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Maternal immune activation did not affect cortical Iba1, Gfap, IL1- and TNF- mRNA levels
in the offspring
Maternal immune activation during late gestation increased IBA1, but not GFAP
immunoreactive material in the corpus callosum of the offspring
Maternal immune activation did not alter cortical IBA1 or GFAP immunoreactive material in
the offspring
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Abstract
Animal models of maternal immune activation study the effects of infection, an
environmental risk factor for schizophrenia, on brain development. Microglia
activation and cytokine upregulation may have key roles in schizophrenia
neuropathology. We hypothesised that maternal immune activation induces changes

CR
IP
T

in microglia and cytokines in the brains of the adult offspring. Maternal immune
activation was induced by injecting polyriboinosinic:polyribocytidylic acid into
pregnant rats on gestational day (GD) 10 or GD19, with brain tissue collected from
the offspring at adulthood. We observed no change in Iba1, Gfap, IL1- and TNF-

AN
US

mRNA levels in the cingulate cortex (CC) in adult offspring exposed to maternal
immune activation. Prenatal exposure to immune activation had a significant main
effect on microglial IBA1-immunoreactive material (IBA1+IRM) in the corpus

M

callosum; post-hoc analyses identified a significant increase in GD19 offspring, but
not GD10. No change in IBA1+IRM was observed in the CC. In contrast, maternal

ED

immune activation had a significant main effect on GFAP+IRM in the CC at GD19

PT

(not GD10); post-hoc analyses only identified a strong trend towards increased
GFAP+IRM in the GD19 offspring, with no white matter changes. This suggests late

CE

gestation maternal immune activation causes subtle alterations to microglia and

AC

astrocytes in the adult offspring.
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1. Introduction
Schizophrenia has complex neurodevelopmental origins underpinned by genetic and
environmental factors (Owen et al., 2005; Wilson and Terry, 2010). Many of these
environmental risk factors impact on the prenatal stages of development, with
alterations in the maternal-foetal environment having the potential to produce long-

CR
IP
T

lasting and significant influence on normal neurodevelopmental processes (Lewis
and Levitt, 2002). Considerable epidemiological evidence has shown that exposure
to bacterial (Babulas et al., 2006; Sorensen et al., 2009) or viral infection (reviewed
in Brown and Derkits (2010)) during pregnancy increases the risk of schizophrenia

AN
US

developing in the offspring by up to 7 fold (Brown et al., 2004a). Indeed, maternal
immune activation through exposure to infectious agents during the prenatal stages
of development is one of the most robust environmental risk factors for

M

schizophrenia (Brown et al., 2004a).

ED

Rodent models of maternal immune activation have provided evidence to support the

PT

link between prenatal infection and the later-life development of schizophrenia.
Exposure to immune activating agents including the influenza virus, the viral mimetic
acid

(PolyI:C),

and

the

bacterial

endotoxin

CE

polyriboinosinic:polyribocytidylic

lipopolysaccharide during gestation produce schizophrenia-like behavioural and

AC

neurobiological abnormalities in the adult offspring of rats and mice (reviewed in
Meyer (2014)). It is believed that the common features of the maternal immune
response, rather than direct actions of the individual pathogens, are responsible for
the altered neurodevelopment and long-term neurobiological abnormalities seen in
the offspring exposed to maternal immune activation (Meyer and Feldon, 2009). The
exact

mechanisms

by

which

maternal

immune

activation

disrupts

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

neurodevelopmental processes to produce schizophrenia-like pathology are not fully
elucidated, but what is recognised is the important role the body’s immuneinflammation response plays in this process.

Cytokines are potential mediators between maternal immune activation and the

CR
IP
T

development of behavioural and brain disturbances relevant to schizophrenia (Meyer
et al., 2009). For example, the mothers of patients with schizophrenia have elevated
serum levels of the cytokines TNF-α and IL-8 during gestation in comparison to the
mothers of healthy controls (Brown et al., 2004b; Buka et al., 2001) and elevated

AN
US

maternal IL-8 has been associated with neuroanatomical changes associated with
schizophrenia (Ellman et al., 2010). Furthermore, increased levels of circulating
cytokines including TNF-α, IL-1β, IL-6, have been identified in up to 1/3 of

M

schizophrenia cases (Miller et al., 2011; Potvin et al., 2008; van Kammen et al.,
1999) and post-mortem studies have shown elevated IL-1β, IL-6 and IL-8 mRNA

PT

ED

expression in the dorsolateral prefrontal cortex (Fillman et al., 2012).

The increased levels of cytokines is suggestive of an over-active immune state which

CE

may be related to altered microglial and astrocyte function. Increased microglial
density has been identified in the prefrontal cortex (PFC), hippocampus, temporal

AC

gyrus, cingulate cortex (CC), and dorsal thalamus (Bayer et al., 1999; Fillman et al.,
2012; Radewicz et al., 2000; Steiner et al., 2008b). Positron Emission Topography
identified microglial activation in the grey matter and hippocampus of schizophrenia
cases within the first five years of symptom onset (Doorduin et al., 2009; van Berckel
et al., 2008) and in those at ultra-high risk of developing schizophrenia (Bloomfield et
al., 2016). However, more recently a number of other PET studies have failed to
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identify microglial activation in a range of patients, from those at ultra-high risk of
schizophrenia to those chronically affected (reviewed in De Picker et al. (2017)).
Many would argue that the best assessment of microglia activation comes from
using specific markers in post-mortem brain tissue to assess morphological changes.
A recent meta-analyses of studies investigating microglia activation in post-mortem

CR
IP
T

brains in schizophrenia showed that microglia activation was reported in 11 of 22
studies, with three studies reporting a decrease and a further 8 studies showing no
change in microglia activation (Trepanier et al., 2016).

AN
US

Postmortem studies have also investigated other cell types such as astrocytes in
schizophrenia. Indeed increased astrocyte activation and altered astrocyte
morphology have been identified in the CC, prefrontal, orbitofrontal, and temporal

M

cortices in post mortem brains of schizophrenia cases (Steiner et al., 2008a). Also,
increased glial fibrillary acidic protein (GFAP) mRNA expression was detected in the

ED

post mortem PFC of schizophrenia cases who were also identified as having

PT

increased inflammatory markers (Catts et al., 2014). However, in their meta-analyses
Trepanier et al. (2016) have shown that a large variability exists in post-mortem

CE

studies of GFAP expression in schizophrenia. The bulk of the studies (21 of 33) do
not show any association of GFAP expression or immunoreactivity with

AC

schizophrenia, with the remaining 12 studies split equally amongst those showing
increased or decreased GFAP levels (Trepanier et al., 2016). Whilst there is
variability in the findings from these studies, it would appear that in those patients
with schizophrenia that have an inflammatory phenotype, likely involves activation of
microglia, not astrocytes.
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This begs the question: Are these long-term changes also seen in rodent models of
maternal immune activation? Elevated circulating levels of TNF-α, IL-6, and IL-2, in
conjunction with schizophrenia-like behavioural and neurobiological deficits have
been observed in the prepubescent and adult rat offspring exposed to maternal
immune activation (Romero et al., 2010; Samuelsson et al., 2006). Maternal immune

CR
IP
T

activation in mice altered mRNA and protein expression of pro and anti-inflammatory
cytokine markers (IL-6, IL-1α, IL-9, IL-10, IFN-γ) in the hippocampus, frontal cortex,
and CC in offspring from the foetal stage through to young adulthood (Garay et al.,
2012; Mattei et al., 2014; Samuelsson et al., 2006). Furthermore, increased

AN
US

microglial density and activation occurs in the brains of offspring in neonatal (Girard
et al., 2010) and adult rat offspring (Van den Eynde et al., 2014) and neonatal and
adolescent mouse offspring (Juckel et al., 2011) exposed to maternal immune

M

activation. In addition, maternal immune activation resulted in increased astrocyte
density and activation, as well as elevated GFAP mRNA expression in adolescent to

ED

adult rat offspring (de Souza et al., 2015; Samuelsson et al., 2006). However, some

PT

studies have failed to find any changes to microglial and astrocyte density or
activation status in adult rat and mice offspring following maternal immune activation

CE

(Garay et al., 2012; Missault et al., 2014; Nyffeler et al., 2006).

AC

One brain region that could be vulnerable to maternal immune activation is the white
matter (WM) tracts of the corpus callosum, a region known to be altered in
schizophrenia. Indeed, diffusion tensor imaging has been extensively used to study
the WM tracts to investigate potential connectivity deficits in schizophrenia. Most
studies show reduced fractional anisotropy in the corpus callosum, but many have
not been able to replicate these findings (reviewed in Wheeler and Voineskos
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(2014)). However, it has been known for some time that interhemispheric transfer of
information across the corpus callosum is impaired in schizophrenia [reviewed in
Innocenti et al. (2003)]. These findings suggest that abnormalities in the
structure/function of the corpus callosum might be indicative of abnormal connectivity
argued to be an aspect of the pathophysiology of schizophrenia (Innocenti et al.,

CR
IP
T

2003). In addition, early investigations of the corpus callosum at an electron
microscopic level identified that during fetal development in primates (and other
mammalian species) there is a significant increase in callosal axons during late
gestational stages, three-quarters of which are pruned back during the first six

AN
US

months of life (LaMantia and Rakic, 1990). Given that evidence suggests prenatal
exposure to infectious agents during mid-late gestation increases the risk of the
offspring developing schizophrenia (Mednick et al., 1988), it is possible that the

M

resulting immune activation could affect connectivity by disrupting the normal fetal

ED

development of the corpus callosum.

PT

Indeed, with respect to the timing of infection, previous work in the mouse has
demonstrated that the gestation stage when maternal immune activation actually

CE

occurs can differentially alter the neurochemical and behavioural phenotype of
offspring (Meyer et al., 2006; Meyer et al., 2008). Early gestational day (GD9) versus

AC

late GD17 exposure of mice to PolyI:C identified that early maternal immune
activation produced a more positive symptom schizophrenia-like phenotype with late
maternal immune activation a more cognitive/negative symptom phenotype (Meyer
and Feldon, 2012; Meyer et al., 2006; Meyer et al., 2008). Until recently, the
differential effects of early versus late maternal immune activation had only been
demonstrated in the C57 strain of mouse (Meyer, 2014). More recently, we
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established an early (GD10) versus late (GD19) maternal immune activation model
in the rat that demonstrates some differences in the behavioural and neurobiological
phenotypes of offspring based on the gestational timing of PolyI:C exposure
(Duchatel et al., 2016; Meehan et al., 2016).

CR
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T

Currently, there is no evidence on whether the differences in behaviour and
neurobiology observed in the early versus late maternal immune activation models
are associated with differences in neuro-immune status. Further understanding of
the neuro-inflammatory status resulting from maternal immune activation at

AN
US

differential gestational time-points may help in elucidating the potential mechanisms
involved in mediating the effects of maternal immune activation at early (GD10)
versus late (GD19) gestation on neurodevelopment. This study explored the

M

potential long-term neuro-inflammatory effects of PolyI:C exposure at either GD10 or
GD19 on microglial, astrocyte, and cytokine levels in the adult cingulate cortex and

AC

CE

PT

ED

underlying WM, both implicated in schizophrenia.
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2. Methods
2.1 Maternal immune activation using PolyI:C in rats
The use and monitoring of animals was performed in accordance with the National
Health and Medical Research Council’s Australian Code of Practice for the Care and
Use of Animals for Scientific Purpose, with approval from the University of Newcastle

CR
IP
T

Animal Care and Ethics Committee, Australia (Approval numbers A-2009-108 and A2013-319).

Wistar rats were obtained from the University of Newcastle’s Central Animal House

AN
US

at 8 weeks of age and acclimated for 2 weeks before daily monitoring of oestrous
cycle using an impedance probe. Food and water was available ad libitum. On the
day of proestrous, females were mated overnight with male rats. Day of conception

M

was identified via the presence of sperm in vaginal smears taken the following
morning, the day of positive sperm detection was identified as GD0. Pregnant dams

ED

were randomly allocated to a treatment group (PolyI:C or saline) and on the

PT

appropriate gestational day (GD10 or 19) dams were anaesthetised with isoflurane
(induction 5%, maintenance 2.5-3% - Abbott Australasia Pty Ltd - Australia) and

CE

administered with either 4.0 mg/kg of PolyI:C (Sigma-Aldrich – AUS) or phosphatebuffered saline (PBS) via lateral tail vein injection (at 1 mL/kg body weight). Litters

AC

were weaned at postnatal day (PND) 21, at which no more than 3 animals per sex
from each litter were allocated for qPCR and IHC analyses.

2.2 Confirmation of immune activation
Immune activation was confirmed by measuring IL-6 levels using ELISA kit (Rat IL-6
Quantikine ELISA, R&D Systems – USA) in saphenous vein blood samples drawn
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from pregnant dams two hours following prenatal treatment as described previously
(50). Circulating IL-6 was significantly increased in all dams receiving PolyI:C but not
controls (previously reported in Duchatel et al. (2016)).

CR
IP
T

2.3 Quantitative real time PCR analysis
Expression of Iba1, Gfap, TNF-α and IL-1β mRNA levels in the CC were determined
by quantitative RT-PCR (qPCR). A total of 24 male and 24 female rats were included
with n = 6 per sex from each of the four experimental groups; GD10 Saline, GD10

AN
US

PolyI:C, GD19 Saline, GD19 PolyI:C. Between PND 70 and PND 84, rats were
anesthetised via intraperitoneal injection of Lethabarb (2 ml/kg i.p.; Virbac, Pty. Ltd,
Australia) and transcardially perfused with 300ml of PBS (Sigma Aldrich) prior to
decapitation and removal of the brain. CC samples were obtained using the methods

M

previously described by Ong et al. (2014). Once removed, brains were placed

ED

immediately into ice cold buffer for 5 minutes. Brains were then placed ventral side
up in a brain matrix and a series of 5 coronal sections were made, from which

PT

subsequent dissection of the CC (including parts of the infralimbic, prelimbic
corticies; bregma +2.5 – +3.5) was made. Brain samples from each hemisphere

CE

were kept on dry ice before being stored at -80oC. Only samples from one

AC

hemisphere were used for qPCR analysis, left and right hemispheres were
counterbalanced across the 4 treatment groups and sex. Tissue samples were
thawed and homogenized with TissueLyzer® (Qiagen – Australia; 4 min at 20 Hz) in
a RNAse-free microtube containing 1 ml of QIAzol® Lysis Reagent (Qiagen) and a
5mm diameter stainless steel bead (Qiagen). Total RNA was then extracted using
the RNeasy® Mini Kit (Qiagen) and DNase I treated (Invitrogen – USA) as per
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manufacturer’s instructions. RNA was quantified using the NanoDrop Pearl (Implen –
USA) and stored at -80oC.
RNA was reverse transcribed using a Superscript III Reverse Transcription kit (Life
Technologies – USA), as per manufacturer’s instructions. A reverse transcriptase
enzyme – negative control reaction was also performed for each sample. The cDNA

CR
IP
T

was diluted in nuclease free water and stored at -20oC. qPCR primers (Table 1) were
designed using Primer Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi). For each animal,
qPCR reactions were performed in triplicate for each gene using 1x SYBR Green
Select Master Mix (Thermo Fisher Scientific), 200nM of each forward and reverse

AN
US

primer, and 5µl of cDNA sample, in a total volume of 12µl per reaction. Amplification
reactions for Gfap and Iba1 were performed at 0.2ng/µl cDNA concentration, and
due to low expression of cytokines within the brain, 20ng/µl cDNA for TNF-α and IL-

M

1β. qPCR amplification was performed using an Applied Biosystems 7500 Real-Time
PCR system (Applied Biosystems – USA), with an initial denaturation and activation

ED

step at 95oC for 10 minutes, followed by 40 cycles of 95 oC for 10 seconds and 60oC

PT

for 30 seconds. Melt curves were generated to confirm amplification of a single gene
product. The average threshold cycle (Ct) value was calculated using the 7500 SDS

CE

software v2.0.6 (Applied Biosystems) for each gene. The relative expression of each
gene was determined using the delta-delta Ct method (Schmittgen and Livak, 2008)

AC

with the geometric mean of 18S-rRNA, Actb, Gapdh and Tubb3 used as the internal
reference for Iba1 and Gfap. Due to the very high concentration of cDNA required to
examine TNF-α and IL-1β, only Actb and Gapdh were used as the internal reference
for these genes.
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Table 1. Primer sequences for qPCR
Forward Primer

Reverse Primer

Actb

CCTAGCACCATGAAGATCAAGA

GCCAGGATAGAGCCACCAATC

18s-rRNA

CCCGAAGCGTTTACTTTGAA

CCCTCTTAATCATGGCCTCA

Gapdh

GGCTGGCATTCGTCTCAA

GAGGTCCACCACCCTGTTG

Tubb

CTTCCGACTCCTCGTCGTCA

GAGGCCGAGAGCAACATGAA

Iba1

CTAAGGCCACCAGCGTCTGA

AGCTTTTCCTCCCTGCAAATCC

Gfap

GCGGGATGGCGAGGTCATTA

TGGGCACACCTCACATCACA

TNF-α

GGCCCAGACCCTCACACTCA

CCGCTTGGTGGTTTGCTACGA

IL-1β

TGAAAGACGGCACACCCACCC

TTGTTTGGGATCCACACTCTCCAGC

AN
US

CR
IP
T

Gene

2.4 Immunohistochemical analysis of microglia and astrocytes

M

Brain sections used for immunohistochemistry are from the same cohort of rats used

ED

to investigate WM neuron density in our previous study of maternal immune
activation (Duchatel et al., 2016), and separate to the cohort used in the above

PT

mentioned qPCR analysis. Briefly, 12 week old (PND 84), male and female offspring
from maternal immune activation induced dams were perfused, brains collected,

CE

sectioned at 30µm then processed for diaminobenzidine immunohistochemistry as

AC

described in Duchatel et al. (2016). This current study used primary antibodies to
either rabbit anti-Ionized calcium binding adaptor molecule 1 (IBA1) (1:1000, Wako
Chemicals - USA; Cat. #019-19741) for microglia or rabbit anti-GFAP (1:500,
Sapphire Bioscience, AUS; Cat. LS-C7112#) for astrocytes with a donkey anti-rabbit
IgG biotinylated secondary antibody (1:1000, Jackson ImmunoResearch, Cat. #711065-152).
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2.5 Quantification of microglia and astrocytes
Investigators were blind to the treatment status (i.e. PolyI:C or vehicle) throughout
experimental, analysis and quantification steps. Brain sections containing the CC
and the WM of the corpus callosum were divided into two regions, region 1; 3.2mm –
2.5mm from Bregma and region 2; 2.3mm – 0.7mm from Bregma (Supplementary

CR
IP
T

Fig. 1). This delineation is based on the anatomical difference in the WM tracts of the
corpus callosum between these regions, with region 2 starting where the genu of the
corpus callosum becomes visible and joins both hemispheres of the cortex. Four
sections from each region sampled 180µm apart were used to measure the DAB

AN
US

labelling for IBA1+ microglia immunoreactive material (IBA1+IRM) and GFAP+
astrocyte immunoreactive material (GFAP+IRM) within both the CC and WM. Images
of IBA1+IRM and GFAP+IRM on sections of CC or WM (eight images per animal

M

over four sections) were captured at 20x magnification using an Olympus DP72
microscope (Olympus – AUS). Images were taken in the deep cortical layers of the

ED

CC and in the forceps minor of the corpus callosum below the CC. Images for each

PT

region were taken in one session, with standardised microscope lighting intensity,
exposure and sensitivity settings. The rat CC and WM brain regions were identified

CE

by comparing the Nissl staining pattern of adjacent sections to sections at an
equivalent level in the Rat Brain in Stereotaxic Co-ordinates Atlas (Paxinos and

AC

Watson, 2006). The level of IBA1+IRM and GFAP+IRM was determined by
cumulative threshold analysis as previously described by Johnson and Walker
(2015) and Ong et al. (2016). Matlab software R2015a was used to analyse the
cumulative pixel threshold of each image, which calculates the number of pixels
occurring at a given pixel intensity (0-255), as a percentage of the overall number of
pixels present within a given image. Group comparisons were then determined using
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ImageJ software to visualise thresholding of regions at individual pixel intensities (PI)
related to the immunohistochemical labelling patterns of IBA1 and GFAP. Data for
group comparisons was obtained by selecting a pixel intensity, based on the control
group, which included all immunolabelling but no background. Supplementary Fig.
S1 and S2 show the cumulative threshold spectrum, which reflects the cumulative

CR
IP
T

number of pixels that occur at or below each of the 256 pixel intensities. The
cumulative threshold spectra operates in a manner very similar to a standard single
point threshold analysis except it provides information on all potential points at which
an image could be thresholded and therefore provides a much more comprehensive

AN
US

view of between group differences. The PI that detected genuine IBA1+IRM were:
PFC region 1 = PI120; PFC region 2 = PI90; WM region 1 = PI120; WM region 2 =
PI125. The PI that detected genuine GFAP+IRM were: PFC region 1 = PI120; PFC

M

region 2 = PI120; WM region 1 = PI120; WM region 2 = PI1120. The number of
pixels that were captured at and below each pixel intensity were expressed as a

ED

percentage of the total number of pixels in each image and these data were used to

PT

investigate between group differences. Each region was analysed separately since
they were thresholded separately based on the optimal pixel intensity to detect

CE

genuine immunoreactive material in that particular region.

AC

2.6 Statistical analysis

Changes in gene expression (qPCR) between maternal immune activation at GD10
and GD19 and control groups were assessed using two-tailed students t-tests on the
normalised delta-Ct values for each gene of interest. All graphs are presented as
increase or decrease in fold change with the standard error of the mean (SEM).
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Initial analyses showed there was no significant effect of sex on gene expression at
GD10 or GD19 so all data was pooled for further analyses.

Immunohistochemistry data are expressed as a percentage change relative to the
average of the control group ± SEM, and were analysed using GraphPad Prism 6

CR
IP
T

software (GraphPad - USA). Previous studies of this animal cohort (Duchatel et al.,
2016) showed no difference between GD10 and GD19 controls, so groups were
pooled to form a single control group. One-way Analysis of Variance (ANOVA) with 3
levels of a group factor (GD10, GD19 and controls) and Bonferroni multiple

AN
US

comparisons were used to determine whether there was any significant difference
between controls and offspring from maternal immune activation affected dams at
either GD10 or GD19. Nonparametric Kruskal-Wallis tests were also performed, and

M

revealed the same results indicating that the ANOVA outcomes were robust against
violations of normality of the data and sensitivity to outliers. Initial analyses showed

ED

there was no significant effect of sex on the levels of IBA1+ or GFAP+

PT

immunoreactive cells after maternal immune activation. Therefore, the data from
males and females were pooled for further analyses. However, we cannot rule out

CE

the possibility that the study is underpowered to detect sex effects since the numbers

AC

per sex were low in some groups (e.g. GD10 there was only n=4 per sex).

3. Results

3.1 Effects of maternal immune activation on gene expression in the brains of
the offspring
We examined Iba1 and Gfap gene expression in the CC in the offspring of dams
exposed to PolyI:C at either GD10 (n = 12) or GD19 (n = 12) hereafter referred to as
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PolyI:C rats and controls (n = 12 GD10 controls, n = 12 GD19 controls) (Fig 1A). No
changes in Iba1 or Gfap gene expression were observed in either GD10 (Iba1: t =
0.0936, df = 22, p = 0.92 or Gfap: t = 0.99, df = 22, p = 0.33) or GD19 PolyI:C rats
(Iba1: t = 0.225, df = 22, p = 0.82 or Gfap: t = 1.6, df = 22, p = 0.12) compared to
their GD-specific control groups (Fig 1A). With respect to cytokines previously
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implicated in schizophrenia, we observed no difference in the expression of TNF-α or
IL-1β in either GD10 (TNF-α: t = 0.458, df = 22, p = 0.65 or IL-1β: t = 0.659, df = 22,
p = 0.656) or GD19 PolyI:C rats (TNF-α: t = 0.679, df = 22, p = 0.504 or IL-1β: t =
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0.6725, df = 22, p = 0.508) compared to their GD-specific control groups (Fig 1B).

3.2 Effects of maternal immune activation on IBA1+IRM in brains of the

M

offspring.

Since there was no change in gene expression, we next investigated the effects of

ED

maternal immune activation on the density of microglia in the offspring. IBA1+
immunoreactive microglia were identified in abundance in the CC (Fig 2A) with fewer

PT

in the WM of the corpus callosum (Fig 2B) in offspring of controls and dams exposed

CE

to maternal immune activation. Using one-way ANOVA, we observed no alterations
in the level of IBA1+IRM in the CC in either region 1 [F(2,32) = 2.269, p = 0.119 – Fig

AC

3A, B and E], or region 2 [F(2,39) = 1.09, p = 0.345 – Fig 3C, D and F]. However, in
the WM of the corpus callosum, one-way ANOVA showed a significant group
difference in the level of IBA1+IRM in region 1 [F(2,40) = 4.619, p = 0.016 – Fig 4A,
B and E]. Bonferroni multiple comparisons showed the level of IBA1+IRM in the
region 1 WM (Fig. 4E) was significantly increased by ~46% in GD19 PolyI:C rats
(2.065±0.32% of IBA1+IRM, p = 0.017), but not GD10 PolyI:C rats (1.22±0.34% of
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IBA1+IRM, p = 0.99) compared to control rats (1.099±0.13% of IBA1+IRM). We did
not observe any group differences in IBA1+IRM in region 2 WM [F(2,43) = 0.8448, p
= 0.4366 – Fig 4C, D and F].
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3.3 Effects of maternal immune activation on GFAP+IRM in the brains of the
offspring

GFAP+ immunoreactive astrocytes were identified in the CC (Fig. 2C) but were more
abundant in the WM of the corpus callosum (Fig. 2D) in the offspring of controls and
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dams exposed to maternal immune activation. Interestingly, one-way ANOVA
identified a significant group effect of maternal immune activation on GFAP+IRM in
region 1 of the CC (F(2,40) = 2.08, p = 0.045 – Fig 5A, B and E F). Whilst Bonferroni

M

multiple comparisons showed there was no change in GFAP+IRM in GD10 PolyI:C
rats (0.17±0.16% of GFAP+IRM, p = 0.99), there was a strong trend towards

ED

increased GFAP+IRM in GD19 PolyI:C rats (0.35±0.33% of GFAP+IRM, p = 0.054)
compared to controls. No effect of maternal immune activation on GFAP+IRM was

PT

observed in the CC region 2 [F(2,43) = 0.43, p = 0.6531 – Fig 5C,D and F]. In

CE

contrast to the IBA1 data, Figure 6A-F shows that overall we did not observe any
alterations in the level of GFAP+IRM in the WM of the corpus callosum in rats

AC

exposed to maternal immune activation [region 1: F(2,43) = 1.739, p = 0.1879 – Fig
6E; region 2: F(2,43) = 1.183, p = 0.3161 – Fig 6F].
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3.4 Correlation of IBA1+IRM and GFAP+IRM with white matter (WM) neuron
density.
We previously reported an increase in the density of interstitial white matter neurons
(IWMNs) expressing neuronal nuclear antigen (NeuN) and somatostatin (SST) after
maternal immune activation at GD10 but more prominently in GD19 within the same
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cohort of animals (Duchatel et al., 2016) used in this current study. Therefore, we
examined whether the percentage of IBA1+IRM (Fig 7) or GFAP+IRM (Fig 8) in the
WM of region 1, correlated with the SST+ or NeuN+ IWMN density (Duchatel et al.,
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2016). We observed a statistically significant negative correlation between the
percentage of IBA1+IRM (PI120) and NeuN+ IWMNs (Fig 7C) and SST+ IWMNs
(Fig 7D) in GD19 PolyI:C rats (NeuN: r = -0.624, p = 0.017 and SST: r = -0.604, p =
0.022) but not control rats (Fig 7A, C) NeuN: r = -0.417, p = 0.122 and SST: r =

M

0.011, p = 0.968), nor GD10 PolyI:C rats (Fig 7B, E) NeuN: r = -0.280, p = 0.544 and

ED

SST: r = -0.555, p = 0.196). There was no correlation between GFAP+IRM and
NeuN+ IWMN density (Fig 8A-C) or SST+ IWMN density (Fig 8D-F) in either control

PT

rats (NeuN: r = 0.054, p = 0.849 and SST: r = 0.225, p = 0.421), GD10 PolyI:C rats
(NeuN: r = -0.214, p = 0.611 and SST: r = -0.082, p = 0.846) or GD19 PolyI:C rats

AC

CE

(NeuN: r = 0.142, p = 0.628 and SST: r = 0.395, p = 0.162).
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4. Discussion
The current study examined the effects of maternal immune activation on immunerelated cytokine gene expression and the density of microglia and astrocytes. The
findings indicate that prenatal exposure to maternal immune activation results in
subtle neuro-immune changes in adulthood, specifically in IBA1+ microglia
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immunoreactivity. Previous work from our group has demonstrated that rats exposed
to PolyI:C on either GD10 or GD19 exhibit behavioural changes in adulthood,
namely sensorimotor gating deficits (in male but not female rats) and working
memory impairments (in GD19 but not GD10 PolyI:C rats), in addition to altered
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dopamine 1 receptor expression in GD10 PolyI:C male rats (Meehan et al., 2016).
Furthermore, previous work from our group has demonstrated that adult rats
exposed to maternal immune activation have a schizophrenia-like increase in IWMN

M

density, particularly those that express SST (Duchatel et al., 2016). Thus the current
findings further suggest this early (GD10) verses late (GD19) rat model of maternal

PT

ED

immune activation produces subtle schizophrenia-like phenotypes.

CE

Under typical conditions, cytokines are produced by a number of different cell types
in response to infection, including peripheral immunocompetent cells, glial cells and

AC

neurons (Woodroofe, 1995). A number of studies have investigated changes in the
expression of cytokines in patients with schizophrenia both in the brain and
periphery. These studies report increased levels of TNF-α, IL-1β, and IL-6 (Fillman et
al., 2012; Fillman et al., 2014; Kim and Maes, 2003). In the current study we
examined the expression of IL-1β and TNF-α in the CC from offspring exposed to
maternal immune activation at both GD10 and GD19, but did not find any significant
changes in mRNA levels. These results are in line with those of Willi et al. (2013)
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who demonstrated that early gestation (GD9) maternal immune activation in mice
was not sufficient to produce alterations in IL-1β, TNF-α or IL-6 in the mPFC of adult
animals (PND85 – 100). Garay et al. (2012) detected alterations to cytokine protein
levels in the frontal cortex (FC) and CC of mice exposed to mid-gestational (GD
12.5) PolyI:C, however these changes were dependent on the age of the offspring at
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assessment. Garay et al. (2012) observed that in animals exposed to maternal
immune activation, IL-1β protein levels were elevated at birth (FC only), normalised
at PND7 (FC and CC), reduced at PND14 and 30 (FC and CC), and normalised
again at PND60 (FC and CC). No significant alterations in TNF-α were identified
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(Garay et al., 2012) thus the two cytokines examined in the current study were found
to be unchanged at the same stage of development. Based on these observations it
seems the expression of cytokines is highly age dependent and it appears the adult

ED

these particular cytokines.

M

stage of development may not be the most sensitive period for detecting changes in

PT

Cytokine and chemokine expression may also be region dependent and so it is

CE

possible that cytokine alterations may be present in other regions not examined
here. Previous work from a mid-gestational (GD15) maternal immune activation rat

AC

model reported increased microglial derived IL-1β, but not TNF-α, in the
hippocampal region of adult offspring (Missault et al., 2014). Increased hippocampal
IL-6 levels were also reported in older rats (PND168) exposed to IL-6 on multiple
days in late-gestation (GD16, 18 & 20) but not early-gestation (GD8, 10 & 12)
(Samuelsson et al., 2006). Future studies should aim to assess a range of pro and
anti-inflammatory chemokines and cytokines, at multiple postnatal time-points in
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multiple schizophrenia-relevant brain regions to further establish the developmental
nature of any central cytokine alterations resulting from maternal immune activation.
As long-term neuro-inflammatory alterations are associated with schizophrenia, and
have been identified as a potential mediating mechanisms between maternal
immune activation and schizophrenia-related neurodevelopmental disruption (Na et
2014),

the

current

study

assessed

astrocytes

and

microglia

using
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al.,

immunohistochemistry within the CC and frontal WM, areas of the brain strongly
implicated in schizophrenia (Lewis and Levitt, 2002; Pomarol-Clotet et al., 2010;
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Salgado-Pineda et al., 2007; Wible et al., 2001). We observed subtle effects of
maternal immune activation on GFAP+ immunoreactivity, but not mRNA, only in the
CC (not WM) with pairwise comparisons showing an increase in GFAP+IRM which
approached significance in GD19 but not GD10 PolyI:C rats. These results are in line

M

with the results of Nyffeler et al. (2006) who also failed to find any GFAP changes in

ED

adult (PND 180>) mice following a single dose of PolyI:C in early gestation (GD9).
Interestingly, de Souza et al. (2015) reported that lipopolysaccharide exposure on

PT

consecutive days in late gestation (GD18 & 19) resulted in increased GFAP levels in
the PFC in juvenile (PND30) but not young adult (PND60) rats indicating that GFAP

CE

levels may normalise throughout adolescence. In direct opposition to this suggestion,

AC

Paylor et al. (2016) who induced maternal immune activation with PolyI:C at GD15
did not observe any change in GFAP optical density in the medial prelimbic cortex at
four postnatal stages (PND7, 21, 35, 90). Thus whilst the increase in GFAP+IRM
approached significance in our GD19 group (p = 0.054) further assessment of GFAP
markers at a range of postnatal stages and brain regions needs to be conducted to
confirm that GFAP+ astrocytes are not affected by maternal immune activation in our
model.
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The current study also examined the effects of maternal immune activation at early
or late gestation on microglia within the CC and frontal WM. We observed that
maternal immune activation in late gestation (GD19), but not early gestation (GD10),
was associated with increased IBA1+IRM, in the frontal WM of the corpus callosum.
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Increases in IBA1+ microglial density have previously been reported in the corpus
callosum of adult rats following PolyI:C exposure at mid-gestation (GD15) (Van den
Eynde et al., 2014), and in frontal WM of neonatal rats (PND 9) following late-
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gestation (GD17 through to birth) lipopolysaccharide exposure (Girard et al., 2010).
These findings suggest that activation of the mother’s immune system during midlate gestation is associated with subtle long-term neuro-inflammatory alterations to

M

microglia in the frontal WM of the offspring.

ED

With respect to the cortex, no change in Iba1 mRNA expression nor IBA1+IRM was
observed in the CC which is consistent with the literature. For example, PolyI:C

PT

exposure at early-gestation (GD9) in the mouse did not produce any microglial

CE

changes in the PFC of juvenile (PND30) offspring (Juckel et al., 2011), nor in the
PFC and striatum of adult offspring (Giovanoli et al., 2016; Willi et al., 2013).

AC

Furthermore, two studies investigated mid-gestational (GD15) PolyI:C exposure in
rats but also failed to observe microglial alterations in the medial prelimbic cortex of
the offspring at a range of postnatal stages up to adulthood (Hadar et al., 2017;
Paylor et al., 2016), consistent with our study. However, a number of these studies
reported significant changes in microglia in other schizophrenia relevant brain
regions, including the hippocampus and striatum, suggesting that the microglia in the
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frontal cortices of adult rodents are not as susceptible or affected by the current
maternal immune activation protocols. Future studies using the current model would
benefit from investigating IBA1+IRM in the hippocampus and other brain regions or
determine if increasing the maternal immune activation exposure over several days

CR
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T

induced a response in microglia located in frontal cortices.

Previously, our group demonstrated that exposure to maternal immune activation
increased the density of IWMNs particularly those expressing SST using tissue from

AN
US

the same animals in the current study (Duchatel et al., 2016); an effect most
prominent after maternal immune activation at GD19 and in the most rostral region of
the corpus callosum (i.e. region 1) where we now show an increase in IBA1+IRM. As
these two findings were observed in the same tissue, we hypothesised that the

M

higher the IBA1+ immunoreactivity levels reflects a stronger immune response in the

ED

brain, leading to more pronounced brain pathology and a larger increase in density
of SST+ neurons in the WM. Contrary to our hypothesis, the correlation analysis

PT

showed that SST+ immunoreactivity was negatively correlated with IBA1+

CE

immunoreactivity in the current study. This correlation does not give any indication to
the direction of causation of these effects and thus requires further investigation.

AC

Since the GFAP+IRM was not significantly different in GD19 PolyI:C rats, we did not
expect and consequently did not observe a correlation with GFAP+IRM and IWMN
density.

Some methodological considerations are important in the interpretation of these
results. This study had two main parts, an investigation of the effects of maternal
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immune activation on the gene expression of Iba1, Gfap, TNF-α and IL-1β, and an
investigation of IBA1+IRM and GFAP+IRM using IHC. Due to these methodological
differences where the brain tissue used for gene expression was fresh frozen and
the tissue for IHC was perfuse-fixed, we thus utilised two separate animal cohorts
and were unable to examine the correlation between gene expression and microglia

CR
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or astrocytic immunoreactivity. Within the IHC cohort, we examined the level of
IBA1+IRM/GFAP+IRM in both the CC and the WM of the corpus callosum. However,
within the gene expression cohort, due to methodological limitations in isolation of
WM devoid of cortical tissue from the blocks of rat brains, we examined only the CC.
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In addition, whilst GFAP is regarded as a sensitive and reliable marker that labels
the majority of reactive astrocytes in central nervous system injury models, it is not
an absolute marker of all non-reactive astrocytes and in some cases can be

M

immunohistochemically undetectable in astrocytes in healthy central nervous system
tissue (Sofroniew and Vinters, 2010). Stereological counting methodologies have

threshold

spectra

analysis

to

examine

IBA1+

and

GFAP+

PT

cumulative

ED

been used previously to determine microglia density. In this study, we used

immunoreactivity, a method shown to be powerful for detecting subtle alterations to

CE

IBA1+ immunoreactive microglia and GFAP+ immunoreactive astrocytes (Jones et
al., 2015; Ong et al., 2016; Patience et al., 2015). This thresholding methodology is

AC

able to sensitively detect differences in immunoreactive material (see Supplementary
Figure 2 and 3), across the entire pixel intensity spectrum. However, this method is
unable to detect morphological differences such as those between activated or nonactivated microglia. Thus these findings can be extended in the future by subtyping
the microglia into the M1 and M2 phenotypes and associated morphological
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analyses, to determine whether maternal immune activation affects microglia
activation in the offspring.

Although maternal immune activation models of schizophrenia-like pathologies are

CR
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T

becoming better established, little is still known about how maternal immune
activation alters foetal brain development to result in the wide ranging behavioural
and neurobiological alterations commonly reported. Altered neuro-immune function
has been identified as a potential mediating mechanism, and the current study

AN
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provides further evidence supporting the involvement of long-term neuro-immune
alterations in a maternal immune activation model which has previously
demonstrated schizophrenia-relevant behavioural and brain dysfunction (Duchatel et
al., 2016; Meehan et al., 2016). Further research should aim to establish a

M

developmental time course for the neuro-immune changes identified here, if

ED

alterations are present in other schizophrenia-relevant brain regions, and whether
these changes are indicative of a “primed” system that produces overactive

CE

system.

PT

inflammatory responses to later-life insults that impact on the brain and/or immune

AC

Acknowledgments

Ryan Duchatel was supported by the Ian Scott PhD Scholarship in Mental Health
from Australian Rotary Health and an Australian Postgraduate Award from the
Australian Government. Crystal Meehan was supported by an Australian
Postgraduate Award from the Australian Government and the National Health and
Medical Research Council Project Grant (APP1026070). We also acknowledge

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

important research training scheme funding to the School of Biomedical Sciences
and Pharmacy, University of Newcastle Australia, the National Health and Medical
Research Council Project Grant (APP1026070) and funds provided by the
Schizophrenia Research Institute (AM Wood Postgraduate Award G1301321 to

Competing interests
The authors have no competing interests.
References

CR
IP
T

Ryan Duchatel) through the NSW Ministry of Health.

AN
US

Babulas, V., Factor-Litvak, P., Goetz, R., Schaefer, C.A., Brown, A.S., 2006.

Prenatal exposure to maternal genital and reproductive infections and adult
schizophrenia. American Journal of Psychiatry 163 (5), 927-929.

M

Bayer, T.A., Buslei, R., Havas, L., Falkai, P., 1999. Evidence for activation of

ED

microglia in patients with psychiatric illnesses. Neurosci Lett 271 (2), 126-128.
Bloomfield, P.S., Selvaraj, S., Veronese, M., Rizzo, G., Bertoldo, A., Owen, D.R.,

PT

Bloomfield, M.A., Bonoldi, I., Kalk, N., Turkheimer, F., McGuire, P., de Paola,

CE

V., Howes, O.D., 2016. Microglial Activity in People at Ultra High Risk of
Psychosis and in Schizophrenia: An [(11)C]PBR28 PET Brain Imaging Study.

AC

American Journal of Psychiatry 173 (1), 44-52.

Brown, A.S., Begg, M.D., Gravenstein, S., Schaefer, C.A., Wyatt, R.J., Bresnahan,
M., Babulas, V.P., Susser, E.S., 2004a. Serologic evidence of prenatal
influenza in the etiology of schizophrenia. Archives of General Psychiatry 61
(8), 774-780.

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

Brown, A.S., Derkits, E.J., 2010. Prenatal infection and schizophrenia: a review of
epidemiologic and translational studies. American Journal of Psychiatry 167
(3), 261-280.
Brown, A.S., Hooton, J., Schaefer, C.A., Zhang, H., Petkova, E., Babulas, V., Perrin,

CR
IP
T

M., Gorman, J.M., Susser, E.S., 2004b. Elevated maternal interleukin-8 levels
and risk of schizophrenia in adult offspring. American Journal of Psychiatry
161 (5), 889-895.

Buka, S.L., Tsuang, M.T., Torrey, E.F., Klebanoff, M.A., Wagner, R.L., Yolken, R.H.,

AN
US

2001. Maternal Cytokine Levels during Pregnancy and Adult Psychosis. Brain,
Behavior, and Immunity 15 (4), 411-420.

Catts, V.S., Wong, J., Fillman, S.G., Fung, S.J., Shannon Weickert, C., 2014.

M

Increased expression of astrocyte markers in schizophrenia: Association with

ED

neuroinflammation. Aust N Z J Psychiatry 48 (8), 722-734.
De Picker, L.J., Morrens, M., Chance, S.A., Boche, D., 2017. Microglia and Brain

PT

Plasticity in Acute Psychosis and Schizophrenia Illness Course: A Meta-

CE

Review. Front Psychiatry 8, 238.
de Souza, D.F., Wartchow, K.M., Lunardi, P.S., Brolese, G., Tortorelli, L.S.,

AC

Batassini, C., Biasibetti, R., Gonçalves, C.-A., 2015. Changes in Astroglial
Markers in a Maternal Immune Activation Model of Schizophrenia in Wistar
Rats are Dependent on Sex. Front Cell Neurosci 9 (489).

Doorduin, J., de Vries, E.F., Willemsen, A.T., de Groot, J.C., Dierckx, R.A., Klein,
H.C., 2009. Neuroinflammation in schizophrenia-related psychosis: a PET
study. Journal of Nuclear Medicine 50 (11), 1801-1807.

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

Duchatel, R.J., Jobling, P., Graham, B.A., Harms, L.R., Michie, P.T., Hodgson, D.M.,
Tooney, P.A., 2016. Increased white matter neuron density in a rat model of
maternal immune activation - Implications for schizophrenia. Prog
Neuropsychopharmacol Biol Psychiatry 65, 118-126.

CR
IP
T

Ellman, L.M., Deicken, R.F., Vinogradov, S., Kremen, W.S., Poole, J.H., Kern, D.M.,
Tsai, W.Y., Schaefer, C.A., Brown, A.S., 2010. Structural brain alterations in
schizophrenia following fetal exposure to the inflammatory cytokine
interleukin-8. Schizophr Res 121 (1-3), 46-54.

AN
US

Fillman, S.G., Cloonan, N., Catts, V.S., Miller, L.C., Wong, J., McCrossin, T., Cairns,
M., Weickert, C.S., 2012. Increased inflammatory markers identified in the
dorsolateral prefrontal cortex of individuals with schizophrenia. Molecular

M

Psychiatry.

ED

Fillman, S.G., Sinclair, D., Fung, S.J., Webster, M.J., Shannon Weickert, C., 2014.
Markers of inflammation and stress distinguish subsets of individuals with

PT

schizophrenia and bipolar disorder. Transl Psychiatry 4, e365.

CE

Garay, P.A., Hsiao, E.Y., Patterson, P.H., McAllister, A.K., 2012. Maternal immune
activation causes age- and region-specific changes in brain cytokines in

AC

offspring throughout development. Brain, Behavior, and Immunity.
Giovanoli, S., Engler, H., Engler, A., Richetto, J., Feldon, J., Riva, M.A.,
Schedlowski, M., Meyer, U., 2016. Preventive effects of minocycline in a
neurodevelopmental two-hit model with relevance to schizophrenia.
Translational Psychiatry 6 (4), e772.

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

Girard, S., Tremblay, L., Lepage, M., Sebire, G., 2010. IL-1 receptor antagonist
protects against placental and neurodevelopmental defects induced by
maternal inflammation. J Immunol 184 (7), 3997-4005.
Hadar, R., Dong, L., del-Valle-Anton, L., Guneykaya, D., Voget, M., Edemann-

CR
IP
T

Callesen, H., Schweibold, R., Djodari-Irani, A., Goetz, T., Ewing, S.,
Kettenmann, H., Wolf, S.A., Winter, C., 2017. Deep brain stimulation during
early adolescence prevents microglial alterations in a model of maternal
immune activation. Brain, Behavior, and Immunity 63, 71-80.

AN
US

Innocenti, G.M., Ansermet, F., Parnas, J., 2003. Schizophrenia, neurodevelopment
and corpus callosum. Mol Psychiatry 8 (3), 261-274.

Johnson, S.J., Walker, F.R., 2015. Strategies to improve quantitative assessment of

M

immunohistochemical and immunofluorescent labelling. Sci Rep 5, 10607.

ED

Juckel, G., Manitz, M.P., Brune, M., Friebe, A., Heneka, M.T., Wolf, R.J., 2011.
Microglial activation in a neuroinflammational animal model of schizophrenia--

PT

a pilot study. Schizophrenia Research 131 (1-3), 96-100.

CE

Kim, Y.K., Maes, M., 2003. The role of the cytokine network in psychological stress.

AC

Acta Neuropsychiatr 15 (3), 148-155.
LaMantia, A.S., Rakic, P., 1990. Axon overproduction and elimination in the corpus
callosum of the developing rhesus monkey. J Neurosci 10 (7), 2156-2175.

Lewis, D.A., Levitt, P., 2002. Schizophrenia as a disorder of neurodevelopment.
Annual Review of Neuroscience 25, 409-432.

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

Mattei, D., Djodari-Irani, A., Hadar, R., Pelz, A., de Cossío, L.F., Goetz, T., Matyash,
M., Kettenmann, H., Winter, C., Wolf, S.A., 2014. Minocycline rescues
decrease in neurogenesis, increase in microglia cytokines and deficits in
sensorimotor gating in an animal model of schizophrenia. Brain, Behavior,

CR
IP
T

and Immunity 38, 175-184.
Mednick, S.A., Machon, R.A., Huttunen, M.O., Bonett, D., 1988. Adult schizophrenia
following prenatal exposure to an influenza epidemic. Arch Gen Psychiatry 45
(2), 189-192.

AN
US

Meehan, C., Harms, L., Frost, J.D., Barreto, R., Todd, J., Schall, U., Shannon

Weickert, C., Zavitsanou, K., Michie, P.T., Hodgson, D.M., 2016. Effects of
immune activation during early or late gestation on schizophrenia-related

M

behaviour in adult rat offspring. Brain Behav Immun.

ED

Meyer, U., 2014. Prenatal poly(i:C) exposure and other developmental immune
activation models in rodent systems. Biol Psychiatry 75 (4), 307-315.

PT

Meyer, U., Feldon, J., 2009. Neural basis of psychosis-related behaviour in the

CE

infection model of schizophrenia. Behavioural Brain Research 204 (2), 322334.

AC

Meyer, U., Feldon, J., 2012. To poly(I:C) or not to poly(I:C): advancing preclinical
schizophrenia research through the use of prenatal immune activation
models. Neuropharmacology 62 (3), 1308-1321.
Meyer, U., Feldon, J., Yee, B.K., 2009. A review of the fetal brain cytokine imbalance
hypothesis of schizophrenia. Schizophrenia Bulletin 35 (5), 959-972.

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

Meyer, U., Nyffeler, M., Engler, A., Urwyler, A., Schedlowski, M., Knuesel, I., Yee,
B.K., Feldon, J., 2006. The time of prenatal immune challenge determines the
specificity of inflammation-mediated brain and behavioral pathology. Journal
of Neuroscience 26 (18), 4752-4762.

CR
IP
T

Meyer, U., Nyffeler, M., Yee, B.K., Knuesel, I., Feldon, J., 2008. Adult brain and
behavioral pathological markers of prenatal immune challenge during
early/middle and late fetal development in mice. Brain, Behavior, and
Immunity 22 (4), 469-486.

AN
US

Miller, B.J., Buckley, P., Seabolt, W., Mellor, A., Kirkpatrick, B., 2011. Meta-analysis
of cytokine alterations in schizophrenia: clinical status and antipsychotic
effects. Biological Psychiatry 70 (7), 663-671.

M

Missault, S., Van den Eynde, K., Vanden Berghe, W., Fransen, E., Weeren, A.,

ED

Timmermans, J.P., Kumar-Singh, S., Dedeurwaerdere, S., 2014. The risk for
behavioural deficits is determined by the maternal immune response to

PT

prenatal immune challenge in a neurodevelopmental model. Brain, Behavior,

CE

and Immunity 42, 138-146.
Na, K.-S., Jung, H.-Y., Kim, Y.-K., 2014. The role of pro-inflammatory cytokines in

AC

the neuroinflammation and neurogenesis of schizophrenia. Progress in
Neuro-Psychopharmacology and Biological Psychiatry 48 (0), 277-286.

Nyffeler, M., Meyer, U., Yee, B.K., Feldon, J., Knuesel, I., 2006. Maternal immune
activation during pregnancy increases limbic GABAA receptor
immunoreactivity in the adult offspring: implications for schizophrenia.
Neuroscience 143 (1), 51-62.

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

Ong, L.K., Guan, L., Damanhuri, H., Goodchild, A.K., Bobrovskaya, L., Dickson,
P.W., Dunkley, P.R., 2014. Neurobiological consequences of acute footshock
stress: effects on tyrosine hydroxylase phosphorylation and activation in the
rat brain and adrenal medulla. J Neurochem 128 (4), 547-560.

CR
IP
T

Ong, L.K., Zhao, Z., Kluge, M., TeBay, C., Zalewska, K., Dickson, P.W., Johnson,
S.J., Nilsson, M., Walker, F.R., 2016. Reconsidering the role of glial cells in
chronic stress-induced dopaminergic neurons loss within the substantia
nigra? Friend or foe? Brain, Behavior, and Immunity.

AN
US

Owen, M.J., Craddock, N., O'Donovan, M.C., 2005. Schizophrenia: genes at last?
Trends in Genetics 21 (9), 518-525.

Paxinos, G., Watson, C., 2006. The Rat Brain in Stereotaxic Coordinates, 6th

M

Edition. Academic Press.

ED

Paylor, J.W., Lins, B.R., Greba, Q., Moen, N., de Moraes, R.S., Howland, J.G.,
Winship, I.R., 2016. Developmental disruption of perineuronal nets in the

PT

medial prefrontal cortex after maternal immune activation. Sci Rep 6, 37580.

CE

Pomarol-Clotet, E., Canales-Rodríguez, E.J., Salvador, R., Sarró, S., Gomar, J.J.,
Vila, F., Ortiz-Gil, J., Iturria-Medina, Y., Capdevila, A., McKenna, P.J., 2010.

AC

Medial prefrontal cortex pathology in schizophrenia as revealed by convergent
findings from multimodal imaging. Molecular Psychiatry 15 (8), 823-830.

Potvin, S., Stip, E., Sepehry, A.A., Gendron, A., Bah, R., Kouassi, E., 2008.
Inflammatory cytokine alterations in schizophrenia: a systematic quantitative
review. Biological Psychiatry 63 (8), 801-808.

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

Radewicz, K., Garey, L.J., Gentleman, S.M., Reynolds, R., 2000. Increase in HLADR immunoreactive microglia in frontal and temporal cortex of chronic
schizophrenics. J Neuropathol Exp Neurol 59 (2), 137-150.
Romero, E., Guaza, C., Castellano, B., Borrell, J., 2010. Ontogeny of sensorimotor

CR
IP
T

gating and immune impairment induced by prenatal immune challenge in rats:
implications for the etiopathology of schizophrenia. Molecular Psychiatry 15
(4), 372-383.

Salgado-Pineda, P., Caclin, A., Baeza, I., Junque, C., Bernardo, M., Blin, O.,

AN
US

Fonlupt, P., 2007. Schizophrenia and frontal cortex: where does it fail?
Schizophrenia Research 91 (1-3), 73-81.

Samuelsson, A.M., Jennische, E., Hansson, H.A., Holmang, A., 2006. Prenatal

M

exposure to interleukin-6 results in inflammatory neurodegeneration in

ED

hippocampus with NMDA/GABA(A) dysregulation and impaired spatial
learning. Am J Physiol Regul Integr Comp Physiol 290 (5), R1345-1356.

PT

Schmittgen, T.D., Livak, K.J., 2008. Analyzing real-time PCR data by the

CE

comparative C(T) method. Nat Protoc 3 (6), 1101-1108.
Sofroniew, M.V., Vinters, H.V., 2010. Astrocytes: biology and pathology. Acta

AC

Neuropathol 119 (1), 7-35.

Sorensen, H.J., Mortensen, E.L., Reinisch, J.M., Mednick, S.A., 2009. Association
between prenatal exposure to bacterial infection and risk of schizophrenia.
Schizophrenia Bulletin 35 (3), 631-637.

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

Steiner, J., Bernstein, H.G., Bielau, H., Farkas, N., Winter, J., Dobrowolny, H.,
Brisch, R., Gos, T., Mawrin, C., Myint, A.M., Bogerts, B., 2008a. S100Bimmunopositive glia is elevated in paranoid as compared to residual
schizophrenia: a morphometric study. J Psychiatr Res 42 (10), 868-876.

CR
IP
T

Steiner, J., Bielau, H., Brisch, R., Danos, P., Ullrich, O., Mawrin, C., Bernstein, H.G.,
Bogerts, B., 2008b. Immunological aspects in the neurobiology of suicide:
elevated microglial density in schizophrenia and depression is associated with
suicide. J Psychiatr Res 42 (2), 151-157.

AN
US

Trepanier, M.O., Hopperton, K.E., Mizrahi, R., Mechawar, N., Bazinet, R.P., 2016.
Postmortem evidence of cerebral inflammation in schizophrenia: a systematic
review. Mol Psychiatry 21 (8), 1009-1026.

M

van Berckel, B.N., Bossong, M.G., Boellaard, R., Kloet, R., Schuitemaker, A.,

ED

Caspers, E., Luurtsema, G., Windhorst, A.D., Cahn, W., Lammertsma, A.A.,
Kahn, R.S., 2008. Microglia activation in recent-onset schizophrenia: a

PT

quantitative (R)-[11C]PK11195 positron emission tomography study.

CE

Biological Psychiatry 64 (9), 820-822.
Van den Eynde, K., Missault, S., Fransen, E., Raeymaekers, L., Willems, R.,

AC

Drinkenburg, W., Timmermans, J.P., Kumar-Singh, S., Dedeurwaerdere, S.,
2014. Hypolocomotive behaviour associated with increased microglia in a
prenatal immune activation model with relevance to schizophrenia.
Behavioural Brain Research 258, 179-186.

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

van Kammen, D.P., McAllister-Sistilli, C.G., Kelley, M.E., Gurklis, J.A., Yao, J.K.,
1999. Elevated interleukin-6 in schizophrenia. Psychiatry Research 87 (2-3),
129-136.
Wheeler, A.L., Voineskos, A.N., 2014. A review of structural neuroimaging in

CR
IP
T

schizophrenia: from connectivity to connectomics. Front Hum Neurosci 8, 653.
Wible, C.G., Anderson, J., Shenton, M.E., Kricun, A., Hirayasu, Y., Tanaka, S.,

Levitt, J.J., O'Donnell, B.F., Kikinis, R., Jolesz, F.A., McCarley, R.W., 2001.
Prefrontal cortex, negative symptoms, and schizophrenia: an MRI study.

AN
US

Psychiatry Research 108 (2), 65-78.

Willi, R., Harmeier, A., Giovanoli, S., Meyer, U., 2013. Altered GSK3beta signaling in
an infection-based mouse model of developmental neuropsychiatric disease.

M

Neuropharmacology 73, 56-65.

ED

Wilson, C., Terry, A.V., Jr., 2010. Neurodevelopmental animal models of
schizophrenia: role in novel drug discovery and development. Clin Schizophr

PT

Relat Psychoses 4 (2), 124-137.

CE

Woodroofe, M.N., 1995. Cytokine production in the central nervous system.

AC

Neurology 45 (6 Suppl 6), S6-10.

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

CR
IP
T

Figure Legends

Fig 1. Effects of maternal immune activation on immune related gene
expression. Relative gene expression for Iba1, Gfap (A), TNF-α and IL-1β (B) in the
CC of offspring from dams exposed to PolyI:C at either GD10 (black bars) or GD19

AN
US

(grey bars). No significant changes were observed in the expression of Iba1, Gfap,
TNF-α or IL-1β in PolyI:C rats compared to controls. Bars represent mean fold
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change from control +/- SEM.
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Fig 2. Representative images of IBA1+ immunoreactive microglia and GFAP+
immunoreactive astrocytes in the rat brain. IBA1+ immunoreactive microglia
(black arrowheads) in the cingulate cortex (CC; A) and white matter (WM) of the
corpus callosum (B) of control rats. GFAP+ immunoreactive astrocytes (black
arrowheads) in the CC (C) and WM of the corpus callosum (D) in the rat brain of
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control rats. Scale bar: 25µm

Fig 3. Effect of maternal immune activation on IBA1+ immunoreactive material
(IBA1+IRM) in the cingulate cortex (CC). Representative images of IBA1+
immunoreactive microglia in the CC from region 1 of the rat brain in either controls
(A) or offspring from animals exposed to PolyI:C at GD19 (C), with the corresponding
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images showing IBA1+ thresholded material at pixel intensity 120 (B,D). (E-F) The
percentage of IBA1+IRM is shown at a given pixel intensity for offspring exposed to
PolyI:C at GD10 (blue squares) or GD19 (red triangles), as well as controls (black
circles). Each data point represents the mean % of IBA1+IRM for one animal.
Comparisons are presented for two rostrocaudally adjacent areas, region 1 (E) and
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region 2 (F). The percentage of IBA1+IRM was not significantly different between
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control and PolyI:C rats in the CC of region 1 and region 2. Scale bar: 100µm

Fig 4. Effect of maternal immune activation on IBA1+ immunoreactive material
(IBA1+IRM) in the white matter (WM) of the corpus callosum. Representative
images of IBA1+ immunoreactive microglia in the WM of the corpus callosum in
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region 1 of the rat brain in either controls (A) or offspring from animals exposed to
PolyI:C at GD19 (C), with the corresponding images showing IBA1+ thresholded
material at pixel intensity 120 (B,D). The percentage of IBA1+IRM is shown at a
given pixel intensity in two rostrocaudally adjacent areas region 1 (E) and region 2
(F) for offspring exposed to PolyI:C at GD10 (blue squares) or GD19 (red triangles),
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as well as controls (black circles). Each data point represents the mean % of
IBA1+IRM for one animal. The percentage of IBA1+IRM in the WM was significantly
increased after maternal immune activation at GD19 in region 1 (p = 0.016). No
difference was observed after maternal immune activation at GD10 nor in region 2 in
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both groups. Scale bar: 100µm
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Fig 5. Effect of maternal immune activation on GFAP+ immunoreactive material
(GFAP+IRM) in the cingulate cortex (CC). Representative images of GFAP+
immunoreactive astrocytes in the CC in region 1 of either controls (A) or offspring
from animals exposed to PolyI:C at GD19 (C), with the corresponding images
showing GFAP+ thresholded material at pixel intensity 120 (B,D). (E-F) The
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percentage of GFAP+IRM is shown at a given pixel intensity for offspring exposed to
PolyI:C at GD10 (blue squares) or GD19 (red triangles, as well as controls (black
circles). Each data point represents the mean % of GFAP+IRM for one animal.
Comparisons are presented for two rostrocaudally adjacent areas, region 1 (E) and
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region 2 (F). The percentage of GFAP+IRM was not significantly different between
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control and PolyI:C rats in either region. Scale bar: 100µm
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Fig 6. Effect of maternal immune activation on GFAP+ immunoreactive material
(GFAP+IRM) in the white matter (WM) of the corpus callosum. Representative
images of GFAP+ immunoreactive microglia in the WM of the corpus callosum in
region 1 of the rat brain in either controls (A) or offspring from animals exposed to
PolyI:C (C), with the corresponding images showing GFAP+ thresholded material at
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pixel intensity 120 (B,D). (E-F) The percentage of GFAP+IRM at a given pixel
intensity for offspring exposed to PolyI:C at GD10 (blue squares) or GD19 (red
triangles), as well as controls (black circles). Each data point represents the mean %
of GFAP+IRM material for one animal. Comparisons are presented for two
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rostrocaudally adjacent areas, region 1 (E) and region 2 (F). The percentage of
GFAP+IRM was similar between control and PolyI:C rats in both regions. Scale bar:
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Fig 7. Correlation between IBA1+ immunoreactive material (IBA1+IRM) with neuronal
density in the white matter (WM) of the corpus callosum. Correlations of IBA1+IRM with
Neun (A-C) and SST (D-F) IWMN density. The percentage of IBA1+IRM negatively
correlated with both NeuN IWMN density (C) and SST+ IWMN density (F) in offspring from
rats exposed to maternal immune activation at GD19 (Red triangles – NeuN: r = -0.624, p =
0.017 and SST: r = -0.604, p = 0.022). There was no correlation between IBA1+IRM and

ACCEPTED MANUSCRIPT

R.J. Duchatel and C.L. Meehan et al.

NeuN+ or SST+ IWMN density in either control rats (A, D) or GD10 maternal immune
activation rats (B, E). SST+ and NeuN+ IWMN density data was previously reported in
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Duchatel et al. (2016).

Fig 8. Correlation between GFAP+ immunoreactive material (GFAP+IRM) with
neuronal density in the white matter (WM) of the corpus callosum. No correlation was

M

observed between the percentage of GFAP+IRM and NeuN+ IWMNs or SST+ IWMNs in
either control rats (A,D), or those exposed to maternal immune activation at either GD10 (D,
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E) or GD19 (C, F). SST+ and NeuN+ IWMN density data was previously reported in

