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Abstract

While there is a strong focus on the negattonsequences of maternal immune
activation (MIA) on developing brains, very littiagttention is directed towards potential
advantages of early life challenges. In this stweyutilized a polyinosine-polycytidylic acid
(poly(I:C)) MIA model to test visual discriminatiofyD) and reversal learning (RL) in mice
using touchscreen technology. Significant sex bfiees emerged in that MIA reduced the
latency for males to make a correct choice in tlie tssk while females reached criterion
sooner, made fewer errors, and utilized fewer ctioe trials in RL compared to saline
controls. These surprising improvements were aceoied by the sex-specific upregulation
of several genes critical to cognitive functioningdicative of compensatory plasticity in
response to MIA. In contrast, when exposed to -t stress model (MIA + loss of the
social component of environmental enrichment (EE)ice did not display anhedonia but
required an increased number of PD and RL cormectils. These animals also had
significant reductions of CamK2a mRNA in the preftal cortex. Appropriate functioning of
synaptic plasticity, via mediators such as thistgiro kinase and others, are critical for
behavioral flexibility. Although EE has been imgiied in delaying the appearance of
symptoms associated with certain brain disordémese findings are in line with evidence
that it also makes individuals more vulnerablet¢dass. Overall, with the right ‘dose’, early
life stress exposure can confer at least someinatadvantages, which are lost when the
number or magnitude of these exposures become¢ad. g

I ntroduction

Numerous epidemiological studies have idettifin association between inflammatory
insults during pregnancy and the prevalence ofopmyrchiatric disorders, such as autism and
schizophrenia, in offspring (Babulas et al., 20B§tes and McAllister, 2016; Sgrensen et al.,
2008). However, at the population level, only dsai of children exposed to prenatal
infections develop disease-relevant behavioral abalities (Mahic et al., 2017; Meyer,
2019). This suggests the etiology of these neumldpwmental disorders may involve a
synergism of prenatal immune challenge and otheir@mmental risk factors (e.g., stress) in
later life. Adding to this complexity, the effeat$é prenatal immune insults on child health
outcomes also vary depending on the child’s bigiagsex (Gilman et al., 2016; Goldstein et
al., 2014; Mac Giollabhui et al., 2019). Hence|jsitessential to determine sources that
contribute to the heterogeneous outcomes of MIA &mddentify factors for building
neurodevelopmental resilience and susceptibilithi® early-life adversity.

In preclinical research, rodent maternal ume activation (MIA) models have been
employed to mimic the effects of gestational infats and to investigate its underlying
biological mechanisms (Estes and McAllister, 20kéntner et al., 2019a; Knuesel et al.,
2014). Specifically, a mid-gestational injectionpaflyinosinic:polycytidylic acid (poly (I:C)),

a viral mimetic toll-like receptor 3 agonist, camduce an extensive collection of innate
immune responses (Mueller et al., 2019) and leac twide array of abnormalities in
neurophysiology, behavior and cognitive abilitiesee (Haddad et al., 2020) for review).
Whereas the vast majority of previous studies haddressed the adverse effects of MIA,
prior research has also revealed that MIA-treatgpong can exhibit improvements in
cognitive functioning (Makinson et al., 2019; Nakam et al., 2021), blunted responses to a
second immune challenge in adolescence (Clark,62G19), and a higher level of resilience
to the disruptive effects of isolation rearing oghlvior and neurophysiology (Goh et al.,
2020).
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Recently, it has been shown that poly (l:Gdoed MIA at a critical window of
parvalbumin interneuron development can lead taavgments in spatial working memory
(Nakamura et al., 2021). These findings indicatg MIA may act like other mild early-life
stressors to facilitate the development of protecagainst stressors in later life (Fujioka et
al., 2001; Cannizzaro et al., 2006; Li et al., 201Bowever, our understanding of the
adaptations and potential priming effects of MIA r@siliency are relatively underexplored
as the focus is more typically a deficit-based dwetably, the ‘*hidden talents’ approach has
provided a framework for investigating how harsd anpredictable childhood environments
may promote changes in behaviors and cognition #rat adaptive for future harsh
environments in humans (see Ellis et al., 2020planing some of these seemingly
paradoxical observations in animal studies. Thisnidine with the ‘stress acceleration
hypothesis’ and the view that early life adversatcelerates the development of emotion
based behaviors and neural circuits which may ptenmental health resilience (see
Callaghan & Tottenham, 2016). Together, the evidesarrounding these perspectives
suggest that early life experiences influence detsarof brain circuits, affecting both
emotional and cognitive functioning, which may haeatext-specific benefits.

The complexity of the living environment affedrain development at the functional,
anatomical, and molecular level (Kempermann, 2@8line and Abraham, 2019; Zhang et
al., 2018). Increased complexity of the laboratmmymal home cage, so-called environmental
enrichment (EE), is characterized by exposure taremments with rich social, motor,
cognitive and sensory stimulation. Although EE Hzeen implicated in delaying the
appearance of symptoms associated with certaim lisiorders (Chourbaji et al., 2011,
Herring et al., 2009; Van Dellen et al., 2000)algo makes individuals that are exposed to
EE more vulnerable to its loss. Indeed, when ther@emment changes from being enriched to
more impoverished (EE removal) behavioral alterstinked to depressive symptomology
occur (Morano et al.,, 2019; Smith et al.,, 2017).r&bwer, these behavioral changes are
accompanied by dysregulation of the hypothalamtistary-adrenal axis activity in female
rats (Morano et al., 2019). EE removal may theeefoe considered as a second hit factor
which could potentially reinforce the disruptiomsliiced by the first hit (e.g., MIA) in early-
life and ultimately lead to onset of a full clinicayndrome.

In the present study, we aimed to examine hov Mteracts with the loss of the social
component of life-long EE, influencing neuropatigylcand cognitive functioning of both
male and female offspring. Social isolation hasnbaaplicated in mediating a range of
behavioral deficits in adulthood including sensarior processing, social interaction
abnormalities, heightened anxiety and cognitivefudystion (Bakshi and Geyer, 1999; Fone
and Porkess, 2008). By integrating this compones,can further explore mechanisms
underlying the variation in the neurodevelopmenrgallience and susceptibility to a ‘second-
hit’ stressor in later life. Impairments in thegodtive functions were evaluated by leveraging
a touchscreen-based operant task paradigm. Par-discrimination (PD) and reversal
learning (RL) tasks have been employed to assgsaiiments in motivation, memory, rule
learning, and cognitive flexibility (Bryce and Haamid, 2015; Bussey et al., 2012; Horner et
al., 2013; Lins et al., 2018).

To examine the neuropathological alteratioves focused on the prefrontal cortex (PFC),
an important brain region for cognitive control (i and Cohen, 2001). In this region, we
measured the density of parvalbumin (PV+) cells padneuronal nets (PNNs), which are
involved in various functions including the regidat of signal transmission and circuit
plasticity (Testa et al.,, 2019), and in supportcwgnitive processes including working
memory and attentional set shifting (Cho et al}20-uchs et al., 2007; Sohal et al., 2009).
PV+ expression abnormalities and malformation ofNBNhave been implicated in the
etiology of neurodevelopmental disorders (Fund.e2810; Hashimoto et al., 2003; Testa et
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al., 2019). To further explore neurochemical atiers in the PFC, we analyzed mRNA
expression of neural markers associated with @iffeneurotransmitter pathways.

2. Materials and Methods
2.1. Animals

Male and female C57BL/6J mice arrived fréma §ackson Laboratory (Bar Harbor, ME),
and were housed at 20°C on a 12 h light/dark o&1@0-1900 light) with ad libitum access
to food and waterFigure 1 details the timeline of experim&l procedures which took place
during the light phase. Female mice were housegda&s in either larger environmental
enrichment cages (EE; NAOHT mouse cage, AncardmBed, NY), with access to toys,
tubes, a Nylabone, Nestl8tgAncare, Bellmore, NY) and Bed-r N&s(ScottPharma
Solutions, Marlborough MA), or standard sized ca@@®; N10OHT mouse cage, Ancare,
Bellmore, NY) with NestlefSand a Nylabone only. Males were paired in SD i until
breeding. At that point, male animals were housetth Wwo EE or SD females. Dams
received either a 20 mg/kg intraperitoneal injectad polyinosine-polycytidylic acid (poly
(I:C); tIrl-picw, lot number PIW-41-03, InvivoGenjr vehicle (sterile pyrogen-free 0.9%
NaCl) on the morning of gestational day (G)12. priisg were weaned into same-sex groups
on P21 and maintained in their housing assignmésis = 2-3 animals/cage; EE = 4-5
animals/cage) until P90. Additional methodologidatails, including the validation of poly
(I:1C), can be found in the reporting table from ke et al. (2019), provided as
Supplementary Table 1. The MCPHS University Institutional Care and Usentnittee
approved all procedures described, which were edhriout in compliance with the
recommendations outlined by the Guide for the Gaug Use of Laboratory Animals of the
National Institutes of Health.

2.2. Touchscreen Learning

On P90, animals were individually housed in @EE conditions and food restricted (at
85-90% of their free-feeding weight which was mainéd until the end of the study) to
facilitate touchscreen responding for a milksha&eard (Strawberry Nesquik®). Prior to
touchscreen training, animals were habituated edlitjuid food reward, placed on a plastic
dish, in their home cages (n = 8-13 litters repmése: per sex, MIA and housing group). Eight
touchscreen sound-attenuated operant chambers (feanipstruments Ltd, UK) were used
to run the visual discrimination and reversal tagkstails on the apparatus and dimensions
have been reported previously (Horner et al., 20T8ining and testing were completed
using the ABET Il software.

Mice were first habituated to the chambers tinained to a) recognize the sound and light
cues, b) interact physically with the touchscremrg c) collect the liquid rewards following
the manufacturer’'s suggested protocol, and as qusli outlined by Lins et al (2018).
Chambers were thoroughly cleaned with Quat TB, smdchscreens with 10% ethanol
alcohol (to maintain touch sensitivity), betweenteanimal and session.

Visual discrimination: In this task, novel black and white images (thessita ‘fan’ and
‘marbles’) were simultaneously presented to miéigyre 1). Left and right placement of the
visual stimuli were presented in a pseudo randadnimanner. For each animal, one of the
two images was always correct (S+), regardlesdsofeit vs right placement. When the
animal responded to this S+ image, they receivedoatinuously reinforced (100%
probability of reward) delivery of ~7 ul of liquithilkshake. If the mouse responded to the
incorrect (S-) image, no reward was produced aedatimals had a 5-second ‘time out’
period, followed by a correction trial. Once thenaal correctly responded to the correction
trial (where the two images were presented in #meesspatial configuration as the previous
trial in which the animal had responded incorréctlye next trial of the session commenced.
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The designation of the correct stimulus (fan vsbiggrwas counterbalanced across mice.
Criterion was reached when the animal completedrid® in 1 hour (excluding correction
trials) per daily session with >85% correct for taansecutive daysf an animal could not
meet criterion after 30 days, they did not progres® the next task (Radke et al., 2019;
Kenton et al., 2020).

Reversal learning: Reversal learning was evaluated after successiulptiion of the
visual discrimination task (n = 7-11 litters remeted per sex, MIA and housing group). In
reversal learning the previously correct image (889omes the incorrect visual stimuli (S-)
while the previously incorrect image (S-) becontes ¢orrect choice (S+) that would result
in a liquid reward delivery. Criterion was reachatien animals reached 30 trials in 60
minutes with >85% correct for two consecutive daysvere tested for 10 days (Prado Lab,
2019; Van den Broeck et al., 2019).

2.3. Sucrose Preference Test

To evaluate the effect of social enrichmergsl@n anhedonia, we utilized the 16-hr
overnight sucrose preference test (Connors €2@l4; Kentner et al., 2010). Here, male and
female animals were given two bottles, each coimgigither a 1% sucrose solution or water.
Sucrose preference was determined by calculategaitio of sucrose intake (grams) to total
fluid intake (grams) and converted into a percemtres. The placement of the sucrose and
water bottles was counterbalanced between trigiseieent side preferences. At no time were
animals deprived of food or water.

2.4. Tissue collection and analysis

To circumvent the confound of touchscreen ingnmodifying the brain, we collected
tissue from littermates matched to our touchsceeemals on P85 (n = 8 litters represented
per sex, MIA and housing group). This allows fdyedter assessment of the role of poly (I:C)
in our data interpretation. A mixture of Ketamingldzine (150 mg/kg, i.p/15 mg/kg, i.p)
was used to anesthetize animals. Animals were geifuntracardially with a chilled
phosphate buffer solution. Prefrontal cortex (PEGJY ventral hippocampus were dissected
from the hemisphere, frozen on dry ice and storted7&°C until processing. The other
hemisphere was post-fixed in a 4% paraformaldehgtesphate buffer 0.1M solution (BM-
698, Boston BioProducts) overnight at 4°C. Tissas submerged in ice cold 10% sucrose in
PBS (with 0.1% sodium azide) and incubated at 4€right. The next day, solution was
replaced with 30% sucrose in PBS for 3 days. Tisaas then flash frozen with 2-
methylbutane (O3551-4, Fisher Scientific) and st@e-75°C until sectioning.

2.5. RT-PCR

Using the RNeasy Lipid Tissue Mini Kit (Qiagef#804), total RNA was extracted from
frozen tissue and resuspended in RNase-free wat&tanoDrop 2000 spectrophotometer
(ThermoFisher Scientific) was used to quantify asel RNA. Total RNA was reverse
transcribed to cDNA with the Transcriptor High HilecDNA Synthesis Kit (#5081963001,
Millipore Sigma) using the manufacturers proto@sid the final cDNA solution was stored
at -20°C until analysis. Quantitative real-time P@Rh Tagman™ Fast Advanced Master
Mix (#4444963, Applied Biosystems) was used to meathe mRNA expression (Séable
1 for list of genes expression assays). Reactioms aealyzed in triplicate using optical 96-
well plates (Applied Biosystems StepOnePlus™ RéaleTPCR System) and relative gene
expression levels were evaluated using theA*" method with 18S (Hs99999901 s1). Gene
expression was normalized in relation to 18S am$ented as mean expression relative to
same sex SD-saline treated controls. As shown quslyi, 18S did not differ across groups
(Zhao et al., 2021).
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2.6. Immunohistochemistry

Coronal sections (40 um thick) were obtainedaocryostat (Leica CM1860) as a 1:4
series and stored at -20°C in cryoprotectant uimtinunocytochemistry. Free-floating
sections were washed in PBS to remove the cryopesie Prefrontal cortex sections were
selected from 2.09 to 1.93 mm caudal to Bregmadasethe Paxinos & Franklin, 2019
brain atlas. For tissue processing, sections wesanted onto charged slides and dried
overnight. Slides were then rinsed with PBS anovwald to incubate in primary antibodies
for wisteria floribunda agglutinin (PNNs; 1:1,008igma-Aldrich L1516) and parvalbumin
(PV+; 1:500; RnD cat# AF5058) for 1 hour at roomperature, followed by 48 hours at 4
degrees C. Slides were then washed with PBS, treeith secondary antibodies Alexafluor
594 (1: 600; cat# A-11016) and Alexafluor 488 (D06 cat#S112233) in PBS-T, washed
again with PBS, and immediately cover slipped Witittashield antifade mounting medium
(Vector Laboratories H-1500-10). Sections were ietagt 20x magnification and stitched on
the Keyence BZ-X800 all-in-one fluorescence micopee for counting of the prelimbic
cortex (PL), infralimbic cortex (IL), medial orblt@ortex (MO) and ventral orbital cortex
(VO). There were 1 to 3 sections taken for eaclntmegion of interest. For example, MO
only appeared on one plate in the brain atlashetwas one section per animal counted for
this region. VO appeared on two plates in the bedias, so there were two sections per
animal counted for this region. The number of Bt and PNNs were counted manually in
ImageJ by two researchers blind to the experimagrtalps (inter-rater reliability >0.90). A
PNN was identified by being a fully formed “halcghd any partial PNN or background
staining was not counted.

2.7. Statistical analyses

The statistical software package Statisticaftvgare for the Social Sciences (SPSS)
version 26.0 (IBM, Armonk, NY) was used for all &ses, except for the survival curves
which were evaluated with the Log-rank (Mantel QGest) using GraphPad Prism (Version
9.0). Following the overall omnibus test evaluatidigeight groups, individual Log-rank tests
were conducted as post hocs, alongside a Bonfekwolm alpha correction to protect
against multiple comparisons (Giacalone et al. 3201

Two or three-way ANOVAS were used as approprién cases of significantly skewed
data (Shapiro-Wilks), Kruskal-Wallis tests (nongraetric equivalent to ANOVA, reported
as.X?) were applied. Body weight was used as a covafiateucrose preference data. LSD
post hocs were applied, except where there wererféhan three levels in which case
pairwise t-tests and Levene’'s were utilized. Mugtigesting procedures for the gene
expression data were analyzed using the False Risg®ate (FDR). Partial eta-squareg’)
is also reported as an index of effect size (tingeaof values being 0.02 = small effect, 0.13
= moderate effect, 0.26 = large effect; Miles ahé\&in, 2001).

3. Results
3.1. Behavioral tests
3.1.1 Touchscreen

The overall Log-rank (Mantel-Cox) test wasngfigant across all groups, suggesting a
difference in session-to-criterion survival curg$ (7) = 19.82, p = 0.006igure 2A). Post
hoc tests failed to identify differences across MHhousing, or sex using adjusted alpha
values that accounted for the number of comparisnpade (p>0.01). However, ANOVA
revealed a main effect of sex on number of sessiegsired to reach criterion in the
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discrimination task (F(1, 67) = 12.086, p = 0.0602 = 0.153; male: 9.94+0.82 vs female:
15.9+1.38).

The total number of discrimination trials agwors did not differ across groups (p>0.05;
Figure 2B). A MIA by housing interaction (F(1,67) = 4.028=0.049,np’ = 0.057) revealed
that EE-poly (I:C) mice required more correctiaals compared to their EE-saline (t(37) = -
3.416, p = 0.002) and SD-poly IC counterparts (t342.788, p = 0.009). This suggests that
the combination of multiple early life stressors IfM+ companion loss) compounded
impairments on this measurBigure 2B). Latency to collect rewards and make incorrect
responses was not different as a function of seb bt housing (p>0.05Figure 2C).
However, there were significant sex differenceghie average latency to make a correct
response in the visual discrimination tas® (1) = 5.311, p = 0.021). Specifically, male
treated MIA & (1) = 6.501, p = 0.011; poly (I:C): 4.89 + 2.78S®: 7.84 + 0.92) mice were
faster, and female EEX{ (1) = 4.116, p = 0.042; SD: 7.14 + 0.84 vs EE98:8).704) mice
were slower, to respond when making a correct eh@igure 2C). In alignment with other
research suggesting that females thrive betteromiak environments, this suggests that
female EE mice were more sensitive to the los®ofganionship in their homepage.

For reversal learning, there were no groufedihces in session-to-criterion survival
curves (Long-rank test, °X(7) = 10.26, p = 0.17 (N.SEigure 3A) or in the number of
sessions to reach reversal criterion (p>0.05).tdted number of trials completed were lower
for female poly (I:Cg animals relative to their is&l counterparts (sex x MIA: F(1, 56) =
14.064, p = 0.00Inp” = 0.201; female poly (I:C) vs female saline (p.602);Figure 3B).
Additionally, female poly (I:C) mice made fewer @ compared to female saline animals
(sex x MIA: F(1, 56) = 11.24, p = 0.00dp? = 0.167; female poly (I:C) vs female saline (p =
0.005);Figure 3B) suggesting that early life challenges may noy dehd to impairments,
but may be associated with some performance benéfisignificant sex x housing x MIA
interaction (F(1, 57) = 7.048, p = 0.01fp” = 0.110) showed that male (p = 0.027) and
female (p = 0.0001) SD-poly (I:C) animals requifedier correction trials than same-sex EE-
poly (I:C) mice. This is in line with evidence thaultiple hits can result in cognitive deficits
that are not apparent with only one stressor expodilbo et al., 2005). Moreover, female
SD-poly (I:C) mice had fewer correction trials th8D-saline animals (p = 0.000Eigure
3B), again highlighting the potential for early ligglversity to confer functional advantages.
There were no differences in average latency tecolewards or to make incorrect and
correct responses on the reversal trials (p >@Qfure 3C).

3.1.2. Sucrose Preference Tests

To determine whether EE-poly (I:C) animals hadtivational, rather than cognitive,
impairments associated with the multiple stresgpegence (MIA + social companion lo0ss)
we conducted a 16-hour sucrose preference test.ditWaot observe anhedonia using this
measure (p>0.055upplementary Figure 1). Moreover, animals were not different in their
latency to collect the milkshake rewar@&gure 2C; Figure 3C). Therefore, we did not find
motivational deficits in these animals that woulterfere with their touchscreen responding.

3.2.Taq Man gPCR
3.2.1. GABA and Glutamatergic Receptor Expression

We observed that levels of Gabrg2 in the Ple@evelevated in poly (IC) treated (F(1, 28)
= 5.007, p = 0.033np? = 0.152; poly (IC): 1.10+1.09 vs saline: 0.85+(.@hd standard
housed mice (males: F(1, 28) = 10.768, p = 0.0¢8,= 0.278; SD: 1.160.09 vs EE:
0.79+0.09; females: F(1, 28) = 9.606, p = 0.08g°> = 0.255; SD: 1.09+0.05 vs EE:
0.82+0.07;Supplementary Table 2). Grinl expression was increased in female SD-fialy
animals compared to SD-saline (p = 0.004) and HE-d€) mice (p = 0.003; housing X
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MIA interaction: F(1, 28) = 13.250, p = 0.00dp? = 0.321;Figure 4A). There were no
housing or MIA effects on Grin2a (p>0.08ypplementary Table 2), however PFC levels of
Grin2b were elevated in male poly (IC) mice (F(8) 2 21.745, p = 0.000hp* = 0.437;
poly (IC): 1.28+0.52 vs saline: 0.95+0.0Bigure 4B). Additional statistical analyses of
ventral hippocampal levels of each of these gearde found irBupplementary Table 2.

3.2.2. Markers of Monoamine and Cholinergic Functioning

A variety of receptor mechanisms involved inmoaminergic and cholinergic signaling
are critical for PFC mediated cognitive functionifigupalo et al., 2019; Waltz, 2017).
While male SD mice had higher Drd1 expression keeimpared to EE animals in the PFC
(p = 0.017; main effect of housing: F(1, 28) = ®4p = 0.017np” = 0.187; SD: 1.109+0.07
vs EE: 0.85+0.07Supplementary Table 2), there were no significant group effects of Drd2
(p>0.05; this and ventral hippocampal dopamine pt&we genes are provided in
Supplementary Table 2). In contrast, Htr2a levels in PFC were elevategdaly (I:C) males
compared to saline (p = 0.007; main effect of MFAL, 28) = 8.484, p = 0.00#p® = 0.233;
poly (I:C): 1.304+0.12 vs saline: 0.90+0.07igure 4C). SD-poly (I:C) was also associated
with increased Htr2a in the PFC of female mice caraeg to SD-saline (p = 0.001) and EE-
poly (I:C) animals (p = 0.001; MIA x housing inteton: F(1, 28) = 14.615, p = 0.001,
np°=0.343;Figure 4C).

There were no group effects (p>0.05) for thsiaular acetylcholine transporter Slc18a3
(Figure 4D) or choline acetyltransferase mRNA (CHagure 4E) in the PFC.

The muscarinic receptors Chrml and Chrm4 hbheéh been implicated in the
pathogenesis of schizophrenia (Gibbons & Dean, RAerm4 was significantly reduced in
EE-saline vs EE-poly (I:C) male, but not femalecenin the PFC (p = 0.0001; MIA X
housing interaction: F(1, 28) = 4.909, p = 0.08p°= 0.149; Supplementary Table 2).
While Chrml was elevated in female EE compared Don8ce (p = 0.001; main effect
housing: F(1, 28) = 14.893, p = 0.00p? = 0.347; EE:1.37+0.08 vs SD: 1.05+0.63gure
4F), in males there was a significant main effechidh (F(1, 28) = 16.688, p = 0.000hp?
= 0.373). Here, male poly (I:C) had elevated PR@Ikof this muscarinic receptor compared
to saline (p =0.0001; poly (I:C): 1.40+0.06 vs 8ali1l.07+0.05Figur e 4F).

3.2.3. Synaptic Plasticity Markers

Appropriate functioning of synaptic plasticitythe prefrontal cortex, via mediators such
as CaMKIl and other protein kinases, is critical behavioral flexibility Ma et al., 2015;
Natividad et al., 2015). In males, both Camk2aFigure 4G) and Prkca Kigure 4H)
expression levels were elevated in poly (I:C) coragdo saline treated mice (main effect of
MIA; CamK2a: F(1, 28) = 9.320, p = 0.008p? = 0.250; poly (I:C): 1.44+0.07 vs saline:
1.17+0.07; Prkca: F(1, 28) = 27.233, p = 0.00@f,= 0.493; poly (I:C): 1.75+0.13vs saline:
0.99+0.06). SD-poly (I:C) females had heightenefdression of Camk2a (MIA x housing
interaction: F(1, 28) = 43.633, p = 0.00p>=0.609) and Prkca (F(1, 28) = 14.416, p = 0.005,
np® = 0.340) compared to SD-saline (Camk2a: p= 0.6&tca: p = p = 0.002) and EE-poly
(I:C) animals (Camk2a: p = 0.0001; Prkca: p = 0)0&E-saline animals also had increased
levels of Camk2a (p = 0.001) compared to EE-pal@)(nimals, suggesting that multiple
stressor hits may inhibit some of the advantageeomd by stressful experiences.

3.2.4. Immunohistochemistry of PV+ and PNNs

Using a poly (I:C) rat model of MIA, previolulsvestigators (Paylor et al., 2016) have
found selective reduction of PNNs and the percent#fgPV+ cells surrounded by PNNSs in
the medial prefrontal cortex region. We have ex¢ghnithese observations from the PL and IL
to also evaluate MO and VO in mic€igure 5A provides the representative plates with our


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

PFC regions of interest outlined whilggure 5B shows representative PV+, PNN, and
PV+/PNN colocalization of cells. With respect t@ tRL, EE male and female animals had
higher expression of PV+ cells (SD: 25.36 + 2.5k; B3.70 + 2.62; F(1, 42) = 5.225, p =
0.027,np*=0.111:Figure 5C). There was a MIA effect in this region in thae ttensity of
PNNs was significantly reduced in both male anddienMIA mice (Saline: 10.40 = 0.99;
poly (I:C): 7.40 + 0.62; F(1, 42) = 6.330, p = 08)hp’=0.131:Figure 5C). While the
percent of colocalized PV+ cells ensheathed in PNMsnot vary for males in the PL
(p>0.05), there was a significant MIA by housingenaction for female mice (F(1, 42) =
7.193, p = 0.010np°=0.146;Figure 5C). Specifically, EE-saline female mice had a higher
percentage of colocalization than SD-saline (0.@4ts) EE-poly ((I:C); p = 0.003) animals in
this brain region.

In terms of the IL, there were significantardctions between sex and MIA (F(1, 42) =
6.525, p = 0.014np*=0.134) and sex and housing (F(1, 42) = 6.429,000%3,np*= 0.133;
Figure 5D). Female MIA mice had higher expression of PV+itpas cells in the IL
compared to saline treated (saline: 26.465 + 4.p4B; (1:C): 43.494 £ 4.774; 1(24) = 2.584,
p = 0.016). Enriched housed females were foundetoanhstrate the same pattern of PV+
expression compared to SD (SD: 26.193 + 4.233; 43766 *+ 4.974; t(24) = -2.691, p =
0.013). No significant interactions or main effeatsre observed for either density of PNNs
or percent of colocalization of PV+ and PNNs in th¢Figure 5D; p>0.05).

There was a significant sex by MIA by housinggraction (F (1, 42) = 7.207, p = 0.010,
np®= 0.146) for PV+ expression in the MO where maleily (I:C) treated rats had lower
expression compared to EE-poly (I:C) mice (t(10B865, p = 0.004Figure 5E). Female
SD-poly (I:C) mice had elevated expression of P\élisccompared to SD-saline controls
(t(11) = 3.339, p = 0.00Figure 5E). In the MO, density of PNNs was higher in malet&

+ 1.09) compared to females (3.67 + 0.74; F(1,%42)411, p = 0.042p? = 0.095) and in
SD (5.35 + 2.03) versus EE housed mice (2.29 +X%4)=6.166, p = 0.01Figure 5E).

The VO region was also associated with a Bagmit sex by MIA by housing interaction
for PV+ expression (F(1, 42) = 4.360, p = 0.04, =0.094). While follow-up analyses did
not find any differences in males (p>0.6%gure 5F), female EE-poly (I:C) mice had lower
PV+ expression compared to SD-poly ((I:C); t(11)-3:674, p = 0.004) and EE-saline
animals (t(11) = -2.426, p = 0.038tgure 5F). Post hoc tests following a significant sex by
MIA by housing interaction for PNNs (F(1, 42) = 85) p = 0.029np? =0.108) did not detect
group differences (p>0.05). However, while a sed BIA interaction (F(1, 42) = 4.122, p =
0.049, np* =0.089) for the percentage of PV+ cells ensheatinedNNs revealed no
differences among male mice (p>0.0Bigure 5F), female SD-poly (I:C) mice had a
significantly higher percentage of colocalizatiammpared to SD-saline animals of the same
sex (t(11) = 2.617, p = 0.02&igure 5F). Overall, there were heterogeneous changes in
expression of PV+ and PNNs throughout the PFC megag a function of both MIA and
housing.

Discussion

In the current study, we demonstrate that gb{y)-induced MIA imposes sex-specific
enhancements on a variety of learning motifs, whitsinds in line with recent findings on
enhanced spatial working memory in prenatally gdgboly (I:C) mice (Nakamura et al.,
2021) and improved cognitive performance ie 8ichoice serial reaction time task in LPS-
mice treated prenatally (Makinson et al., 2019). fitdt glance, these findings stand in
contrast to previous studies reporting disruptedfopmance in the working memory,
executive function, and cognitive flexibility oféee animals (Amodeo et al., 2019; Lins et
al., 2018; Meehan et al., 2017; Meyer et al., 20d0rray et al., 2017; Wallace et al., 2014;
Gogos et al.,, 2020). In addition to the differenaesbehavioral tasks used across these
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studies, it should be noted that several factoch s1s the immune stimulus intensity and the
timing of challenge may also contribute to the dipancies between the findings. For
example, compared to earlier poly (I:C) exposur& lslpplied at later gestational stages (e.g.
GD 14.5 and 17.5) is more influential on the digptd schizophrenia-related behaviors
(Meehan et al., 2017).

Our results suggest that MIA in mid-gestatinay have an enhancing effect on certain
aspects of cognitive functions. This echoes thenaif the ‘hidden talents’ approach (Ellis
for individuals who grew up in harsh and unpreditdgenvironments. The improved abilities
on some measures are hypothesized to support suwies predicted future environments
of the same difficult nature. This ‘hidden talenfsimework could help explain some of
these seemingly paradoxical observations that @sen@ in the MIA model. Alongside the
commonly used ‘deficit-based’ approach, it could decomplementary perspective for
considering the differential effects of many typet early experiences on later-life
functioning (Ellis et al., 2020).

Sex differences in cognitive abilities haveevell studied in both humans and animal
models (review see (Hyde, 2016; Jonasson, 2005)varfdund in the current study that male
mice required fewer sessions than females to reaitkrion in the PD task. Generally,
touchscreen-based PD and RL tasks are used tcsasg@srments in motivation, memory,
rule learning, and cognitive flexibility (Bryce andowland, 2015; Bussey et al., 2012;
Horner et al., 2013; Lins et al., 2018) and the déferences uncovered here may reflect a
small male advantages in some aspects of theskieabiBerger-Sweeney et al., 1995;
Jonasson, 2005). However, it should be mentionatl ith addition to showing a reduced
latency to make a correct response, male MIA mise seemed to show a reduced latency to
make an incorrect response. Although this lattiercéfvas non-significant, it is suggestive of
a possible impulsivity phenotype in these malesrddeer, our female SD-poly (I:C) mice
required fewer correction trials than SD-salinetomla to complete RL task. This suggests
that the enhancing effect of MIA exposure may bierfefmales more than males. This is
consistent to previous work showing that in thehbice serial reaction time task, LPS-
treated females learned the task more quickly asplayed a higher level of motivation to
earn a reinforcer (decreased time required to reatgdrion; Makinson et al., 2019). It is also
noted that the sex dependent effects of MIA on tognperformance may also be species
and strain dependent (Gogos et al., 2020; Ling ,e2@18; Lins et al., 2019; Nakamura et al.,
2021).

Long-term EE exposure followed by the loss otial enrichment may dampen the
enhancing effects of MIA. This is supported by éodings that male and female SD-poly
(I:C) animals required fewer correction trials theame-sex EE-poly (I:C) mice. In the
current study, the cognitive tasks were conduabddwing social isolation, which has been
implicated in mediating a range of behavioral defiin adulthood including sensorimotor
processing, social interaction abnormalities, hieiged anxiety and cognitive dysfunction
(Bakshi and Geyer, 1999; Fone and Porkess, 200&) sdcial isolation was a component of
the standard protocol for touchscreen trainingfatlitate food restriction to increase an
animal's responding for food rewards (Horner et 2013). Although both SD and EE
animals were subjected to social isolation, theeerpce appeared to impose negative
impacts on the cognitive performance of EE-polf)Imice. This is consistent with the
notion that loss of enrichment may elicit uniqueamtes in behavioral and physiological
phenotypes indicative of stress or despair (Morinal., 2019). Specifically, single housing
following prolonged EE exposure was associated wittreased weight gain, elevated
helplessness and passive coping behaviors, and tebtlurhypothalamic-pituitary-
adrenocortical activity (Morano et al., 2019; Snathal., 2017). Social isolation itself causes


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

structural changes (e.g., impaired myelination daedreased density of dendritic spines) in
the PFC (Lie et al., 2012; Silva-Gomez et al., 3008 contrast, isolation rearing following

MIA in SD-housed animals was protective againstatigg impacts on behavior and

neurophysiology (Goh et al., 2020).

At the neurophysiological level, the mechargsunderlying the enhancing effects of
MIA remain to be elucidated. Our current resultggast that protein kinase C (PKC)
signaling in the PFC may be a potential pathwayniediating these effects. PKC isoforms
are critically involved in many types of learningdamemory (Alkon et al., 2007; Nelson et
al., 2008; Sun and Alkon, 2010). Moreover, PKC baractivated by various synaptic inputs
and intracellular signals that are involved in mlating cognitive functions, including
glutamatergic (Hasham et al., 1997), cholinergibgi€ et al., 2005; Xiong et al., 2019) and
serotonergic inputs (Carr et al., 2002; Carr et203). Therefore, the enhancing effects of
MIA on cognition may be mediated through these tamn the PKC signaling pathway. This
is supported by our data showing upreguld®ecka, Grin2b, Chrml andHtr2a in the poly
(I:C)-treated male mice.

Changes in the balance between inhibition erdtation within the PFC, mediated
through GABA and glutamate signaling, can impaihdegoral flexibility (Bissonette &
Powell, 2012; Enomoto et al., 2011). Calcium/calmimddependent protein kinase type Il
subunit alpha (CamK2a) interacts with NMDA subuitsl together they have a critical role
in plasticity and learning (Ma et al., 2015; Taksthieet al., 2009). Given the parallel increase
of these markers in our poly (1:C) animals (Group We originally predicted that this
upregulation was a strategy enacted by the braém iattempt to compensate for the early life
inflammatory challenge, but that we would still ebge functional deficits in touchscreen
performance (Group 2). Instead, the MIA animalgpssed us by demonstrating sex-specific
improvements in their PD and RL tasks. Notably, dpeegulation of Grin2b expression in
male PFC could be an indication of region-speabmpensatory plasticity following MIA,
since decreased levels of this receptor are repanteother brain regions and with other
immunogens (Connors et al., 2014). The specifiegylation in Grinl may also similarly
facilitated improved learning in our female SD-p@hC) animals.

Given that poly (I:C) induced MIA in rodents ¢onsidered a model for schizophrenia
(Meyer, 2019), and the role of muscarinic receptorscognitive functioning, we were
interested in their expression in this model. Chisithought to be important for synaptic
plasticity (Gibbons & Dean, 2016) and treatmenthwselective agonists for this receptor
have resulted in improvements in performance intispemmemory tasks (Vanover., et al.,
2008), reversal learning (Shirey et al., 2009), aodel object recognition (Bradley et al.,
2010). Our data of elevated PFC Chrml expressitorngside improved behavioral
flexibility in male SD-poly (I:C) mice, are in lin@ith these findings.

In contrast, the contribution of the 5HT2a e@or to cognition is complicated by
conflicting reports of its antagonism both enhagdiAmodeo et al., 2014, Baker et al., 2011)
and inhibiting behavioral flexibility (Boulougourigt al.,, 2008), and of its activation
impairing probabilistic reversal learning (Amodeoaé, 2020). This suggests that the MIA-
induced upregulation of PFC Ht2a in the currentlgtshould be associated with a cognitive
impairment. Instead, we observed MIA mice to hawygeaeral improved performance in PD
and RL touchscreen tasks. A critical differenceour work could be that the elevated
receptor level in our female SD-poly (I:C) micelikely reflective of a chronic, rather than
acute, change. It is also possible that pharmamabgHt2a receptor activation may improve
behavioral flexibility at different doses and mémegeted central administration routes.

Both parvalbumin (PV+) and perineuronal n&slNs) are involved in the regulation of
developmental critical periods in the cortex (Huatal., 1999; Hensch, 2005; Takesian &
Hensch, 2013). The fast-spiking inhibitory PV+ meurons are frequently surrounded by
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PNNSs, which provide metabolic support from the dedhaf these cells (Reinert et al., 2003;
Hartig et al., 1999). Our results suggest that dhered expression of PV+/PNNs in the
prefrontal cortex following MIA may contribute thi@é improved cognitive performance in
female mice. Several previous studies have denaiestithat prefrontal PV+ interneurons
support cognitive flexibility tasks through modurtef gamma oscillations (Cardin et al., 2009;
Cho et al., 2015; Sohal et al., 2009). In our aurtudy, when compared to the saline
controls, poly (I1:C) females expressed higher lewa PV+ cells in the infralimbic cortex.
SD-poly (I:C) females also expressed more PV+ ¢elthe medial orbital frontal cortex and
more PV+ cells ensheathed with PNNs in the vemriital frontal cortex. By enwrapping
the PV+ interneurons, PNNs can modulate their fonstand protect against oxidative stress
(Berretta et al., 2015; Favuzzi et al., 2017). Alsoth infralimbic and orbital frontal cortex
have been implicated in reversal learning (Avigarale 2020; Boulougouris et al., 2007,
Chudasama and Robbins, 2003; Hervig et al., 202d¢e1Almeida et al., 2014; Mukherjee
and Caroni, 2018). We therefore speculate thagtianced expression of PV+ cells in these
regions may contribute to the improved reversahieg in the female MIA mice.

Besides gating PV+ interneuron function, PNBi®e also involved in regulating
experience-dependent circuit plasticity through aemed synapse stabilization and by
restricting synaptic rearrangements beyond theatiperiod for plasticity (Pizzorusso et al.,
2002). Moreover, deficits of PNNs in the PFC hawerb observed in individuals with
schizophrenia (Enwright et al., 2016; Mauney et 2013). In the current study, we found
that MIA also led to reductions of PNNs in the prddic cortex of poly (I:C) offspring,
which is consistent to a previous study using &#t model (Paylor et al., 2016). However,
future studies are needed to examine how thesegyebanay lead to behavioral abnormalities,
or even improved abilities on some measures. Qy¢hnare were heterogeneous changes in
the expression of PV+ and PNNs throughout the Rigibns, as a function of both MIA and
housing. This is in line with the perspective thaime neural changes may result in deficits
and others in context-specific advantages.

The mechanisms underlying the behavioral stgrdnces are not fully understood, but
different concentrations of sex hormones may alap @ role. For example, testosterone may
facilitate cognitive task performance through desieg response latency (Hooven et al.,
2004) while estrogen activates neuroprotectiveaigg pathways (Arevalo et al., 2015) and
is necessary for supporting spatial working memorpuchscreen tasks in females (Sbisa et
al., 2017).

Conclusions

As a complement to previous studies on MIAigacts, the current study reveals and
characterizes additional enhancing effects of MIA cognitive functioning. We also
demonstrate that long-term EE exposure may danmperemhancing effects of MIA when
there is a loss of the enrichment in later lifegyidling additional support for the detrimental
effects of multiple hits. Our results shed lighttbe variable effects of MIA in the etiology
of neurodevelopmental disorders and may help fatlipotential therapeutic or preventive
strategies by taking these variables into consiuera
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Figure Captions
Figure 1. Outline of experimental procedures.

Figure 2. Paired visual discrimination learning in maleftfleand female (right) MIA
offspring. (A) Survival analysis of sessions tocdisiination criterion (n = 8-13 litters
represented per sex, MIA and housing group). (BlalToumber of trials, errors, and
correction trials completed by animals that metedon during all discrimination sessions.
(C) Latency (seconds) to respond for a correctaghoncorrect choice, and reward during all
discrimination sessions. Data expressed as medfiM; 8=7-11 litters represented per sex,
MIA, and housing group. ##p < 0.01, versus EE-§bl®); % < 0.05, main effect of housing;
PPy < 0.01, main effect of MIA.

Figure 3. Reversal learning in male (left) and female {gWMIA offspring. (A) Survival
analysis of sessions to reversal criterion. (B)aloumber of trials, errors, and correction
trials completed during all reversal sessions. l{&ency (seconds) to respond for a correct
choice, incorrect choice, and reward during allersal sessions. Data expressed as mean *
SEM, n=7-11 litters represented per sex, MIA, aadsing group. **p < 0.001, versus SD-
saline; #p < 0.05, ###p < 0.001, versus EE-poy)(F°p < 0.01, main effect of MIA.

Figure 4. Prefrontal cortex gene expression in male (lefj emale (right) MIA offspring
on postnatal day 85. Levels of (A) Grinl, (B) GinZC) Htr2a, (D) Slc18a3 (E) Chat, (F)
Chrm1, (G) Chrm4, and (H) Prkca mRNA. Gene expogssiata are expressed as mean *
SEM, n=8 litters represented per sex, MIA, and lrmugroup. *p < 0.05, **p < 0.01, versus
SD-saline; ##p < 0.01, versus EE-poly (I:C).

Figure 5. Expression of parvalbumin (PV+) and perineurorel(fPNN) density for male and
female MIA offspring on postnatal day 85. (A) Regwetative brain plates for brain regions
of interest such as prelimbic (PL), infralimbic (Plmedial orbital (MO) and the ventral
medial (VO) cortices. (B) Representative depictioof PV+, PNN, and PV/PNN
colocalization. Representative sections and agwocdata for (C) prelimbic, (D) infralimbic,
(E) medial orbital and (F) ventral orbital cortéata are expressed as mean + SEM; n=5-7
litters represented per sex, MIA, and housing grolfpere there were no sex differences,
male and female data were collapsed for visuatimgturposes. *p < 0.05, **p < 0.01, versus
SD-saline; #p < 0.05, ##p < 0.01, versus EE-pal)(Pp < 0.05, main effect of housintp

< 0.05, main effect of MIA.

Table 1. Gene Expression Assays for TagMan™ gPCR
Supplementary Figure S1. Sucrose preference (%) score for male and femaked¥fspring.

Supplementary Table S1. Maternal Immune Activation Model Reporting Guiden
Checklist

Supplementary Table S2. Prefrontal cortex mRNA expression in offspring esed to
maternal immune activation and housed in standaethwronmentally enriched housing.


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements

This project was funded by NIMH under Award NumiB@t5MH114035 (to ACK), a
MCPHS Center for Undergraduate Research Mini-Gréot HT), and a Summer
Undergraduate Research Fellowship (to R.C.R). Titboas wish to thank Drs. Johnny
Kenton and Jared Young for their helpful advicetbe touchscreen tasks and Dr. Steve
Ramirez for his support as wellhe authors would also like to thank the MCPHS l@rsity
School of Pharmacy and School of Arts & Sciencestfeir continual support. The content is
solely the responsibility of the authors and dogisnecessarily represent the official views of
any of the financial supporters.

Author Contributions
X.Z.,H.T., H.D., & R.C.R., ran the experimentsZX.& A.C.K. analyzed and interpreted the
data, and wrote the manuscript; A.C.K., H.T., & Hriade the figures. A.C.K. designed and
supervised the study.

Conflict of Interest
The authors declare that they have no known comgpdinancial interests or personal
relationships that could have appeared to influeneavork reported in this paper.

Data Availability
All data are available upon request to the authors.

References
Arevalo, M.-A., Azcaoitia, |., Garcia-Segura, L.M2015. The neuroprotective actions of
oestradiol and oestrogen receptors. Nat. Rev. Neurb6, 17-29.

Alkon, D.L., Sun, M.-K., Nelson, T.J., 2007. PK@saling deficits: a mechanistic
hypothesis for the origins of Alzheimer's disedsends Pharmacol. Sci. 28, 51-60.

Amodeo, D.A., Hassan, O., Klein, L., Halberstadt,.APowell, S.B. (2020). Acute serotonin
2A receptor activation impairs behavioral flexityilin mice. Behavioural Brain Research.
395, 112861.

Amodeo, D.A., Jones, J.H., Sweeney, J.A., RagozihB. (2014). Risperidone and the
5JHT2A Receptor Antagonist M 100907 Improve Probabdi Reversal Learning in
BTBR T+ tf/J Mice, Autism Research 7, 555-567.

Avigan, P.D., Cammack, K., and Shapiro, M.L. (202Blexible spatial learning requires
both the dorsal and ventral hippocampus and theictfonal interactions with the prefrontal
cortex. Hippocampu30, 733-744.

Babulas, V., Factor-Litvak, P., Goetz, R., SchaefeiA., Brown, A.S., 2006. Prenatal
exposure to maternal genital and reproductive tidas and adult schizophrenia. Am. J.
Psychiatry 163, 927-929.

Baker, P.M., Thompson, J.L., Sweeney, J.A., Raguz2¥.E. (2011). Differential effects of
5-HT2A and 5-HT2C receptor blockade on strategytevimg, Behavioural Brain Research
219, 123-131.


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Bakshi, V.P., Geyer, M.A., 1999. Ontogeny of isdat rearing-induced deficits in
sensorimotor gating in rats. Physiol. Behav. 6 5-382.

Bayer, T.A., Falkai, P., Maier, W., 1999. Genetid mon-genetic vulnerability factors in
schizophrenia: the basis of the" two hit hypothé&siournal of psychiatric research.

Berger-Sweeney, J., Arnold, A., Gabeau, D., Mills 1995. Sex differences in learning and
memory in mice: effects of sequence of testing@mainergic blockade. Behav. Neurosci.
109, 859.

Bissonette, G.B., Powell, E.M. (2012). Reversatriga and attentional set-shifting in mice.
Neurophamacology, 62, 1168-1174.

Berretta, S., Pantazopoulos, H., Markota, M., Brown, and Batzianouli, E.T. (2015).
Losing the sugar coating: potential impact of peuional net abnormalities on interneurons
in schizophrenia. Schizophrenia resed@h 18-27.

Bilbo, S.D., Levkoff, L.H., Mahoney, J.H., WatkinsR., Rudy, J.W., Maier, S.F., 2005b.
Neonatal infection induces memory impairments felllg an immune challenge in
adulthood. Behav. Neurosci. 119, 293-301.

Boulougouris, V., Glennon, J.C., Robbins, T.W. @0Dissociable effects of selective 5-HT
2A and 5-HT 2C receptor antagonists on serial apedversal learning in rats,
Neuropsychopharmacology, 33, 2007-2019.

Boulougouris, V., Dalley, J.W., and Robbins, T.\W20Q7). Effects of orbitofrontal,
infralimbic and prelimbic cortical lesions on séspatial reversal learning in the rat. Behav
Brain Resl79, 219-228.

Bradley, S.R., Lameh, J., Ohrmund, L., Son, T.,pBgj A., Nguyen, D., Friberg, M.,
Burstein,

E.S., Spalding, T.A., Ott, T.R., Schiffer, H.H.,bEdabaei, A., McFarland, K., Davis, R.E.,
Bonhaus, D.W. (2010). AC-260584, an orally bioaatalé M1 muscarinic receptor allosteric
agonist, improves cognitive performance in an ahimadel. Neuropharmacology 58, 365—
373.

Bryce, C.A., Howland, J.G., 2015. Stress facilgatiate reversal learning using a
touchscreen-based visual discrimination procedarmale Long Evans rats. Behav. Brain
Res. 278, 21-28.

Bussey, T., Holmes, A., Lyon, L., Mar, A., McAllet K., Nithianantharajah, J., Oomen, C.,
Saksida, L., 2012. New translational assays forclmieal modelling of cognition in
schizophrenia: the touchscreen testing method foe rand rats. Neuropharmacology 62,
1191-1203.

Callaghan, B.L., Nottenham, N. (2016). The stresekeration hypothesis: effects of early-
life adversity on emotion circuits and behaviorrGopin Behav Sci., 7, 76-81.
doi:10.1016/j.cobeha.2015.11.018.


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cardin, J.A., Carlén, M., Meletis, K., Knoblich,,lZhang, F., Deisseroth, K., Tsai, L.-H.,
and Moore, C.l. (2009). Driving fast-spiking ceilsduces gamma rhythm and controls
sensory responses. Natd#, 663-667.

Carr, D.B., Day, M., Cantrell, A.R., Held, J., Sabke, T., Catterall, W.A., Surmeier, D.J.,
2003. Transmitter modulation of slow, activity-dagent alterations in sodium channel
availability endows neurons with a novel form oliular plasticity. Neuron 39, 793-806.

Chen, Y., Cantrell, A.R., Messing, R.O., ScheuerChtterall, W.A., 2005. Specific

Modulation of Na+ Channels in Hippocampal NeurogsPootein Kinase C. J. Neurosci.
25,

507-513.

Cho, K.K., Hoch, R., Lee, A.T., Patel, T., Rubemste).L., Sohal, V.S., 2015. Gamma
rhythms link prefrontal interneuron dysfunction kwvitognitive inflexibility in DIX5/6+/-
mice. Neuron 85, 1332-1343.

Chourbaji, S., Brandwein, C., Gass, P., 2011. AlteBDNF expression by genetics and/or
environment: impact for emotional and depressike-lbehaviour in laboratory mice.
Neurosci. Biobehav. Rev. 35, 599-611.

Chudasama, Y., and Robbins, T.W. (2003). Dissoeiabhtributions of the orbitofrontal and
infralimbic cortex to pavlovian autoshaping andcdimination reversal learning: further
evidence for the functional heterogeneity of thderd frontal cortex. J Neuros2s, 8771-
8780.

Clark, S.M., Notarangelo, F.M., Li, X., Chen, Sch&arcz, R., Tonelli, L.H., 2019. Maternal
immune activation in rats blunts brain cytokine dngchurenine pathway responses to a
second immune challenge in early adulthood. ProgurdtPsychopharmacol. Biol.
Psychiatry 89, 286-294.

Connors, E.J., Shaik, A.N., Migliore, M.M., KentneA.C. (2014). Environmental
enrichment mitigates the sex-specific effects ofstggonal inflammation on social
engagement and the hypothalamic pituitary adrexiaifaedback system. Brain, Behavior,
and Immunity, 42, 178-190.

Deslauriers, J., Racine, W., Sarret, P., Grignor2@L4. Preventive effect aflipoic acid on
prepulse inhibition deficits in a juvenile two-mitodel of schizophrenia. Neuroscience 272,
261-270.

Ellis, B.J., Abrams, L.S., Masten, A.S., Sternbd®g]., Tottenham, N., Frankenhuis, W.E.,
2020. Hidden talents in harsh environments. Devetagt and psychopathology 1, 19.

Enomoto T, Tse MT, Floresco SB. Reducing prefrog@hma-aminobutyric acid activity
induces cognitive, behavioral, and dopaminergicoaialities that resemble schizophrenia.
Biological Psychiatry. 2011; 69:432-441


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Enwright, J.F., Sanapala, S., Foglio, A., Berry, Rsh, K.N., and Lewis, D.A. (2016).
Reduced labeling of parvalbumin neurons and peroreu nets in the dorsolateral prefrontal
cortex of subjects with schizophrenia. Neuropsytianmacologytl, 22062214.

Estes, M.L., McAllister, A.K., 2016. Maternal immenactivation: Implications for
neuropsychiatric disorders. Science 353, 772-777.

Favuzzi, E., Marques-Smith, A., Deogracias, R., tffftood, C.M., Sanchez-Aguilera, A.,
Mantoan, L., Maeso, P., Fernandes, C., Ewers, idl,Rico, B. (2017). Activity-dependent
gating of parvalbumin interneuron function by thexipeuronal net protein brevican. Neuron
95, 639-655. e610.

Fone, K.C., Porkess, M.V., 2008. Behavioural androehemical effects of post-weaning
social isolation in rodents—relevance to developialemeuropsychiatric disorders. Neurosci.
Biobehav. Rev. 32, 1087-1102.

Fuchs, E.C., Zivkovic, A.R., Cunningham, M.O., Mielwn, S., LeBeau, F.E., Bannerman,
D.M., Rozov, A., Whittington, M.A., Traub, R.D., Réns, J.N.P., 2007. Recruitment of

parvalbumin-positive interneurons determines hippgeal function and associated behavior.
Neuron 53, 591-604.

Fung, S.J., Webster, M.J., Sivagnanasundaram,udcdn, C., Elashoff, M., Weickert, C.S.,
2010. Expression of interneuron markers in the alatsral prefrontal cortex of the
developing human and in schizophrenia. Am. J. Rayghl67, 1479-1488.

Giacalone, M., Agata, Z., Cozzucoli., P.C., AlibdgnA. (2018). Bonferonni-Holm and
permutation tests to compare health data: methgaalb and applicative issues. BMC
Medical Research Methodology, 18, 81, doi.org/1861412874-018-0540-8.

Gilman, S., Cherkerzian, S., Buka, S., Hahn, Jinigo M., Goldstein, J., 2016. Prenatal
immune programming of the sex-dependent risk foomdepression. Transl. Psychiatry 6,
e822-e822.

Giovanoli, S., Engler, H., Engler, A., Richettq,Beldon, J., Riva, M.A., Schedlowski, M.,
Meyer, U., 2016. Preventive effects of minocycline neurodevelopmental two-hit model

with relevance to schizophrenia. Transl. Psychi@trg772-e772.

Giovanoli, S., Engler, H., Engler, A., Richetto, Yoget, M., Willi, R., Winter, C., Riva,
M.A., Mortensen, P.B., Feldon, J., 2013. Stresguberty unmasks latent neuropathological
consequences of prenatal immune activation in ndceence 339, 1095-1099.

Goh, J.-Y., O'Sullivan, S.E., Shortall, S.E., Zordal., Piccinini, A.M., Potter, H.G., Fone,
K.C., King, M.V., 2020. Gestational poly (I: C) attuates, not exacerbates, the behavioral,
cytokine and mTOR changes caused by isolation mgam a rat ‘dual-hitmodel for
neurodevelopmental disorders. Brain Behav. Imm@n180-117.

Goldstein, J., Cherkerzian, S., Seidman, L., Ddiate-A., Remington, A., Tsuang, M.,
Hornig, M., Buka, S., 2014. Prenatal maternal imendisruption and sex-dependent risk for
psychoses. Psychol. Med. 44, 3249.


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Gibbons, A., Dean, B. (2016). The cholinergic systean emerging drug target for
schizophrenia. Current Pharmaceutical Design, 2242133.

Gogos, A., Shisa, A., Witkamp, D., van den Buuse(2020). Sex differences in the effect
of maternal immune activation on cognitive and pegis-like behaviour in Long Evans rats.
Eur J Neuroscience, 52, 2612-2626. https://pubneédmm.nih.gov/31901174/

Haemisch, A., Voss, T., Gartner, K., 1994. Effexftenvironmental enrichment on
aggressive behavior, dominance hierarchies, andoging states in male DBA/2J mice.
Physiol. Behav. 56, 1041-1048.

Haddad, F., Patel, S., Schmid, S., 2020. Matermahune activation by Poly I: C as a
preclinical model for neurodevelopmental disorderdocus on autism and schizophrenia.
Neurosci. Biobehav. Rev.

Hartig, W., Derouiche, A., Welt, K., Brauer, K.,@sche, J., Mder, M., Reichenbach,

A., Brickner, G. (1999). Cortical neurons immunatee for the potassium channel Kv3. 1b
subunit are predominantly surrounded by perineunogis presumed as a buffering system
for cations. Brain Res. 842, 15-29.

Hasham, M.1., Pelech, S.L., Krieger, C., 1997. @iate-mediated activation of protein
kinase C in hippocampal neurons. Neurosci. Le®, 225-118.

Hashimoto, T., Volk, D.W., Eggan, S.M., Mirnics,,Kierri, J.N., Sun, Z., Sampson, AR.,
Lewis, D.A., 2003. Gene expression deficits in lactass of GABA neurons in the prefrontal
cortex of subjects with schizophrenia. J. Neurda®,.6315-6326.

Hensch, T. (2005). Critical period plasticity ircéd cortical circuits. Nature. 6, 877—888.

Herring, A., Ambrée, O., Tomm, M., Habermahh, Sachser, N., Paulus, W., Keyvani, K.,
2009. Environmental enrichment enhances cellulastlity in transgenic mice with
Alzheimer-like pathology. Exp. Neurol. 216, 184-192

Hervig, M., Fiddian, L., Piilgaard, L., BaZiT., Blanco-Pozo, M., Knudsen, C., Olesen, S.,
Alsi6, J., and Robbins, T. (2020). Dissociable aadadoxical roles of rat medial and lateral
orbitofrontal cortex in visual serial reversal leiag. Cereb Corte20, 1016-1029.

Horner, A.E., Heath, C.J., Hvoslef-Eide, M., KeBtA., Kim, C.H., Nilsson, S.R., Alsi6, J.,
Oomen, C.A., Holmes, A., Saksida, L.M., 2013. Ténechscreen operant platform for testing
learning and memory in rats and mice. Nature paito@, 1961-1984.

Hooven, C.K., Chabris, C.F., Ellison, P.T., Kossl#M., 2004. The relationship of male
testosterone to components of mental rotation. df@myrchologia 42, 782-790.

Hensch, T. (2005). Critical period plasticity ircéd cortical circuits. Nature. 6, 877—888.
Hupalo, S., Bryce, C.A., Bangasser, D.A., Berridge)., Valentino, R. J., Floresco, S.B.

(2019). Corticotropin-releasing factor (CRF) citcoiodulation of cognition and motivation.
Neuroscience and Biobehavioral Reviews, 103, 50-59.


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Hyde, J.S., 2016. Sex and cognition: gender anditteg functions. Curr. Opin. Neurobiol.
38, 53-56.

Jonasson, Z., 2005. Meta-analysis of sex differenteodent models of learning and
memory: a review of behavioral and biological d&taurosci. Biobehav. Rev. 28, 811-825.

Kempermann, G., 2019. Environmental enrichment, newrons and the neurobiology of
individuality. Nat. Rev. Neurosci. 20, 235-245.

Kentner, A.C., McLeod, S.A., Field, E.F., Pittmap,J. (2010). Sex-dependent effects of
neonatal inflammation on adult inflammatory markarsl behavior. Endocrinology, 151,
2689-2699.

Kenton, J.A., Castillo, V.K., Kehrer, P., BrigmahL. (2020). Moderate prenatal alcohol
exposure impairs visual-spatial discrimination irsex-specific manner: effects of testing
order and difficulty on learning performance. Alotbm Clinical and Experimental
Research 44(10) DOI: 10.1111/acer.14426.

Lin, E.-J.D., Choi, E., Liu, X., Martin, A., DuringM.J., 2011. Environmental enrichment
exerts sex-specific effects on emotionality in CB/A mice. Behav. Brain Res. 216, 349-
357.

Lins, B.R., Hurtubise, J.L., Roebuck, A.J., Mark¢,N., Zabder, N.K., Scott, G.A., Greba,
Q., Dawicki, W., Zhang, X., Rudulier, C.D., 20180Bpective analysis of the effects of
maternal immune activation on rat cytokines dumprggnancy and behavior of the male
offspring relevant to schizophrenia. eNeuro.;5(KHER0.0249-18.2018. doi:
10.1523/ENEURO.0249-18.2018.

Lins, R.B., Marks, W.N., Zabder, N.K., Greba, Qgwland, J.G. (2019). Maternal immune
activation during pregnancy alters the behaviorfileroof female offspring of Sprague
Dawley rats. eNeuro, 6, ENEURO.0437-18.2019; doi:
https://doi.org/10.1523/ENEURO.0437-18.2019.

Liu, J., Dietz, K., DeLoyht, J.M., Pedre, X., Ketkd., Kaur, J., Vialou, V., Lobo, M.K.,
Dietz, D.M., Nestler, E.J., 2012. Impaired adultatnyation in the prefrontal cortex of
socially isolated mice. Nat. Neurosci. 15, 16213.62

Leite-Almeida, H., Guimarées, M.R., Cerqueira,, Ribeiro-Costa, N., Anjos-Martins, H.,
Sousa, N., and Almeida, A. (2014). Asymmetric cdapression in the ventral orbital cortex
is associated with impaired reversal learning night-sided neuropathy. Molecular padif,
1744-8069-1710-1741.

Ma, J., Duan, Y., Qin, Z., Wang, J., Liu, W., Xu,.Mzhou, S., Cao, X. (2015).
Overexpression ofiCaMKIl impairs behavioral flexibility and NMDAR-demdent long-
term depression in the medial prefrontal cortexurdscience, 310, 528-540.

Mac Giollabhui, N., Breen, E.C., Murphy, S.K., Maaily S.D., Cohn, B.A., Krighaum, N.Y.,

Cirillo, P.M., Perez, C., Alloy, L.B., Drabick, D.A2019. Maternal inflammation during
pregnancy and offspring psychiatric symptoms iddtitod: timing and sex matter. Journal
of psychiatric research 111, 96-103.


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Mabhic, M., Che, X., Susser, E., Levin, B., Reichb#&jennerud, T., Magnus, P., Stoltenberg,
C., Chauhan, L., Briese, T., Bresnahan, M., 20l1pidémniological and serological

investigation into the role of gestational materm#luenza virus infection and autism
spectrum disorders. Msphere 2.

Makinson, R., Lloyd, K., Grissom, N., Reyes, T.®019. Exposure to in utero inflammation
increases locomotor activity, alters cognitive perfance and drives vulnerability to
cognitive performance deficits after acute immunogvation. Brain Behav. Immun. 80, 56-
65.

Marashi, V., Barnekow, A., Ossendorf, E., SachNer2003. Effects of different forms of
environmental enrichment on behavioral, endocrigicll, and immunological parameters in
male mice. Horm. Behav. 43, 281-292.

Mauney, S.A., Athanas, K.M., Pantazopoulos, H.,s&haa, N., Passeri, E., Berretta, S., and
Woo, T.-U.W. (2013). Developmental pattern of pedronal nets in the human prefrontal
cortex and their deficit in schizophrenia. Biol Biswatry 74, 427-435.

Meehan, C., Harms, L., Frost, J.D., Barreto, Rddld., Schall, U., Weickert, C.S.,
Zavitsanou, K., Michie, P.T., Hodgson, D.M., 20Effects of immune activation during
early or late gestation on schizophrenia-relatdthbieur in adult rat offspring. Brain Behav.
Immun. 63, 8-20.

Meyer, U., 2019. Neurodevelopmental resilience aodceptibility to maternal immune
activation. Trends Neurosci. 42, 793-806.

Meyer, U., Knuesel, |., Nyffeler, M., Feldon, JO1®. Chronic clozapine treatment improves
prenatal infection-induced working memory defiaiishout influencing adult hippocampal
neurogenesis. Psychopharmacology 208, 531-543.

Miller, E.K., Cohen, J.D., 2001. An integrative ¢ of prefrontal cortex function. Annu.
Rev. Neurosci. 24, 167-202.

Miles, J., Shevlin, M., 2001. Applying Regressiam & orrelation: A Guide for Students
and Researchers, first ed. (London).

Moncek, F., Duncko, R., Johansson, B., Jezova2@4. Effect of environmental
enrichment on stress related systems in rats.urodedocrinol. 16, 423-431.

Morano, R., Hoskins, O., Smith, B.L., Herman, J2819. Loss of environmental enrichment
elicits behavioral and physiological dysregulatiofiemale rats. Front. Behav. Neurosci. 12,
287.

Morano, R., Hoskins, O., Smith, B.L., Herman, J219. Loss of environmental enrichment
elicits behavioral and physiological dysregulatioriemale rats. Front. Behav. Neurosci. 12,
287.

Mueller, F.S., Richetto, J., Hayes, L.N., Zambon, Rollak, D.D., Sawa, A., Meyer, U.,
Weber-Stadlbauer, U., 2019. Influence of poly () @riability on thermoregulation,


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

immune responses and pregnancy outcomes in mouselsra maternal immune activation.
Brain Behav. Immun. 80, 406-418.

Mukherjee, A., and Caroni, P. (2018). Infralimbmrtex is required for learning alternatives
to prelimbic promoted associations through recigf@onnectivity. Nature communications
9,1-14.

Murray, B.G., Davies, D.A., Molder, J.J., HowladdG., 2017. Maternal immune activation
during pregnancy in rats impairs working memoryazagy of the offspring. Neurobiol.
Learn. Mem. 141, 150-156.

Nakamura, J.P., Gillespie, B., Gibbons, A., Jaekng, Du, X., Chan, A., Schroeder, A., van
den Buuse, M., Sundram, S., Hill, R.A., 2021. Ma#&rimmune activation targeted to a
window of parvalbumin interneuron development inya® spatial working memory:
Implications for autism. Brain Behav. Immun. 919339.

Natividad, L.A., Steinman, M.Q., Laredo S.A., IremiC., Polis. I.Y., Lintz, R., Buczynski,
M.W., Martin-Fardon, R., Roberto, M., Parsons, L.KR015). Phosphoylation of
calcium/calmodulin-dependent protein kinase Ilhe tat dorsal medial prefrontal cortex is
associated with alcohol-induced cognitive inflekiipi Addict. Biol., 23, 1117-1129.

Nelson, T.J., Sun, M.-K., Hongpaisan, J., AlkonL.D.2008. Insulin, PKC signaling
pathways and synaptic remodeling during memoryag®wrand neuronal repair. Eur. J.
Pharmacol. 585, 76-87.

Ohline, S., Abraham, W., 2019. Environmental enrieht effects on synaptic and cellular
physiology of hippocampal neurons. Neuropharmagoletp, 3-12.

Paxinos, G., Franklin, K.B.J. (2019). The mouserbirastereotaxic coordinates. 5th Edition.
Academic Press, Elsevier.

Paylor, J.W., Lins, B.L., Greba, Q., Moen, N., der®k, R.S., Howland, J.G., Winship, I.R.
(2016). Developmental disruption of perineurondsne the medial prefrontal cortex after
maternal immune activation. Scientific Report, €,11

Pefia, Y., Prunell, M., Dimitsantos, V., Nadal, Bscorihuela, R.M., 2006. Environmental
enrichment effects in social investigation in rats gender dependent. Behav. Brain Res.
174,181-187.

Pizzorusso, T., Medini, P., Berardi, N., Chierzi, Bawcett, J.W., and Maffei, L. (2002).
Reactivation of ocular dominance plasticity in #gult visual cortex. Scienc298, 1248-

1251.

Prado Lab. (2019). Two-Choice Pairwise Visual Disanation Task (PV+D) and Reversal
(PV+R). https://touchscreencognition.org/wp-conigpibads/2019/05/PV+D-SOP-for-
tscog.pdf

Radke, A K., Zweifel, L.S., Holmes, A. (2019). NMDAceptor deletion on dopamine
neurons disrupts visual discrimination and revelesaining. Neuroscience Letters,
699, 109-114.


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Radke, A.K., Piantadosi, P.T., Uhl, G.R., Hall, FF13olmes, A. (2020). Improved visual
discrimination learning in mice with partial 5-HT2j#ne deletion. Neuroscience Letters, 738,
135378.

Reinert, T., Morawski, M., Arendt, T. & Butz, T. @@3). Quantitative microanalysis of
perineuronal nets in brain tissue. Nucl. Instrunetivbds Phys. Res. B. 210, 395-400.

Shisa, A.M., Gogos, A., van den Buuse, M., 2017ati@p working memory in the
touchscreen operant platform is disrupted in fermatie by ovariectomy but not estrous cycle.
Neurobiol. Learn. Mem. 144, 147-154.

Shirey, J.K., Brady, A.E., Jones, P.J., Davis, ARBridges, T.M., Kennedy, J.P., Jadhav,
S.B,,

Menon, U.N., Xiang, Z., Watson, M.L., ChristianPE.Doherty, J.J., Quirk, M.C.,

Snyder, D.H., Lah, J.J., Levey, A.l,, Nicolle, M,M.indsley, C.W., Conn, P.J. (2009). A
selective allosteric potentiator of the M1 musdaracetylcholine receptor increases

activity of medial prefrontal cortical neurons aredtores impairments in reversal

learning. J. Neurosci. 29, 14271-14286.

Silva-Gomez, A.B., Rojas, D., Juarez, |., Flores,2B03. Decreased dendritic spine density
on prefrontal cortical and hippocampal pyramidalmes in postweaning social isolation rats.
Brain Res. 983, 128-136.

Smith, B.L., Lyons, C.E., Correa, F.G., Benoit, $.&yers, B., Solomon, M.B., Herman,
J.P., 2017. Behavioral and physiological consegeenof enrichment loss in rats.
Psychoneuroendocrinology 77, 37-46.

Sohal, V.S., Zhang, F., Yizhar, O., Deisseroth, 2009. Parvalbumin neurons and gamma
rhythms enhance cortical circuit performance. Na#s9, 698-702.

Sgrensen, H.J., Mortensen, E.L., Reinisch, J.Mdrivk, S.A., 2008. Association between
prenatal exposure to bacterial infection and riskahizophrenia. Schizophr. Bull. 35, 631-
637.

Sun, M.-K., Alkon, D.L., 2010. Pharmacology of gt kinase C activators: cognition-
enhancing and antidementic therapeutics. Pharmaket. 127, 66-77.

Takahashi, E., Niimi, K., Itakura, C. (2009). Enbad CaMKII activity and spatial cognitive
function in SAMP6 Mice. Behavioral Neuroscience31227-532.

Takesian, A. E. & Hensch, T. K. (2013). Balancin{asficity/stability across brain
development. Prog. Brain Res. 207, 3—4.

Testa, D., Prochiantz, A., Di Nardo, A.A., 2019riReuronal nets in brain physiology and
disease, Semin. Cell Dev. Biol. Elsevier, pp. 135-1

Van den Broeck, L., Hansquine, P., Callaerts-Vegh, D’'Hooge, R. (2019). Impaired
reversal learning in APPPS1-21 Mice in the touddscrvisual discrimination task. Front.
Behav. Neurosci., 13, 92. doi: 10.3389/fnbeh.200@92


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Van Dellen, A., Blakemore, C., Deacon, R., York, Bannan, A.J., 2000. Delaying the onset
of Huntington's in mice. Nature 404, 721-722.

Vanover, K.E., Veinbergs, I., Davis, R.E. (2008htipsychotic-like behavioral effects and
cognitive enhancement by a potent and selectivecanusc M-sub-1 receptor agonist, AC-
260584. Behav. Neurosci. 122, 570-575.

Wallace, J., Marston, H., McQuade, R., Gartside2&14. Evidence that aetiological risk
factors for psychiatric disorders cause distin¢tguas of cognitive deficits. European
Neuropsychopharmacology 24, 879-889.

Waltz, J.A. (2017). The neural underpinnings ofrabge flexibility and their disruption in
psychiatric illness. Neuroscience, 345, 203-217.

Xiong, C.H., Liu, M.G., Zhao, L.X., Chen, M.W., TgnL., Yan, Y.H., Chen, H.Z.,, Qiu, Y.
(2019). M1 muscarinic receptors facilitate hippopastdependent cognitive flexibility via
modulating GluA2 subunit of AMPA receptors. Neuraphacology, 146, 242-251.

Zhang, T.-Y., Keown, C.L., Wen, X., Li, J., VousdéhA., Anacker, C., Bhattacharyya, U.,
Ryan, R., Diorio, J., O'Toole, N., 2018. Environrtedrenrichment increases transcriptional
and epigenetic differentiation between mouse doesal ventral dentate gyrus. Nature
communications 9, 1-11.

Zhao, X., Mohammed, R., Tran, H., Erickson, M., Kem AC. (2021). Poly (I.C)-induced
maternal immune activation modifies ventral hippupal regulation of stress reactivity:
prevention by environmental enrichment. In pressBahin, Behaivor, and Immunity
https://doi.org/10.1016/j.bbi.2021.03.018.


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

>P130

P85 P90 (Group 2)
*Gestational (G) day (Group 1) (Group 2) Sucrose
*Postnatal (P) day P1 P21 Tissue Touchscreen  Preference
Breeding G12 Birth Weaning Collection Tasks Test
| | | | | |
Animals arrived
and assigned to “Standard”
(SD) or “Environmental
Enrichment” (EE) Housing
G12 Saline or

Poly (I:C) treatment



https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

w

Total Number
(Paired Discrimination)

Latency to (seconds)

A Males
< 1004 ,
i) e
g
b J
=)
£
2 50
= i -L. sD-Saline
z ul
o) 4 1 =% . SD-Poly (I:C)
[s] 1
Qo A ~4— EE-Saline
& " B ——  EE-Poly (I:C)
- T T T T 1
0 10 20 30
Session
Males
600
#it
400 - f &
oP W
Se . §a
200 (& HH e = B
" o &
: ﬁ -
Trials Errors Corrections
Males
15+ bb
am
10+ - .
o 1] 5B H "
5- i
- o " .
=] ii i

Collect Reward

Incorrect Response Correct Response

Total Number

Females

30

< 100+
kel
s | v
b J
o | o ..
£
2 50+
=
z -%- SD-Saline
3 1 -t SD-Poly (I:C)
o —— EE-Saline
& —— EE-Poly (I-C)

0 T T T T 1

0 10 20
Session
Females
600 n
<
oo

£ 400
£ -
a C -

i i B
g 200 ° = -
é?, i L) o H‘ Ce

Trials Errors
Females

o o
1 |

Latency to (seconds)
T

Collect Reward

SD-Saline
o SD-Poly (I:C)
= EE-Saline
o EE-Poly (I:C)

Corrections

Incorrect Response Correct Response


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

(o9)

Total Number
eversa

Latency to (seconds)

600

( )
N S
o o
? ?

o
1

=)
1

o
1

Males
< 100
2 -+. sD-saline
i -%. SD-Poly (I:C)
15} 1 —— EE-saline
o ——  EE-Poly (I:C)
£
g 50+
=
€
1
8 : :
0 1 T T i ¥ ;
0 2 4 6 8 10
Session
Males
8 =
.
o, "z, B S -

Errors

Trials

Males

Collect Reward

Incorrect Response

Corrections

Correct Response

Total Number

SD-Saline
o SD-Poly (1.C)
= EE-Saline
o EE-Poly (I:C)
mom
i w

Females
< 100+
] -+. sD-saline
g -t. SD-Poly(I:C)
I} 1 =~ EE-saline
o =i~ EE-Poly (I:C)
£
o 504
=
k=
o J
[
o
@
0 ——— T
0 2 4 6
Session
Females
600
bb
= 400+
@
g o bb
Q = [ ]
£ 200 o
Trials Errors
Females
154
w
= o
Q
3 10 -
2
2 . . og
- .
(S
S ° o0
©
-

Collect Reward

Incorrect Response

Corrections

Correct Response


https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

Saline
o SD-Poly (

SD

1:C)

EE-Saline
o EE-Poly (I:C)

Females

Males

T
~

T

qzuLo

£e8LIS

0-

egjwe)

® 3 -

£egLoIs

#euo

egywe)



https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

A RepressatativgRrain Riglels) Mﬂtmrﬁ@@EI&iQQrﬂgmxﬁLthlgvMQn V(Qt)sd May 28, 2021. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioR
available under aCC-BY-NC- ND

B. Representative PV,PNN, and PV/PNN cells

C. Representative PL

Males
Saline Poly I:C

D. Representative IL

SD

EE

Males
Saline Poly I:C

SD

EE

. Representative MO

m

Males
Saline Poly I:C

F. Representative Sections of VO

Males
Saline Poly I:C

-

SD

EE

SD

EE

SD

EE

SD

EE

Females

Saline

Poly I:C

Females

Saline

Poly I:C

Females

Saline

Females

Saline

Poly I:C

Poly I:C

SD-Saline
SD-Poly (I:C)
EE-Saline
EE-Poly (I:C)

= o

lic o display the preprmt in-p It is made
Internc e.

a = housing effect
b = MIAeffect

PL
(males and females)
100+ a
o
g 807 o
£
& 60
Q
)
B 40+
8
+
3 20
.
0
PL
304 (males)
& 20 o
g
3
5
Q

IL
(males)

o
13
3
N
o
Q
2 °
3
S .
3 20 ==
o

1004
80+
60

404 L B

IL
40 (males and females)
&
£ 30
3
2
2 20
3
3
£ o
10+
2
= e
oLl
MO
100 (males)
g 80
£
3 60
Q
o)
g 40 = oo
-4 o
z 20 3
-
0
VO
(males)
100
g 804
=
& 60~
Q L]
)
T 404 °
by Te 2 o
T 204

Percent (%)

PL
(males and females)

40+

S

£ 30 b

o

3

Q

£ 20 -

°

3

2 10 F5 -

b o

g t

o .
PL

304 (females)

Percent (%)

IL

(females)
o
£
£
5
o
Q
@
]
8
L
a
IL
30 (males and females)
& 20
S
o
i
& 104
.
© -
ol = g == o
100 (females)
g 80
s
3 60
Q
@
g 40
b
3 20
0
(females)
o
g
g
&
3
Q
)
?
8
5
=
a
VO
50— (females)
.
40
S 8
S
@
e
s
a



https://doi.org/10.1101/2021.02.15.431275
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.15.431275; this version posted May 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Table 1. Gene Expression Assays for TagMan™ gqPCR

Gene Name Gene Symbol ThermoFisher Scientific/
Life Technologies Assay ID

Gammi-Aminobutyric Acid Type A Receptc Gabrg: MmO00433489 _m
Subunit Gamma 2
Glutamate receptor, ionotropic, NMD/ Grinl MmO00433800_m
Glutamate receptor, ionotropic, NMDAZ Grin2e MmO00433802_m
Glutamate receptor, ionotropic, NMDAZ Grin2k Mm00433820_m
Solute carrier family 18 (vesicul Slcl8a: MmO00491465 ¢
monoamine), member 3/VAChT
5-hydroxytryptamine (serotonin) receptor . Htr2e MmO00555764_m
Dopamine receptor D Drd1 Mm02620146_<
Dopamine receptor D Drd2 MmO00438545 m
Cholinergic receptor, muscarinic 1, Cl Chrm1 MmO00432509 ¢
Cholinergic receptor, muscarinic Chrm¢ MmO00432514 ¢
Choline acetyltransferas Cha Mm01221880 m
Calcium/calmodulin dependent protein kini Camk2;i MmO00437967_m
Il alpha
Protein kinase C alpr Prkce Mm00440858_m
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