain and its develop-
ment at the time of stress exposures may underlie the performance
differences of SS rats compared to control rats. Dopamine within the
mPOA and released from projections from the ventral tegmental
area to limbic and cortical regions facilitates male sexual behavior
(reviewed in Hull and Dominguez, 2007), and the dopaminergic sys-
tem continues to develop in adolescence (Andersen et al., 2000, 2002;
Mathews and McCormick, 2012; Mathews et al., 2011). We have
some evidence that social instability stressmay alter mesocorticolimbic
dopamine function based on behavioral differences in response to
psychostimulants in SS compared to CTL rats (McCormick, 2010). In ad-
dition, SS rats have enduring deficits in hippocampal-dependentmemo-
ry, altered hippocampal neurogenesis, and changes in proteins associated
with synaptic plasticity (McCormick et al., 2012; Morrissey et al., 2011).
These results suggest social instability stress alters ongoingbrain develop-
ment, and to the extent that the neural circuitry of sexual behavior con-
tinues to mature in adolescence (e.g., Ahmed et al., 2008; De Lorme et
al., 2012), it too may be altered by the stress exposures.

We did not find a difference in the number of Fos immunoreactive
cells in the mPOA of SS rats compared to control rats after the fifth
sexual behavior test session. Our results of performance differences
between SS and control rats in the absence of group differences in
Fos expression contrast the results found for rats reared in isolation
in early life (neonatal) compared to controls whereby groups differ-
ences were found in Fos immunoreactive cell counts but not in sexual
performance (Akbari et al., 2008). Group differences in sexual behav-
ior in that study, however, may have emerged with more experience;
the study involved only one test session. Prenatally-stressed males,
which show deficits in sexual behavior as adults (e.g., Wang et al.,
2006; Ward, 1972; Ward and Reed, 1985), had longer latencies to
mount and decreased Fos expression in the mPOA after the mount
compared to control males (Humm et al., 1995). These studies high-
light that early life stressors can have a lasting impact on reproductive
function. Previous research has found that Fos immunoreactive cell
counts are proportional to the amount of sexual activity (Baum and
Everitt, 1992). We found a modest association between number of in-
tromissions and Fos cell counts, an association that was significant
only within the SS rats. Thus, more detailed analyses of a broader
range of regions involved in sexual behavior within and beyond the
mPOA may reveal differences between SS and CTL rats.

Another possibility is that the deficits in sexual behavior of SS rats
may be secondary to other performance-related factors. Social insta-
bility stress in adolescence heightens avoidant (anxiety) behavior
without affecting approach (exploration) behavior; SS rats exhibited
more anxiety-like behavior in the elevated plus maze and open field
tests and reduced interactions in the social interaction test, but did
not differ in social approach (Green et al., in press; McCormick et
al., 2008). Thus, stress in adolescence may affect later sexual behavior
by increasing anxiety and/or preventing the acquisition of an appro-
priate social repertoire.

A remaining question is whether the effects of the stress expo-
sures on reproductive behavior are unique to adolescence and differ-
ent from exposures in adulthood. Chronic stress is known to impair
havior in adulthood after social instability stress in adolescence in rats,
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Fig. 7. A. Mean (±S.E.M.) number of cells expressing Fos, AR, or ERα in the medial preoptic area in SS and CTL rats. B. Scatterplots for CTL and SS rats between the number of Fos
immunoreactive cells and the number of intromissions in session 5.
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sexual performance when experienced in adulthood (e.g., D'Aquila et
al., 1994; Gronli et al., 2005; Niikura et al., 2002; Retana-Marquez et
al., 2003), although not always (Albonetti and Farabollini, 1993;
Gorzalka et al., 1998). In such studies, however, sexual behavior test-
ing was conducted within a short time frame of the stress exposures.
Thus, the effects of chronic stress in adulthood on sexual behavior
may be short-lived (although one study found deficits in sexual
behavior 7 days after a single traumatic stressor experience when
reminders of the stress experience were provided (Hawley et al.,
2011)), as many of the effects of chronic stress in adulthood on
other behavioral and neural measures dissipate with time (e.g., Bian
et al., 2012; Dagyte et al., 2009; Luine et al., 1994; Sousa et al.,
2000). In contrast to in adulthood, the effects of chronic stressors in
adolescence often are observable weeks to months after the stress
exposures (reviewed in Green and McCormick, in press), suggesting
stress in adolescence alters the trajectory of ongoing brain develop-
ment. Further, when we compared social instability stress adminis-
tered in adolescents to social instability stress administered in
adults on context conditioning, only adolescent-exposed rats showed
deficits when tested within days of, or four weeks after, the stress
exposure (Morrissey et al., 2011). A similar psychosocial stress proce-
dure to ours, changes of cage partners for 27 days but administered in
adulthood, resulted in no significant difference in sexual behavior
compared to controls when tested within a day of the stress exposure
(Gorzalka et al., 1998). Combined, these results suggest reproductive
function is more susceptible to social stress exposures administered
in adolescence than in adulthood. Thus, stressors in adolescence
may have “programming” effects on sexual behavior comparable to
experience-induced programming effects found at earlier stages of
ontogeny (Cameron et al., 2008).
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