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Highlights
e We observed sex- and age-dependent effects of MS on circulating cytokines.
e MS also yielded adolescent cognitive deficits and decreases in mPFC PVB.
e Win-shift deficits were predicted by early cytokine expression in a sex- and
experience-dependent manner.

e Circulating cytokines and PVB levels predicted adolescent cognitive deficits

Abstract

Childhood adversity increases vulnerability to psychiatric disorders that emerge in
adolescence, in a sex-dependent manner. Early adversity modeled in rodents with maternal
separation (MS) affects cognition and medial prefrontal cortex (mPFC) circuitry. Humans
and animals exposed to early life adversity also display heightened circulating inflammatory
cytokines, however the predictive relationship of these early measures with later behavioral
deficits is unknown. Here, male and female rats were exposed to MS or control rearing
during the postnatal period (P2-21). Blood samples were taken at distinct developmental time
points for analysis of the pro-inflammatory cytokine IL-1p and the anti-inflammatory
cytokines IL-4, and IL-10, followed by win-shift cognitive testing and analysis of mPFC
parvalbumin (PVB) immunofluorescent interneurons in adolescence. Regression analyses
were conducted to explore the relationship between early cytokines and adolescent
behavioral measures. We observed sex- and age-dependent effects of MS on circulating
cytokines. MS also yielded adolescent decreases in mPFC PVB and cognitive deficits, which
were predicted by early cytokine expression in a sex- and experience-dependent manner.
Taken together, the present data reveals that circulating cytokines and PVB levels are
predictive of adolescent cognitive deficits, and therefore provide compelling evidence for a
putative role of early biomarkers in mediating MS-induced behavioral dysfunction.
Importantly, predictive relationships often depended on sex and on MS history, suggesting
that early life experiences may yield individualistic mechanisms of vulnerability compared to

the general population.

Keywords: maternal separation, development, cytokines, win-shift, prefrontal cortex,

memory, interneurons, early life stress, parvalbumin
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1. Introduction

Exposure to early life adversity increases vulnerability to psychiatric disorders later in
life, including depression, drug abuse, and schizophrenia (Agid et al., 1999; Brake et al.,
2004; Kessler et al., 1997; Kohut et al., 2009; Teicher et al., 2006). Clinical data show that
the time between onset of child abuse and the onset of mental illness is approximately 11.5
years (usually during adolescence) (Teicher et al., 2009), suggesting that there may be a
window of opportunity for intervention between childhood adversity and pathology
emergence in adolescence. Childhood maltreatment is also related to executive dysfunction in
both adolescence (Mothes et al., 2015) and middle adulthood (Nikulina and Widom, 2013),
findings which can also be seen in rodent models of early life stress. However, identification
of at-risk children who may not present any behavioral symptoms poses a significant
challenge, and there is thus a great need for reliable early-life biomarkers of disease
susceptibility.

Maternal separation (MS) in rodents is a well-established animal model of early life
stress that induces long-lasting alterations at the behavioral, immunological,
neuroanatomical, biochemical, and molecular levels [for review: (Brunton, 2015; Ganguly
and Brenhouse, 2015)]. MS has been shown to induce cognitive dysfunction in rodents
during adolescence including working memory (do Prado et al., 2015), spatial memory (Aisa
et al., 2009), cognitive flexibility deficits (Thomas et al., 2015), reduced prepulse inhibition
(Li et al., 2013), and dysfunctional reward-related behaviors (Hays et al., 2012). These
effects are likely due to PFC and limbic dysfunction related to reduced synaptic plasticity
(Aisa et al., 2009) and dopaminergic (Li et al., 2013), serotoninergic (Xue et al., 2013) and
glutamatergic changes (O'Connor et al., 2015; Wieck et al., 2013). Moreover, cognitive
dysfunction was recently associated with aberrant development of critical perisomatic
inhibitory interneuron local microcircuitry (do Prado et al., 2015) in extension of previous
findings showing a reduction of GABAergic parvalbumin-containing interneurons (PVB) in
the prefrontal cortex of MS-exposed adolescent rats (Wieck et al., 2013). These lowered
parvalbumin levels in MS adolescents were directly correlated with increased circulating
levels of the pro-inflammatory cytokines IL-1B and IL-6, while administration of the anti-
inflammatory cytokine interleukin IL-10 protected against such loss (Wieck et al., 2013).

Converging evidence suggests that MS induces enduring effects on the immune
system (Avitsur et al., 2013; do Prado et al., 2016; Hennessy et al., 2011; Pinheiro et al.,
2015; Roque et al., 2015; Wieck et al., 2013). For example, when the expression of 84 key

genes involved in the inflammatory response was evaluated in MS and controls infant rats,
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gene expression of only two interleukins was affected by MS: IL-1f and IL-10 (Dimatelis et
al., 2012) . The negative effect on cognitive behavior of IL-1p is already known (Terrando et
al., 2010), but recently it was discovered that Th2-related cytokine IL-4, in contrast, has a
profound beneficial effect on cognition (Gadani et al., 2012). Therefore, despite the unknown
mechanism, growing evidence suggests that behavioral deficits in early adversity-exposed
adolescent or adult animals (Veenema et al., 2008; Wieck et al., 2013) and humans (Danese
et al., 2007; Dennison et al., 2012; Slopen et al., 2013) may be related to peripherally
circulating pro-inflammatory markers. Changes in the circulating levels of these proteins
have been associated with many disease states, making them potentially valuable as
functional biomarkers. Excessive or diminished cytokine levels are associated with
schizophrenia and depression and are associated with a pro-inflammatory phenotype in
patients with a history of childhood trauma, but not in patients without such history
(Dennison et al., 2012; Miller and Cole, 2012). There are several pathways of active
communication that allow controlled immune signaling between the periphery and the brain.
Peripheral immune mediators can thereby influence behavioral and neuroendocrine responses
to environmental stimuli during both normal and abnormal development (Miller et al., 2009).
Brain responses to peripheral immune activity occur either via vagal afferents, directly at the
blood brain barrier (BBB), active transport via saturable transport molecules, or activation of
endothelial cells lining cerebral vasculature (Quan and Banks, 2007).Therefore, identification
of individuals that have a peripheral pro-inflammatory phenotype during the relatively
asymptomatic window of pre-adolescence could allow for proper intervention at a critical
time.

Evidence suggests that immunodevelopment occurs on a different timeline in males and
females (Rana et al., 2012), and that MS can impact persistence of HPA reactivity in a sex-
specific manner (Meagher et al., 2010).  Therefore, developmental differences in the
immune environment, such as circulating cytokine expression may serve to better identify
individuals at an elevated risk to develop later cognitive deficits. We hypothesized that there
would be a sex-specific effect on immune regulation as a function of early life stress. In this
regard, there are only few studies addressing whether early life stress affects male and female
immune responsivity differently (Avitsur et al., 2013; Avitsur et al., 2009; Meagher et al.,
2010), with little known about baseline differences in immune regulators. In the present
study, we sought to identify sex- and age-specific relationships between juvenile cytokine

levels, adolescent cognitive performance, and adolescent mPFC PVB expression.
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2. Methods
All experiments were performed in accordance with the 1996 Guide for the Care and
Use of Laboratory Animals (NIH) with approval from the Institutional Animal Care and Use
Committee at Northeastern University.

2.1.Subjects and Maternal Separation

Forty gestational day 15 pregnant Sprague-Dawley rats were received from Charles
River Laboratories (Wilmington MA), and were housed under constant temperature- and
humidity-controlled conditions within a 12 h light/dark cycle (light period 0700h-1900h),
with water and food available ad libitum. Litters were culled to 10 pups on postnatal day
(P)1, maintaining as equal ratios as possible of males and females. Twenty litters were
designated as maternal separation (MS), and were separated for 4 hours/day from P2-P20 in a
thermo-regulated environment at 37°C. Apart from weighing and normal husbandry
procedures, twenty control (CON) litters were undisturbed until weaning (P21) when all
animals were rehoused with a cage-mate matched for age, sex, and group. Only one male
and one female per litter were used, to avoid any litter effects. Therefore, each of twenty MS
litters and twenty CON litters supplied one male and one female for each of two studies, as
described below. Additionally, a separate cohort of 16 pregnant dams and their litters (eight
MS and eight CON) were used for a post-hoc assessment of puberty timing, with no more
than two pups per litter used for analyses.

2.2.Experimental Design

The experimental timeline is shown in Figure 1. In one cohort of offspring (n=15-20),
blood was taken at P25, P35, and at sacrifice (P55). These subjects underwent behavioral
training and testing on the win-shift paradigm before being sacrificed at P55 for analysis of
PFC PVB immunofluorescence. A second cohort of offspring (n=12-15) was sacrificed at
P40 for immunofluorescent analysis of PFC PVB expression.

2.3.Blood Draws for Peripheral Cytokine and Hormone Measurements

Blood samples were collected from the saphenous vein (P25, P35), or heart (P55
sacrifice) between 10:00h and 13:00h in EDTA coated microcentrifuge tubes and spun at
1000 RCF for 10 minutes at 4°C. Plasma samples were collected and stored at -80°C until
analysis. Saphenous blood draws were used due to their minimal invasiveness (total handling
time= <2 min).

2.4.Cytometric Bead Array

Samples from 15-20 subjects/sex/group were analyzed at each age. Plasma levels of
IL-1pB, IL-4, and IL-10 were measured using Cytometric Bead Array (CBA) Rat Flex Sets
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according to the manufacturer’s instructions (BD Biosciences, San Jose CA). Acquisition
was performed with a FACSCanto Il flow cytometer (BD Biosciences). Quantitative results
were generated using the FCAP Array v.3.0 software (BD Biosciences) with detection limits
of 4.0 pg/ml for IL-1B, 3.4 pg/ml for IL-4 and 19.4 pg/ml for IL-10.

2.5.Testosterone ELISA

Since MS has not been shown to affect baseline estradiol levels in female rats but can

alter peripubertal testosterone secretion (Bodensteiner et al., 2014), we also assessed plasma
testosterone concentrations from blood samples at P35 using ELISA (R&D, Minneapolis,
US). The mean minimum detectable dose was 0.030 ng/mL.

2.6.P40-P55 Win-shift

An 8-arm radial arm maze was used in a win-shift task to measure reference and

working memory in MS and CON rats, as described previously (Brenhouse and Andersen,
2011). At P36 rats were food restricted to 159 of their daily Prolab® diet (RMA-3000, 5P00,
TestDiet®, St. Louis, MO) in order to motivate the rats to consume the sucrose reward pellets
(181135, TestDiet®, St. Louis, MO) presented within the maze. The food-restricted subjects’
body weights were maintained at 80% of ad libitum-fed. On P38-P39 rats (n=15-
20/group/sex) were habituated to an 8-arm maze for 5 min each day. From P40-P55 rats were
trained in the win-shift task. Briefly, in Phase 1, rats were introduced into the center of the
maze and given 5 min to consume food rewards from four open arms, with the other four
arms closed. After a 5-min delay period in the home cage, rats were reintroduced in Phase 2
to the maze with all 8 arms open but with rewards only available in the arms that had
previously been blocked. An entry into an arm that did not contain a reward was marked as
an error. After reaching criterion of two consecutive days with < 1 error in Phase 2, subjects
were tested for three consecutive days with varying delay times between Phase 1 and Phase 2
(5 minutes, 30 minutes, 3 hours). Delay sequence was counterbalanced across subjects.
Subjects that had not reached criterion by P55 (9% of all subjects across groups) were
designated as taking 16 days to reach criterion for data analysis purposes and were sacrificed
without further testing. The maze was cleaned with 30% ethanol between each test and the
configuration of open and closed doors changed daily.

2.7.PVB Immunohistochemstry:

We analyzed PVB in two separate cohorts (n=12-15/group/sex): One cohort was
sacrificed at P40 in order to replicate and extend previous findings from our lab that PVB is
decreased at P40 in MS-exposed males (Brenhouse and Andersen, 2011; Holland et al., 2014;
Wieck et al., 2013), and to obviate the possibility that food deprivation and/or learning the
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win-shift task could interact with MS experience to differentially affect PVB expression. For
the second cohort, we analyzed PVB in the same animals that underwent win-shift testing in
order to directly correlate PVVB immunoreactivity with win-shift performance. After sacrifice
and transcardial perfusion with 4% paraformaldehyde, 40um coronal sections of the PFC
were collected with a freezing microtome (Leica, Buffalo Grove, IL) and stored in
cryoprotectant at -20 °C until staining. Every sixth section of the PFC was blocked in 5%
normal donkey serum for one hour. Sections were then incubated with a monoclonal mouse
anti-PVB antibody (1:10,000 Sigma-Aldrich, St.Louis MO) overnight at 4°C and incubated
for one hour with an anti-mouse IgG antibody tagged with Alexa Flour® 568 (1:2,000,
A11031, Life Technologies, Carlsbad, CA). Sections were washed between steps in
phosphate buffered saline containing Triton X-100. Sections were then mounted on
positively charged slides.
2.8.Stereological PVB Analysis:

PVB interneurons were counted using an optical fractionator probe
(Stereolnvestigator; MBF Biosciences, Williston, Vermont). PVB expressing neurons were
counted at 63X oil immersion magnification with a 100um X 100um counting frame and a
300pm X 300pum counting grid. Grid sizes were adapted during pilot studies to achieve an
acceptable coefficient of error. Seven serial sections of the prelimbic (PL) and infralimbic
(IL) PFC (inter-slice interval, 280um) were counted for each subject. PVB immunoreactive
cells were counted when the top of the cell was in focus within the counting frame.
Estimated populations of cells were calculated for each subject using the mean section
thickness.

2.9.Assessment of pubertal status

After finding several sex-dependent effects of MS on our physiological
measurements, we ran a post-hoc study in a separate cohort of rats, assessing whether MS
affects pubertal development differentially in males and females. Pubertal status was
assessed daily in males and females (n=12-15/group/sex) from P25 until full puberty was
achieved. Beginning on P25, the appearance of partial and complete balano-preputial
separation were recorded in males on the days they were observed. The first day of partial
balano-preputial separation was noted as puberty initiation, and the day of complete preputial
separation was the endpoint used for full puberty in males. Beginning on PND 22, females
were examined daily for vaginal opening. The appearance of a small “pinhole,” a vaginal

thread, and complete vaginal opening were all recorded on the days they are observed. The
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first observance of a pinhole opening was designated as puberty initiation. The day of
complete vaginal opening was the endpoint used for full puberty in females.
2.10. Statistical Analyses
All ANOVAs were performed using GraphPad Prism 6 software or IBM SPSS

Statistics V.22, and all regression analyses were performed using SPSS. Cytokine levels

across development where measures were taken longitudinally (P25, P25, and P55), as well
as pup weights during MS were compared with mixed ANOVA (Sex x Group x [Age]) with
age as a repeated measure.  Group analyses within each developmental time point were
performed using 2-way (Sex x Group) comparisons, with Bonferroni correction for multiple
comparisons where appropriate. Multiplicity corrected p values are reported for Bonferroni
tests. The number of days to reach win-shift criterion was analyzed using Kruskal Wallace
survival analysis due to censorship at P55. Win-shift errors were compared between groups
and sexes using a mixed ANOVA (Sex x Group x [delay]) with delay time (5 min, 30 min,
3hr) as a repeated measure. Group analyses within each delay were performed using 2-way
(Sex x Group) comparisons. PVB immunoreactivity, adolescent testosterone levels, and age
of puberty were analyzed using 2-way (Sex x Group) ANOVA. Pearson’s correlations and
multiple regression analyses (using Sex and Group as modulating variables) were performed
to correlate cytokine levels with win-shift performance and PVB immunoreactivity with win-
shift performance. ANOVAs were conducted to test for significance of the regression lines.
All correlations performed and their regression p values are shown in Supplemental Table 1.

3. Results
3.1.Developmental effects on circulating cytokine expression

Subjects that were sacrificed on P55 were longitudinally analyzed for age, sex, and
group differences in cytokine expression. As illustrated in Figure 2, circulating levels of IL-
1B decreased significantly between P25 and P35 (Main Effect of Age F[1,104]=13.8;
p<0.0001). Regardless of MS experience, a Sex x Age interaction (F1104=4.84; p=0.03)
revealed that females expressed higher levels of IL-4 than males at P25 (p=0.009). A Sex X
Group Interaction for circulating IL-10 levels (F1,111=6.69; p=0.011) was driven by a lower
expression in MS males compared to CON males at P35 (p=0.001).

3.2.Effects on parvalbumin expression and win-shift performance at P55

As illustrated in Figure 3A, P55 animals that had undergone win-shift training and
testing displayed a sex-specific effect of MS on PVB. A Group X Sex interaction at P55 in
both the PL (F125=6.18; p=0.019) and the IL (F125=4.48; p=0.044) PFC revealed that MS
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males displayed less PVB than CON (PL: p=0.038; IL: p=0.006), while this was not seen in
females (PL: p>0.99; IL: p=0.67). Neither Sex nor Group affected the number of days
subjects required to reach win-shift criterion (Figure 3B, top). However, both males and
females exposed to MS committed more errors on the win-shift memory task compared to
CON after a 3-h delay (Figure 3B, bottom). While no Group x Sex x Delay interaction was
observed (p=0.463), a Group x Delay interaction (F2120=3.84; p=0.024) was driven by
increased errors committed after a 3-h delay between Phase 1 and Phase 2 (Main Effect of
Group: F1,70=20.27; p<0.0001) in both males and females. Additionally, a Sex x Group
interaction for errors committed after a 30-min delay (F1,64=6.72; p=0.012) revealed that MS-
exposed females (p=0.001), but not males, committed more errors in the 30-min delay
condition (Figure 4). Interestingly, PL PVB levels were significantly correlated with win-
shift errors in the 3-h delay condition in males (Figure 3C; R=0.488; R?=0.238; F33,=3.026;
p=0.045), but not females (Interaction of Sex: p=0.039).

3.3.Effects on parvalbumin expression at P40

A similar pattern of MS effects was observed at P40 in a cohort of animals that did
not undergo win-shift (Figures 5A and 5B). While no Sex x Group interaction was observed,
a Main Effect of Group on PL PVB (F146=5.24; p=0.027) was driven by a PVB reduction in
P40 MS males (p=0.002), but not females. Similarly, PVB expression in the IL was
decreased in MS subjects (Main Effect of Group: F125=15.10; p=0.001) compared to CON.
A Main Effect of Sex on IL PVB (F125=15.17; p=0.001) also revealed that females displayed
less overall PVB in the IL. While no Sex x Group interaction was noted, only MS males
(p=0.003), but not females (p=0.072) displayed a significant reduction of PVB in the IL.

Notably, we observed a higher population of PVB interneurons in the PL and IL of
P55 subjects compared to P40 subjects (Main Effect of Age F179=43.54; p<0.001 in PL;
F153=13.55; p=0.001 in IL), regardless of Group or Sex (2-way ANOVA Group x Age
interaction p=0.870 in PL; p=0.171 in IL; Sex x Age interaction p=0.711 in PL; p= 0.116 in
IL).

3.4.P25 cytokines predict adolescent cognitive performance

Juvenile circulating cytokines predicted later win-shift performance, but only in
females. For example, P25 IL1B levels significantly predicted female, but not male, win-
shift performance (Interaction of Sex: p<0.0001). Regardless of MS experience, females
with lower levels of IL1B as juveniles took more days to reach win-shift criterion as
adolescents (Figure 6A; R=0.5423; R?=0.179; F136=7.864; p=0.008). Similarly, P25 IL-4
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levels predicted female, but not male win-shift performance (Figure 6B; Interaction of Sex:
p=0.046). Lower IL-4 in juvenility predicted more difficulty learning the win-shift task in
females (R=0.482; R?=0.232; F136=10.88; p=0.002). The predictive relationship between
P25 IL-10 and cognitive performance was also only noted in females (Figure 6C; Interaction
of Sex: p=0.031), in the opposite direction as IL-1p and IL-4. Higher levels of I1L-10 at P25
predicted more difficulty learning the win-shift task in adolescent females (R=0.490;
R?=0.240; F1,34=10.75; p=0.002).
3.5.P35 cytokine levels predict adolescent cognitive performance

Figure 7A shows a negative relationship between IL-1[3 and days to reach criterion in
CON males (R=0.570; R?=0.325; F[1,12]=5.77; p=0.033) and in all females regardless of
experience (R=0.447; R?= 0.227; F[1,36]=8.98; p=0.005), with lower levels of IL-1R at P35
predicting more difficulty learning the win-shift task. However, a Sex x Group interaction
(p=0.023) revealed that the predictive relationship between P35 IL-1R and win-shift
performance was inverted in MS-exposed males, compared to all other subjects.
Specifically, MS males with higher levels of IL-18 at P35 took longer to reach win-shift
criterion (R=0.617; R?=0.381; F1,11=6.15; p=0.033). Figures 7B and 7C also both reveal Sex
x Group interactions in predictive relationships of P35 IL-10 and win-shift performance. A
Sex x Group interaction (p=0.042) revealed that higher I1L-10 expression at P35 predicted
fewer days to reach win-shift criterion in MS (R=0.650; R?= 0.423, F110=7.32; p=0.022) but
not CON males (Figure 7B). No relationship was observed for females between P35 IL-10
and days to reach win-shift criterion. P35 IL-10 also significantly predicted the number of
win-shift errors in MS males (R=0.672; R?=0.452; F19=6.593; p=0.033; Figure 7C), while
neither CON males nor females displayed a relationship; however, a Sex x Group interaction
was not significant in the P35 IL-10: Win shift error relationship.

3.6.Relationship between cytokine levels at sacrifice and cognition

Levels of cytokines at sacrifice (P55) were not correlated with win-shift performance
(see Supplemental Table 1).
3.7.Effects of MS on pubertal development

To our knowledge, this is the first assessment of pubertal development in MS males
and females. Females exposed to MS displayed an early initiation of puberty, with a pinhole
vaginal opening appearing approximately 4 days earlier than CON females (Figure 8A).
However, MS did not affect the age of full puberty in males or females (Figure 8B).

Initiation of male puberty, assessed as a partial preputial separation, was also not affected by
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MS. Therefore, there was a Sex x Group interaction found for the effects of MS on puberty
initiation (F156=32.88; p<0.0001), but not full puberty achievement.
3.8.Effects of MS on Adolescent Testosterone Levels

MS did affect male testosterone levels at P35, but not female testosterone levels
(Group x Sex interaction: F12s=7.81; p=0.0093). Specifically, MS-exposed males expressed
significantly lower levels of circulating testosterone at P35, compared to CON Males
(p=0.0082; Figure 8C). Female levels of testosterone were expectedly low at P35 and were
unaffected by MS.

3.9.Effects of MS on Body Weight
During MS, pups were weighed on P9, P11, P15, and P20. A Group x Age (F1,51=15.3;
p<0.001) but not Sex x Age (p=0.055) interaction was noted (Figure 9), whereby MS animals

gained less weight over early development than CON. An expected Main Effect of Sex
(F151=5.29; p=0.025) was also observed, with females weighing consistently less than males.
By P55, MS subjects were comparable in weight to CON subjects [no Group x Sex
differences (p=0.215, with only a Main Effect of Sex (p<0.0001); Figure 9].

4. Discussion

While previous studies have largely measured immune responses to subsequent
challenges after early adversity (Ganguly and Brenhouse, 2015), the current report assessed
whether MS-exposed animals had an increased baseline pro-inflammatory profile. We
observed here that males and females follow distinct developmental patterns of immune
alterations. Specifically, while baseline-circulating levels of IL-1} and IL-4 were unaffected
by MS regardless of sex, MS-exposed males displayed a drop in IL-10 in early adolescence
(P35). Baseline circulating levels of pro- and anti-inflammatory cytokines can affect brain
development and function in both healthy and pathological states (Banks, 2015), which is
supported by our observations that perturbations of baseline immune environment affects the
development of cognitive function.

Both male and female adolescent rats displayed significant deficits in the win-shift
paradigm after MS, consistent with previous reports of early adversity induced cognitive
dysfunction in both rodents (Brenhouse and Andersen, 2011; Garcia et al., 2013) and humans
(Aas et al., 2012; Mothes et al., 2015; Mueller et al., 2012; Pechtel and Pizzagalli, 2011,
Pesonen et al., 2013; Viola et al., 2013). While the number of days to reach win-shift
criterion (task-learning) was predicted by several cytokines, only P35 IL-10 predicted the

number of errors committed by males on the win-shift task. The ability to learn the win-shift
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task, and subsequent accuracy during testing after a 3-hr delay, likely reflect two different but
related cognitive functions (Enomoto and Floresco, 2009). MS itself did not affect task-
learning, however MS mediated the relationships between early cytokine expression and
task-learning two weeks later. In contrast, MS had a robust effect on win-shift performance
after a 3-hr delay between Phase 1 and Phase 2, which was predicted by lower P35 IL-10 in
MS-exposed males.

Due to its profound antagonistic effects on Th1l responses, IL-10 was considered only
a Th2 marker for quite some time, however increasing evidence from animal models of
allergic diseases suggests that IL-10 acts as an inhibitor of Th2 responses as well (Cottrez et
al., 2000; Trinchieri, 2007). The Th1/Th2 paradigm in which Thl cells were considered
proinflammatory and Th2 cells were considered anti-inflammatory has undergone a major
change since both Th1 and Th2 cells are known to mediate inflammation and tissue damage
as well as pathogen killing (Couper et al., 2008). On the other hand, anti-inflammatory
functions are known to rest with populations of regulatory myeloid or lymphoid cells,
including fully mature classical Th1 or Th2 cells that produce IL-10 as a negative feedback
mechanism to limit their own response (Couper et al., 2008). Therefore, the lower levels of
peripheral IL-10 in early adolescence among MS-exposed males can be understood as a
reduction of an essential component of the immune regulatory response needed to inhibit pro-
inflammatory cytokine synthesis, down-regulate the release of reactive oxygen species, and
suppress proliferative and cytotoxic T-cell responses (Couper et al., 2008). Similarly, the
observation that low juvenile levels of IL-1B correlated with win-shift deficits in adolescent
females and control males suggests that sufficiently balanced immune activity of both pro-
and anti-inflammatory regulators is necessary for proper neuronal development and behavior.

These findings also corroborate previous evidence that IL-10—/— male mice exhibited
higher peripheral levels of IL-1B, IL-6 and TNFa and more pronounced learning and memory
deficits after LPS treatment compared to wild type mice (Richwine et al., 2009). Conversely,
intracerebroventricular administration of different doses of IL-18 or IL-1 receptor antagonists
in adult male mice following learning revealed that a slight increase in brain IL-18 levels can
improve memory, whereas any deviation from the physiological range, either by excess
elevation in IL-1R levels or by blockade of IL-1 signaling, results in impaired memory
(Goshen et al., 2007). Since the majority of evidence of IL-1f impact on memory
performance has come from male animal studies, the observations reported here are
interesting as they show a different pattern in females. Moreover, our observation that

juvenile females with lower levels of IL-4 show higher cognitive deficits in adolescence
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corroborates evidence that meningeal T cell-derived IL-4 plays a role in the maintenance of
cognitive function by antagonizing the deleterious effects of proinflammatory cytokines on
astrocytes and neurons [(Derecki et al., 2010), reviewed in (Gadani et al., 2012)].

The interactive effects of sex and age on the relationship of cytokines with behavior
evoke two interpretations. First, immune influences on neurocircuitry largely depend on
developmental stage.  Appropriate levels of cytokines are necessary for healthy
neurodevelopment, with the highest levels of circulating cytokines observed in the neonatal
brain (Bilbo and Schwarz, 2012). Therefore, lower levels of pro-inflammatory cytokines
during juvenility may have a deleterious effect on brain development in vulnerable
individuals. Second, the discrete vulnerability of females to juvenile cytokine levels suggests
that cytokines during juvenility are particularly important for the development of prefrontal
and cognitive circuits, which have been shown to develop earlier in females than in males
(Markham et al., 2013; Roalf et al., 2014). Taken together, the predictability of adolescent
cognitive function by developmental circulating cytokine levels observed here supports the
theory that the appropriate balance of pro- and anti-inflammatory activity may depend on sex
and early life experience, and may be particularly important during juvenility in females and
during the peri-pubertal period in males.

During puberty, testosterone has been shown to promote IL-10 expression in males
(Zhang et al., 2007); therefore the observed drop in IL-10 in MS males during puberty
suggests that the reduced testosterone reported here, and observed by others (Bodensteiner et
al., 2014), in adolescent MS males could have a modulatory role of IL-10 levels in these rats.
Notably, we did not observe an effect of MS on the timing of puberty in males as measured
by balano-preputial separation; therefore it does not appear that decreased testosterone levels
affected the timing of pubertal development. Females also completed vaginal opening at the
same time regardless of MS experience. However the initiation of puberty in MS-exposed
females was seen at ~P29 compared to ~P33 in controls, which may be due to increased
catch-up weight after MS exposure as has been reported after neonatal immune challenge
(Sominsky et al., 2012). Taken together, these data suggest that MS confers vulnerability to
immune-mediated disruption of the development of cognitive systems in males that may be
related to lower peri-pubertal testosterone levels. Moreover, less pro-inflammatory activity
during early adolescence may indicate resilience in MS-exposed males.

Previous studies have shown that the developmental maturation of executive function
correlates with the maturation of PVB-interneuronal networks throughout childhood and
adolescence (Doischer et al., 2008; Rao et al., 2000; Uhlhaas et al., 2009; Wilson et al.,
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1994). Therefore, environmental insults affecting the development of this inhibitory network
might lead to abnormal cognitive function, as we observed in adolescence following MS. We
found that adolescent PVB levels were decreased in MS-exposed males but not females,
which supports previous work demonstrating an earlier effect of MS on PVB in juvenile, but
not adolescent females (do Prado et al., 2015). However, adolescent PVB levels were
significantly correlated with win-shift performance, providing compelling support to
evidence suggesting that PVB interneuron functional integrity is critical for cognitive
functions such as working memory (Lewis et al., 2012). We also observed that subjects
trained and tested in the win-shift paradigm and sacrificed at P55 displayed higher PFC PVB
levels compared to subjects without any win-shift experience that were sacrificed at P40.
Since these two cohorts differed in both age and experience, it is difficult to interpret these
findings. However, an age-related increase in PVB between P40 and P55 could be interpreted
in the context of earlier findings in monkeys showing an increase in PFC basket cell PVB
expression between adolescence and adulthood (Fish et al., 2011); while our analysis did not
distinguish between PVB interneuron subtypes, it is possible that the developmental increase
of these neurons accounted for the increase we observed. Alternatively, it is possible that
training in the win-shift paradigm increased PVB expression from sub-threshold levels to
detectable levels in some neurons, since PVB-expressing interneurons have been shown to
exhibit experience-dependent plasticity with increased PVB intensity during memory
consolidation and retrieval (Donato et al., 2013).

This study should be interpreted in light of some limitations and perspectives for future
studies. First, juvenile cognitive function was not assessed. It is therefore unclear whether the
association between juvenile cytokine levels and adult cognitive function are indeed
predictive of future cognitive deterioration or an inherent characteristic of the response to MS
that exists throughout life. Second, since IL-10 can modulate other pro-inflammatory
cytokines such as TNF-alpha and IL-6, future studies should include these markers to
strengthen the hypothesis that a pro-inflammatory/ anti-inflamatory cytokines imbalance
leads to cognitive dysfunction after MS. Additionally, since peripheral cytokines do not
necessarily reflect cytokine levels in the brain, future investigations should determine how
MS affects the timing and expression of immune mediators in the brain. Indeed, peripheral
cytokines can and do access the brain though blood-brain-barrier active transport and direct
actions on brain endothelial cells (Banks, 2015).

In summary, experience with MS influences the predictive relationship between

circulating cytokines and adolescent cognitive function, which is also related to changes in
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the PFC interneuron population. These data contribute to understanding the nuanced role of
circulating cytokines during development as potential biomarkers of enduring PFC-related
cognitive impairment associated with early life adversity, and therefore provide insights and

putative targets for possible clinical assessments and interventions.
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Figure Legends

Figure 1: Experimental timelines. Blood draw time-points designated with droplet. Colors
of timeline from left to right designates developmental stage: white: pre-weanling; light
lavender: juvenile; dark lavender: adolescent; purple: adult. For interpretation of the

references to color in this figure legend, the reader is referred to the web version of the article
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Figure 2. Age, Group, and Sex effects on cytokine expression. Means = SEM expression
levels of IL-1B (top), IL-4 (middle) and IL-10 (bottom) across development. P: postnatal
day. *p<0.05 difference between MS and CON. Different letters (a,b,c) designate p<0.05
difference between ages within the same sex (no effect of group). #p<0.05 difference

between males and females, collapsed across groups. n=15-20/group/sex/time-point.
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Figure 3: Age, Group, and Sex effects on PVB and win-shift performance. A) Means + SEM
PVB expression levels in the PL (left) or IL (right) at P55. *p<0.05 difference between MS
and CON. n=7-8/group/sex. B) Top: Kruskal Wallace chart demonstrating the number of
training days required before subjects reached win-shift criterion. Bottom: Means = SEM of
errors made during Phase 2 of testing, following a 3-hr delay after Phase 1. *p<0.05
difference between MS and CON. n=15-20/group/sex. C) Regression analysis relating P55
PVB expression with win-shift performance. Male data is in blue and female data is in red.
*p<0.05 significance of regression line. Due to an interaction of Sex but not Group, R? values
are provided for all male and all female subjects collapsed across MS and CON for clarity.
For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article
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Figure 4: Effects of MS on number of errors committed in the win-shift task after varying
delays. A Repeated Measures 2-way ANOVA failed to reveal a Delay x Group interaction;
however, post-hoc comparisons show that MS males committed more errors than CON males
after a 180-min delay, and MS females committed more errors than CON females after 30-

min and 180-min delays. *p<0.05 difference from CON.
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Figure 5: P40 PVB expression. A) Means + SEM PVB expression levels in the PL (left) or
IL (right) at P40. *p<0.05 difference between MS and Con. n=12-15/group/sex. #p<0.05
difference between males and females. B) Representative photomicrographs of PL and IL

from CON or MS male and female subjects, labeled for PVB. Scale bar: 100um.
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Figure 6: Regression analyses relating P25 cytokine levels with adolescent win-shift
performance. Males are represented in left panels and females are represented in right panels
A) P25 circulating IL-1 [n=14-16/group for males; n=17-19/group for females]; B) P25
circulating IL-4 [n=14-16/group for males; n=19/group for females]; and C) P25 circulating
IL-10 [n=14-16 /group for males; n=14-19/group for females] with number of days to reach
win-shift criterion in adolescence are presented. R? values are indicated for significant
regressions, and separately for MS and CON when there was a significant Group interaction;

*p<0.05 significance of regression line.
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Figure 7: Regression analyses relating P35 cytokine levels with adolescent win-shift
performance. Males are represented in left panels and females are represented in right
panels. A) P35 circulating IL-1 [n=12-14/group for males; n=17-19/group for females]; and
B) P35 circulating 1L-10 [n=12-14/group for males; n=14-20/group for females] with number
of days to reach win-shift criterion; and C) P35 circulating IL-10 with # errors on Phase 2 of
the win-shift task after a 3-hr delay [n=10-12/group for males; n=14-18/group for females].
R? values are indicated for significant regressions, and separately for MS and CON when
there was a significant Group interaction; *p<0.05 significance of regression line. *p<0.05

significance of each regression line.
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Figure 8: Effects of MS on pubertal development and testosterone. A) Means £ SEM age at
which preputial separation (males) or vaginal opening (females) initiated. *p<0.05 difference
from CON. B) Means + SEM age at which preputial separation (males) or vaginal opening
(females) was fully completed; n=12-15/group/sex. C) Means + SEM circulating testosterone
at P35. *p<0.05 difference from CON.
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Figure 9: (A) A Group x Age (F1,51=15.3; p<0.001) but not Sex x Age (p=0.055) interaction
illustrated that MS animals gained less weight over early development than CON. A Main
Effect of Sex (F1,51=5.29; p=0.025) was also observed, with females weighing consistently
less than males. (B) By P55, MS subjects were comparable in weight to CON subjects (no
Group x Sex differences (p=0.215), with only a Main Effect of Sex (p<0.0001).
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