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Abstract
Maternal immune activation (MIA) model has been profoundly described as a suitable approach to study the pathophysiological
mechanisms of neuropsychiatric disorders, including schizophrenia. Our previous study revealed that prenatal exposure to
lipopolysaccharide (LPS) induced working memory impairments in only male offspring. Based on the putative role of prefrontal
cortex (PFC) in working memory process, the current study was conducted to examine the long-lasting effect of LPS-induced
MIA on several neuroinflammatory mediators in the PFC of adult male pups. We also investigated whether maternal zinc
supplementation can alleviate LPS-induced alterations in this region. Pregnant rats received intraperitoneal injections of either
LPS (0.5mg/kg) or saline on gestation days 15/16 and supplementedwith ZnSO4 (30mg/kg) throughout pregnancy. At postnatal
day 60, the density of both microglia and astrocyte cells and the expression levels of IL-6, IL-1β, iNOS, TNF-α, NF-κB, and
GFAP were evaluated in the PFC of male pups. Although maternal LPS treatment increased microglia and astrocyte density,
number of neurons in the PFC of adult offspring remained unchanged. These findings were accompanied by the exacerbated
mRNA levels of IL-6, IL-1β, iNOS, TNF-α, NF-κB, and GFAP as well. Conversely, prenatal zinc supplementation alleviated
the mentioned alterations induced by LPS. These findings support the idea that the deleterious effects of prenatal LPS exposure
could be attenuated by zinc supplementation during pregnancy. It is of interest to suggest early therapeutic intervention as a
valuable approach to prevent neurodevelopmental deficits, following maternal infection.
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Abbreviations
LPS Lipopolysaccharide
PND Postnatal day
PFC Prefrontal cortex
GD Gestation day
MIA Maternal immune activation
CNS Central nervous system
GFAP Glial fibrillary acidic protein
TNF-α Tumor necrosis factor-alpha
IL-1β Interleukin 1 beta
IL-6 Interleukin 6
NF-κB Nuclear factor kappa B
iNOS Inducible nitric oxide synthase
iba1 Ionized calcium binding adaptor molecule 1
DAPI 4′,6-diamidino2-phenylindole
MT Maternal metallothionein
i.p. Intraperitoneal
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qPCR Quantitative PCR
H&E Hematoxylin-eosin
ANOVA Analysis of variance
ELISA Enzyme-linked immunosorbent assay

Introduction

Schizophrenia is a debilitating psychotic disease with a
prevalence of 1% in the worldwide population, wherein
behavior, cognition, and brain structures are severely af-
fected. Epidemiological and experimental studies have ex-
ceedingly suggested the complex interactions of genes and
environment, as the main contributing factors in the path-
ogenesis of this mental disorder [1]. Of environmental fac-
tors, gestational infection has been identified to be a po-
tential risk factor causing deleterious impacts on fetal brain
development [2]. There is evidence that the cytokine im-
balance in the fetal brain, as a consequence of gestational
infection, can result in neurodevelopmental disruptions in-
creasing the susceptibility to develop neuropsychiatric dis-
eases such as schizophrenia [3]. Based on this evidence,
maternal immune activation (MIA) animal model has be-
come a suitable and widely used model to investigate
pharmacotherapeutic options and pathological mechanisms
involved in several psychiatric disorders including schizo-
phrenia and autism spectrum disorders (ASD) [4]. In this
regard, administration of various immunogenic agents,
such as lipopolysaccharide (LPS) and viral mimic
polyinosinic-polycytidilic acid (Poly I:C), to pregnant
dams have been commonly applied to establish this animal
model [5]. As of today, a number of in vivo studies have
successfully used various approaches with difference in
dose of immunogenic substances, gestational stage, and
frequency of injection to mimic maternal infection and
evaluate the neural dysfunction and behavioral impair-
ments related to schizophrenia [6–9]. In a previous study,
we showed that prenatal exposure to LPS (0.5 mg/kg, in-
traperitoneal (i.p.)) at gestation days (GD) 15/16 led to
working memory impairments in male but not female off-
spring [10]. Other animal studies have also demonstrated
significant behavioral deficits in offspring born to
immune-challenged mothers [6, 8, 9, 11]. Indeed, molecu-
lar and cellular mechanisms underlying behavioral mani-
festations are yet to be fully elucidated. With the develop-
ment of new techniques, however, several studies have
reported the association between prefrontal cortex (PFC)
disturbances and working memory impairments in patients
with schizophrenia [12–14]. For this reason, PFC has be-
come the focus of more investigation in the present study.

A large body of evidence has consistently suggested an
association between schizophrenia and neuroinflammation
with the focus on the glial cells, including microglia and

astrocyte [15–18]. Activated microglia, as the resident
immune cells in the brain, have been identified to be in-
volved in neuropathology of schizophrenia mainly due to
the production of free radicals and inflammatory media-
tors [18, 19]. In support of this, increased microglial ac-
tivation and proliferation have been observed in the post-
mortem tissue samples from schizophrenic patients [20,
21] as well as different brain regions of the offspring from
animal models [6, 19]. Likewise, disruption in functional-
ity of astrocytes, the most numerous cells in the brain, is
now accepted to have a crucial role in the pathogenesis of
this mental disease acting in part by its function in innate
immunity [22].

As mentioned earlier, immune dysregulation in the de-
veloping brain, as a consequence of gestational infection,
results in a long-lasting impact on fetal brain structure and
function. There is evidence that maternal immune re-
sponse, not a specific infectious agent, is responsible for
disruption in normal brain development [3]. Although the
pro-inflammatory cytokines are considered the main medi-
ators in maternal immune response [23], the secondary
consequences of systemic immune activation are also of
importance. Interestingly, a recent animal study has sug-
gested a correlation between maternal zinc deprivation and
impairments in memory and learning function of offspring
[24]. Specifically, LPS exposure during pregnancy has
been revealed to induce maternal and fetal hypozincemia
and consequently abnormal neurodevelopment with chang-
es in both offspring brain function and structure [25, 26].
However, the mechanism of damage is unclear but may
partly be due to the fact that zinc, as an essential trace
mineral, is required for the correct functioning of many
enzymes and transcription factors involved in brain devel-
opment and neurogenesis [27]. Thus, fetal zinc deficiency,
due to the LPS-mediated maternal hypozincemia, can lead
to deleterious and long-lasting consequences in the fetal
developing brain [28, 29]. Our previous results showed
the preventive effect of maternal zinc supplementation on
behavioral deficits in male offspring prenatally exposed to
LPS [10]. Added to this, the beneficial effect of maternal
zinc supplementation on LPS-induced impairments in cog-
nition, several neurotransmitters, and teratogenicity has
been also reported [26, 30, 31]. Although these results
are exciting, the exact mechanism by which maternal zinc
supplementation alleviates the brain abnormalities induced
by LPS in pups is unclear.

Due to the putative role of PFC in working memory
[13] and our previous results showing the working mem-
ory impairments in only male offspring [10], the current
study was conducted to examine the effect of LPS-
induced MIA on several inflammatory mediators and mi-
croglia and astrocyte density in PFC of adult male off-
spring. We also investigated whether maternal zinc
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supplementation can alleviate LPS-induced alterations in
this region of brain.

Materials and Methods

Animal

Three-month-old Wistar rats including 24 females and 12
males (animal laboratory of Hormozgan University of
Medical Sciences) weighing 250 ± 20 g were housed under
controlled humidity (60–70%) and temperature (22 °C) with
a 12 h light/dark schedule (light on 7 a.m. to 7 p.m.). Animals
had unlimited access to pellet (Pars animal food company,
Iran) and tap water.

All animal procedures in this research were carried out in
accordance with the National Institutes of Health guide for the
care and use of laboratory animals and also approved by the
local Institutional Ethics Committee (approval number:
IR.HUMS.REC.1397.010). All attempts were made to mini-
mize the number and suffering of animals.

Treatment

Female and male breeders were co-housed in a cage
overnight and the first day after detecting spermatozoa
in vaginal smears was defined as GD1. The pregnant
rats were randomly assigned into the following treat-
ment groups: group 1 (control) and group 2 (LPS);
pregnant rats received two consecutive i.p. injections
of either saline or LPS (0.5 mg/kg, Escherichia coli
O111:B4) [9] dissolved in saline at GD15/16, respec-
tively. Both control and LPS groups were orally
gavaged with water (as a vehicle) throughout the preg-
nancy. Group 3 (LPS + zinc) and group 4 (zinc): preg-
nant dams were treated with LPS (0.5 mg/kg, i.p.) or
saline on GD15/16 and meanwhile were daily supple-
mented with ZnSO4 (30 mg/kg) [32] by gavage
throughout the gestational period. The dose and route
of zinc supplementation had no adverse effect on preg-
nancy outcome.

The offspring born to these dams were weaned and
housed based on sex and litter on postnatal day 21
(PND 21) and left undisturbed until experiments at PND
60. In this study, subjects were the male pups from dif-
ferent litters (6 litters per each experimental group) to
avoid litter effects. We selected male pups in the present
study based on our previous results showing the working
memory impairments only in male offspring [10]. Added
to this, we used resource equation method for sample size
calculation [33]. One male offspring from independent
litters were selected randomly for qPCR, immunostaining,
and hematoxylin-eosin (H&E) staining.

Tissue Collection

For molecular analysis, six animals from each group (n = 6)
were euthanized using CO2 asphyxiation at PND 60. After
decapitation, PFC were immediately dissected from the
brains, snap-frozen in liquid nitrogen, and finally kept at −
80 °C until further analysis. The dissection of PFCwas carried
out based on a study by Chiu et al. [34].

For histological analysis, after deep anesthesia with keta-
mine (100 mg/kg) and xylazine (10 mg/kg), four animals per
each experimental group (n = 4) were transcardially subjected
to perfusion using phosphate buffered saline (PBS) followed
by 4% paraformaldehyde (PFA) solution. The brain tissues
were removed from the skulls and incubated overnight in
4% PFA. Finally, the brains used for immunostaining were
stored in a 30% sucrose dissolved in PBS solution until further
use.

Gene Expression Analysis by qPCR

All procedures including RNA extraction, cDNA synthesis,
and qPCR analysis were conducted based on MIQE guide-
lines [35]. Total RNA extraction from PFC tissues was per-
formed using TRI reagent (Sigma, USA), followed by DNase
treatment (Fermentas, USA) based on the manufacturer’s in-
structions. Total RNA was reverse transcribed using one mi-
crogram of total RNA and oligo-dT primer with a cDNA
synthesis kit (Thermo Ficher, USA) according to the manu-
facturer’s protocol. For gene expression analysis, cDNA sam-
ples were subjected to amplify in triplicate using SYBR
Premix Ex Taq II (Takara, Japan) and primers listed in
Table 1 in a Mic qPCR system (Australia). qPCR reaction
was carried out with a three-step procedure as follows: initia-
tion at 95 °C for 30 s, denaturation at 95 °C for 5 s, annealing

Table 1 Primers sequences used in qPCR analysis

Name Accession number Sequences (5′ to 3′)

IL-6 NM_012589.2 TGATGGATGCTTCCAAACTG
GAGCATTGGAAGTTGGGGTA

IL-1β NM_031512.2 GCTGTGGCAGCTACCTATGTCTTG
AGGTCGTCATCATCCCACGAG

TNF-α NM_012675.3 AAATGGGCTCCCTCTCATCAGTTC
TCTGCTTGGTGGTTTGCTACGAC

iNOS NM_012611.3 GACCAGAAACTGTCTCACCTG
CGAACATCGAACGTCTCACA

NF-κB XM_006233360.3 TGCAGAAAGAAGACATTGAGGTG
AGGCTAGGGTCAGCGTATGG

GFAP NM_017009.2 TGGCCACCAGTAACATGCAA
CAGTTGGCGGCGATAGTCAT

GAPDH XM_017593963.1 ACGGCAAGTTCAACGGCACAG
GACATACTCAGCACCAGCAT

CACC
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at 60 °C for 30 s, and extension at 72 °C for 30 s for a total of
40 cycles. GAPDH expression was used as a reference gene,
and relative expression of target genes was determined by the
comparative Ct (2

-ΔΔCt) method.

Immunofluorescence Staining

To measure the astrocyte and microglia density in PFC,
immunostaining was carried out as described previously
[36]. After transferring the brains in a 30% sucrose
solution for 48 h, tissues were frozen in the OCT com-
pound, and then coronal cryosections (6-μm-thick sec-
tions) were prepared using a cryostat instrument
(MICROM HM 525, Thermo Scientific). After three
washes with PBS, sections were permeabilized and
blocked with a solution containing 10% normal goat
serum (NGS), 0.3% Triton x-100 in PBS for 1 h,
followed by overnight incubation with primary antibod-
ies including rabbit anti GFAP (1:400, Z0334, Dako) or
rabbit anti-Iba1 (1:500, 019–19,741, Wako) at 4 °C. On
the next day, section slides were washed with PBS and
incubated in a 1:1000 dilution of a Goat anti-rabbit
Alexa Fluor®594 (ab150080) or Goat anti-rabbit Alexa
Fluor®488 (ab150077) for 1 h at room temperature.
Subsequently, the sections were washed with PBS,
stained with 4,6-diamidino-2-phenylindole (DAPI) for
10 min at room temperature and finally visualized with
a fluorescence microscope (Nikon E600, Japan). All im-
ages were captured at a magnification of 200 with the
constant acquisition parameters, including gain, expo-
sure, and intensity. Images from four sections per slide,
four slides per animal, and four animals per group were
taken. For the quantification of data, the number of
Iba1/GFAP positive cells soma were manually counted
using Image J software (version 1.42 V, NIH, USA)
and averaged from four consecutive sections per slide
based on a previous report [37]. The observer was blind
to the treatment groups.

Histopathology

For histopathological examination, brain tissues were
dehydrated by a series of alcohol and embedded in paraffin.
Afterward, 5-μm-thick coronal sections were cut through the
PFC region using a microtome. Finally, sections were stained
with hematoxylin and eosin (H&E) and evaluated under a
microscope (Nikon, Japan) [36]. Images were captured at a
magnification of 200. Cell counting was manually performed
by an independent and blinded investigator using Image J
software (version 1.42 V, NIH, USA) and averaged from four
consecutive sections per slide. Four sections from each slide,
four slides per each animal, and four animals per each group
were evaluated.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6
software (GraphPad Software Inc. San Diego, CA, USA).
The data were analyzed using two-way analysis of variance
(ANOVA), with gestational treatment (saline vs. LPS) and
maternal supplementation (vehicle vs. zinc) as between-
subject factors. Analyses were followed by Bonferroni post
hoc test. The data are expressed as mean ± SEM, and p < 0.05
was considered statistically significant.

Results

Maternal Zinc Supplementation Inhibited Release of
Pro-inflammatory Mediators

qPCR technique was applied to investigate the long-lasting
consequence of prenatal LPS exposure and possible inhib-
itory effect of maternal zinc supplementation on the ex-
pression of several inflammatory markers in PFC of adult
male offspring. For this reason, mRNA expression levels
of IL-6, IL-1β, iNOS, TNF-α, NF-κB, and also GFAP as
an astrocyte marker was measured in the PFC of pups at
PND 60. Statistical analysis by two-way ANOVA revealed
a significant effect of gestational treatment for the expres-
sion of all measured genes including IL-6 (F (1, 20) =
33.67, p < 0.0001), IL-1β (F (1, 20) = 4.580, p = 0.0449),
TNF-α (F (1, 20) = 18.29, p = 0.0004), NF-κB (F (1, 20) =
7.969, p = 0.0105), iNOS (F (1, 20) = 25.02, p < 0.0001),
and GFAP (F (1, 20) = 136.9, p < 0.0001). For IL-6 expres-
sion, there was a significant effect of maternal zinc supple-
mentation (F (1, 20) = 4.366, p = 0.0496) as well as inter-
action between maternal zinc supplementation and gesta-
tional treatment (F (1, 20) = 12.80, p = 0.0019). As illus-
trated in Fig. 1a, IL-6 expression strongly increased by at
least sixfold (LPS vs control Bonferroni post hoc analysis,
p > 0.001) upon prenatally treatment with LPS compared to
the control group. Maternal zinc supplementation, howev-
er, attenuated this enhancement in LPS + zinc group (LPS
+ zinc vs LPS Bonferroni post hoc analysis, p > 0.01) (Fig.
1a). Interestingly, IL-1β and TNF-α showed a similar pat-
tern with significant effect of maternal zinc supplementa-
tion (IL-1β (F (1, 20) = 5.955, P = 0.0241), TNF-α (F (1,
20) = 6.050, p = 0.0231)), and no significant interaction be-
tween maternal zinc supplementation and gestational treat-
ment (IL-1β (F (1, 20) = 3.001, p = 0.0986), TNF-α (F (1,
20) = 0.9717, p = 0.3360)). Prenatal exposure to LPS led to
a significant upregulation in IL-1β (nearly twofold, LPS vs
control Bonferroni post hoc analysis, p > 0.05) and TNF-α
(twofold, LPS vs control Bonferroni post hoc analysis,
p > 0.01) which was inhibited in the offspring prenatally
supplemented with zinc (LPS + zinc vs LPS Bonferroni
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post hoc analysis, p > 0.05) (Fig. 1b, c). Accordingly, for
NF-κB, there was a main effect of maternal zinc supple-
mentation (F (1, 20) = 5.747, p = 0.0264) and significant
interaction between maternal zinc supplementation and
gestational treatment (F (1, 20) = 6.147, p = 0.0222).
NF-κB mRNA was moderately enhanced in the prenatally
LPS treated pups (2.5-fold, LPS vs control Bonferroni post
hoc analysis, p > 0.01), and this effect was reversed by zinc
supplementation in the pups of LPS + Zinc-treated dams
(LPS + zinc vs LPS Bonferroni post hoc analysis, p > 0.01)
(Fig. 1d). Whereas statistical analysis showed no main ef-
fect of maternal zinc supplementation (F (1, 20) = 3.009,
p = 0.0982), a significant interaction (F (1, 20) = 5.310,
p = 0.0321) was revealed for iNOS expression. As shown
in Fig. 1e, a significant increase was detected for iNOS
mRNA (approximately twofold , LPS vs control
Bonferroni post hoc analysis, p > 0.001) in the offspring
prenatally exposed to LPS related to the control group
which returned to control level upon zinc supplementation
in the offspring of LPS treated dams (LPS + zinc vs LPS
Bonferroni post hoc analysis, p > 0.05) (Fig. 1e).

Notably, a significant main effect of maternal zinc supple-
mentation (F (1, 20) = 58.44, p < 0.0001) as well as interaction
(F (1, 20) = 76.60, p < 0.0001) was revealed for GFAPmRNA
level. Following prenatal immune challenge, a remarkable

upregulation was detected for GFAP expression level by ap-
proximately 13-fold (LPS vs control Bonferroni post hoc anal-
ysis, p > 0.001) in the offspring compared to the control
group, which was found to significantly decrease (LPS + zinc
vs LPS Bonferroni post hoc analysis, p > 0.001) upon mater-
nal zinc supplementation in the offspring of LPS + zinc group
(Fig. 2).

Maternal Zinc Supplementation Attenuated the LPS-
Induced Changes in Glial Cells Density

Based on the results of pro-inflammatory genes expression
and the previous studies showing the cytokines production
as a specific functional aspect of glial activation, the density
of both astrocyte and microglia was evaluated by counting the
number of GFAP and Iba1 positive cells in the PFC region of
the adult offspring, respectively. Statistical analysis by two-
way ANOVA showed that maternal LPS treatment led to a
marked increase in GFAP and Iba1 positive cells, as supported
by a main effect of gestational treatment for GFAP (F (1,
12) = 26.31, P = 0.0002) and Iba1 (F (1, 12) = 13.80, P =
0.0030), and a significant interaction between gestational
treatment and maternal zinc supplementation (GFAP (F (1,
12) = 24.85, p = 0.0003), Iba1 (F (1, 12) = 6.670, p =
0.0240)) with nomain effect of maternal zinc supplementation

Fig. 1 Maternal zinc
supplementation ameliorated
increased expression of
inflammatory mediators in PFC
of offspring prenatally exposed to
LPS. The expression levels of IL-
6 (a), IL-1β (b), TNF-α (c), NF-
κB (d), and iNOS (e) were sig-
nificantly increased in the PFC of
rats prenatally exposed to LPS
compared to the control. This in-
crement was alleviated by zinc
supplementation throughout
pregnancy. GAPDH expression
level was used as a reference
gene. The values are described as
mean ± SEM (n = 6), *p < 0.05,
**p < 0.01, and ***p < 0.001
compared to control group.
#p < 0.05, ##p < 0.01, and
###p < 0.001 compared to LPS
group. PND postnatal day, LPS
lipopolysaccharide, PFC
prefrontal cortex
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(GFAP (F (1, 12) = 2.302, p = 0.1551), Iba1 (F (1, 12) =
3.005, p = 0.1086)). As is evident from Fig. 3b and 4b, LPS
treatment during pregnancy caused obvious increase in the
number of astrocyte cells labeled by GFAP (LPS vs control
Bonferroni post hoc analysis, p > 0.001) as well as microglial
density labeled by Iba1 (LPS vs control Bonferroni post hoc
analysis, p > 0.01) in the PFC region of prenatally LPS ex-
posed offspring compared to the control group. However,
pups born to both LPS and zinc-treated mothers (LPS + zinc)
showed a significant reduction in GFAP (LPS + zinc vs LPS
Bonferroni post hoc analysis, p > 0.01) (Fig. 3b) and Iba1
(LPS + zinc vs LPS Bonferroni post hoc analysis, p > 0.05)
positive cells in comparison to prenatally immune-challenged
offspring (Fig. 4b).

Histology of PFC Region in theMale Offspring from all
Experimental Groups

To examine whether changes in inflammatory mediator genes
expression, as well as astrocyte and microglial activation, are
associated with histological alterations in the PFC region,
H&E staining was conducted for the offspring of all experi-
mental groups. As shown in Fig. 5a, the sections of the PFC
from the control group exhibited normal neural cells with
prominent and clear nuclei. Although the PFC sections of
the offspring with prenatal LPS exposure showed neurocytes
with hyperchromatic nuclei, it requires further validation for
the assessment of neurocyte degeneration to prevent histolog-
ic artifact (Fig. 5b). Furthermore, two-way ANOVA analysis
showed no significant effects of gestational treatment (F (1,
12) = 0.6726, p = 0.4281), maternal zinc supplementation (F
(1, 12) = 0.3784, p = 0.5500), and their interaction (F (1,
12) = 1.686, p = 0.2185) for the number of neuron in the

PFC region of offspring from all experimental groups (Fig.
5e).

Discussion

In the majority ofMIAmodel studies, the main focus is placed
on face validity. However, due to the urgent need for novel
therapeutic strategies to alleviate symptoms of neuropsychiat-
ric diseases including schizophrenia, predictive validity is of
importance. With this background, in the current study, we
examined the protective effect of maternal zinc supplementa-
tion on several inflammatory mediators induced by LPS in
PFC of adult offspring, which resulted in several main find-
ings. Firstly, prenatal LPS treatment led to the increased den-
sity of microglia and astrocyte cells as well as significant
upregulation of pro-inflammatory mediators, including IL-6,
IL-1β, iNOS, TNF-α, and NF-κB in the PFC region of male
offspring at PND 60. Secondly, zinc supplementation was
found to effectively alleviate LPS-induced alterations in the
PFC region, when given throughout pregnancy.

There is a consensus regarding the involvement of neuro-
inflammation and cytokine dysregulation in the pathophysiol-
ogy of schizophrenia, evidenced by the increased levels of
inflammatory markers in the serum, CSF, and postmortem
brains of schizophrenic patients [38–42]. Most recently, a
postmortem study has also reported the increased expression
of transcripts related to inflammation in the PFC, hippocam-
pus, and striatum of patients with schizophrenia [17]. In addi-
tion, evidence for the immune imbalance in the brain of MIA
offspring with specific patterns in various regions has been
demonstrated in several studies [3, 5]. In this regard, a long-
lasting alteration in several cytokine levels including, IL-6, IL-
1α, and IL-10 was reported in the frontal cortex of Poly I:C
offspring (20mg/kg, i.p.) at PND 60 [43]. Amore recent study
has also demonstrated the remarkable increase in protein
levels of IL-6, IL-1β, and TNF-α in the PFC ofMIA offspring
(Poly I:C, 10 mg/kg, i.v., GD9) at the same age [44]. Similar
trends were also observed in our study with a significant up-
regulation of IL-6, IL-1β, and TNF-α in the PFC region of
adult offspring born to the dams treated with LPS. In addition,
our study is the first to report an enhanced expression level of
iNOS in MIA adult pups. Added to this, we showed that the
upregulation of the mentioned mediators was parallel with the
increased expression level of NF-κB (p65 subunit), which is
linked to the production of pro-inflammatory cytokines [45].
Therefore, these findings provide more evidence for long-
lasting changes in brain cytokine levels of offspring exposed
to maternal infection.

Alteration in cytokine levels in the brain was further vali-
dated by measuring the density of microglia and astrocyte
cells. While there is a large body of evidence supporting the
cytokine imbalance in the brain of MIA offspring [3, 5], the

Fig. 2 Prenatal exposure to LPS increased the expression levels of GFAP
in the PFC of offspring at PND 60, which were ameliorated by maternal
zinc supplementation. The expression level of GFAP was significantly
increased in the PFC of rats prenatally exposed to LPS compared to the
control. This increment was alleviated by zinc supplementation
throughout pregnancy. GAPDH expression level was used as a
reference gene. The values are described as mean ± SEM (n = 6),
***p < 0.001 compared to control group. ###p < 0.001 compared to LPS
group. PND postnatal day, LPS lipopolysaccharide, PFC prefrontal
cortex
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effect of MIA onmicroglial and astrocyte activation remains a
matter of debate. In the frontal cortex of adult rats (20 mg/kg,
i.p.) [43] and mice (4 mg/kg, i.v.) [46] prenatally exposed to
Poly I:C, no alteration in microglial activation has been re-
ported. In a recent study by Ding and colleagues [44], how-
ever, more activated microglia were detected in the PFC re-
gion of the adult pups exposed in utero to Poly I:C (10 mg/kg,
i.v.). A similar trend was also observed in our study, whereby
the number of Iba1 positive cells was found to be increased in
the adult offspring born to LPS challenged mothers.
Interestingly, a PET imaging study has reported the microglial
activation in the PFC region of adult offspring prenatally ex-
posed to Poly I:C (10 mg/kg, i.v.) in vivo [47]. Our data also
identified the increased GFAP positive cells as well as GFAP
mRNA levels in the PFC region of LPS-exposed offspring
compared to the control. This finding was further supported

by the recent study reporting the elevated density of astrocytes
in the PFC region of the rats prenatally exposed to Poly I:C
(10 mg/kg, i.v.) at PND 60 [44]. Similarly, several studies
utilizing LPS MIA model have described significant
astrogliosis in the brain of offspring [11, 48]. However, an-
other study showed unchanged astrocytes density in the fron-
tal cortex of Poly I:C (4 mg/kg, i.v.) offspring [46]. Therefore,
the prolonged effect of MIA on microglial and astrocytes ac-
tivation remains controversial, mainly due to the variation in
methodology.

As mentioned above, many MIA studies provide support
for the involvement of microglia and astrocyte cells in medi-
ating long-lasting immune dysregulation in the brains of off-
spring [5, 44, 48]. It is well documented that these cells both
structurally and functionally incorporate in neural connectiv-
ity and significantly influence synaptic function [49].

Fig. 3 Increased astrocyte density
in the PFC of MIA offspring was
improved by maternal zinc
supplementation.
Immunofluorescence images of
GFAP-labeled cells, as a marker
of astrocyte, in the PFC region of
offspring brains at PND 60. Scale
bar: 50 μm, magnification: × 200
(a). The quantified histogram of
GFAP positive cells exhibited the
increased astrocyte density in the
PFC of adult offspring born to the
LPS treated dams compared to the
control. Prenatal zinc supplemen-
tation prevented this alteration
(b). The values are described as
mean ± SEM (n = 4),
***p < 0.001 compared to control
group and ##p < 0.01 compared to
LPS group. PND postnatal day,
LPS lipopolysaccharide, PFC
prefrontal cortex, GFAP glial fi-
brillary acidic protein
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Accordingly, dysregulation of microglial and astrocyte activa-
tion induced by MIA can lead to disturbance in neural func-
tions and connectivity, which eventually might result in the
development of psychiatric disorders later in life [18, 49]. In
support of this, several studies have reported a significant
association between abnormal neural connectivity and differ-
ent cognitive impairments in schizophrenia [14, 50]. In partic-
ular, disturbed connectivity of brain areas involved in working
memory networks, including PFC, has been consistently dem-
onstrated in schizophrenic patients [51, 52]. Based on these
findings, our results reinforce the idea that the disturbed neural
connectivity induced by long-lasting alterations in microglial
and astrocyte activation in the PFC region might be a potential
mechanism behind working memory impairment observed in
adult male offspring [10]. To investigate this hypothesis fur-
ther, we performed H&E staining in the PFC region of

offspring in all experimental groups. Our results showed that
prenatal immune challenge using LPS did not significantly
change the number of neurons in the PFC of adult pups, which
further raises the possibility that the disruption in neural con-
nectivity [14] rather than a reduction in neuronal density
might be involved in the psychopathology of schizophrenia.

Zinc, the concentration of which is the highest in the brain,
is potentially involved in approximately every cellular mech-
anism such as gene expression, immune response, cell growth,
apoptosis, and in particular normal brain functions [53]. The
prominent role of zinc dyshomeostasis in the pathogenesis of
several neurological diseases has been consistently reported in
the literature [53]. In particular, a reduced level of zinc in
subjects suffering from schizophrenia has been confirmed in
several human studies [54–56]. Interestingly, maternal infec-
tion has been found to be associated with fetal zinc deficiency

Fig. 4 Increased microglial
density in the PFC of MIA
offspring was improved by
maternal zinc supplementation.
Immunofluorescence images of
Iba1-labeled cells, as a marker of
microglia, in the PFC region of
offspring brains at PND 60. Scale
bar: 50 μm, magnification: × 200
(a). The quantified histogram of
Iba1 positive cells exhibited the
increasedmicroglial density in the
PFC of adult offspring born to the
LPS treated dams compared to the
control. Prenatal zinc supplemen-
tation prevented this alteration
(b). The values are described as
mean ± SEM (n = 4), **p < 0.01
compared to control group and
##p < 0.01 compared to LPS
group. PND postnatal day, LPS
lipopolysaccharide, PFC prefron-
tal cortex, Iba1 ionized calcium
binding adaptor molecule1
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and subsequent neurodevelopmental abnormalities in the
progeny [25, 28]. However, the underlying mechanism is un-
clear, but it might be due to the fact that zinc is an important
prerequisite for the function of essential proteins involving in
neurodevelopment [27]. More importantly, in our previous
study, we showed the therapeutic effect of prenatal zinc sup-
plementation to prevent LPS-induced behavioral impairments
[10]. In light of this evidence, here we found that dietary zinc
supplementation during pregnancy can prevent LPS-related
alterations in pro-inflammatory mediators, including IL-6,
IL-1β, iNOS, TNF-α, and NF-κB. Indeed, a potential influ-
ence of zinc on immune system is undeniable, as is supported

by numerous human studies demonstrating the association
between zinc deficiency and infectious disease [45, 57, 58].
In this regard, there is some evidence that zinc acts as a neg-
ative regulator of NF-κB pathway in part by inhibition of
IKKβ, which subsequently suppresses LPS-induced activa-
tion of NF-κB [59]. NF-κB signaling pathway is a major
pathway in response to inflammation, which triggers the ex-
pression of pro-inflammatory mediators including IL-6, IL-
1β, TNF-α, and iNOS [57, 60]. Therefore, a decreased ex-
pression level of NF-κB in the PFC region of the offspring
(from LPS + zinc group) and subsequent reduction in mRNA
level of IL-6, IL-1β, TNF-α, and iNOS might be a possible

Fig. 5 H&E staining of PFC from
the resulting offspring in deferent
groups. Black and white arrows
represent the normal (N) and
neurons with hyperchromatic nu-
clei (H), respectively. The
photograph indicates the normal
neural cells with prominent and
clear nuclei in the PFC from the
control group (a). The photograph
of the PFC section from offspring
born to the LPS treated dams in-
dicates neurocytes with
hyperchromatic nuclei (b). No
significant changes were
observed for the number of
neurocytes in the PFC region of
offspring from all experimental
groups (e). Scale bar: 50 μm,
magnification: × 200, (n = 4). LPS
lipopolysaccharide, PFC
prefrontal cortex
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mechanism by which zinc could alleviate LPS-induced
impairments.

Our results also revealed that oral zinc supplementation
throughout pregnancy ameliorated increased microglial and
astrocyte density in the PFC region of offspring born to
LPS-challenged mothers. Similar protection was also found
in another MIA model study, in which zinc supplementation
during pregnancy prevented LPS-induced astrogliosis in the
cortex and hippocampus of fetal brains [28]. Based on these
findings, it can be concluded that maternal zinc supplementa-
tion alleviates glial activation induced by prenatal LPS expo-
sure in offspring. As mentioned earlier, prenatal exposure to
LPS leads to maternal and fetal hypozincemia [29]. Given that
zinc is an essential component in the immune system as well
a s numerous b io log i c a l p roces se s invo lved in
neurodevelopment, zinc deficiency may result in deleterious
consequences in the fetal brain [27]. Maternal zinc supple-
mentation, on the other hand, inhibits these abnormalities pos-
sibly by limiting the reduction in maternal plasma zinc in-
duced by LPS [28, 29]. The protective effect of zinc supple-
mentation can also be explained by the antioxidant property of
this trace element. With this characteristic, zinc might reduce
maternal immune response and oxidative stress induced by
LPS and consequently moderate its influence on the develop-
ing brain of fetus [61].

Finally, some limitations of the present study should be
acknowledged. First, the MIA animal model does not repro-
duce all neurobehavioral and neuropathological features of a
specific psychiatric disorder. Second, our results showed the
increased activation of microglia and astrocyte cells with un-
changed neuron number in the PFC of offspring prenatally
exposed to LPS. Given the putative role of glial cells in main-
tenance of neuron function, structure, and connectivity, the
assessment of neural connectivity and synaptic function in this
region would be of interest. Third, this study only focused on
the PFC region and several inflammatory markers. It would be
interesting to evaluate more brain regions as well as other
markers relevant to neuroinflammation.

Conclusion

Taken together, our results show that maternal LPS treatment
on GD15/16 leads to significant changes in the PFC region of
adult offspring, evident by the enhanced production of pro-
inflammatory markers and increased microglia and astrocyte
density, which supports the long-lasting influence of MIA on
the brain of the next generation. These prominent and chronic
alterations might be one of the possible mechanisms behind
working memory impairments in adult male offspring.
Moreover, prenatal zinc treatment was found to prevent these
LPS-mediated impairments. Our study provides further sup-
port for the pivotal role of zinc for normal brain development.

It is of interest to suggest early therapeutic intervention as a
valuable approach to prevent neuroinflammation in offspring,
following maternal infection.
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