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Abstract

While there is a strong focus on the negative consequences of maternal immune

activation (MIA) on developing brains, very little attention is directed towards poten-

tial advantages of early life challenges. In this study, we utilized a polyinosine-

polycytidylic acid (poly(I:C)) MIA model to test visual pairwise discrimination (PD) and

reversal learning (RL) in mice using touchscreen technology. Significant sex differ-

ences emerged in that MIA reduced the latency for males to make a correct choice in

the PD task while females reached criterion sooner, made fewer errors, and utilized

fewer correction trials in RL compared to saline controls. These surprising improve-

ments were accompanied by the sex-specific upregulation of several genes critical to

cognitive functioning, indicative of compensatory plasticity in response to MIA. In

contrast, when exposed to a 'two-hit' stress model (MIA + loss of the social compo-

nent of environmental enrichment [EE]), mice did not display anhedonia but required

an increased number of PD and RL correction trials. These animals also had signifi-

cant reductions of CamK2a mRNA in the prefrontal cortex. Appropriate functioning

of synaptic plasticity, via mediators such as this protein kinase and others, are critical

for behavioral flexibility. Although EE has been implicated in, delaying the appearance

of symptoms associated with certain brain disorders, these findings are in line with

evidence that it also makes individuals more vulnerable to its loss. Overall, with the

right 'dose', early life stress exposure can confer at least some functional advantages,

which are lost when the number or magnitude of these exposures become too great.
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1 | INTRODUCTION

Numerous epidemiological studies have identified an association

between inflammatory insults during pregnancy and the prevalence of

neuropsychiatric disorders, such as autism and schizophrenia, in

offspring.1–3 However, at the population level, only a subset of

children exposed to prenatal infections develop disease-relevant

behavioral abnormalities.4,5 This suggests the etiology of these neuro-

developmental disorders may involve a synergism of prenatal immune

challenge and other environmental risk factors (e.g., stress) in later life.Hieu Tran and Holly DeRosa are contributed equally.
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Adding to this complexity, the effects of prenatal immune insults on

child health outcomes also vary depending on the child's biological

sex.6–8 Hence, it is essential to determine sources that contribute to

the heterogeneous outcomes of maternal immune activation (MIA)

and to identify factors for building neurodevelopmental resilience and

susceptibility to this early-life adversity.

In preclinical research, rodent MIA models have been employed

to mimic the effects of gestational infections and to investigate its

underlying biological mechanisms.2,9,10 Specifically, a mid-gestational

injection of polyinosinic:polycytidylic acid (poly (I:C)), a viral mimetic

toll-like receptor three agonist, can induce an extensive collection of

innate immune responses11 and lead to a wide array of abnormalities in

neurophysiology, behavior and cognitive abilities (see 12 for review).

Whereas the vast majority of previous studies have addressed

the adverse effects of MIA, prior research has also revealed that

MIA-treated offspring can exhibit improvements in cognitive

functioning,13,14 blunted responses to a second immune challenge in

adolescence,15 and a higher level of resilience to the disruptive effects

of isolation rearing on behavior and neurophysiology.16

Recently, it has been shown that poly (I:C)-induced MIA at a

critical window of parvalbumin interneuron development can lead to

improvements in spatial working memory.14 These findings indicate

that MIA may act like other mild early-life stressors to facilitate the

development of protection against stressors in later life (Fujioka et al.,

2001; Cannizzaro et al., 2006; Li et al., 2013). However, our under-

standing of the adaptations and potential priming effects of MIA on

resiliency are relatively underexplored as the focus is more typically a

deficit-based one. Notably, the 'hidden talents' approach has provided

a framework for investigating how harsh and unpredictable childhood

environments may promote changes in behaviors and cognition that

are adaptive for future harsh environments in humans (see 17),

explaining some of these seemingly paradoxical observations in animal

studies. This is in line with the 'stress acceleration hypothesis' and the

view that early life adversity accelerates the development of emotion

based behaviors and neural circuits, which may promote mental health

resilience (see 18). Together, the evidence surrounding these perspec-

tives suggest that early life experiences influence a variety of brain

circuits, affecting both emotional and cognitive functioning, which

may have context-specific benefits.

The complexity of the living environment affects brain develop-

ment at the functional, anatomical, and molecular level.19–21 Increased

complexity of the laboratory animal home cage, so-called environmen-

tal enrichment (EE), is characterized by exposure to environments with

rich social, motor, cognitive and sensory stimulation. Although EE has

been implicated in delaying the appearance of symptoms associated

with certain brain disorders,22–24 it also makes individuals that are

exposed to EE more vulnerable to its loss. Indeed, when the environ-

ment changes from being enriched to more impoverished (EE removal)

behavioral alterations linked to depressive symptomology occur.25,26

Moreover, these behavioral changes are accompanied by dysregulation

of the hypothalamus-pituitary–adrenal axis activity in female rats. EE

removals may therefore be considered as a second hit factor, which

could potentially reinforce the disruptions induced by the first hit

(e.g., MIA) in early-life and ultimately lead to onset of a full clinical

syndrome.

In the present study, we aimed to examine how MIA interacts

with the loss of the social component of life-long EE, influencing neu-

ropathology and cognitive functioning of both male and female off-

spring. Social isolation has been implicated in mediating a range of

behavioral deficits in adulthood including sensorimotor processing,

social interaction abnormalities, heightened anxiety and cognitive dys-

function.27,28 By integrating this component, we can further explore

mechanisms underlying the variation in the neurodevelopmental resil-

ience and susceptibility to a 'second-hit' stressor in later life. Impair-

ments in the cognitive functions were evaluated by leveraging a

touchscreen-based operant task paradigm. Visual pairwise discrimina-

tion (PD) and reversal learning (RL) tasks have been employed to

assess impairments in motivation, memory, rule learning, and cognitive

flexibility.29–32

To examine the neuropathological alterations, we focused on the

prefrontal cortex (PFC), an important brain region for cognitive con-

trol.33 In this region, we measured the density of parvalbumin (PV+)

cells and perineuronal nets (PNNs), which are involved in various func-

tions including the regulation of signal transmission and circuit

plasticity,34 and in supporting cognitive processes including working

memory and attentional set shifting.35–37 PV+ expression abnormali-

ties and malformation of PNNs have been implicated in the etiology

of neurodevelopmental disorders.34,38,39 To further explore neuro-

chemical alterations in the PFC, we analyzed mRNA expression of

neural markers associated with different neurotransmitter pathways.

2 | MATERIALS AND METHODS

2.1 | Animals

Male and female C57BL/6J mice arrived from the Jackson Laboratory

(Bar Harbor, ME), and were housed at 20�C on a 12 h light/dark cycle

(0700–1900 light) with ad libitum access to food and water. Figure 1

details the timeline of experimental procedures, which took place

during the light phase. Female mice were housed as pairs in either

larger environmental enrichment cages (EE; N40HT mouse cage,

Ancare, Bellmore, NY), with access to toys, tubes, a Nylabone,

Nestlets® (Ancare, Bellmore, NY) and Bed-r' Nest® (ScottPharma

Solutions, Marlborough MA), or standard sized cages (SD; N10HT

mouse cage, Ancare, Bellmore, NY) with Nestlets® and a Nylabone

only. Males were paired in SD conditions until breeding. At that point,

male animals were housed with two EE or SD females. Dams received

either a 20 mg/kg intraperitoneal injection of polyinosine-polycytidylic

acid (poly (I:C); tlrl-picw, lot number PIW-41-03, InvivoGen), or vehicle

(sterile pyrogen-free 0.9% NaCl) on the morning of gestational day (G)

12. Offspring were weaned into same-sex groups on P21 and

maintained in their housing assignments (SD = 2–3 animals/cage;

EE = 4–5 animals/cage) until P90. Additional methodological details,

including the validation of poly (I:C), can be found in the reporting table

from Kentner et al. (2019), provided as Supplementary Table S1. The
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MCPHS University Institutional Care and Use Committee approved all

procedures described, which were carried out in compliance with the

recommendations outlined by the Guide for the Care and Use of Labo-

ratory Animals of the National Institutes of Health.

2.2 | Touchscreen learning

On P90, animals were individually housed in SD or EE conditions and

food restricted (at 85%–90% of their free-feeding weight which was

maintained until the end of the study) to facilitate touchscreen

responding for a milkshake reward (Strawberry Nesquik®). This social

isolation procedure also served as a “loss of enrichment”. Prior to

touchscreen training, animals were habituated to the liquid food

reward, placed on a plastic dish, in their home cages (n = 8–13 litters

represented per sex, MIA and housing group). Eight touchscreen

sound-attenuated operant chambers (Campden Instruments Ltd, UK)

were used to run the visual pairwise discrimination (PD) and reversal

learning (RL) tasks. Details on the apparatus and dimensions have

been reported previously.31 Training and testing were completed

using the ABET II software.

Mice were first habituated to the chambers then trained to

(a) recognize the sound and light cues, (b) interact physically with the

touchscreen, and (c) collect the liquid rewards following the manufac-

turer's suggested protocol, and as previously outlined.32 Chambers

were thoroughly cleaned with Quat TB, and touchscreens with 10%

ethanol alcohol (to maintain touch sensitivity), between each animal

and session.

2.2.1 | Visual discrimination

In this task, novel black and white images (the classic 'fan' and

'marbles') were simultaneously presented to mice (Figure 1). Left and

right placement of the visual stimuli was presented in a pseudo-

randomized manner. For each animal, one of the two images was

always correct (S+), regardless of its left versus right placement.

When the animal responded to this S+ image, they received a contin-

uously reinforced (100% probability of reward) delivery of �7 μl of

liquid milkshake. If the mouse responded to the incorrect (S�) image,

no reward was produced and the animals had a 5-second 'time out'

period, followed by a correction trial. Once the animal correctly

responded to the correction trial (where the two images were pres-

ented in the same spatial configuration as the previous trial in which

the animal had responded incorrectly), the next trial of the session

commenced. The designation of the correct stimulus (fan vs. marble)

was counterbalanced across mice. Criterion was reached when the

animal completed 30 trials in 1 h (excluding correction trials) per daily

session with >85% correct for two consecutive days. If an animal

could not meet criterion after 30 days, they did not progress onto the

next task.40,41

2.2.2 | Reversal learning

RL was evaluated after successful completion of the PD task (n = 7–11

litters represented per sex, MIA and housing group). In RL the previ-

ously correct image (S+) becomes the incorrect visual stimuli (S�) while

the previously incorrect image (S�) becomes the correct choice (S+)

that would result in a liquid reward delivery. Criterion was reached

when animals reached 30 trials in 60 min with >85% correct for two

consecutive days or were tested for 10 days.42,43

2.3 | Sucrose preference test

To evaluate the effect of social enrichment loss on anhedonia, we uti-

lized the 16 h overnight sucrose preference test.44,45 Here, male and

female animals were given two bottles, each containing either a 1%

sucrose solution or water. Sucrose preference was determined by cal-

culating the ratio of sucrose intake (grams) to total fluid intake (grams)

and converted into a percent score. The placement of the sucrose and

F IGURE 1 Outline of experimental procedures
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water bottles was counterbalanced between trials to prevent side

preferences. At no time were animals deprived of food or water.

2.4 | Tissue collection and analysis

To circumvent the confound of touchscreen training modifying the

brain, we collected tissue from littermates matched to our

touchscreen animals on P85 (n = 8 litters represented per sex, MIA

and housing group). This allows for a better assessment of the role of

poly (I:C) in our data interpretation. A mixture of Ketamine/Xylazine

(150 mg/kg, i.p./15 mg/kg, i.p.) was used to anesthetize animals. Ani-

mals were perfused intracardially with a chilled phosphate buffer solu-

tion. Prefrontal cortex (PFC) and ventral hippocampus were dissected

from the hemisphere, frozen on dry ice and stored at �75�C until

processing. The other hemisphere was post-fixed in a 4% paraformal-

dehyde, phosphate buffer 0.1 M solution (BM-698, Boston

BioProducts) overnight at 4�C. Tissue was submerged in ice-cold 10%

sucrose in PBS (with 0.1% sodium azide) and incubated at 4�C over-

night. The next day, solution was replaced with 30% sucrose in PBS

for 3 days. Tissue was then flash frozen with 2-methylbutane

(O3551-4, Fisher Scientific) and stored at �75�C until sectioning.

2.5 | Real time-PCR

Using the RNeasy Lipid Tissue Mini Kit (Qiagen, 74,804), total RNA

was extracted from frozen tissue and resuspended in RNase-free

water. A NanoDrop 2000 spectrophotometer (ThermoFisher Scien-

tific) was used to quantify isolated RNA. Total RNA was reverse tran-

scribed to cDNA with the Transcriptor High Fidelity cDNA Synthesis

Kit (#5081963001, Millipore Sigma) using the manufacturers protocol,

and the final cDNA solution was stored at �20�C until analysis. Quan-

titative real-time polymerase chain reaction (PCR) with Taqman™ Fast

Advanced Master Mix (#4444963, Applied Biosystems) was used to

measure the mRNA expression (See Table 1 for list of genes expres-

sion assays). Reactions were analyzed in triplicate using optical

96-well plates (Applied Biosystems StepOnePlus™ Real-Time PCR

System) and relative gene expression levels were evaluated using the

2 –ΔΔCT method with 18S (Hs99999901_s1). Gene expression was

normalized in relation to 18S and presented as mean expression rela-

tive to same sex SD-saline treated controls. As shown previously, 18S

did not differ across groups.46

2.6 | Immunohistochemistry

Coronal sections (40 um thick) were obtained on a cryostat (Leica

CM1860) as a 1:4 series and stored at �20�C in cryoprotectant until

immunocytochemistry. Free-floating sections were washed in PBS to

remove the cryoprotectant. Prefrontal cortex sections were selected

from 2.09 to 1.93 mm caudal to Bregma based on the47 brain atlas. For

tissue processing, sections were mounted onto charged slides and dried

overnight. Slides were then rinsed with PBS and allowed to incubate in

primary antibodies for Wisteria floribunda agglutinin (PNNs; 1:1000;

Sigma-Aldrich L1516) and parvalbumin (PV+; 1:500; RnD cat#

AF5058) for 1 h at room temperature, followed by 48 h at 4�C. Slides

were then washed with PBS, treated with secondary antibodies

Alexafluor 594 (1: 600; cat# A-11016) and Alexafluor 488 (1: 600;

cat#S112233) in PBS-T, washed again with PBS, and immediately cover

slipped with Vectashield antifade mounting medium (Vector Laborato-

ries H-1500-10). Sections were imaged at 20� magnification and

stitched on the Keyence BZ-X800 all-in-one fluorescence microscope

for counting of the prelimbic cortex (PL), infralimbic cortex (IL), medial

orbital cortex (MO) and ventral orbital cortex (VO). There were 1–3

sections taken for each brain region of interest. For example, MO only

appeared on one plate in the brain atlas, so there was one section per

animal counted for this region. VO appeared on two plates in the brain

atlas, so there were two sections per animal counted for this region.

The number of both PV+ and PNNs were counted manually in ImageJ

by two researchers blind to the experimental groups (inter-rater reliabil-

ity >0.90). A PNN was identified by being a fully formed “halo,” and

any partial PNN or background staining was not counted.

2.7 | Statistical analyses

The statistical software package Statistical Software for the Social

Sciences (SPSS) version 26.0 (IBM, Armonk, NY) was used for all

TABLE 1 Gene expression assays for TaqMan™ qPCR

Gene names
Gene
symbols

ThermoFisher

scientific/
Life technologies
assay ID

Gamma-aminobutyric acid Type A

receptor subunit gamma 2

Gabrg2 Mm00433489_m1

Glutamate receptor, ionotropic,

NMDA1

Grin1 Mm00433800_m1

Glutamate receptor, ionotropic,

NMDA2A

Grin2a Mm00433802_m1

Glutamate receptor, ionotropic,

NMDA2B

Grin2b Mm00433820_m1

Solute carrier family 18 (vesicular

monoamine), member 3/VAChT

Slc18a3 Mm00491465_s1

5-hydroxytryptamine (serotonin)

receptor 2A

Htr2a Mm00555764_m1

Dopamine receptor D1 Drd1 Mm02620146_s1

Dopamine receptor D2 Drd2 Mm00438545_m1

Cholinergic receptor, muscarinic 1,

CNS

Chrm1 Mm00432509_s1

Cholinergic receptor, muscarinic 4 Chrm4 Mm00432514_s1

Choline acetyltransferase Chat Mm01221880_m1

Calcium/calmodulin-dependent

protein kinase II alpha

Camk2a Mm00437967_m1

Protein kinase C alpha Prkca Mm00440858_m1
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analyses, except for the survival curves which were evaluated with the

Log-rank (Mantel Cox test) using GraphPad Prism (Version 9.0). Follow-

ing the overall omnibus test evaluating all eight groups, individual

Log-rank tests were conducted as post hocs, alongside a Bonferonni-

Holm alpha correction to protect against multiple comparisons.48

Two or three-way ANOVAs were used as appropriate. In cases of

significantly skewed data (Shapiro-Wilks), Kruskal-Wallis tests (non-

parametric equivalent to ANOVA, reported as Χ2) were applied. Body

weight was used as a covariate for sucrose preference data. LSD post

hocs were applied, except where there were fewer than three levels

in which case pairwise t tests and Levene's were utilized. Multiple

testing procedures for the gene expression data were analyzed using

the False Discovery Rate (FDR). Partial eta-squared (np
2) is also

reported as an index of effect size (the range of values being

0.02 = small effect, 0.13 = moderate effect, 0.26 = large effect).49

3 | RESULTS

3.1 | Behavioral tests

3.1.1 | Touchscreen

The overall Log-rank (Mantel-Cox) test was significant across all

groups, suggesting a difference in session-to-criterion survival curves

(X2 [7] = 19.82, p = 0.006; Figure 2(A)). Post hoc tests failed to iden-

tify differences across MIA, housing, or sex using adjusted alpha

values that accounted for the number of comparisons made

(p > 0.01). However, ANOVA revealed a main effect of sex on number

of sessions required to reach criterion in the discrimination task

(F[1, 67] = 12.086, p = 0.001, np2 = 0.153; male: 9.94 ± 0.82

vs. female: 15.9 ± 1.38).

F IGURE 2 Visual pairwise discrimination (PD) learning in male (left) and female (right) maternal immune activation (MIA) offspring.
(A) Survival analysis of sessions to discrimination criterion (n = 8–13 litters represented per sex, MIA and housing group). (B) Total number of
trials, errors, and correction trials completed by animals that met criterion during all discrimination sessions. (C) Latency (seconds) to respond for a
correct choice, incorrect choice, and reward during all discrimination sessions. Data expressed as mean ± SEM, n = 7–11 litters represented per
sex, MIA, and housing group. ##p < 0.01, versus EE-poly (I:C); ap < 0.05, main effect of housing; bbp < 0.01, main effect of MIA

ZHAO ET AL. 5 of 15
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The total number of discrimination trials and errors did not differ

across groups (p > 0.05; Figure 2(B)). A MIA by housing interaction

(F[1,67] = 4.028, p = 0.049, np2 = 0.057) revealed that EE-poly (I:C)

mice required more correction trials compared to their EE-saline

(t[37] = �3.416, p = 0.002) and SD-poly IC counterparts

(t[34] = �2.788, p = 0.009). This suggests that the combination of

multiple early life stressors (MIA + companion loss) compounded

impairments on this measure (Figure 2(B)). Latency to collect rewards

and make incorrect responses was not different as a function of sex,

MIA or housing (p > 0.05; Figure 2(C)). However, there were signifi-

cant sex differences in the average latency to make a correct response

in the PD task (X2 [1] = 5.311, p = 0.021). Specifically, male treated

MIA (X2 (1) = 6.501, p = 0.011; poly (I:C): 4.89 ± 2.78 vs. SD: 7.84

± 0.92) mice were faster, and female EE ((X2 (1) = 4.116, p = 0.042;

SD: 7.14 ± 0.84 vs. EE: 8.89 ± 0.704) mice were slower, to respond

when making a correct choice (Figure 2(C)). In alignment with other

research suggesting that females thrive better in social environments,

this suggests that female EE mice were more sensitive to the loss of

companionship in their homepage.

For RL, there were no group differences in session-to-criterion

survival curves (Long-rank test, X2 (7) = 10.26, p = 0.17 (N.S);

Figure 3(A)) or in the number of sessions to reach reversal criterion

(p > 0.05). The total number of trials completed were lower for female

poly (I:C) animals relative to their saline counterparts (sex x MIA:

F(1, 56) = 14.064, p = 0.001, np2 = 0.201; female poly (I:C) vs. female

saline (p = 0.002); Figure 3(B)). Additionally, female poly (I:C) mice

made fewer errors compared to female saline animals (sex x MIA:

F(1, 56) = 11.24, p = 0.001, np2 = 0.167; female poly (I:C) vs. female

saline (p = 0.005); Figure 3(B)) suggesting that early life challenges

may not only lead to impairments, but may be associated with some

performance benefits. A significant sex x housing x MIA interaction

(F[1, 57] = 7.048, p = 0.010, np2 = 0.110) showed that male

(p = 0.027) and female (p = 0.0001) SD-poly (I:C) animals required

fewer correction trials than same-sex EE-poly (I:C) mice. This is in line

F IGURE 3 Reversal learning in male (left) and female (right) maternal immune activation (MIA) offspring. (A) Survival analysis of sessions to
reversal criterion. (B) Total number of trials, errors, and correction trials completed during all reversal sessions. (C) Latency (seconds) to respond
for a correct choice, incorrect choice, and reward during all reversal sessions. Data expressed as mean ± SEM, n = 7–11 litters represented per
sex, MIA, and housing group. ***p < 0.001, versus SD-saline; #p < 0.05, ###p < 0.001, versus EE-poly (I:C); bbp < 0.01, main effect of MIA

6 of 15 ZHAO ET AL.

 1601183x, 2021, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbb.12755 by C

ornell U
niversity, W

iley O
nline L

ibrary on [21/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



with evidence that multiple hits can result in cognitive deficits that

are not apparent with only one stressor exposure.50 Moreover, female

SD-poly (I:C) mice had fewer correction trials than SD-saline animals

(p = 0.0001; Figure 3(B)), again highlighting the potential for early life

adversity to confer functional advantages. There were no differences

in average latency to collect rewards or to make incorrect and correct

responses on the reversal trials (p > 0.05; Figure 3(C)).

3.1.2 | Sucrose preference tests

To determine whether EE-poly (I:C) animals had motivational, rather

than cognitive, impairments associated with the multiple stressor

experience (MIA + social companion loss) we conducted a 16-hour

sucrose preference test. We did not observe anhedonia using this

measure (p > 0.05; Figure S1). Moreover, animals were not different

in their latency to collect the milkshake rewards (Figure 2(C); Figure 3

(C)). Therefore, we did not find motivational deficits in these animals

that would interfere with their touchscreen responding.

3.2 | Taq Man qPCR

3.2.1 | GABA and glutamatergic receptor expression

We observed that levels of Gabrg2 in the PFC were elevated in poly

(IC) treated (F(1, 28) = 5.007, p = 0.033, np2 = 0.152; poly (IC): 1.10

± 1.09 vs. saline: 0.85 ± 0.07) and standard housed mice (males:

F(1, 28) = 10.768, p = 0.003, np2 = 0.278; SD: 1.16 ± 0.09 vs. EE:

0.79 ± 0.09; females: F(1, 28) = 9.606, p = 0.004, np2 = 0.255; SD:

1.09 ± 0.05 vs. EE: 0.82 ± 0.07; Supplementary Table S2). Grin1

expression was increased in female SD-poly (IC) animals compared to

SD-saline (p = 0.004) and EE-poly (IC) mice (p = 0.003; housing x

MIA interaction: F(1, 28) = 13.250, p = 0.001, np2 = 0.321; Figure 4

F IGURE 4 Prefrontal cortex gene expression in male (left) and female (right) maternal immune activation (MIA) offspring on postnatal day 85.
Levels of (A) Grin1, (B) Grin2b, (C) Htr2a, (D) Slc18a3 (E) Chat, (F) Chrm1, (G) Chrm4, and (H) Prkca mRNA. Gene expression data are expressed as
mean ± SEM, n = 8 litters represented per sex, MIA, and housing group. *p < 0.05, **p < 0.01, versus SD-saline; ##p < 0.01, versus EE-poly (I:C)
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(A)). There were no housing or MIA effects on Grin2a (p > 0.05; Sup-

plementary Table 2), however PFC levels of Grin2b were elevated in

male poly (IC) mice (F(1, 28) = 21.745, p = 0.0001, np2 = 0.437; poly

(IC): 1.28 ± 0.52 vs. saline: 0.95 ± 0.04; Figure 4(B)). Additional statis-

tical analyses of ventral hippocampal levels of each of these genes can

be found in Table S2.

3.2.2 | Markers of monoamine and cholinergic
functioning

A variety of receptor mechanisms involved in monoaminergic and

cholinergic signaling are critical for PFC mediated cognitive function-

ing.51,52 While male SD mice had higher Drd1 expression levels com-

pared to EE animals in the PFC (p = 0.017; main effect of housing:

F(1, 28) = 6.458, p = 0.017, np2 = 0.187; SD: 1.109 ± 0.07 vs. EE:

0.85 ± 0.07; Supplementary Table S2), there were no significant group

effects of Drd2 (p > 0.05; this and ventral hippocampal dopamine

receptor genes are provided in Supplementary Table S2). In contrast,

Htr2a levels in PFC were elevated in poly (I:C) males compared to

saline (p = 0.007; main effect of MIA: F(1, 28) = 8.484, p = 0.007,

np2 = 0.233; poly (I:C): 1.304 ± 0.12 vs. saline: 0.90 ± 0.07; Figure 4

(C)). SD-poly (I:C) was also associated with increased Htr2a in the PFC

of female mice compared to SD-saline (p = 0.001) and EE-poly (I:C)

animals (p = 0.001; MIA x housing interaction: F(1, 28) = 14.615,

p = 0.001, np2 = 0.343; Figure 4(C)).

There were no group effects (p > 0.05) for the vesicular acetyl-

choline transporter Slc18a3 (Figure 4(D)) or choline acetyltransferase

mRNA (Chat; Figure 4(E)) in the PFC.

The muscarinic receptors Chrm1 and Chrm4 have both been impli-

cated in the pathogenesis of schizophrenia.53 Chrm4 was significantly

reduced in EE-saline vs. EE-poly (I:C) male, but not female, mice in the

PFC (p = 0.0001; MIA � housing interaction: F(1, 28) = 4.909,

p= 0.035, np2 = 0.149; Supplementary Table S2). While Chrm1 was ele-

vated in female EE compared to SD mice (p = 0.001; main effect hous-

ing: F(1, 28) = 14.893, p = 0.001, np2 = 0.347; EE:1.37 ± 0.08 vs. SD:

1.05 ± 0.03; Figure 4(F)), in males there was a significant main effect of

MIA (F(1, 28) = 16.688, p = 0.0001, np2 = 0.373). Here, male poly (I:C)

had elevated PFC levels of this muscarinic receptor compared to saline

(p= 0.0001; poly (I:C): 1.40 ± 0.06 vs. saline: 1.07 ± 0.05; Figure 4(F)).

3.2.3 | Synaptic plasticity markers

Appropriate functioning of synaptic plasticity in the prefrontal cortex,

via mediators such as CaMKII and other protein kinases, is critical for

behavioral flexibility.54,55 In males, both Camk2a (Figure 4(G)) and

Prkca (Figure 4(H)) expression levels were elevated in poly (I:C) com-

pared to saline treated mice (main effect of MIA; CamK2a:

F(1, 28) = 9.320, p = 0.005, np2 = 0.250; poly (I:C): 1.44 ± 0.07

vs. saline: 1.17 ± 0.07; Prkca: F(1, 28) = 27.233, p = 0.0001,

np2 = 0.493; poly (I:C): 1.75 ± 0.13vs. saline: 0.99 ± 0.06). SD-poly (I:

C) females had heightened expression of Camk2a (MIA x housing

interaction: F(1, 28) = 43.633, p = 0.001, np2 = 0.609) and Prkca

(F(1, 28) = 14.416, p = 0.005, np2 = 0.340) compared to SD-saline

(Camk2a: p = 0.001; Pkrca: p = p = 0.002) and EE-poly (I:C) animals

(Camk2a: p = 0.0001; Prkca: p = 0.003). EE-saline animals also had

increased levels of Camk2a (p = 0.001) compared to EE-poly (I:C) ani-

mals, suggesting that multiple stressor hits may inhibit some of the

advantages conferred by stressful experiences.

3.2.4 | Immunohistochemistry of PV+ and PNNs

Using a poly (I:C) rat model of MIA, previous investigators56 have

found selective reduction of PNNs and the percentage of PV+ cells

surrounded by PNNs in the medial prefrontal cortex region. We have

extended these observations from the PL and IL to also evaluate MO

and VO in mice. Figure 5(A) provides the representative plates with

our PFC regions of interest outlined while Figure 5(B) shows repre-

sentative PV+, PNN, and PV+/PNN colocalization of cells. With

respect to the PL, EE male and female animals had higher expression

of PV+ cells (SD: 25.36 ± 2.55; EE: 33.70 ± 2.62; F[1, 42] = 5.225,

p = 0.027, np2 = 0.111: Figure 5(C)). There was a MIA effect in this

region in that the density of PNNs was significantly reduced in both

male and female MIA mice (Saline: 10.40 ± 0.99; poly (I:C): 7.40

± 0.62; F(1, 42) = 6.330, p = 0.016, np2 = 0.131: Figure 5(C)). While

the percent of colocalized PV+ cells ensheathed in PNNs did not vary

for males in the PL (p > 0.05), there was a significant MIA by housing

interaction for female mice (F(1, 42) = 7.193, p = 0.010, np2 = 0.146;

Figure 5(C)). Specifically, EE-saline female mice had a higher percent-

age of colocalization than SD-saline (0.045) and EE-poly ((I:C);

p = 0.003) animals in this brain region.

In terms of the IL, there were significant interactions between sex

and MIA (F(1, 42) = 6.525, p = 0.014, np2 = 0.134) and sex and hous-

ing (F(1, 42) = 6.429, p = 0.013, np2 = 0.133; Figure 5(D)). Female

MIA mice had higher expression of PV+ positive cells in the IL com-

pared to saline treated (saline: 26.465 ± 4.543; poly (I:C): 43.494

± 4.774; t(24) = 2.584, p = 0.016). Enriched housed females were

found to demonstrate the same pattern of PV+ expression compared

to SD (SD: 26.193 ± 4.233; EE: 43.766 ± 4.974; t(24) = �2.691,

p = 0.013). No significant interactions or main effects were observed

for either density of PNNs or percent of colocalization of PV+ and

PNNs in the IL (Figure 5(D); p > 0.05).

There was a significant sex by MIA by housing interaction

(F (1, 42) = 7.207, p = 0.010, np2 = 0.146) for PV+ expression in the

MO where male SD-poly (I:C) treated rats had lower expression com-

pared to EE-poly (I:C) mice (t[10] = �3.765, p = 0.004; Figure 5(E)).

Female SD-poly (I:C) mice had elevated expression of PV+ cells com-

pared to SD-saline controls (t[11] = 3.339, p = 0.007; Figure 5(E)). In

the MO, density of PNNs was higher in male (6.48 ± 1.09) compared

to females (3.67 ± 0.74; F(1, 42) = 4.411, p = 0.042, np2 = 0.095) and

in SD (5.35 ± 2.03) versus EE housed mice (2.29 ± 1.59;

X2(1) = 6.166, p = 0.013; Figure 5(E)).

The VO region was also associated with a significant sex by MIA

by housing interaction for PV+ expression (F(1, 42) = 4.360,
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F IGURE 5 Expression of parvalbumin (PV+) and perineuronal net (PNN) density for male and female maternal immune activation (MIA)
offspring on postnatal day 85. (A) Representative brain plates for brain regions of interest such as prelimbic (PL), infralimbic (PL), medial orbital
(MO) and the ventral medial (VO) cortices. (B) Representative depictions of PV+, PNN, and PV/PNN colocalization. Representative sections and
associated data for (C) prelimbic, (D) infralimbic, (E) medial orbital and (F) ventral orbital cortex. Data are expressed as mean ± SEM; n = 5–7
litters represented per sex, MIA, and housing group. Where there were no sex differences, male and female data were collapsed for visualization
purposes. *p < 0.05, **p < 0.01, versus SD-saline; #p < 0.05, ##p < 0.01, versus EE-poly (I:C). ap < 0.05, main effect of housing; bp < 0.05, main

effect of MIA
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p = 0.043, np2 = 0.094). While follow-up analyses did not find any dif-

ferences in males (p > 0.05; Figure 5(F)), 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 = 0.034; Figure 5

(F)). Post hoc tests following a significant sex by MIA by housing inter-

action for PNNs (F(1, 42) = 5.095, p = 0.029, np2 = 0.108) did not

detect group differences (p > 0.05). However, while a sex and MIA

interaction (F(1, 42) = 4.122, p = 0.049, np2 = 0.089) for the percent-

age of PV+ cells ensheathed in PNNs revealed no differences among

male mice (p > 0.05; Figure 5(F)), female SD-poly (I:C) mice had a signif-

icantly higher percentage of colocalization compared to SD-saline ani-

mals of the same sex (t(11) = 2.617, p = 0.024; Figure 5(F)). Overall,

there were heterogeneous changes in expression of PV+ and PNNs

throughout the PFC region, as a function of both MIA and housing.

4 | DISCUSSION

In the current study, we demonstrate that poly (I:C)-induced MIA

imposes sex-specific enhancements on a variety of learning motifs,

which stands in line with recent findings on enhanced spatial working

memory in prenatally treated poly (I:C) mice14 and improved cognitive

performance in the 5-choice serial reaction time task in LPS-mice

treated prenatally.13 At first glance, these findings stand in contrast to

previous studies reporting disrupted performance in the working

memory, executive function, and cognitive flexibility of these

animals.32,57–61 In addition to the differences in behavioral tasks used

across these studies, it should be noted that several factors such as

the immune stimulus intensity and the timing of challenge might also

contribute to the discrepancies between the findings. For example,

compared to earlier poly (I:C) exposure, MIA applied at later gesta-

tional stages (e.g., GD 14.5 and 17.5) is more influential on the display

of schizophrenia-related behaviors.58

Our results suggest that MIA in mid-gestation may have an

enhancing effect on certain aspects of cognitive functions. This ech-

oes the notion of the 'hidden talents' approach,17 which suggests

that improved cognitive abilities may be an adaptive mechanism for

individuals who grew up in harsh and unpredictable environments.

The improved abilities on some measures are hypothesized to

support success within predicted future environments of the same

difficult nature. This 'hidden talents' framework could help explain

some of these seemingly paradoxical observations that are arising in

the MIA model. Alongside the commonly used 'deficit-based'

approach, it could be a complementary perspective for considering

the differential effects of many types of early experiences on later-

life functioning.17

Sex differences in cognitive abilities have been well studied in

both humans and animal models (review see 62,63 and we found

in the current study that male mice required fewer sessions than

females to reach criterion in the PD task. Generally, touchscreen-

based PD and RL tasks are used to assess impairments in motivation,

memory, rule learning, and cognitive flexibility29–32 and the sex differ-

ences uncovered here may reflect a small male advantages in some

aspects of these abilities.63,64 However, it should be mentioned that

in addition to showing a reduced latency to make a correct response,

male MIA mice also seemed to show a reduced latency to make an

incorrect response. Although this latter effect was nonsignificant, it is

suggestive of a possible impulsivity phenotype in these males. More-

over, our female SD-poly (I:C) mice required fewer correction trials

than SD-saline controls to complete RL task. This suggests that the

enhancing effect of MIA exposure may benefit females more than

males. This is consistent to previous work showing that in the

5-choice serial reaction time task, LPS-treated females learned the

task more quickly and displayed a higher level of motivation to earn a

reinforce (decreased time required to reach criterion).13 It is also

noted that the sex-dependent effects of MIA on cognitive perfor-

mance may also be species and strain dependent.14,32,57,65

Long-term EE exposure followed by the loss of social enrichment

may dampen the enhancing effects of MIA. This is supported by our

findings that male and female SD-poly (I:C) animals required fewer cor-

rection trials than same-sex EE-poly (I:C) mice. In the current study, the

cognitive tasks were conducted following social isolation, which has

been implicated in mediating a range of behavioral deficits in adulthood

including sensorimotor processing, social interaction abnormalities,

heightened anxiety and cognitive dysfunction.27,28 The social isolation

was a component of the standard protocol for touchscreen training, to

facilitate food restriction to increase an animal's responding for food

rewards.31 Although both SD and EE animals were subjected to social

F IGURE 5 (Continued)
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isolation, the experience appeared to impose negative impacts on the

cognitive performance of EE-poly (I:C) mice. This is consistent with the

notion that loss of enrichment may elicit unique changes in behavioral

and physiological phenotypes indicative of stress or despair.25 Specifi-

cally, single housing following prolonged EE exposure was associated

with increased weight gain, elevated helplessness and passive

coping behaviors, and blunted hypothalamic–pituitary-adrenocortical

activity.25,26 Social isolation itself causes structural changes (e.g.,

impaired myelination and decreased density of dendritic spines) in the

PFC.66,67 In contrast, isolation rearing following MIA in SD-housed

animals was protective against negative impacts on behavior and

neurophysiology.16

At the neurophysiological level, the mechanisms underlying the

enhancing effects of MIA remain to be elucidated. Our current results

suggest that protein kinase C (PKC) signaling in the PFC may be a

potential pathway for mediating these effects. PKC isoforms are criti-

cally involved in many types of learning and memory.68–70 Moreover,

PKC can be activated by various synaptic inputs and intracellular sig-

nals that are involved in modulating cognitive functions, including

glutamatergic,71 cholinergic72,73 and serotonergic inputs.74 Therefore,

the enhancing effects of MIA on cognition may be mediated through

these inputs on the PKC signaling pathway. This is supported by our

data showing upregulated Prcka, Grin2b, Chrm1 and Htr2a in the poly

(I:C)-treated male mice.

Changes in the balance between inhibition and excitation within the

PFC, mediated through GABA and glutamate signaling, can impair behav-

ioral flexibility.75,76 Calcium/calmodulin-dependent protein kinase type II

subunit alpha (CamK2a) interacts with NMDA subunits and together

they have a critical role in plasticity and learning.54,77 Given the parallel

increase of these markers in our poly (I:C) animals (Group 1), we origi-

nally predicted that this upregulation was a strategy enacted by the brain

in an attempt to compensate for the early life inflammatory challenge,

but that we would still observe functional deficits in touchscreen perfor-

mance (Group 2). Instead, the MIA animals surprised us by demonstrat-

ing sex-specific improvements in their PD and RL tasks. Notably, the

upregulation of Grin2b expression in male PFC could be an indication of

region-specific compensatory plasticity following MIA, since decreased

levels of this receptor are reported in other brain regions and with other

immunogens.44 The specific upregulation in Grin1 may also similarly

facilitated improved learning in our female SD-poly (I:C) animals.

Given that poly (I:C)-induced MIA in rodents is considered a

model for schizophrenia,5 and the role of muscarinic receptors in cog-

nitive functioning, we were interested in their expression in this

model. Chrm1 is thought to be important for synaptic plasticity53 and

treatment with selective agonists for this receptor have resulted in

improvements in performance in spatial memory tasks79 RL,78 and

novel object recognition.80 Our data of elevated PFC Chrm1 expres-

sion, alongside improved behavioral flexibility in male SD-poly (I:C)

mice, are in line with these findings.

In contrast, the contribution of the 5HT2a receptor to cognition

is complicated by conflicting reports of its antagonism both enhanc-

ing80,82 and inhibiting behavioral flexibility,83 and of its activation

impairing probabilistic RL.84 This suggests that the MIA-induced

upregulation of PFC Ht2a in the current study should be associated

with a cognitive impairment. Instead, we observed MIA mice to have

a general improved performance in PD and RL touchscreen tasks. A

critical difference in our work could be that the elevated receptor

level in our female SD-poly (I:C) mice is likely reflective of a chronic,

rather than acute, change. It is also possible that pharmacological

5Ht2a receptor activation may improve behavioral flexibility at differ-

ent doses and more targeted central administration routes.

Both parvalbumin (PV+) and perineuronal nets (PNNs) are

involved in the regulation of developmental critical periods in the cor-

tex. 85,86 The fast-spiking inhibitory PV+ interneurons are frequently

surrounded by PNNs, which provide metabolic support from the

demand of these cells.87,88 Our results suggest that the altered

expression of PV+/PNNs in the prefrontal cortex following MIA may

contribute to the improved cognitive performance in female mice.

Several previous studies have demonstrated that prefrontal PV+

interneurons support cognitive flexibility tasks through modulating

gamma oscillations.35,37,89 In our current study, when compared to

the saline controls, poly (I:C) females expressed higher levels of PV+

cells in the infralimbic cortex. SD-poly (I:C) females also expressed

more PV+ cells in the medial orbital frontal cortex and more PV+

cells ensheathed with PNNs in the ventral orbital frontal cortex. By

enwrapping the PV+ interneurons, PNNs can modulate their func-

tions and protect against oxidative stress.90,91 Also, both infralimbic

and orbital frontal cortex have been implicated in RL.92–97 We there-

fore speculate that the enhanced expression of PV+ cells in these

regions may contribute to the improved RL in the female MIA mice.

Besides gating PV+ interneuron function, PNNs are also involved

in regulating experience-dependent circuit plasticity through enhanced

synapse stabilization and by restricting synaptic rearrangements

beyond the critical period for plasticity.98 Moreover, deficits of PNNs in

the PFC have been observed in individuals with schizophrenia.99,100 In

the current study, we found that MIA also led to reductions of PNNs in

the prelimbic cortex of poly (I:C) offspring, which is consistent to a pre-

vious study using a rat MIA model.56 However, future studies are

needed to examine how these changes may lead to behavioral abnor-

malities, or even improved abilities on some measures. Overall, there

were heterogeneous changes in the expression of PV+ and PNNs

throughout the PFC regions, as a function of both MIA and housing.

This is in line with the perspective that some neural changes may result

in deficits and others in context-specific advantages.

The mechanisms underlying the behavioral sex-differences are not

fully understood, but different concentrations of sex hormones may

also play a role. For example, testosterone may facilitate cognitive task

performance through decreasing response latency101 while estrogen

activates neuroprotective signaling pathways102 and is necessary for

supporting spatial working memory in touchscreen tasks in females.103

5 | CONCLUSIONS

As a complement to previous studies on MIA's impacts, the current

study reveals and characterizes additional enhancing effects of MIA
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on cognitive functioning. We also demonstrate that long-term EE

exposure may dampen the enhancing effects of MIA when there is a

loss of the enrichment in later life, providing additional support for the

detrimental effects of multiple hits. Our results shed light on the vari-

able effects of MIA in the etiology of neurodevelopmental disorders

and may help facilitate potential therapeutic or preventive strategies

by taking these variables into consideration.
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