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of the immune challenge and the region of the central nervous system (CNS) in ques-
tion. This study investigated the effects of MIA with 100 pug/kg lipopolysaccharide at
either Embryonic days (E)12 or E16 on the oligodendrocytes, microglia and astrocytes
of the offspring spinal cord. At E16, MIA decreased the number of olig2* and Iba-1*
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injection. These decreases were not observed at postnatal day 14. In contrast, MIA at
E12 did not alter Olig2* or Iba-1* cell number in the developing spinal cord 5 h after
injection, however, Olig2" cell number was decreased in the ventral grey matter of
the P14 spinal cord. No changes were observed in glial fibrillary acidic protein (GFAP)
expression at P14 following MIA at either E12 or E16. These data suggest that E16
may be a window of immediate vulnerability to MIA during spinal cord development,
however, the findings also suggest that the developmental process may be capable of
compensation over time. Potential changes in P14 animals following the challenge at
E12 are indicative of the complexity of the effects of MIA during the developmental
process.
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1 | INTRODUCTION

epidemiological studies of influenza infection during pregnancy.

Since these original retrospective studies linked maternal influenza

Maternal immune activation (MIA) during gestation has been impli-
cated as a risk factor in the development of multiple neurological
disorders including schizophrenia and autism (Atladottir et al., 2010;
Brown, 2012; Brown, Begg, et al., 2004). The risk of MIA during

central nervous system (CNS) development was first identified in

infection to an increased incidence of schizophrenia in offspring,
numerous studies, both retrospective and prospective in nature,
have linked a wide variety of maternal infections to an increased
risk of schizophrenia in offspring. These infections include influ-

enza, toxoplasma gondii, rubella and herpes simplex complex type
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two (Babulas et al., 2006; Brown, 2012; Brown et al., 2000; Brown,
Hooton, et al., 2004). Autism spectrum disorder (ASD), like schizo-
phrenia, has also been linked to MIA through epidemiological cohort
studies and meta-analyses (Atladottir et al., 2010; Lee et al., 2015;
Zerbo et al., 2013). More recently, cohort studies have implicated
MIA in the development of both cerebral palsy and epilepsy (Miller
etal., 2012, 2013; Sun et al., 2008; Wu et al., 2013).

Interestingly, a number of these epidemiological studies have
suggested that the gestational timing at which an insult occurs may
be a key determinant of the neurological outcome of MIA. However,
there is yet no clear consensus. A large nested cohort study carried
out in a Californian population between 1959 and 1967, suggested
that the incidence of schizophrenia in offspring was threefold higher
in children of mothers who suffered an influenza infection during
the first half of gestation, and sevenfold higher in offspring of those
suffering infection during the first trimester. No such increase was
evident in the second half of gestation (Brown, Begg, et al., 2004). In
contrast, a retrospective study carried out on the Danish population
over a 40-year period from 1911 to 1950 found that maternal influ-
enza infection during the sixth-month gestation was associated with
an increased risk of schizophrenia in offspring (Barr et al., 1990). This
is in line with a number of other studies, which have largely linked
influenza exposure in the second trimester to the development of
schizophrenia in offspring (for review see Brown & Derkits, 2010).
Epidemiological studies examining the association of MIA and ASDs
have reported similarly conflicting findings. A Danish study following
the children of women hospitalised for infections during pregnancy
over a 25-year period showed no association between maternal
infection and ASDs in offspring when investigating the total ges-
tational time. However, maternal viral infection during the first
trimester, and maternal bacterial infection during the second trimes-
ter, were both associated with an increased risk of ASDs (Atladottir
et al., 2010). Contrary to this, a Swedish study encompassing births
between 1984 and 2007 found that maternal infection requiring
hospitalisation increased the incidence of ASDs regardless of the
insult type or gestational timing (Lee et al., 2015). A third smaller
study, using a Californian population, associated maternal infection
requiring hospitalisation with an increased risk of ASD that was par-
ticularly associated with bacterial infections diagnosed in the second
and third trimester (Zerbo et al., 2013). These conflicting epidemio-
logical studies, whilst informative in many ways, have necessitated
the development of animal models in which to better study the neu-
rodevelopmental effects of MIA on offspring. Studies utilising these
animal models have indicated that maternal treatment with the bac-
terial mimetic lipopolysaccharide (LPS) during pregnancy can have
profound effects on the neurons, oligodendrocytes, astrocytes and
microglia of the developing CNS (Fatemi, Folsom, Reutiman, Abu-
QOdeh, et al., 2009; Harvey & Boksa, 2012; O'Loughlin et al., 2017;
Oskvig et al., 2012; Rousset et al., 2006).

The use of animal models allows for the control of many of the
variables encountered in epidemiological studies. Animal models
allow for the control of insult type, bacterial or viral, and critically,
the severity of the insult encountered. They also eliminate other
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confounding factors such as maternal stress or deprivation. Time-
mating protocols allow for control over insult timing, and for a more
accurate investigation of the windows of vulnerability associated
with MIA in epidemiological studies. These models have consistently
demonstrated the importance of insult timing and the brain region
examined in the delineation of critical regions of vulnerability. For
example, Fatemi et al. have comprehensively illustrated the impor-
tance of insult timing and brain region examined on the expression
of multiple white matter markers, whilst Juckel et al. have identi-
fied a regional specificity in microglial response to MIA at E9 (Fatemi
et al., 2005; Fatemi, Folsom, Reutiman, Abu-Odeh, et al., 2009;
Fatemi, Folsom, Reutiman, Huang, et al., 2009; Juckel et al., 2011).
MIA in animal models has reliably resulted in behavioural changes
consistent with human neurological conditions such as schizophre-
nia and autism. Behavioural changes, such as the social deficit, im-
paired pre-pulse inhibition, stereotypical or repetitive behaviours
and decreases in communication, have all been identified in off-
spring of dams exposed to infection (Ben-Reuven & Reiner, 2021;
Malkova et al., 2012; Zhu et al., 2014). Overall, animals provide a
robust model in which to investigate the complexities of MIA.

In this study, we used a time-mated rat model to investigate the
cellular effects of bacterial infection at specific gestational periods
of interest in the spinal cord. The spinal cord was chosen as the tim-
ing of the generation, differentiation and migration of different cell
populations and the production of myelin have been established in
some detail in the foetal and early postnatal rodent spinal cord, mak-
ing this CNS region suited to investigations aimed at understand-
ing the developmental effects of inflammation on the developing
foetal nervous system. Furthermore, as the majority of studies to
date on the MIA effects have focused on diverse brain regions it
is timely to extend the analysis to the spinal cord, a region integral
to CNS function with clear anatomical boundaries and architecture.
Embryonic days (E)12 and E16 were chosen specifically for their
importance during spinal cord development. At E12, cells in the
spinal cord undergo massive proliferation, whilst at E16 migration
is laying the foundations for later developmental processes such as
myelination and synaptic refinement. Moreover, previous studies
have shown differential effects of LPS-induced MIA at E12 or E16
on behavioural outcomes in the rat (Straley et al., 2017), suggesting
that LPS-induced MIA may differentially affect spinal cord devel-
opment at these two developmental time points. These time points
also mimic periods of human gestation which have been shown to be
vulnerable in epidemiological studies (Atladottir et al., 2010; Brown,
Begg, et al., 2004; Brown & Derkits, 2010; Patten et al., 2014). In
this study, MIA was induced by maternal injection with bacterial mi-
metic LPS and the effect was investigated in the oligodendrocytes,
astrocytes and microglia of the spinal cords of offspring. We inves-
tigated the effects of MIA at the immediate 5 h time-point as pre-
vious studies, in our own laboratory and others, have indicated that
changes in gene expression were evident and measurable as early
as 3-h post-MIA (Ben-Reuven & Reiner, 2021; Garbett et al., 2012;
O'Loughlinetal., 2017; Oskvig et al., 2012; Park et al., 2018; Vasistha
et al., 2020) and also at P14, a time-point where the cell types of
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interest were largely in their final position in the cord. The spinal
cord provides a number of advantages for the study of MIA at the
cellular level. Although it is likely that any major cognitive defects
resulting from MIA will arise in cortical structures, the complexity
of cortical development makes it challenging to unravel the detail of
cellular and structural deficits that may arise. Cellular development
in the spinal cord is well characterised, owing largely to the fact that
a number of seminal works in early neuroscience were carried out in
this region (Altman & Bayer, 1984, 2001). The spinal cord is relatively
uniform and provides an accessible tissue source for investigation,
particularly in embryological studies where tissue from specific CNS
regions may be difficult to obtain. Another unique aspect of the spi-
nal cord is the ability, at a single time point, to study multiple stages
of development in the same animal due to the rostro-caudal gradient
of development (Nakayama et al., 1999). This allows precise identifi-
cation not only of the windows of vulnerability of cells in the spinal
cord as a whole to MIA but also allows observation of the develop-
mental state of the cells affected. When investigating MIA from a
cellular perspective the spinal cord is a valuable model as a result of
this detailed characterisation and relative simplicity when compared

to other regions of the CNS.

2 | MATERIALS AND METHODS

21 | Time-mating

Time mated, pregnant, Sprague Dawley rats were obtained from
the Biological Services Unit at University College Cork, Ireland
under full ethical approval. The presence of a vaginal plug confirmed
pregnancy and was designated as embryonic day (E)0. Dams were
housed on a 12h light/dark cycle (light on 08:00) at 21 + 2°C with ad
libitum access to food and water. Pregnant dams received a single
intraperitoneal (i.p) injection of 100ug/kg of LPS (Sigma-Aldrich) or
0.9% saline (control) on E12 or E16.

2.2 | Tissue collection and processing

Dams were anaesthetised with pentobarbital and decapitated at
5 h post-injection or left to give birth. Embryos were collected by
laparotomy and fixed by immersion in 4% paraformaldehyde (PFA)
solution overnight at 4°C, followed by cryoprotection in 30% su-
crose before snap freezing and storage at -80°C. P14 pups were
anesthetised by i.p injection of pentobarbital and transcardially per-
fused with 10mM phosphate-buffered saline (PBS) followed by 4%
PFA. Spinal cords were post-fixed in 4% PFA and processed as de-
scribed above. P14 cords were stored at —~80°C. Tissue samples were
transversely sectioned at 15 um using a cryostat (Lecia Microsystem
GmbH). To assign sections to the rostral, middle and caudal regions
of the cord, one cord per litter was sectioned in its entirety to es-
timate the length of the cord. Dividing this standard length into
five rostral to caudal regions then allowed regions 1, 3, and 5 to be
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designated rostral, middle, and caudal, respectively. No sections
were subsequently analysed from regions 2 and 4 of the cord to en-
sure adequate regional separation. The relevant rostral, middle, and

caudal sections were processed for immunofluorescent staining.

2.3 | Immunofluorescent staining

Rehydrated slides were incubated in blocking solution (5% donkey
serum, 0.4% Triton X in 10mM PBS) for 1 h at room temperature
(RT). After 1 h, the excess blocking solution was removed and slides
were incubated in primary antibody solution (primary antibody di-
luted in 2.5% donkey serum, 0.1% Triton X in 10mM PBS) (Table 1).
Following incubation slides were rinsed with PBS (4 x 6 min) before
incubation in secondary antibody solution diluted in the appropri-
ate AlexFluor® secondary antibody diluted in 2.5% donkey serum
and 0.1% triton X in 10mM PBS (Table 1) for 2-2.5 h at RT. Slides
were rinsed with 10mM PBS (4 x 6 min) and counterstained with bis-
benzimide solution (1:5000 in 10mM PBS) for 3 min. Slides were
washed with 10mM PBS (3 x 10 min) and mounted with fluoromount

G (Affymetrix/eBiosciences) .

2.4 | Image acquisition and quantification

All samples were imaged on an Olympus 1X83 research inverted mi-
croscope at 20x using a DP80 digital microscope camera (Olympus).
Images were post-coloured where necessary using the CellSens
Dimensions software (Olympus). All image post-processing and
analysis were carried out using the Fiji Image J distribution package
(Schindelin et al., 2012) and all analyses for each cell type were car-

ried out in a blinded manner as outlined below.

2.5 | Olig2 and Ibal quantification

In E12 samples, the number of olig2* and Ibal™ cells in whole trans-
verse sections of the spinal cord was counted using the ‘cell counter’
add-on in Fiji. The average number of olig2* or Ibal* cells was deter-
mined by averaging the absolute counts in four, non-serial sections
from the rostral, middle and caudal regions of the same cord. In E16
and P14 samples, representative images of the dorsal, intermediate

TABLE 1 Primary and secondary antibody details

Antibody Concentration Supplier
Anti-rabbit Oligo2 1:400 Millipore (AB9610)
Anti-mouse MBP 1:1000 Invitrogen (GT3412)
Anti-goat Ibal 1:800 Abcam (Ab5076)
Anti-mouse NeuN 1:500 Invitrogen (Ab2802653)
Anti-mouse GFAP 1:800 Abcam (Ab4648)
Alexa-Fluor® 1:200 Invitrogen

antibodies
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and ventral white matter and dorsal and ventral grey matter were
obtained. A region of interest (ROI), of a known volume of tissue
and location, was quantified in each image. The absolute number of
olig2* or Ibal* cells in each ROl was again counted across 4 non-
serial sections in each animal using the cell counter add-on for Fiji

and averaged.

2.6 | MBP and GFAP quantification

The relative expression of myelin basic protein (MBP) and glial fi-
brillary acidic protein (GFAP) in postnatal samples was analysed by
fluorescence intensity analysis using Image J. Representative im-
ages of the dorsal and ventral grey matter, and the dorsal, interme-
diate and ventral white matter were obtained for GFAP imaging.

In the MBP samples regions spanning the substantia gelatinosa
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and the nucleus intermediolateralis were selected in place of the
dorsal grey matter. The background was subtracted from each
image using the sliding paraboloid function on Fiji and a ROl was
selected. The mean fluorescence intensity was then measured in
the ROI.

2.7 | Statistical analysis

All data are presented as the meanz+standard error of the mean
where n = 3 independent litters. Two animals from each litter were
analysed and served as technical replicates and the mean of these
was calculated to give a single value per parameter per litter. Data
were analysed using a two-way analysis of variance (ANOVA) fol-
lowed by a Fisher's least significant difference (LSD) post hoc test

using GraphPad prism version 9.0 for windows (GraphPad Software).
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FIGURE 1 Exposure to MIA does not affect the number of Olig2* cells in the rostral middle or caudal spinal cord at E12. (a, b)
Representative photomicrographs showing Olig2 staining in the rostral middle and caudal spinal cord as indicated of offspring 5 h after

power micrographs of the ventral grey matter of the rostral spinal cord. (c) Graph showing the number of Olig2* nuclei in the rostral middle
and caudal spinal cord of offspring exposed to 100 pug/kg LPS on E12. All data are presented as mean+SEM and were analysed using a
two-way ANOVA, Scale bar = 50pum. n = 3 litters per group. ANOVA, analysis of variance; LPS, lipopolysaccharide; MIA, maternal immune

activation; SEM, standard error of the mean.



3 | RESULTS

3.1 | Olig2 and MBP expression in the E12, E16
and P14 spinal cord following MIA with 100 pg/kg
LPS
3.1.1 | Olig2
Olig2* cell nuclei were identified in the rostral, middle and caudal
regions of the spinal cord at E12. Following MIA at E12 Olig2* cell
nuclei number per unit volume was examined in spinal cord sec-
tions. A two-way ANOVA saw no significant effect of LPS treat-
ment (F [1, 22] = 4.186, p = 0.0529), a significant effect of region
(F [2, 22] =18.79, p<0.0001) and no significant interaction (F [2,
22] = 0.3479, p = 0.7100). Post hoc analysis with an uncorrected
Fisher's LSD showed no significant change in the number of Olig2*
cells in response to 100pg/kg LPS challenge in rostral, middle and
caudal cords (Figure 1c, p>0.05 in all instances).

During normal development Olig2* cell nuclei are present in the

rostral, middle and caudal regions of the spinal cord at E16 (Figure 2a).
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Following MIA at E16 with 100pug/kg LPS Olig2* cell number per unit
volume was examined in five distinct regions of the spinal cord and com-
pared to control animals. These regions included the dorsal and ventral
grey matter, and the dorsal, ventral and intermediate white matter.
Two-way ANOVA revealed significant changes in the dorsal grey matter
in response to LPS treatment (Figure 2c, F [1, 17] = 32.88, p<0.0001).
There was also a significant effect of region (F [2, 17] = 94.31,
p<0.0001) and a significant interaction (F [2, 27] = 25.41, p<0.0001).
Post hoc analysis using an uncorrected Fisher's LSD identified a signifi-
cant decrease in the number of olig2* cells in the dorsal grey matter of
the rostral spinal cord (p<0.0001). LPS treatment also significantly af-
fected the ventral grey matter (Figure 2d, F [1, 12] = 30.97, p<0.0001).
= 8.105, p = 0.0059)
but no significant interaction (F [2, 12] = 0.8327, p = 0.4585). Post
hoc analysis showed significant decreases in Olig2* cell number in the
rostral, middle and caudal spinal cord in response to LPS (p = 0.0012,
p = 0.0103 and p = 0.0334, respectively). In the dorsal white matter,
both LPS treatment and region examined had a significant effect on
the number of Olig2™ cells (Figure 2e, F [1, 8] = 3.877, p = 0.0845 and
F [1, 8] = 91.46, p<0.0001, respectively). There was no significant

There was a significant effect of region (F [2, 12]
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FIGURE 2 Exposure to MIA affects the number of Olig2* nuclei in specific regions of the E16 spinal cord. (a, b) Representative
micrographs showing Olig2 staining in the ventral grey matter of the offspring spinal cord as indicated 5 h after exposure to either saline or
100pg/kg LPS on E16. (i) Schema indicating the locations of the ROls in experiment 2. (ii, iii) Representative high power photomicrographs
of the ventral grey matter of the rostral spinal cord. (c-g) Graphs showing the number of Olig2* nuclei in the (c) dorsal grey matter, (d)

ventral grey matter, (e) dorsal white matter, (f) intermediate white matter and (g) ventral white matter of offspring exposed to either saline or
100pg/kg LPS on E16. All data are presented as mean + SEM and were analysed using a two-way ANOVA, Scale bar = 50 pm. n = 3 litters per

group. ANOVA, analysis of variance; LPS, lipopolysaccharide; MIA, maternal immune activation; ROI, region of interest; SEM, standard error
of the mean.
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interaction (F [1, 8] = 2.541, p = 0.1496). Uncorrected Fisher's LSD
identified a significant decrease in the number of olig2* cells in the
dorsal white matter of the rostral spinal cord (p<0.0358). The dorsal
white matter of the caudal cord was not examinable at this age. In the
intermediate white matter both LPS treatment and region examined
had a significant effect on the number of Olig2" cells (Figure 2f, F [1,
12] =19.03,p =0.0009 and F [2, 12] = 62.59, p<0.0001, respectively).
There was also significant interaction (F [2, 12] = 6.524, p = 0.0121).
Uncorrected Fisher's LSD identified a significant decrease in the num-
ber of olig2* cells in the intermediate white matter of the rostral spi-
nal cord (p<0.0001). In the ventral white matter, both LPS treatment
and region examined had a significant effect on the number of Olig2*
cells (Figure 2g, F [1, 12] = 5.237, p = 0.0410, and F [2, 12] = 68.38,
p<0.0001, respectively). There was no significant interaction (F [2,
12] = 1.102, p = 0.3636). Uncorrected Fisher's LSD identified a signifi-
cant decrease in the number of olig2* cells in the ventral white matter
of the rostral spinal cord (p <0.0271).

Olig2* cell nuclei were found throughout the rostral region of
the spinal cord at P14, occupying the grey and white matter in their
entirety (Figure 3a). Olig2* cell number per unit volume was exam-
ined at P14 in the rostral spinal cord of offspring of dams exposed
to MIA (100pg/kg LPS) at E12 and E16. Olig2* cell number was
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examined in four regions, the dorsal and ventral grey matter and the
intermediate and ventral white matter. Two-way ANOVA revealed
no significant changes in the P14 grey matter broadly in response to
LPS treatmentat E12 (Figure 3c, F[1, 18] = 7.815,p =0.0583). There
was a significant effect of region (F [1, 8] = 7.341, p = 0.0267) and
there was no significant interaction (F [1, 8] = 1.184, p = 0.3082).
Post hoc analysis using an Uncorrected Fisher's LSD identified a
significant decrease in the number of olig2* cells in the P14 ventral
grey matter of the rostral spinal cord (p = 0.0481). There was no sig-
nificant effect of treatment on the white matter of P14 spinal cords
of offspring treated at E12, or the grey matter and white matter of
P14 spinal cords of offspring treated at E16 (Figure 3d-f). There was
a significant effect of region in the white matter of P14 spinal cords
of offspring treated at E12 (Figure 3d, F [1, 8] = 22.30, p = 0.0015).
There was no significant effect of region in the grey or white matter
regions of the P14 cord treated at E16 (Figure 3e,f).

3.1.2 | MBP

MBP expression was examined in the rostral spinal cord at P14 by
mean fluorescence intensity analysis. At P14 MBP is expressed
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FIGURE 3 Exposure to MIA affects the number of Olig2* nuclei in the ventral grey matter of the postnatal spinal cord of E12 injected
animals. (a, b) Representative micrographs showing Olig2 staining in different regions of the P14 spinal cord as indicated in offspring

power micrographs of the ventral grey matter. (c-f) Graphs showing olig2* cell number in different regions of the P14 spinal cord following
exposure to either saline or 100pg/kg LPS on E12 (c, d) or E16 (e, f). All data are presented as mean+SEM and were analysed using a two-
way ANOVA, Scale bar = 50 um Inj. = injection. n = 3 litters per group. ANOVA, analysis of variance; LPS, lipopolysaccharide; MIA, maternal
immune activation; ROI, region of interest; SEM, standard error of the mean.
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throughout the rostral spinal cord (Figure 4a). MBP expression was
examined by fluorescence intensity analysis in the dorsal, intermedi-
ate and ventral white matter, as well as the in the longitudinal and
transverse fibres of the dorsal grey matter, and the ventral grey mat-
ter, of the P14 spinal cord following MIA with 100 pg/kg LPS at E12
and E16. Two-way ANOVA revealed significant changes in the P14
white matter in response to LPS treatment at E12 (Figure 4f, F [1,
12] = 13.73, p = 0.0030). There was no significant effect of region
(F [2, 12] = 0.2679, p = 0.7694) or interaction (F [2, 12] = 0.4535,
p = 0.6458). Post hoc analysis using an Uncorrected Fisher's LSD
identified a significant decrease in the number of olig2* cells in the
P14 ventral white matter of the rostral spinal cord (p = 0.0129). LPS
had no significant effect on the grey matter of the P14 spinal cord
following LPS treatment at E12, or on the grey and white matter of
the P14 cord following treatment at E16 (Figure 4e,g,h). There was a
significant effect of region identified in the Grey matter of the P14
cord following LPS treatment at E12 (F [2, 12] = 20.42, p = 0.0001)
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and the grey matter of the P14 cord following treatment at E16 (F [2,
12] =4.003, p = 0.0466).

3.2 | Iba-1expressioninthe E12, E16 and P14
spinal cord following MIA with 100 pg/kg LPS

At E12 lba-1* cells are sparsely present in the rostral, middle and
caudal spinal cord (Figure 5a) (<10 lba-1* cells per whole cord slice
in all instances). Higher numbers of Iba-1" cells are present per unit
volume in the more developmentally mature rostral spinal cord, with
progressively lower numbers present in the middle and caudal spinal
cord (Figure 5c¢).

Following MIA with 100pg/kg LPS Iba-1* cell number per unit
volume was examined in whole cord slices of the E12 rostral, mid-
dle and caudal spinal cord. Two-way ANOVA revealed no significant
change in the E12 spinal cord in response to treatment with LPS.
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FIGURE 4 Exposure to MIA at E12 affects myelin basic protein (MBP) expression in the ventral white matter of the postnatal rostral
spinal cord. (a-d) Representative photomicrographs showing MBP staining in different regions of the spinal cord as indicated in offspring
that were exposed to either saline or 100pg/kg LPS on E12 or E16. (i) Schema indicating the ROIs examined in experiment 4. (e, f) Graphs
showing the relative fluorescence intensity of MBP staining in (e) grey matter and (f) white matter at P14 in offspring that were exposed

to either saline or 100 ug/kg LPS on E12. (g, h) Graphs showing the relative fluorescence intensity of MBP staining in (g) grey matter and
(h) white matter at P14 in offspring that were exposed to either saline or 100 pg/kg LPS on E16. All data are presented as mean+SEM, and
were analysed using a two-way ANOVA, Scale bar = 50 um. Inj. = Injection. AU = arbitrary unit. n = 3 litters per group. ANOVA, analysis of
variance; LPS, lipopolysaccharide; MIA, maternal immune activation; ROI, region of interest; SEM, standard error of the mean.
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FIGURE 5 MIA exposure did not affect the number of Iba-1* cells in the E12 spinal cord. (a, b) Representative photomicrographs of

E12 spinal cord as indicated 5 h after exposure to either saline or 100pg/kg LPS. (i) Schema indicating the ROI for experiment 5. (c) Graph
showing the number of Iba-1" nuclei in the rostral, middle and caudal spinal cord 5 h after exposure to either saline or 100 ug/kg LPS on
E12. All data are presented as mean +SEM and were analysed using a two-way ANOVA, Scale bar = 50pum. n = 3 litters per group. ANOVA,
analysis of variance; LPS, lipopolysaccharide; MIA, maternal immune activation; ROI, region of interest; SEM, standard error of the mean.

There was a significant effect of region on Iba-1* cell expression
(Figure 5c¢, F [2, 12] = 34.06, p <0.0001) with more Iba-1" cells in the
rostral region of the spinal cord.

At E16 Iba-1" cells are present throughout the rostral, middle and
caudal regions of the spinal cord (Figure 6a,b). Five hours post-MIA
at E16 with 100pg/kg LPS Iba-1* cell number per unit volume was
examined in the dorsal and ventral grey and white matter of the ros-
tral, middle and caudal spinal cord. Two-way ANOVA showed a sig-
nificant effect of LPS treatment on the dorsal grey matter (Figure 6c,
F [1, 12] = 11.28, p = 0.0057), ventral grey matter (Figure 6d, F
[1, 12] = 53.37, p<0.0001), dorsal white matter (Figure 6e, F [1,
12] = 23.14, p = 0.0004) and ventral white matter (Figure 6f, F [1,
12] = 35.34, p<0.0001). There was no significant effect of region.
There was asignificantinteraction identified in the dorsal grey matter
(F[2,12] =8.513, p = 0.0050). Post hoc analysis with an uncorrected
Fisher's LSD showed a significant decrease in the number of Iba-1*
cells in the dorsal grey matter of the rostral and middle spinal cord
(p =0.0010 and p = 0.0151, respectively), the ventral grey matter of
the rostral, middle and caudal spinal cord (p = 0.001, p = 0.0032 and
p = 0.0056, respectively), the dorsal white matter of the rostral and
middle spinal cord (p = 0.0055 and p = 0.0105, respectively), and the
ventral white matter of the rostral, middle and caudal spinal cord
(p =0.0011, p = 0.0027 and p = 0.0415 respectively).

At P14 Iba-1" cells have populated the grey and white matter of
the rostral spinal cord in its entirety (Figure 7a). Two-way ANOVA
found no significant effect of LPS treatment on the grey and white
matter of P14 spinal cords of offspring at the E12 or E16 treatment
points (Figure 7c-f). There was a significant effect of region on the
number of Iba-1" cells in the grey matter following both E12 and
E16 treatments (F [1, 8] = 13.41, p = 0.0064 and F [1, 8] = 5.401,
p = 0.0486, respectively).

3.3 | GFAP expression in the P14 spinal cord
following MIA with 100 pg/kg LPS

At P14 GFAP" cells have populated the entirety of the grey and
white matter of the spinal cord (Figure 8a). At P14 GFAP expression
was examined using fluorescence intensity analysis in the dorsal, in-
termediate and ventral white matter, and the dorsal and ventral grey
matter, of the rostral spinal cord. Two-way ANOVA identified no ef-
fect of LPS treatment at either E12 or E16 on GFAP fluorescence
intensity in grey or white matter regions (Figure 8c-f). A significant
effect of region on GFAP mean fluorescence intensity was identi-
fied in the white matter in both treatment groups (E12 group: F [2,
12] = 4.311, p = 0.0277, E16 group F [2, 12] = 45.289, p = 0.0225).

There was no significant interaction.

4 | DISCUSSION

Since epidemiological studies first suggested a link between MIA
and the occurrence of neurodevelopmental and neuropsychiatric
disorders there has been much interest in attempting to delineate
further the critical periods during neurodevelopment at which MIA
must occur in order for these adverse effects to appear later in life.
These studies have largely focused on animal models of MIA, allow-
ing more direct investigation of the cellular effects of MIA in off-
spring and with much greater control over variables such as insult
type, severity and timing during gestation. This study aimed to in-
vestigate both the immediate and longer-term consequences of MIA
on the cytoarchitecture of the developing spinal cord in a rodent
model, focusing on a number of specific cell populations and insult
time points.
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FIGURE 6 MIA affects the number of Iba-1* cells in the E16 spinal cord. (a, b) Representative photomicrographs of Iba-1 staining in the
ventral spinal cord of the E16 spinal cord 5 h after exposure to either saline or 100 pg/kg LPS as indicated. (i) Schema indicating the ROls

Iba-1* cells in the (c) dorsal grey matter, (d) ventral grey matter, (e) dorsal white matter and (f) ventral white matter of the E16 spinal cord 5 h
after exposure to either saline or 100 pg/kg LPS at E16. All data are presented as mean +SEM and were analysed using a two-way ANOVA,
Scale bar = 50pum. n = 3 litters per group. ANOVA, analysis of variance; LPS, lipopolysaccharide; MIA, maternal immune activation; ROI,

region of interest; SEM, standard error of the mean.

The findings implicate E16 as a developmental stage of particular
vulnerability to MIA in the developing rodent spinal cord. More spe-
cifically, inducing MIA at E16 with an i.p injection of 100pg/kg LPS
appeared to have an acute effect on oligodendrocytes and microglia
of offspring. E16 in the rat spinal cord is a period of significant devel-
opmental change. Neurogenesis, microglial invasion, astrogliogenesis
and oligodendrogliogenesis have all begun (Barry & McDermott, 2005;
Cai et al., 2005; Gotz & Huttner, 2005; Rigato et al., 2011). There is a
considerable amount of cell and axonal migration occurring in order to
establish the correct neuro-circuitry as well as laying the framework
for later processes such as myelination and synaptic refinement. In
humans, this time period correlates approximately to midway through
the second trimester of pregnancy, a period already identified as po-
tentially vulnerable to MIA in a number of epidemiological studies
(Atladottir et al., 2010; Brown & Derkits, 2010; Patten et al., 2014).

The results suggest that the acute changes observed in oligo-
dendrocytes and microglia at E16 are not observed later at P14.

This could be due to a number of factors, and transience in the effect
of MIA has been reported in previous studies (Makinodan et al., 2008;
Rousset et al., 2006, 2013). It may simply be the case that the spinal
cord has recovered from the insult due to the high plasticity of the
developing CNS (Kaas, 2001). In the case of microglia, it may be that,
initially, colonisation of the cord was simply delayed by MIA, as these
cells arise outside the CNS. A study characterising the colonisation
of the mouse spinal cord by microglia has suggested that colonisa-
tion begins at E11.5 (~E13 in the rat) and that microglia are distrib-
uted throughout the parenchyma by E15.5 (~E17 in the rat) (Rigato
et al., 2011). If this is the case, it may be that by P14 colonisation
and local expansion had returned numbers to normal levels. It is also
possible that early changes in cell number and marker expression
observed 5 h after MIA at E16 are later masked by ongoing synaptic
pruning and apoptosis, which occur as part of normal development
in the CNS (Riccomagno & Kolodkin, 2015). It is of course also possi-
ble that changes in the cord postnatally may be present but have not
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FIGURE 7 MIA did not affect the number of Iba-1* cell nuclei in the P14 spinal cord. (a, b) Representative photomicrographs of the P14
spinal cord after exposure to saline or 100pg/kg LPS at E12 or E16 as indicated. (i) Schema indicating the ROls examined in experiment

7. (ii, iii) representative high power photomicrographs of the ventral grey matter. (c-f) Graphs showing the number of Iba-1* nuclei in
different regions of the rostral P14 spinal cord after exposure to saline or 100 pg/kg LPS at E12 (c, d) or E16 (e, f). All data are presented as
mean +SEM, and were analysed using a two-way ANOVA, Scale bar = 50 um. Inj. = Injection. n = 3 litters per group. ANOVA, analysis of
variance; LPS, lipopolysaccharide; MIA, maternal immune activation; ROI, region of interest; SEM, standard error of the mean.

been captured by the methods employed here and further research development (Makinson et al., 2017). Whilst these studies focus on
is required to more completely address this question. Despite the different areas of the CNS, using differing insult types, insult sever-
apparent transience, decreases in microglial and oligodendroglial ities and at times different species, there appears to be agreement
numbers may have long-lasting and far-reaching consequences on that MIA at E16 alters oligodendrocytes in the CNS.
the adult spinal cord. A transient decrease in microglial numbers may The literature on the effects of MIA on microglia indicates more
alter the cytokine profile of the developing CNS. Cytokines have a conflicting findings. A study at E15 in rats using 4 mg/kg poly(l:C)
critical, well-established role in the process of normal neurodevel- as the immune insult, identified no changes in Iba-1 expression or
opment, perturbation of which has long-lasting consequences (Cai CD11b expression in the frontotemporal cortex, corpus callosum,
et al., 2000; Matcovitch-Natan et al., 2016). A transient decrease dorsal hippocampus, thalamus, striatum or pons between P90 and
in Oligodendrocytes at E16, meanwhile, may influence where white P104 (Missault et al., 2014). In contrast, however, another study
matter tracts are established, influencing the neurocircuitry of the by the same group, using the same immune challenge, observed an
spinal cord subtly as cell and axonal migration are underway. increase in CD11b in the hippocampus, thalamus and corpus cal-
Other studies in the literature have also investigated the effect losum of offspring at P180 (Van den Eynde et al., 2014). A study
of MIA around the E16 time point on oligodendrocyte, microglia and at E15 in mice using 50pg/kg LPS saw an increase in the number
astrocyte development and reported effects after different survival of CD45™CD11b* cells in whole brain samples at 28 weeks (P196)

times. A study by Fatemi, Folsom, Reutiman, Abu-Odeh, et al. (2009) (Makinson et al., 2017). Another study, at E15, but this time using
identified decreases in white matter markers such as MBP, MOBP, 100 pug/kg LPS, reported a decrease in CXCR3 expression in the dor-
MOG, MAL and PLP1 in the hippocampus of PO offspring following sal hippocampus of mice at P15 (Fernandez de Cossio et al., 2016).
MIA with a sublethal dose of HIN1 at E16 in mice . An E15 study in A study utilising Escherichia coli as the immune challenge at E17 in

rats, in which dams received a 4 mg/kg injection of Poly(l:C), iden- rats saw an increase in ED-1 in the cingulum of offspring at P8 which
tified decreases in MBP and Rhombex29 in the prefrontal cortex at persisted to P15 (Pang et al., 2005). These contrasting findings may
P120 (Farrelly et al., 2015). A study of E15 in mice saw decreases be indicative of a complex, temporally and spatially dependent re-
in MBP levels in the corpus callosum, but not the anterior commis- sponse of immune cells in the CNS to MIA. Unfortunately, to our
sure, of offspring 28 weeks post a 50 ug/kg LPS injection, indicative knowledge, no other studies have investigated the consequences of

of some spatial dependence of the effects of MIA on white matter MIA on microglia in the immediate or early postnatal periods and
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FIGURE 8 MIA did not affect the mean fluorescence intensity of glial fibrillary acidic protein (GFAP) in the P14 spinal cord. (a, b)
Representative micrographs showing GFAP staining in the P14 spinal cord. (i) Schema indicating the ROls examined in experiment 8.

(ii) Representative high power photomicrographs of the intermediate white matter. (c-f) Graphs showing the mean fluorescence intensity
of GFAP in the grey and white matter of the P14 spinal cord following exposure to either saline or 100pg/kg LPS on E12 (c, d) or E16

(e, f). All data are presented as mean +SEM and were analysed using a two-way ANOVA, Scale bar = 200 um (a) 50 um (b). Inj. =

Injection.

AU = arbitrary unit. n = 3 litters per group. ANOVA, analysis of variance; MIA, maternal immune activation; ROI, region of interest; SEM,

standard error of the mean.

further work in this area is required in order to understand these
effects more fully.

This study showed no difference in GFAP expression in response
to MIA. However, a study in E9 mice, utilising a sublethal dose of the
influenza virus, saw an increase in whole-brain GFAP expression at
PO (Fatemi et al.,
ditions at E16 saw an increase in GFAP in the hippocampus at P56
(Fatemi, Folsom, Reutiman, Huang, et al., 2009). Interestingly, a third
study at E18 in mice, and the only study to date to investigate the ef-

2005). Another study using the same insult con-

fects of MIA on astrocytes at the survival time point P14, the survival
time point used here, saw no change in the expression of GFAP in the
cortex, cerebellum or hippocampus following influenza-induced MIA
(Fatemi et al., 2008). However, GFAP expression was increased in
the cortex and hippocampus at P8 in rats given repeated injections
of 500pug/kg LPS at E18 and E19 (Cai et al., 2000); and rats given
300pg/kg LPS at E19 and E20 showed increased GFAP expression

in the internal and external capsule at P7 (Rousset et al., 2006). The

lack of any effect of LPS-induced MIA at E16 on GFAP expression in
rats might suggest that, at E16, the astroglial cells\progenitors are
not particularly susceptible to MIA-mediated insult.

Our study did not show any immediate effect of MIA at E12 on
the oligodendrocytes or microglia of the developing spinal cord.
At E12 the spinal cord is undergoing the switch from olig2™ motor
neuron production to oligodendrocyte production in the pMN as il-
lustrated in our own photomicrographs and previously identified by
others (Lu et al., 2002; Rabadan et al., 2012; Touahri et al., 2012). It
may be the case that Olig2 is a poor marker for delineating changes
in this time period, or simply that the emerging oligodendrocytes
are unaffected by the immune challenge at this point. The presence
of subtle changes in Olig2* cell number and MBP expression at P14
after injection at the E12 time point are suggestive of a delayed ef-
fect however and further investigation is warranted. In the case of
the microglia at E12, it is, in hindsight, likely too early a window for
the investigation of microglial response to MIA in the cord. A study
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by Rigato et al. (2011) has indicated the microglial population of the
mouse spinal cord begins at E11.5 (~E13 in the rat).

In conclusion, this novel model of MIA in the rat spinal cord
has demonstrated cellular consequences of maternal immune
activation and is, we believe, an important stepping-stone in the
understanding of the underlying cellular causes of the effect of
MIA in the human. We have identified E16 in the rat as a period
of critical vulnerability for both oligodendrocytes and microglia.
This model has illustrated the importance of the timing of an im-
mune insult, identifying a period of critical vulnerability to MIA
in the developing spinal cord, and demonstrated the propensity
of the developing CNS for recovery, whilst also cautioning as to
the long-lasting and potentially profound consequences of MIA

during gestation.
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