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Abstract

Early life stress exposure (ELS) yields risk for psychiatric disorders that might occur though a
population-specific mechanism that impacts prefrontal cortical development. Sex differences in
ELS effects are largely unknown and are also essential to understand social and cognitive
development. ELS can cause dysfunction within parvalbumin (PVB)-containing inhibitory
interneurons in the prefrontal cortex and in several prefrontal cortex-mediated behaviors including
social interaction. Social behavior deficits are often the earliest observed changes in psychiatric
disorders, therefore the time-course and causation of social interaction deficits after ELS are
important to determine. PVB interneuron dysfunction can disrupt social behavior, and has been
correlated in males with elevated markers of oxidative stress and inflammation, such as
cyclooxygenase-2 after ELS. Here, we measured the effects of maternal separation ELS on social
interaction behaviors in males and females. Prefrontal cortex PVB and cyclooxygenase-2 were
also measured in juveniles and adolescents using Western blots. ELS led to social interaction
alterations earlier in females than males. Sexually dimorphic behavioral changes were consistent
with prefrontal cortex PVB loss after ELS. PVB levels were decreased in ELS-exposed juvenile
females, while males exposed to ELS do not display parvalbumin decreases until adolescence.
Early behavioral and PVB changes in females did not appear to be mediated through
cyclooxygenase-2, since levels were not affected in ELS females. Therefore, these data suggest
that ELS affects males and females differently and with distinct developmental profiles.

Individuals that have exposure to early life stress (ELS) are vulnerable to psychiatric
disorders such as schizophrenia, anxiety and depression, which sustain throughout adulthood
[29, 33]. The mechanisms through which ELS can perturb development are therefore of
interest. While some consequences of ELS arise in childhood, they often manifest during
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adolescence or young adulthood [36], making the timing of assessment critical for
understanding neuronal and behavioral effects over the lifespan. Recent evidence has linked
ELS with prefrontal cortex (PFC) changes [14, 15, 35]. The PFC is a late-maturing region
that subserves all higher order emotional and cognitive functions [1]. The maternal
separation model of ELS in rodents leads to later, peri-pubertal deficits in PFC-mediated
behaviors such as learned helplessness and working memory [6, 10, 21]. These behaviors
are largely mediated by GABAergic interneurons within the PFC that express the calcium-
binding protein parvalbumin (PVB) [23, 40]. Maternal separation and other early life insults
lead to a loss of PVB in the PFC [6, 7]. Therefore, PFC PVB loss is a likely mechanistic
substrate for behavioral effects of ELS.

While the cause of PVB loss is not yet understood, PVB neurons have been proposed to be
vulnerable to oxidative stress [7]. One downstream molecule of oxidative stress is
cyclooxygenase-2 (COX-2), which is produced in the brain in response to stress signals,
glutamatergic activity and presence of inflammatory cytokines [13, 24]. We recently
reported that in adolescent ELS-treated male rats, COX-2 upregulation was correlated with
PFC PVB loss, suggesting a role for oxidative stress or neuroinflammation in PVB loss after
ELS [6]. However, there is very little existing knowledge regarding sex differences in
physiological and behavioral effects of ELS.

ELS has been shown to induce changes in social behaviors, including avoidance, fear, and
decreased social interaction [11, 37]. In humans, social dysfunction is also highly comorbid
with psychiatric disorders such as depression and anxiety, and generally appears before
these disorders, e.g. prodromal phase of schizophrenia. Therefore studying dysfunctional
social interaction is important for understanding derailed development in response to stress
[25] A large body of evidence indicates that males and females adapt to and are affected by
stress differently [27]. However, the relationship between sex differences and ELS-related
changes has been scarcely investigated and results are inconsistent [5, 18, 19]. Taken
together, investigating sex differences in the effects of ELS on social behavior and brain
development helps explain how animals respond differently to their early environment.

In this study we used an open-field social interaction paradigm to assess sex differences and
developmental effects after a maternal separation ELS paradigm. Differential expression of
PVB and COX-2 in the PFC over development was also examined. Sexually dimorphic
effects of ELS would indicate a distinct pattern of development in response to postnatal
stress between males and females.

2. Materials and methods

2.1 Animals and tissue collection

Pregnant female multiparous Sprague-Dawley rats (250-275g) were obtained from Charles
River Laboratories (Wilmington, MA) on day 15 of gestation. Rats were housed with food
and water available ad libitum in constant temperature and humidity conditions on a 12-h
light/dark cycle (light period 0700-1900). This experiment was conducted in accordance
with the 1996 Guide for the Care and Use of Laboratory Animals (NIH) and was approved
by the Institutional Animal Care and Use Committee at Northeastern University.
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A timeline illustrating experimental design is presented in Supplemental Figure 1. The day
of birth was designated as postnatal day 0 (PO). At P1, litters were culled to 10 pups (5
males and 5 females), and litters were randomly assigned to either a maternal separation
group (ELS group) or control group (CON group). Pups in the ELS group were isolated for
4 h per day between P2- 20, and kept in a thermoneutral environment of 36°C with a
circulating water bath until they could regulate their own temperatures. The maternal
separation procedure is identical to procedures used previously by this laboratory [3, 4] and
similar to others [32]. Pups in the CON group were not disturbed after P2, except for weekly
changes in cage bedding and when weighed. All rat pups were weighed on P9, P11, P15,
and P20 and no significant difference in weight was observed between all groups at the
separate time points. Rats were weaned on P21, and group-housed with same-sex littermates
with 2—4 rats/cage until experimentation. Only one rat per litter was assigned to each
experimental group to avoid litter effects. Rats were tested for social interaction during the
juvenile stage (P25) or in adolescence (P40), ages that are based on achievement of
milestones, including brain development and pubertal status [2]. A separate cohort of rats
were rapidly decapitated at either P25-27 or P42-45. The prefrontal cortex was dissected,
flash frozen on dry ice, and stored in a -800C freezer until Western blot analysis.

2.2 Social Interaction Test

Separate cohorts of rats were tested for social interaction at either P25 or at P40 (n = 13-14;
See Supplemental Figure 1). ELS or CON subjects were marked and placed individually
into a Plexiglas open field arena (100cm x 100cm) for 10 minutes to habituate to the
environment. A naive conspecific of same sex and equal age was then placed into the arena
for a separate 10 minute habituation period. The ELS or CON animal was then reintroduced
to the arena facing away from the conspecific, at opposite sides of the arena. Both rats were
monitored for 30 minutes by a CCTV camera (Panasonic WV- CP500, Secaucus NJ)
suspended directly above the arena. The camera was interfaced with EthoVision (v9.0;
Noldus Information Technology, Leesburn VA), which digitally analyzed nose-to-nose
contacts, nose-to-tail contacts, locomotion, distance between subjects, approach (moving
towards conspecific), and avoidance (moving away from conspecific). Cumulative duration,
frequency, and latency to first of nose-to-nose and nose-to-tail contacts were measured using
a minimum distance of 5¢cm set as the threshold for contacts [30, 34]. The cumulative
duration of time subjects exhibited locomotion was recorded with a minimum velocity of
2cm/second set as the threshold. The mean distance between subjects for the social
interaction trial was also measured. The frequency and cumulative duration of approach and
avoidance was measured with a threshold of 50cm set as the minimum distance required for
approach or avoidance behavior. The arena was cleaned with 30% ethanol between each
test.

2.3 Gel electrophoresis and Western blot

At P25-27 (juvenile; n=5-7/group) or P42-45 (adolescent; n=5-7/group), a separate cohort
of males and females were sacrificed by rapid decapitation and PFC was dissected and
placed on dry ice until analysis. Tissue was processed for SDS-PAGE as described
previously [8] Blots were then incubated in primary antibody (1:500 rabbit polyclonal anti-
PVB [PA1-933, Thermo Scientific] or 1:500 rabbit polyclonal anti-COX-2 [236002,
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Millipore]). Subsequently blots were incubated in a secondary antibody (1:5000 Peroxidase
goat anti-rabbit IgG antibody [P1-1000 Vector Laboratories]). Molecular weights for the
target proteins used were: PVB, 12kDa; COX-2, 72kDa. After probing blots for PVB and
COX-2, antibodies were stripped by incubation with stripping buffer (62.5 mM Tris, 2%
SDS, 100 mM B-mercaptoethanol, pH 6.8) for 15 minutes at 50°C. Blots were then re-
blocked and probed with anti-tubulin (1:30,000 mouse monoclonal anti-f-tubulin [T4026,
Sigma-aldrich]) and an anti-mouse secondary (1:2,000 Peroxidase horse anti-mouse 1gG
antibody [P1-2000 Vector Laboratories]). SeeBlue Plus 2 (LC5925, Life Technologies) pre-
stained standards were run for molecular weight estimation.

Protein immunoblots were analyzed using Carestream Molecular Imaging Software 5.0. Net
intensity (the sum of the pixels within the band of interest minus the sum of the background
pixels) was determined for each band.

2.4 Data Analysis

3. Results

Latencies, durations, frequencies and distances collected during the social interaction
assessment were compared between groups using three-way analysis of variance (ANOVA)
with Sex, Group (ELS/CON), and Age as interacting factors. Two- and three-way
interactions were followed up with Bonferroni post-hoc tests, or with Sidak-Bonferroni post-
hoc when homogeneity of variances could not be assumed. Optical densities of each
Western blot band were normalized with tubulin, and two-way ANOV As followed by post-
hoc tests compared Group and Age effects on male and female PVB and COX-2 levels in
the PFC.

3.1 Social interaction Behavior

Duration and latency of nose-to-nose contact—Three-way ANOVAS revealed an
Age x Sex x Group interaction on the duration of nose-to-nose contact (F1 go=4.707,
p=0.033) and on the latency for nose-to-nose contact with a conspecific (F1 go=8.441;
p=0.005). As seen in Figure 1A, juvenile females (t4,=2.838; p<0.05) but not juvenile males
exposed to ELS engaged in less nose-to-nose contact with a conspecific (Sex x Group
interaction at P25: F1 4,=8.669; p=0.005). As seen in Figure 1B, juvenile females
(t43=2.768; p<0.05) but not juvenile males exposed to ELS also displayed significantly
higher latencies than controls to engage in nose-to-nose contact (Sex x Group interaction at
P25: F1 44=5.074; p=0.029). In adolescence however, a Sex x Group interaction
(F1,35=5.519; p=0.025) is driven by higher latencies in ELS males (t;g=2.32; p<0.05) but not
females.

Locomotion—In order to confirm that differences in social interaction behaviors were not
due to general motor differences, horizontal locomotion was recorded during the social
interaction test sessions. General locomotion was not significantly different between groups
at either age (Figure 1C).
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Proximity—When comparing the mean distance between an adolescent test animal and a
conspecific (Figure 2), a main effect of both Sex (F1 4g=14.151; p<0.001) and Group
(F1,48=8.811; p=0.005) was found, with no significant Sex x Group interaction (p=0.428).
While center-to-center distances were generally greater in adolescent females compared to
males, ELS adolescents in general had a shorter proximity to conspecifics compared to
controls. Individual t-tests reveal that the group differences in adolescent proximity were
largely driven by females (t4=2.319; p<0.05), and not males (p=0.076).

Other behaviors—All other social behaviors measured were unaffected by sex or group,
and are displayed in Supplemental Table 1.

3.2 PFC PVB and COX-2

ELS-exposed males expressed lower PVB in adolescence, but not earlier, since a main effect
of Group (F2,28=13.3; p=0.001) was driven by a difference at P40 (t,7=2.66; p<0.05) but not
P25 (Figure 3A). Additionally, two-way ANOVA revealed interactive effects of Age and
Group on female parvalbumin levels (Figure 3B; F1 21=4.679; p=0.042). In contrast to
males, PFC PVB levels were lower in ELS exposed juvenile females compared to controls
(t20=2.22; p<0.05), but were not different between groups in adolescence. COX-2 levels
were higher in ELS male adolescents (t;9=3.71; p<0.05) but not male juveniles compared to
controls (GroupxSex Interaction: Fq 19=4.72; p=0.043; Figure 3C) while females were
unchanged by age (p=0.486) or group (p=0.935; see Figure 3D).

4. Discussion

Here we report sexually dimorphic effects of neonatal ELS on social behaviors and PFC
PVB across development. In males, ELS led to social interaction changes that first appeared
in adolescence, which is consistent with our previous finding that ELS males display a
delayed decrease of PFC PVB in adolescence, but not before [6]. In contrast, ELS females
displayed social interaction changes earlier than males. Juvenile behavioral effects in ELS
females co-occurred with decreased PFC PVB, while these changes were not apparent in
adolescent females. In addition, while males exposed to ELS express higher levels of the
inflammatory mediator COX-2 in the PFC (here and [6]), this was not observed in ELS
females. These findings can be interpreted in the context of a number of earlier studies
showing effects of early rearing conditions [22, 32] and sex [10] on later behavior. It will be
important to determine in future studies whether effects of early rearing on other behaviors
such as stress responsivity follows a sexually-dimorphic pattern, as well.

Notably, our observation that PVB is not deficient in adolescent ELS females contrasts with
our earlier paper reporting that PVB is lower in ELS female adolescents, compared to
controls. This inconsistency may be due to age differences, as our adolescent females were
sacrificed for Western blots at P42-P45—up to one week later than the females reported
previously [20]. We have also shown that both males and females exposed to ELS return to
control PFC PVB levels by adulthood [6, 20]. Therefore, the maternal separation model of
ELS in rodents appears to yield transient effects on PFC PVB that do not endure into
adulthood, yet follow an earlier timeline in females than in males.
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Social behaviors arise through the activity of complex cortical and subcortical circuitries
[12, 16, 38]. Here, we report that PFC PVB loss after ELS co-occurs with appearance of
social interaction deficits. These deficits were specific to nose-to-nose contacts, since the
latency, frequency, and duration of nose-to-tail contacts were unaffected by ELS
(Supplemental Table 1). While anogenital contacts are important for initial identification of
a conspecific [28], facial interactions have been shown to convey social information
spanning from aggressive intent to transmission of food preferences [39]. Therefore, ELS
exposure was shown here to impair social interaction, but not decrease general social
behavior, in juvenile females and adolescent males. Cortical PVB interneurons have been
shown to regulate social behaviors since increased activity of these cells can rescue social
deficits after experimentally-induced excitatory/inhibitory imbalance [40]. Additionally,
nose-to-nose sniffing is reduced in animals with genetic knockouts that also reduce cortical
PVB interneurons [31]. Therefore, early PVB loss in the female PFC after ELS was
consistent with social behavior deficits that occurred earlier in females than in males.

In adolescence, females no longer displayed deficits in latency for nose-to-nose contact, but
rather kept closer proximity to a conspecific. In other words, while adolescent ELS males
were beginning to show longer latencies for social interaction, females were shifting to a
greater engagement in social interaction compared to controls. These differences in female
proximity further illustrate developmental changes in social behavior after ELS. While the
neural mechanisms controlling this change are unclear, increased social interaction in ELS
females could reflect altered reactivity controlled by regions outside the PFC as well, such
as the hippocampus and where other sex-specific ELS effects have been found [17].

Our observation that COX-2 changes in ELS males but not females points to the possibility
that the mechanism, as well as the timing, for PFC deficits could differ between sexes.
While we previously reported in males that increased PFC COX-2 correlated directly with
decreased PFC PVB [6], the cause of PVB loss after ELS has yet to be determined. Further
investigation into the causation of PVB loss and PFC dysfunction after ELS is needed, with
particular attention to the emerging evidence that these causative mechanisms could differ
between males and females. In addition, the timing of assessment appears to influence ELS
effects, which may partially explain conflicting reports of ELS effects in the literature [26].
Behavioral or neurochemical measures taken in adulthood could overlook transient effects
that might have resolved by adulthood in this ELS model. Importantly, the transient nature
of ELS effects reported here and elsewhere [9] speaks to the careful nature by which animal
models should be translated to clinical relevance, since animal models could lack important
mediating effects of human experience that might lead to enduring dysfunction. Taken
together, we report here that neonatal ELS alters later social interaction and PFC PVB,
which is seen earlier in females than males and may occur through sexually dimorphic
mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Duration of (A) and latency for (B) engagement in nose-to-nose contact with a conspecific is
differentially affected by maternal separation (ELS) over development in males and females.
(C) Locomotion did not differ between any group at either age. Means + SEM are shown.

*p<0.05 compared to controls.
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Figure 2.
Effects of maternal separation (ELS) on mean distance apart from a conspecific in juvenility

(top) or adolescence (bottom) in males and females. Means + SEM are shown. *p<0.05
compared to controls.
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Figure 3.
(A) As previously reported, parvalbumin (PVB) levels (expressed in relation to loading

control) are decreased in maternally separated (ELS) males during adolescence, but not
juvenility. (B) PVB levels (expressed in relation to loading control) are decreased in ELS
females during juvenility, but not adolescence. Means £ SEM are shown. *p<0.05 compared
to controls. (C) As previously reported, cyclooxygenase-2 (COX-2) levels (expressed in
relation to loading control) are increased in ELS males during adolescence, but not
juvenility. (D) COX-2 levels (expressed in relation to loading control) are not changed after
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ELS in juvenile or adolescent females. Means + SEM are shown. Note: Male and female
tissue were analyzed in separate Western blots, therefore are not compared within graphs.
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