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Abstract
Schizophrenia is a complex neuropsychiatric disorder, influenced by a combined action of genes and environmental factors. The
neurodevelopmental origin is one of the most widely recognized etiological models of this heterogeneous disorder.
Environmental factors, especially infections during gestation, appear to be a major risk determinant of neurodevelopmental basis
of schizophrenia. Prenatal infection may cause maternal immune activation (MIA) and enhance risk of schizophrenia in the
offspring. However, the precise mechanistic basis through which MIA causes long-lasting schizophrenia-like behavioral deficits
in offspring remains inadequately understood. Herein, we aimed to delineate whether prenatal infection-induced MIA causes
schizophrenia-like behaviors through its long-lasting effects on immune-inflammatory and apoptotic pathways, oxidative stress
toxicity, and antioxidant defenses in the brain of offspring. Sprague-Dawley rats were divided into three groups (n = 15/group)
and were injected with poly (I:C), LPS, and saline at gestational day (GD)-12. Except IL-1β, plasma levels of IL-6, TNF-α, and
IL-17A assessed after 24 h were significantly elevated in both the poly (I:C)- and LPS-treated pregnant rats, indicatingMIA. The
rats born to dams treated with poly (I:C) and LPS displayed increased anxiety-like behaviors and significant deficits in social
behaviors. Furthermore, the hippocampus of the offspring rats of both the poly (I:C)- and LPS-treated groups showed increased
signs of lipid peroxidation, diminished total antioxidant content, and differentially upregulated expression of inflammatory
(TNFα, IL6, and IL1β), and apoptotic (Bax, Cas3, and Cas9) genes but decreased expression of neuroprotective (BDNF and
Bcl2) genes. The results suggest long-standing effects of prenatal infections on schizophrenia-like behavioral deficits, which are
mediated by immune-inflammatory and apoptotic pathways, increased oxidative stress toxicity, and lowered antioxidant and
neuroprotective defenses. The findings suggest that prenatal infections may underpin neurodevelopmental aberrations and
neuroprogression and subsequently schizophrenia-like symptoms.
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Introduction

Schizophrenia is an etiologically complex and phenotypically
heterogeneous disorder of the central nervous system (CNS).
A combination of multiple genetic and environmental factors
may increase risk and progression of schizophrenia [1].
Exposure to adverse environmental factors, especially during
the prenatal and early postnatal periods, has consistently been
shown to increase the risk of schizophrenia in adult offspring
[2, 3]. Among the environmental factors, prenatal infection
(viral, bacterial and protozoan) has emerged as a predominant
risk determinant [4–6]. Compelling evidence from epidemio-
logical, preclinical, and clinical studies indicates that prenatal
infections may enhance the risk of schizophrenia in the off-
spring by inducing maternal inflammation or maternal im-
mune activation (MIA). MIA may disturb the fetal microen-
vironment and interfere with the critical phases of fetal brain
development, leading to neurodevelopmental aberrations.
Early environmental insults, MIA, and subsequent structural
and functional abnormalities in the brain have been proposed
to cause a spectrum of neurodevelopmental disorders, includ-
ing schizophrenia [7, 8]. To gain more insights into the under-
lying mechanism of theMIA-associated risk of schizophrenia,
experimental animals, especially rodents, have been used by
many studies. Synthetic viral analogs of double-stranded
RNA (dsRNA), including polyinosinic:polycytidylic acid
[poly (I:C)], and bacterial analogs, including lipopolysaccha-
rides (LPS), are useful to decipher the mechanisms through
which MIA affects neurodevelopment and enhances the risk
of schizophrenia-like behaviors in rodent studies [9]. Data
obtained from animal studies have delineated several mecha-
nisms through whichMIA disrupts neurodevelopment includ-
ing microglia activation and developmental neuroinflamma-
tion, activation of oxidative stress pathways, and altered fetal
dopaminergic development [10–14]. A substantial body of
evidence from animal model studies also demonstrates that
LPS and poly (I:C)-induced MIA may cause behavioral defi-
cits reminiscent of the positive, negative, and neurocognitive
symptoms of schizophrenia in the adult offspring [15, 16].

However, the precise central mechanism by which MIA
exerts long-lasting effects on the brain and behavior of the
offspring is not completely elucidated. Among the several
hypothesized mechanisms, systemic inflammation and neuro-
inflammation are prominent. For example, poly (I:C)-induced
MIA inmice increased the levels of inflammatory cytokines in
the hippocampus and cerebellum of adult offspring [17, 18].
MIA may also shape the immunological phenotypes in the
offspring whereby poly(I:C) is associated with a pro-
inflammatory phenotype including a Th17 phenotype [19,
20]. Poly (I:C) injection in C57BL/6J mice on a gestational
day (GD) 12.5 led to activation of inflammatory macrophages
in the offspring, suggesting that MIA can exert lasting chang-
es in macrophage function [21]. Poly (I:C) treatment on GD9

in mice led to enlargement of lateral ventricles in adult off-
spring and disruption of sensorimotor gating [22]. Moreover,
MIA resulted in defective adult neurogenesis and neuronal
architecture, nonspatial information processing, and cognitive
functions [23–25]. In nonhuman primate, MIA caused in-
creased striatal dopamine in the offspring in late adolescence
[26]. These physiological, molecular, structural, and behavior-
al changes driven by MIA in animal models may serve as
hallmark pathobiological indicators of schizophrenia. In addi-
tion, MIA caused alteration in the structure and function of the
brain in adult offspring [27].

Data from clinical studies show activated immune-
inflammatory and oxidative stress pathways in schizophrenia
[28, 29]. Activated immune-inflammatory pathway including
increased levels of the pro-inflammatory cytokines like TNF-α,
IL-1β, and IL-6, increased oxidative stress toxicity, and
lowered antioxidant defenses are associated with the positive,
negative, and neurocognitive deficits and the deficit phenotype
of schizophrenia [30–32]. The theory is that lowered
antioxidant defenses and lowered neuroprotection coupled with
increased immune and oxidative neurotoxicity underpin the
neuronal dysfunctions in schizophrenia, herein conceptualized
as neuroprogression, including impairments in synaptic plastic-
ity, neurotransmission, neurogenesis, apoptosis, and altered re-
ceptor expression [33–35]. Already in 1995, schizophrenia was
conceptualized as a neurodevelopmental disorder whereby
MIA may induce long-lasting changes in neuronal functions
associated with the symptoms and neurocognitive deficits of
schizophrenia through neuro-immune and neuro-oxidative
pathways [36]. However, in animal models, it is unknown
whether MIA may cause schizophrenia-like behavioral deficits
reminiscent of positive, negative, and cognitive symptoms by
activating immune, oxidative, and apoptotic pathways and low-
ering antioxidant and neuroprotective resilience against the neu-
rotoxicity associated with immune and oxidative pathways.

Hence, this study was conducted to delineate the effects of
poly (I:C)- and LPS-inducedMIA on inflammatory, oxidative
stress and apoptotic signatures, as well as antioxidant contents
and neuroprotective genes in the hippocampus of the offspring
in association with schizophrenia-like behaviors during the
peri-adolescent and adult periods. Moreover, we also assessed
the impact of MIA on the levels of pro-inflammatory cytokines
in the peripheral blood of offspring rats.

Materials and Methods

Animals

All experiments were performed in accordancewith the guide-
lines of Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA) and
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initiated after obtaining approval from the Institutional
Animal Ethics Committee (AEC/65/389/HG).

All experiments were conducted on Sprague-Dawley rats
(Rattus norvegicus), maintained in the central animal research
facility (CARF) of National Institute of Mental Health and
Neurosciences, Bangalore, India. Thirteen- to fifteen-week-
old rats (both sex) weighing approximately 250–300 g were
housed in standard cages (22.5 × 35.5 × 15 cm) with corncob
bedding and maintained on a 12-h light/dark cycle (lights on
between 7 am and 7 pm) with ad libitum access to food and
water. Female and male rats were housed together overnight
for mating. Following this, female rats were examined for the
presence of a vaginal plug in the morning and the presence of
which was marked as gestational day 0 (GD0). Additionally,
body weights of putative pregnant female rats were checked
periodically to confirm pregnancy. The pregnant rats were
then subjected to MIA studies.

Establishment of MIA Model

Three different groups of pregnant rats (n = 15 rats/group)
received either poly (I:C) (20 mg/kg) or LPS (1.5 mg/kg)
or an equivalent volume of saline (0.9%) injections intra-
peritoneally on GD12. After 24 h of injection, maternal
blood was collected from each group of rats (n = 5/group)
by cardiac puncture. Plasma was separated and stored at
−80 °C. Plasma levels of pro-inflammatory cytokines,
namely IL-1β, IL-6, TNF-α, and IL-17A, were analyzed
by multiplex suspension assay in a Bio-plex 200 platform
using commercially available rat Milliplex map kit
(RECYTMAG-65K) following the manufacturer’s guidelines
(Millipore, France).

The remaining pregnant rats from each group (n = 10/
group) were allowed to have a normal delivery. Offspring
were weaned at postnatal day 21 (PD21); male and female
pups were housed separately, 3 pups per cage. The offspring
obtained from poly (I:C)- (n = 12–14), LPS- (n = 12–14), and
saline- (n = 12–14) treated dams were allowed to grow in nor-
mal conditions and subjected to various behavioral assess-
ments such as open field test (OFT), social interaction test
(SIT), and prepulse inhibition (PPI) during the peri-
adolescent (39–44 days) and adult (60–70 days) periods.
After the completion of behavioral assessments during the
adult period, hippocampal tissues were collected from these
offspring for the analysis of markers of inflammatory, oxida-
tive stress, and apoptotic pathways, and peripheral blood sam-
ples were collected for the analysis of only inflammatory
markers. The experimental design is depicted in Fig. 1.

Assessments in the Offspring Rats

We obtained 8–9 pups from each group; therefore, 80–
90 pups were available each for saline-, poly (I:C)-, and

LPS-treated groups, respectively. Approximately1–2
pups from each litter had a natural death. In addition,
1–2 pups from each litter were the victim of maternal
cannibalism; however, this was not consistent across all
the mothers. Two to three offspring rats from each
group were used for the standardization of the behav-
ioral tests. Three behavioral tests, such as open field test
(OFT), social interaction test (SIT), and prepulse inhibi-
tion (PPI) test, were carried out on three different sets
of offspring rats, each set comprising 12–14 rats. As the
rats show considerable variations in behavioral perfor-
mances in the test chambers, it is important to study
behavioral performances with more numbers of rats
(12–14 rats per group). Hence, in the present study,
we have used 12–14 offspring rats for each behavioral
test and this was calculated based on our previous study
on similar behavioral assessments [37]. The sample size
required for gene expression studies was 5, and this was
based on a study that examined the expression of cere-
bellar cytokines in the offspring of poly (I:C)-treated
mice [18]. We also performed post hoc power analysis
on our data indicating that the power was greater than
0.85 when the data from 5 rats were used. The behav-
ioral as well as molecular experiments were performed
on the same number of both the male and female off-
spring. Remaining rats were euthanized as per the
guidelines of CPCSEA, Government of India as well
Institutional Animal Ethics Committee.

Behavioral Assessments in the Offspring Rats

Open Field Test (OFT)

Rats (n = 12–14/group) were subjected to anxiety-like and ex-
ploratory behaviors in an open field during peri-adolescent
and adult periods in the Behavior Laboratory of the
Department of Neurophysiology, NIMHANS. The floor of
OFT (100 × 100 × 40 cm, L ×W×H) is divided into equally
sized squares to make two virtual zones viz, center zone
(center) represented by inner 9 squares and outer zone
(periphery) represented by remaining 16 squares covering
border. The center of the field was illuminated, which was
the only direct light in the testing room. Rats were habituated
for at least 1 h before the testing. The test began with placing
each rat individually in the center of the arena and the behavior
was recorded for 5 min using a digital camera and data were
analyzed with EthoVision™ XT 8 software (Noldus,
Wageningen, Netherlands). Behavioral parameters like total
distance moved, time spent in the center zone, number of
entries to center zone, latency to move to the center zone first
time, and zone transition were considered for data analyses.
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Social Interaction Test (SIT)

The offspring rats were also tested for social behaviors during
peri-adolescent and adult periods. A different set of rats were
used for assessing the social behaviors (n = 12–14/group).
Both sociability and social novelty tests were performed in a
three-chambered container with dimensions (120 × 100 × 40
CM, L ×W×H) using the method described in a previous
study from the same Behavior Laboratory [37].

Rats were habituated to the lab for at least 1 h before the
assessment. Stranger rats were normal Sprague-Dawley rats
housed in groups of three per cage. Briefly, baseline adapta-
tion was studied by placing the test rat in the central home
chamber for a 10-min habituation period, followed by the
partitions being raised and allowing the rat to explore freely
among all three chambers (two test chambers and the central
home chamber) for a 10-min period. Following baseline data
collection, each rat was returned to the home chamber with
partitions closed. During this time, an unfamiliar adult rat
(stranger-1) was placed within one of the restrainer cages (in
test chamber 1) and an object was placed in the restrainer cage
of the second chamber (test chamber 2). Again, partitions
were raised, allowing the test rat to move freely from the
central home chamber to other chambers for a duration of
10 min test session. The preference for the adult rat to
stranger-1 (in test chamber 1) and towards the novel object
(in test chamber 2) was assessed by calculating the percentage
of time spent with the adult rat (stranger-1) over the sum of

time spent with both the stranger-1 and the novel object:
[(Stranger 1TimeMakingContact/(ObjectTimeMakingContact +
Stranger 1TimeMakingContact)] × 100.

Similarly, for assessing social novelty, a 10-min social in-
teraction test session was performed immediately following
the first session of the sociability test. The stranger-1 rat
remained in the same restrainer cage (test chamber 1), while
a second unfamiliar rat (novel stranger rat-2) was introduced
to the second restrainer (in test chamber 2), which was previ-
ously kept with the object.

Both stranger-1 and stranger-2 rats were taken from differ-
ent home cages and never came into physical contact with
each other or with the test animal. Thus, in this experiment
for assessing social novelty, we used a familiar rat (stranger-1)
and a totally unfamiliar rat (stranger-2). The sociability test
was repeated by allowing the test animal to move freely across
all three chambers. After the partitions were again raised, we
have assessed the time spent by the test rat with stranger-1 and
stranger-2. The preference for the novel rat (stranger-2) to-
wards the now familiar rat (stranger-1) was assessed by cal-
culating the percentage of time spent making contact with the
novel rat (novel) over the sum of time spent with both the
novel and the famil iar : [(NovelT imeMak ingCon t ac t /
(NovelTimeMakingContact + FamiliarTimeMakingContact)] × 100.
The sessions were video-recorded, and the amount of time
spent in each chamber was calculated by video tracking soft-
ware (Ethovision XT, Noldus Information Technology,
Netherlands). Entry into a chamber was defined when all four

n=10 from
each group 
proceeded 
for delivery

Open Field Test (OFT) Prepulse Inhibition (PPI) 

Poly(I:C) 
(n=15)

Social Interaction Test (SIT)
LPS 

(n=15)

Assessment of
Saline MIA 
(n=15) (n=5/group)

1.Gene expression studies
(n=5)

2.Biochemical assessments
Behavioral Assessments (n=12-14) 

(n=12-14)

Adult Period 
(PD 60-70)GD12 GD13 Birth

Weaning 
(PD21)

Periadolescent period
(PD 39-44)

Fig. 1 Depiction of chronological timeline
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paws have reached the chamber. The restrainer cages and
chambers were cleaned by 70% ethanol between different rats
to avoid olfactory cues. Sociability and social novelty tests
were conducted only once.

Prepulse Inhibition (PPI)

Prepulse inhibition (PPI) of acoustic startle was measured using
the Coulbourn instruments startle apparatus (Holliston,
Massachusetts) during the peri-adolescent (39–44 days) and
adult (60–70 days) periods. Rats were habituated with the animal
holder and the room having the Animal Acoustic Startle
Response System before beginning the sessions followed by
testing for PPI [method adapted from [38]]. Each test began with
10 min of apparatus acclimatization, at 65 dB white background
noise, which continued throughout the session followed by ten
pulse alone trials (120 dB for 20 ms), ten null trials with no
stimulus, and twenty prepulse + pulse trials at each of two dif-
ferent prepulse intensities (80 and 85 dB), in a pseudo-random
order and with an average intertrial interval of 17 s (range 9–
29 s). The prepulse + pulse trials consisted of a 20-ms prepulse
(at 80 and 85 dB), followed by a 100-ms delay, then a startle
pulse (120 dB, 20 ms). The testing session lasted for 25 min.
Prepulse inhibition is expressed as % PPI, defined as [Pulse
alone− (startle amplitude on prepulse + pulse trial)/mean startle
amplitude on pulse alone trials] × 100.

Quantification of Expression
of Immune-Inflammatory and Apoptotic
Pathway-Related Genes in the Brain Tissue
of Offspring Rats

About 100 mg hippocampal tissue from offspring rats (n = 5)
during the adult period were collected and stored in RNAlater
solution to quantify the expression of pro-inflammatory (IL1β,
IL6, and TNF-α) and apoptotic (BCl2, Cas3, Cas9, Bax, and
BDNF) pathway-related genes. Total RNA was extracted from
homogenized tissue using commercially available RNeasy Lipid
TissueMini Kits (Qiagen, Germantown,Maryland), followed by
conversion of mRNA to cDNA using high-capacity cDNA re-
verse transcription kit with RNase inhibitor (Applied
Biosystems, USA). cDNA samples were diluted to a final con-
centration of 10 ng/μl. The quantitative PCR (qPCR) was per-
formed in a QuantStudio 6 platform (Applied Biosystems, USA)
using TaqMan gene expression assays. The corresponding
TaqMan assay IDs are listed in Table 1. PCR cycling conditions
for all the genes were as follows: 50 °C for 2 min, 95 °C for
10 min, followed by 40 cycles consisting of 95 °C for 15 s and
60 °C for 1 min. Samples were run in triplicate for each target
gene. The qPCR reaction was performed with a commercially
available TaqMan Universal PCR Master Mix (Applied
Biosystems, USA) containing AmpliTaq Gold® DNA

polymerase. Reactions were performed in a final volume of
10 μl containing TaqMan Universal PCR Master Mix, probes
and primers of each gene as well as 1 μl of cDNA. All amplifi-
cation batches included no template control (NTC) and cDNA of
a control rat (not from the treatment groups) was used as a cal-
ibrator (reference sample) and was run in each plate to assess
intra- and inter-assay variability, which was <0.5 Ct. The 2−ΔΔCt

method of relative quantification was used. The final result is
presented as the fold change of target gene expression relative
to a reference sample, normalized to the endogenous control
(GAPDH).

Biochemical Analysis of Oxidative Stress
Markers in the Brain Tissue of the Offspring
Rats

Hippocampal tissues (approximately 100 mg) were collected,
homogenized in 1 ml phosphate-buffered saline using a ho-
mogenizer (Polytron PT 2500 E, Kinamatica, Switzerland).
Protease inhibitor was added just before homogenization to
prevent protein degradation. The homogenate was centrifuged
at 12,000 rpm for 10 min and the supernatant was collected
and stored at −80 °C until thawed for analyzing lipid peroxi-
dation and total antioxidant contents. The total protein con-
centration in each sample was normalized to correct intra-
assay variation. The total protein concentration was calculated
according to the Bradford [39] method.

Determination of Lipid Peroxidation

Lipid peroxidation was measured using a commercially avail-
able TBARS (Thiobarbituric Acid Reactive Substances) kit
(Cayman Chemicals, USA). Samples from tissue homoge-
nates were treated with sodium dodecyl sulfate (SDS) solution
followed by the addition of a color reagent (supplied with the
kit). The malondialdehyde-thiobarbituric acid reactive sub-
stance (MDA-TBA) adduct formed by the reaction of MDA

Table 1 Showing the list of genes and their corresponding assay ID and
amplicon size

Name of the gene TaqMan assay ID Amplicon size (bp)

GAPDH Rn99999916_s1 87

IL6 Rn01410330_m1 121

IL1β Rn00580432_m1 74

TNF-α Rn01525859_g1 92

Bax Rn01480161_g1 63

Cas9 Rn00581212_m1 68

Cas3 Rn00563902_m1 93

BCl2 Rn99999125_m1 104

BDNF Rn02531967_s1 142
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and TBA under high temperature (90–100 °C) and acidic con-
ditions were measured colorimetrically at 535–540 nm using a
plate reader (Multiskan GO, Thermo Scientific, USA).

Determination of Total Antioxidant Content

The total antioxidant content in hippocampal tissue homogenates
was measured using a commercially available antioxidant assay
kit (Cayman Chemicals, USA). The assay relies on the ability of
antioxidants in the sample to inhibit the oxidation of ABTS (2,2′-
Azino-di-[3-ethylbenzthiazoline sulphonate]) to ABTS+ by
metmyoglobin. The amount of ABTS+ produced was measured
by reading absorbance at 750 nm in a plate reader (Multiskan
GO, Thermo Scientific, USA).

Estimation of Plasma Levels
of the Pro-inflammatory Cytokines
in Offspring Rats

Five milliliters of blood was collected by cardiac puncture
from offspring rats during the adult period. Plasma was sepa-
rated by centrifuging the blood at 4000 rpm and stored at
−80 °C. The pro-inflammatory cytokines, IL-1β, IL-6, IL-
17A, and TNF-α were analyzed using the MILLIPLEX map
kit (RECYTMAG-65K) specific for rat (Millipore, France) in
a multiplex suspension array system (Bio-Plex 200, Bio-Rad,
USA) following the manufacturer’s guidelines.

Statistical Analyses

GraphPad Prism 8.0.1 (GraphPad Software, La Jolla, CA,
USA) was used for statistical analyses. For analyzing SIT
and PPI data, two-way ANOVA was used to test the effect
of treatment vs chambers and treatment vs trials across the
whole session followed by Dunnett’s multiple comparison
tests. For the analysis of the remaining behavioral tests and
biomarker data, a one-way ANOVA followed by Dunnett’s
multiple comparison tests were performed. Pearson’s correla-
tion matrix was used to assess the association of behavioral
parameters with biochemical and gene expression data.

Results

Poly (I:C) and LPS Treatment Induce MIA

MIAwas assessed by examining the plasma levels of IL-1β, IL-
6, IL-17A, and TNF-α 24 h after injecting the pregnant rats at
GD12 with poly (I:C) and LPS. Significantly higher levels of IL-
6 were observed in poly (I:C)- [mean difference (MD) of 107
with 95% CI 62.94 to 151.0; P < 0.0001] and LPS- (MD of
218.3 with 95% CI 174.3 to 262.3; P < 0.0001) treated pregnant

rats as compared to control group. Similar results were also ob-
served for IL-17A [poly (I:C) (MD of 73.10 with 95% CI 42.28
to 103.9;P= 0.0001), and LPS (MDof 48.12with 95%CI 17.30
to 78.93;P= 0.0039)] aswell as TNF-α [poly(I:C) (MDof 27.81
with 95%CI 22.62 to 32.99; P < 0.0001) and LPS (MD of 30.87
with 95%CI 25.69 to 36.06; P< 0.0001)] in the treated pregnant
rats when compared to the control rats. IL-1βwas greater only in
LPS- (MD of 77.73 with 95%CI 0.83 to 154.6; P = 0.04) treated
rats. However, no significant difference was observed for IL-1β
in the poly (I:C)-treated pregnant rats as compared to the control
group (MD of −52.46 with 95% CI −129.44 to 24.44; P = 0.19)
(Fig. 2a–d).

Behavioral Abnormalities in the MIA
Offspring

Poly (I:C)- and LPS-Treated Offspring Exhibit Anxiety-
like Behaviors

Rats born to poly (I:C)- and LPS-treated dams showed a signifi-
cant decrease in number of entries to the center zone [poly (I:C)
group: MD of 20.50 with 95% CI 14.12 to 26.88; P<0.0001 and
LPS group: MD of 19.67 with 95% CI 13.29 to 26.04;
P< 0.0001)] (Fig. 3a), time spent in the center zone [poly (I:C)
group: MD of 7.47 with 95% CI 2.881 to 12.07; P= 0.001 and
LPS group:MDof 9.76with 95%CI 5.164 to 14.35;P< 0.0001)]
(Fig. 3b), and zone transition [poly (I:C) group:MD of 41.00 with
95% CI 28.25 to 53.75; P< 0.0001 and LPS group: MD of 39.33
with 95%CI 26.58 to 52.08; P< 0.0001)] (Fig. 3c) when tested in
the open field as compared to the control rats during the peri-
adolescent period. Additionally, latency tomove to the center zone
first time (Fig. 3d) [(poly (I:C) group: MD of 38.27 with 95% CI
16.23 to 60.32; P= 0.0006) and LPS group: MD of 71.28 with
95%CI 49.23 to 93.32; P< 0.0001)] and time spent in the periph-
ery (Fig. 3e) [poly (I:C) group: MD of 7.47 with 95% CI 2.9 to
12.07; P=0.001 and LPS group: MD of 9.8 with 95% CI 5.16 to
14.35; P< 0.0001)] were significantly greater in both the poly
(I:C)- and LPS-treated rats as compared to the control rats.
However, the total distance moved (Fig. 3f) did not differ signif-
icantly among the offspring of the treated groups [poly (I:C) group:
MD of −178.8 with 95% CI −697.9 to 340.3; P= 0.65 and LPS
group: MD of 204.8 with 95% CI −314.3 to 723.8; P=0.57)].

Notably, similar observations were repeated even when the
rats were tested for the second time during the adulthood. Total
number of entries to the center zone [poly (I:C) group: MD of
26.23 with 95% CI 20.96 to 31.50; P < 0.0001 and LPS group:
MDof 12.58with 95%CI 7.206 to 17.96;P < 0.0001)] (Fig. 4a),
time spent in the center zone [poly (I:C) group: MD of 2.70 with
95% CI 0.4591 to 4.938; P = 0.02 and LPS group: MD of 3.3
with 95% CI 1.050 to 5.528; P = 0.004)] (Fig. 4b), and zone
transition [poly (I:C) group: MD of 52.46 with 95% CI 41.98
to 62.94; P < 0.0001 and LPS group: MD of 25.33 with 95% CI
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14.65 to 36.02; P < 0.0001)] (Fig. 4c) were significantly de-
creased in offspring born to dams treated with poly (I:C) and
LPS as compared to controls. Latency to move to the center zone
first time (Fig. 4d) [poly (I:C) group: MD of 59.64 with 95% CI
29.89 to 89.39; P < 0.0001 and LPS group: MD of 40.27 with
95%CI 11.14 to 69.40; P = 0.006)] and time spent in the periph-
ery (Fig. 4e) [poly (I:C) group: MD of 2.7 with 95% CI 0.46 to
4.93; P = 0.02 and LPS group: MD of 3.3 with 95% CI 1.1 to
5.5; P = 0.004)] were significantly greater in treated groups as
compared to controls. However, the total distance moved by the
offspring rats of the treated as well as control groups did not
differ significantly [poly (I:C) group: MD of 33.78 with 95%
CI −688.8 to 756.3; P = 0.99 and LPS group: MD of −223.9
with 95% CI −946.5 to 498.7; P < 0.70)] (Fig. 4f).

In summary, the rats born to the poly (I:C)- and LPS-
treated dams showed significant anxiety-like behaviors in
the OFT as they spent more time in the periphery and not in
the center of the chamber compared to rats born to saline-
treated dams. The ambulatory behaviors especially the rate
of ambulation was comparable across all three groups indicat-
ing normal locomotor behaviors.

Poly (I:C)- and LPS-Treated Offspring Rats
Display Deficits in Social Behaviors

Rats born to the poly (I:C)- and LPS-treated dams showed
social deficits in the peri-adolescent period. Two-way

ANOVA showed significant effect of treatment X chamber
on time spent with animals or objects. There was a significant
interaction between treatment X chamber on time spent [F (4,
102) = 40.73, P < 0.0001] and main effect of chamber [F (2,
102) = 742.3, P < 0.0001]. Offspring born to the poly (I:C)-
treated rats spent significantly lesser time in making contact
with animals than objects (MD of 159.8 with 95% CI 120.0 to
199.5; P < 0.0001) (Fig. 5a), whereas offspring born to the
control rats spent more time in making contact with animals
than objects (MD of 61.15 with 95% CI 22.93 to 99.36; P =
0.001)]. No difference in time spent was observed in the off-
spring born to the LPS-treated rats (MD of 27.28 with 95% CI
-12.49 to 67.06; P = 0.22). We further assessed the sociability
index by one-way ANOVA, which was found to be signifi-
cantly decreased in offspring of both the poly (I:C)- (MD of
67.22 with 95%CI 55.96 to 78.49;P < 0.0001) and LPS- (MD
of 36.43 with 95% CI 25.16 to 47.69; P < 0.0001) treated rats
as compared to the controls (Fig. 5b).

Similarly, there was a significant effect of treatment and
chamber on time spent with familiar or novel rats. There was a
significant interaction between the effects of the treatment X
chamber on time spent [F (4, 111) = 13.94, P < 0.0001], and
the main effect of the chamber [F (2, 111) =1329, P < 0.0001].
Offspring born to both the treated groups spent significantly
lesser time making contact with a novel than the familiar rats;
poly (I:C) group (MD of 75.08 with 95% CI 39.55 to 110.6;
P < 0.0001) and LPS group (MD of 84.83 with 95% CI 49.30
to 120.4; P < 0.0001) (Fig. 5c), whereas offspring from the
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saline-treated rats spent significantly greater time making contact
with a novel than familiar rats (MD of 42.17 with 95% CI 11.40
to 72.93;P = 0.005). A one-wayANOVAshowed a significantly
reduced social novelty index in offspring of both the poly (I:C)-
(MD of 34.28 with 95% CI 23.89 to 44.68; P < 0.0001) and
LPS- (MD of 44.87 with 95% CI 34.47 to 55.26; P < 0.0001)
treated rats as compared to controls (Fig. 5d).

The rats consistently showed deficits in social behavior in
the adult period. A two-way ANOVA showed significant effect
of treatment and chamber on time spent with animals or objects.
There was a significant interaction between the effects of treat-
ment X chamber on time spent, [F (4, 102) = 42.37,P < 0.0001]
and a main effect of chamber [F (2, 102) = 2307, P < 0.0001].
Offspring born to both the poly (I:C)- (MD of 63.21 with 95%
CI 38.78 to 87.64; P < 0.0001) and LPS- (MD of 91.61 with
95% CI 67.18 to 116.0; P < 0.0001)] treated groups spent less
time making contact with animals than the objects (Fig. 6a),
whereas offspring born to the control (MD of 83.08 with 95%
CI 59.61 to 106.6; P < 0.0001) rats spent more time making
contact with animals than the objects. A one-way ANOVA

demonstrated a significantly decreased sociability index in off-
spring of both the poly (I:C)- (MD of 50.29 with 95% CI 42.50
to 58.08; P < 0.0001) and LPS- (MD of 56.40 with 95% CI
48.45 to 64.35; P < 0.0001) treated rats as compared to the
control rats (Fig. 6b).

There was a significant effect of treatment and chamber on
time spent with familiar or novel rat, and a significant interac-
tion between the effects of treatment and chamber on time
spent, [F (4, 102) = 9.94, P < 0.0001] and main effects of the
chamber [F (2, 102) = 736.7, P < 0.0001]. Offspring born to
poly (I:C)- (MD of 53.17 with 95% CI 20.98 to 85.35; P =
0.0007) treated rats spent less time making contact with a
novel rat than familiar (Fig. 6c), whereas control (MD of
57.28 with 95% CI 23.78 to 90.78; P = 0.0004) offspring
spent more time making contact with a novel rat than familiar.
One-way ANOVA showed significantly reduced social nov-
elty index in offspring of both poly (I:C)- (MD of 26.49 with
95% CI 21.79 to 31.18; P < 0.0001) and LPS- (MD of 20.01
with 95% CI 15.22 to 24.80; P < 0.0001) treated rats as com-
pared to controls (Fig. 6d).
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In summary, the rats born to poly (I:C)- and LPS-treated dams
displayed significant social behavioral deficits in terms of both
sociability and social novelty aspects of social cognition.

MIA Offspring Exhibits Altered Prepulse
Inhibition

Percentage PPI was analyzed using two prepulse-pulse trial types
during the peri-adolescent and adult periods. There was no sig-
nificant difference of percentage PPI in offspring of both
the treated and control groups during peri-adolescent period
(Fig. 7a). However, a two-way ANOVA showed main effects
of treatment [F (2, 75) = 7.85, P = 0.0008] and trial types [F (1,
75) =11.00, P = 0.001] during the adult period with no interac-
tion effect [F (2,75) = 0.057, P = 0.94]. LPS offspring had a
decreased percentage PPI as compared to the controls at both
80 dB (MD of 13.19 with 95% CI 2.08 to 24.30; P = 0.02)

(Fig. 7b) and 85 dB (MD of 12.27 with 95% CI 1.17 to 23.38;
P = 0.03), but poly (I:C) offspring showed diminished PPI only
at 85 dB (MD of 11.94 with 95% CI 0.83 to 23.04; P = 0.03).
Although reduced PPI was observed in poly (I:C) offspring at
80 dB (MD of 10.54 with 95% CI −0.78 to 21.85; P = 0.07), it
was not statistically significant.

Assessments of Markers of Inflammation,
Oxidant-Antioxidant Balance, and Apoptosis
in MIA Offspring

Elevated Peripheral Inflammatory Cytokines in MIA
Offspring

To assess the inflammatory status in the offspring of poly
(I:C)- and LPS-treated rats, pro-inflammatory cytokines viz,
IL-6, TNF-α, IL-1β, and IL-17A were analyzed in the
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peripheral blood. The plasma levels of TNF-α in poly (I:C)
group (MD of 21.64 with 95% CI 4.2 to 39.08; P = 0.02) and
LPS group (MD of 23.31 with 95% CI 5.87 to 40.75; P =
0.01) (Fig. 8a) and IL-17A in poly (I:C) group (MD of 54.50
with 95% CI 23.36 to 85.64; P = 0.002) as well as LPS group
(MD of 36.97 with 95% CI 5.83 to 68.11; P = 0.02) (Fig. 8b)
were significantly increased. However, IL-6 levels were

significantly elevated only in offspring of poly (I:C)-treated
rats (MD of 68.91 with 95% CI 12.30 to 125.5; P = 0.01)]
(Fig. 8c). The difference in the levels of IL-1β was not signif-
icant between the offspring of treated [poly (I:C) group: MD
of 3.32 with 95% CI −28.76 to 22.12; P = 0.92 and LPS
group: MD of 8.21 with 95% CI −35.69 to 19.26; P = 0.66]
and control groups (Fig. 8d).
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Upregulated Inflammatory Cytokine Gene Expression
in the Brain Tissue of MIA Offspring

Significantly upregulated expression of TNF-α was observed
in offspring of both the poly (I:C)- (MD of 0.77 with 95% CI
0.14 to 1.4;P = 0.02) and LPS- (MD of 0.75 with 95%CI 0.12
to 1.38; P = 0.02) treated rats (Fig. 9a); IL6 only in offspring
born to poly (I:C)- (MD of 0.50 with 95%CI 0.07 to 0.93; P =
0.02) treated rats (Fig. 9b), while IL1β only in offspring of the
LPS- (MD of 0.77 with CI 0.03 to 1.51; P = 0.04) treated rats
(Fig. 9c). TNF-α gene expression levels and anxiety-like be-
haviors [(r = 0.93), (95% CI = 0.25 to 0.99)] in the offspring

of poly (I:C)-treated rats were positively correlated. The per-
centage PPI at 85 dB was negatively correlated with IL1β
gene expression in the offspring of LPS-treated rats [(r =
−0.94) (95% CI, −0.99 to −0.35)].

Altered Oxidant-Antioxidant Balance in Brain Tissue
of MIA Offspring

Lipid peroxidation, expressed as the level of thiobarbituric
acid reactive substances (TBARS), was significantly higher
in the hippocampal tissue of the offspring of both the poly
(I:C)- (MD of 2.68 with 95% CI 0.65 to 4.72; P = 0.009)
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and LPS- (MD of 4.76 with 95% CI 2.72 to 6.80; P < 0.0001)
treated rats as compared to the controls (Fig. 10). Total anti-
oxidant contents were significantly lower in hippocampal tis-
sue of the offspring of both the poly (I:C)- (MD of 0.21 with
95% CI 0.07 to 0.34; P = 0.002) and LPS- (MD of 0.28 with
95% CI 0.15 to 0.42; P < 0.0001) treated rats as compared to
the controls (Fig. 11). In addition, a positive correlation was
found between TBARS and sociability [(r = 0.90), (95% CI =
0.06–0.99)].

Altered Expression of Apoptotic and Neuroprotective
Genes in Brain Tissue of MIA Offspring

The expressions of Bax (MD of 0.41 with 95% CI 0.09 to
0.73; P = 0.01), Cas3 (MD of 0.66 with 95% CI 0.15 to
1.18; P = 0.01), and Cas9 (MD of 0.47 with 95% CI 0.06 to
0.90; P = 0.03) genes were significantly increased in the hip-
pocampus of offspring of the LPS-treated rats. However, a
significantly decreased expressions of BDNF [poly (I:C)
group: MD of 0.68 with 95% CI 0.13 to 1.23; P = 0.02, and
LPS group: MD of 0.73 with 95% CI 0.18 to 1.3; P = 0.01] as
well as BCl2 [poly (I:C):MD of 0.54 with 95% CI 0.11 to
0.97; P = 0.02, and LPS group: MD of 0.53 with 95% CI
0.10 to 0.96; P = 0.02) were observed in the offspring of both
the treated groups (Fig. 12a–d). Besides this, there was a neg-
ative correlation between sociability and Bax gene expression
in LPS offspring [(r = −0.95), (95% CI = −0.99 to −0.38)].
The expression of the cas9 gene was also negatively correlat-
ed with the novelty index in poly (I:C) offspring [(r = −0.94),
(95% CI = −0.99 to −0.32).

Discussion

Preclinical studies, particularly MIA models in rodents, have
made significant advances in establishing the causal link be-
tween prenatal infection and risk of schizophrenia-like behav-
iors in the adult offspring [9, 40]. These studies have provided
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important insights into the neurodevelopmental and immune
origin of schizophrenia with immense translational potential.
Herein, we aimed to discern a common central mechanism
through which MIA induces schizophrenia-like behavioral
deficits in the offspring during the peri-adolescent and adult
periods.

Effect of Prenatal Infection on Maternal Immune
System

In the present study, exposure to viral [poly (I:C)] and bacte-
rial (LPS) analogs on GD12 was shown to significantly ele-
vate levels of inflammatory cytokines, such as IL-1β, IL-6,
IL-17A, and TNF-α in the maternal plasma, indicating MIA
status in the pregnant rats. Furthermore, similar changes in the
expression profile of the inflammatory cytokines in both the
poly (I:C)- and LPS-treated groups suggest that bacterial and
viral infections in pregnant rats may cause similar immune-
inflammatory responses.

Effect of MIA on Schizophrenia-like Behavioral
Deficits in the Offspring

MIA in rodents resulted in significant behavioral changes in
the offspring, which are reminiscent of schizophrenia pheno-
types in humans [18, 41]. In the present study, the offspring of
poly (I:C)- and LPS-treated dams were assessed for anxiety-
like behaviors, social interactions, and sensorimotor gating (as
assessed using prepulse inhibition) during peri-adolescent and
adult periods. Importantly, the outcome measurements of
these behavior tests in rodents may reflect the behavioral def-
icits observed in schizophrenia in humans [42]. For example,
anxiety-like and exploratory behaviors and locomotor activity
examined in the OFT test in rodents reflect impairments in
social behaviors in humans including positive and negative
symptoms. The measurement of social interaction in the SIT

test in rodents reflects deficits in social interaction attributes
representing the negative symptoms of schizophrenia. In ad-
dition, PPI is commonly used as a measure of sensorimotor
gating, a neurocognitive function, which is frequently im-
paired in schizophrenia [43].

In the current study, anxiety-like behaviors and socio-
cognitive deficits were observed in the offspring of rats with
MIA. Interestingly, offspring of poly (I:C)- and LPS-treated
rats exhibited comparable anxiety-like features in the open
field during peri-adolescent and adult periods. Moreover, the
offspring of poly (I:C)- and LPS-treated rats spent significant-
ly less time with animals compared to an inanimate object. In
addition to this, the offspring of both the poly (I:C)- and LPS-
treated rats spent less time with novel conspecifics as com-
pared to the familiar rat during adult period. The measures of
social deficits were also comparable among the offspring of
poly I:C- and LPS-treated rats, except the situation where
offspring born to LPS-treated rats spent comparably equal
time in making contact with the animal and the inanimate
object during the peri-adolescent period. These behavioral
changes point towards impaired social cognition including
sociability (tendency to initiate social contact) and social nov-
elty (tendency to initiate social contact with a new individual)
in the offspring. These observations coincide with previous
findings, and our data further reinforce the notion that MIA
leads to sustained abnormalities in social behaviors in the
offspring [44–46].

Besides altered social behaviors, impaired sensory gating rep-
resents one of the fundamental clinical features of schizophrenia
[47]. In this study, offspring born to both the poly (I:C)- andLPS-
treated rats exhibited reduced PPI during the adult period. This
finding is also in line with the previous studies showing that
prenatal infection may induce a disruption of sensory gating in
the offspring [48, 49]. However, the most notable and unique
finding observed in the current study was the comparable pattern
of behavioral deficits among the offspring of both the poly (I:C)-
and LPS-treated dams during peri-adolescent and adult periods.
This suggests that viral and bacterial infections might result in
similar impairments in schizophrenia-like behaviors. We per-
formed a stratified analysis based on the sex of the offspring rats;
however, sex was not found to have any significant effect on the
studied behavioral parameters.

Impact of MIA on Inflammatory, Oxidant,
Antioxidant, Neuroprotective, and Apoptotic
Biomarkers in the Offspring

In this study, we observed elevated levels of inflammatory
cytokines both in the peripheral blood and hippocampus of
the adult offspring of poly (I:C)- and LPS-treated rats, of
which the levels of IL-6 and TNF-α correlated between brain
and blood. To the best of our knowledge, this is a first study to
demonstrate the ability of MIA to induce cytokine-mediated
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Fig. 11 Total antioxidant levels in the offspring of poly (I:C)- and LPS-
treated and control rats in the adult period. Poly (I:C) and LPS offspring
showed decreased levels of total antioxidant capacity as compared to
saline. Data are shown as mean ± SD, (n = 12–14). Poly (I:C) vs saline:
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inflammation both in the periphery and brain of the same
offspring rats. Although a previous study examined the levels
of cytokines in the brain and serum of MIA offspring, the
changes in brain cytokines did not correlate with the levels
of serum cytokines [17]. In the current study, the pattern of
cytokine (TNF-α and IL-17A in the blood and TNF α in the
brain) expression was observed to be same in the offspring of
both the poly (I:C)- and LPS-treated rats indicating that viral
and bacterial infections may elicit similar cytokine-mediated
inflammatory responses. The elevated levels of TNF-α were
positively correlated with anxiety-like behaviors in the off-
spring of poly (I:C)-treated rats.

Another major finding of this study is that lipid peroxida-
tion is increased and total antioxidant content decreased in the
hippocampus of offspring rats following administration of

poly (I:C) and LPS to the mothers. Importantly, the contents
of oxidants and antioxidants in the hippocampus did not differ
significantly among the offspring of LPS- and poly (I:C)-treat-
ed rats. There is a considerable lack of data from animal model
studies on the effects of MIA on oxidative stress pathways in
adult offspring. The long-term effect of MIA on oxidative
stress was examined only in one study in C57BL/6 mice
reporting that poly (I:C) injection at embryonic day 9.5 in-
duced an oxidative imbalance due to alterations in gene ex-
pression of SOD1 and NOX2 mainly in the cerebral cortex
and hippocampus of male offspring at adulthood [46]. Taken
together, these findings suggest long-lasting deleterious ef-
fects of MIA on oxidative stress pathway in brain tissue.
The increased neurotoxicity by neuro-immune and neuro-
oxidative pathways coupled with lowered antioxidant
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defenses may contribute to schizophrenia-like behaviors in-
cluding impaired sociability in the offspring.

Another novel finding of our study is that regulators of
apoptotic and neuroprotective pathways are significantly al-
tered in the hippocampus of the offspring rats during adult
period. We observed a significantly upregulated expression
of Bax, Cas3, and Cas9 genes in the offspring of LPS-
treated rats, and a significant downregulation of protective
genes including BDNF and BCl2 in the offspring of both poly
(I:C)- and LPS-treated rats. Moreover, we have stratified our
analysis based on the sex of the offspring rats and we were
unable to detect a significant effect of sex on the inflammato-
ry, oxidative stress, and apoptotic markers.

The dysregulated inflammatory, oxidative stress, and
apoptotic pathways driven by MIA might lead to man-
ifestation of schizophrenia-like symptoms by disrupting
multiple neurobiological processes. Support towards this
notion can be derived from multiple lines of studies.
For example, MIA in mice may result in maturation-
dependent dopaminergic hyperfunction and cognitive
impairment in the offspring [50]. MIA may inhibit cor-
tical neurogenesis thereby causing behavioral distur-
bances in adult offspring [51]. MIA was also proposed
to affect the ability of cerebellar neurons to form syn-
apses, resulting in synaptic impairments and contribut-
ing to behavioral impairments [18]. MIA in mice may
result in altered brain morphometry (smaller brain re-
gions like corpus callosum and disruption in myelin/
fiber structure), resting-state functional connectivity,
and overall lower neural activity, which may possibly
correlate with the behavioral deficits [27]. A recent
study revealed that poly (I:C)-induced MIA triggers be-
havioral abnormalities in association with exacerbated
inflammation and oxidative stress [46]. Taken together,
these data suggest an important role of activated
immune-inflammatory and oxidative stress pathways in
causing schizophrenia-like behaviors through their detri-
mental effects on apoptotic pathways and brain struc-
tures and functions. The immune-inflammatory response
and oxidative stress driven by lowered antioxidant and
neuroprotective defenses in the MIA offspring may ac-
tivate apoptotic pathway in the brain of offspring rats,
and the cumulative effects of all dysfunctions may un-
derpin the pathophysiology of schizophrenia-like behav-
iors in rodents.

One of the core changes that accompanies schizophrenia is
increased neurotoxicity due to inflammatory products (includ-
ing IL-1β, IL-6, and TNF-α), oxidative stress (including lipid
peroxidation), and apoptotic changes, which coupled to
lowered neuroprotective and antioxidant defenses may induce
neuroprogression [30, 32, 35]. It is plausible that maternal
immune activation, developmental immune changes, and con-
current neurodevelopmental aberrations might be involved in

early priming of neuroprogressive changes, and onset of these
changes later in life could be a secondary phenomenon of
already and early primed events. Based on the findings of
the current study, we may propose that prenatal infections
are associated with schizophrenia-like behavioral deficits
through effects of activated immune-inflammatory and apo-
ptotic pathways, increased oxidative stress toxicity, and
lowered antioxidant and neuroprotective defenses. Our find-
ings suggest that those long-lasting detrimental effects of pre-
natal infections may underpin neurodevelopmental aberra-
t ions and neuroprogress ion and , subsequen t ly ,
schizophrenia-like symptoms.

Conclusion

TheMIAmodel receivedmore attention because studies using
MIAmodels provided crucial insights into the neurobiological
consequences of MIA, which are relevant to the pathophysi-
ology of schizophrenia, including altered cortical
neurogenesis, dopaminergic activity, and kynurenine pathway
activation. We focused on immune-inflammatory, oxidative,
and apoptotic pathways in the hippocampus of the offspring
rats, as this region of the brain in humans plays a pivotal role
in the pathobiology of schizophrenia by disrupting several
processes like neurotransmission, adult neurogenesis, learn-
ing, memory, and neurocognition. The current study reported
novel data including (i) poly (I:C)- and LPS-induced MIA
exert sustained and similar changes in immune-inflammatory
biomarkers in peripheral blood and oxidative stress and apo-
ptotic markers in the hippocampus of offspring rats, (ii) MIA-
induced changes in the immune-inflammatory and oxidative
stress markers in the hippocampus of the adult offspring may
influence cell death pathways in the brain, and (iii) MIA-
induced immune-inflammatory, oxidative stress, and apopto-
tic pathways correlate with the schizophrenia-like behavioral
deficits in the offspring rats. Our findings corroborate the the-
ory thatMIAmay play a crucial role in causing schizophrenia-
like symptoms through long-lasting effects on immune-in-
flammatory, oxidative, antioxidant, neuroprotective, and apo-
ptotic pathways thereby causing neuroprogression. The aber-
rations in those five pathways may drive positive and negative
symptoms and neurocognitive impairments by altering neuro-
nal functions in the hippocampus.
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