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Maternal infections during pregnancy are associated with increased
risk of neurodevelopmental disorders, although the precise mecha-
nisms remain to be elucidated. Previously, we established amaternal
immune activation (MIA) model using swine, which results in altered
social behaviors of piglet offspring. These behavioral abnormalities
occurred in the absence of microglia priming. Thus, we examined
fetal microglial activity during prenatal development in response
to maternal infection with live porcine reproductive and respira-
tory syndrome virus. Fetuses were obtained by cesarean sections
performed 7 and 21 d postinoculation (dpi). MIA fetuses had
reduced brain weights at 21 dpi compared to controls. Further-
more, MIA microglia increased expression of major histocompat-
ibility complex class II that was coupled with reduced phagocytic
and chemotactic activity compared to controls. High-throughput
gene-expression analysis of microglial-enriched genes involved
in neurodevelopment, the microglia sensome, and inflammation
revealed differential regulation in primary microglia and in whole
amygdala tissue. Microglia density was increased in the fetal
amygdala at 7 dpi. Our data also reveal widespread sexual
dimorphisms in microglial gene expression and demonstrate that
the consequences of MIA are sex dependent. Overall, these results
indicate that fetal microglia are significantly altered by maternal
viral infection, presenting a potential mechanism through which
MIA impacts prenatal brain development and function.
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In the recent decade, characterization of microglial actions
during healthy neurodevelopment has greatly expanded. Microglia

are required for integral processes like neurogenesis (1, 2), circuit
wiring (3), and clearing excess neuroprogenitors (4) and synapses
(5). Insults that deplete microglia or inhibit microglial activity in
early development lead to detrimental accumulation of synapses
and neural connections (6). Altered microglial activity during
development, therefore, can have long-lasting injurious conse-
quences. These alterations can impact forebrain wiring, influence
functional connectivity across limbic and cortical neural networks,
and induce behavioral deficits that are characteristic of neuro-
psychiatric illnesses like autism spectrum disorder (ASD) (3, 6, 7).
Maternal infections during pregnancy have been linked to in-
creased risk of ASD (8–10), and animal models of maternal im-
mune activation (MIA) indicate that increased maternal cytokines
perturb embryonic microglia, shifting their phenotype to a more
proinflammatory state (1, 11, 12).
Recent work advocates for maternal proinflammatory cyto-

kines, namely, IL-6 (13–15) and IL-17a (16–18), as the principal
drivers of adverse offspring outcomes in MIA models. Exogenous
administration of recombinant IL-6 or IL-17a is sufficient for
reproducing the behavioral and neurological abnormalities seen in
offspring exposed to MIA, and blockade of either cytokine during
MIA rescues these aberrant phenotypes (13, 14, 16–18). The im-
pacts of MIA and maternal cytokines on postnatal offspring be-
havior have been well characterized (18–21), yet less is known

about the effects of maternal infection on prenatal microglia. Studies
where MIA is induced via the viral mimetic polyinosinic:polycytidylic
acid (poly I:C) at embryonic day (E) 12.5 or E14.5 demonstrate
that gene expression profiles of newborn mouse microglia shift
toward a more advanced developmental gene profile (22). Ex-
amination of cytokine and chemokine production indicates that
embryonic MIA microglia are more proinflammatory (12). How-
ever, failure to replicate these findings indicates that both dose
and timing of MIA dictate microglial sensitivity (23). Bacterial
lipopolysaccharide (LPS) is also widely used to induce MIA, al-
though disparate effects (on maternal and offspring immune re-
sponses and behavior) of TLR-4–activating bacterial endotoxin
versus synthetic double-stranded TLR-3 ligand poly I:C have been
well documented and create inherent variability in the MIA lit-
erature (24–26). Three consecutive maternal LPS injections in-
creased gene expression of proinflammatory cytokines IL-1β,
TNFα, and IL-6 in mouse embryonic microglia (11). Likewise,
LPS injections in pregnant rats increased markers of classical
cytotoxic activation, which coincided with a decrease in neural
precursor cells and reduced thickness of proliferative zones in the
fetal brain (1). Overall, these observations indicate that MIA in
rodents has the potential to shift embryonic microglia toward a
more proinflammatory state, which may contribute to pathological
alterations in neural function associated with psychiatric illness.
However, this has never been explored in a gyrencephalic species.

Significance

Mental health disorders account for approximately 14% of the
worldwide burden of disease and affect people of all age
groups and socioeconomic statuses. Prenatal exposure to ma-
ternal infection increases the risk of developing certain mental
health disorders, most notably schizophrenia and autism. Ma-
ternally derived cytokines, up-regulated during infection, may
lead to an aberrant proinflammatory and phagocytic shift in
fetal microglia, the resident immune cells of the brain. As these
cells perform essential processes that aid in the highly or-
chestrated progression of brain development, modifications in
their prenatal phenotype could be detrimental. Using swine, a
highly translatable animal model, we show that fetal microglia
activity is globally altered by maternal infection, a finding
that could have far-reaching implications for neuropsychiatric
disorders.
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We have previously established a translatable MIA model using
live viral infection in domestic swine. Inoculation at late gestation
targets the initiation of the brain growth spurt, which begins in the
last third of gestation and continues into the first several postnatal
months (27, 28). The gestational window investigated here (E76
to E97) is primarily characterized by ongoing innervation and
synaptogenesis and the initiation of myelination (29–32) and is ∼2 to
5 wk past the peak of neurogenesis (at E60), when the percent of
immature neurons is rapidly declining (33, 34). This timing cor-
responds to late prenatal neurodevelopmental stages of the hu-
man fetus (roughly 28 to 38 wk of human gestation) (35) and
to the first 1 to 2 postnatal weeks in rodents (27, 34, 36, 37).
Similarities between humans and pigs in brain anatomy, neuro-
development, neurochemistry, and immunity (reviewed in refs. 29,
38, and 39) distinguish precocial swine from altricial rodents,
making the pig a good model for human neurodevelopmental
disorders. Data from our MIA pig model confirm the manifesta-
tion of altered behaviors in neonatal piglets (40). Fetal piglets
exposed to MIA also have reduced neuronal density in the hip-
pocampus and evidence of astrogliosis before birth (41). In the
current study, we show that fetal porcine microglia are indeed
globally altered during MIA. Furthermore, differential expression
profiles between microglia of female versus male fetuses indicate
sexual dimorphisms during healthy neurodevelopment, which are
perturbed in response to prenatal insult.

Results
Maternal Porcine Reproductive and Respiratory Syndrome Virus
Infection Causes Inflammatory Responses That Breach the Maternal–
Fetal Interface. Pregnant gilts were inoculated with live porcine
reproductive and respiratory syndrome virus (PRRSV) or sterile
media during late gestation (gestational day [GD] 76) (study de-
sign is depicted in Fig. 1A). Circulating proinflammatory cytokines
IL-6 and TNFα (Fig. 1B) were elevated in PRRSV-infected gilts
compared to controls at both time points. Maternal infection
resulted in transient increases in gilt body temperature (Fig. 1C)
and a decrease in food intake (Fig. 1D). Gene expression analysis
of endometrial tissue revealed an up-regulation of IFNG, TNF,
IL1B, CXCR3, and IL6 at 7 dpi and IFNG, TNF, and CXCR3 at
21 dpi (Fig. 1E).
Litter size affected both fetal body weight and brain weight at

both time points (SI Appendix, Table S1; litter characteristics in SI
Appendix, Table S2). Body weights did not differ at either time
point, but maternal infection resulted in decreased fetal brain
weight (P < 0.0001; SI Appendix, Table S1) at 21 dpi; there was
also a main effect of sex on brain weight at this time point,
wherein female fetuses had lower brain weights compared to
males (P < 0.0001, no maternal treatment × sex interaction; SI
Appendix, Table S1). All fetal groups were balanced for sex, and
where applicable, this biological variable was included in statistical
models due to the profound importance of sex in neuroimmunity
(42); to provide a foundation for future studies, SI Appendix in-
cludes data separated by sex with sample sizes too small to include
in the main text. At 7 dpi, TNF expression in placental tissue was
elevated in MIA fetuses (P < 0.05) (Fig. 1F). At 21 dpi, TNF
expression remained elevated in MIA placental tissue, with an
additional increase in IL1B (P < 0.01) (Fig. 1F). Consistent with
previous data (14), placental IL6R expression was unchanged
between treatment groups; neurotrophin BDNF and cytokine
IL10 also did not differ (SI Appendix, Fig. S1). Circulating cyto-
kines (TNFα, IL-10, IL-1β, and IL-6) measured in amniotic fluids
and fetal cord blood were below detection levels.

Fetal Microglia Transiently Alter Molecular Phenotype and Activity
Following MIA. Primary microglia (CD11b+ CD45low) isolated
from fetuses at both 7 and 21 dpi were assessed using flow
cytometry for expression of antigen-presenting and phagocytic
markers MHCII and CD68. All primary microglia expressed

CD45 at low levels, distinguishing them from peripheral mono-
cytes (representative scatter plots in SI Appendix, Fig. S2). At 7 dpi,
primary microglia from MIA fetuses expressed more MHCII (Fig.
2A) but not CD68 (Fig. 2B) compared to controls; overall, percent
of primary microglia expressing both markers (MHCII+CD68+)
increased due to MIA (Fig. 2C). There was no effect of sex on
MHCII or CD68 expression at 7 dpi. Isolated primary microglia
were also assessed for phagocytic and chemotactic activity in vitro,
with MIA cells displaying decreased phagocytosis (Fig. 2D) and
chemotaxis (Fig. 2E) regardless of stimulation.
Microglia isolated from fetuses at 21 dpi still expressed more

MHCII due to MIA (Fig. 2F), although CD68 expression (Fig.
2G) and coexpression of both markers (Fig. 2H) no longer dif-
fered between treatment groups. Males tended to have more
MHCII+ CD68+ microglia compared to females, regardless of
maternal treatment (P = 0.10) (SI Appendix, Fig. S3). The per-
cent of microglial cells expressing CD68 decreased from 7 to
21 dpi (P < 0.0001; 7 dpi. 28.5 ± 0.6%, n = 79; 21 dpi, 11.9 ±
0.8%, n = 97). Microglia isolated at 21 dpi no longer differed in
phagocytic activity due to MIA, although pretreatment with ei-
ther LPS or poly I:C lowered phagocytosis (Fig. 2I). Chemotaxis
remained reduced in microglia isolated from MIA fetuses at 21
dpi (Fig. 2J), although to a lesser extent compared to 7 dpi. In-
terestingly, gestational day, and not maternal viral infection,
impacted production of TNFα by microglia in vitro, such that
microglia isolated at GD 83 and treated with saline or LPS
produced more TNFα compared to microglia isolated at GD 97;
cells stimulated with poly I:C did not show this effect (SI Ap-
pendix, Fig. S4).

Maternal Viral Infection Alters Microglia-Enriched Genes.Using high-
throughput qPCR, 47 target genes (SI Appendix, Table S3) in-
volved in neurodevelopment, the microglia sensome, and in-
flammation, which are highly enriched in microglia (43), were
examined to assess the response of fetal microglia to MIA at both
7 and 21 dpi. The microglia sensome describes a collection of
transcripts encoding transmembrane receptors and proteins that
sense endogenous and exogenous ligands (43); a subset of these
genes was examined here. IL17A, which encodes cytokine IL-17a,
and CXCL2, which encodes granulocyte chemoattractant protein
chemokine (C-X-C motif) ligand 2, failed to amplify, leaving
45 total genes. In an attempt to parse out possible sex effects that
may be present in our MIA model, and given the robustness of
the high-throughput qPCR method, we designed this analysis as
a 2 by 2 factorial to examine both MIA and sex effects (for both
microglia and amygdala tissue). Interestingly, few genes were al-
tered by MIA in microglia, and none by sex, at 7 dpi. MIA in-
creased the expression of brain derived neurotrophic factor
BDNF, chemokine receptor CXCR2, IFN induced IFIT3, atypical
chemoattractant receptor CCRL2, Fc (IgE) receptor FCER1G,
and IL6 (Fig. 3); although microglia from MIA females demon-
strated a higher expression of each of these genes, neither the
main effect of sex nor the interaction between MIA and sex reached
significance.
At 21 dpi, however, microglial expression of almost all 45 genes

was altered due to the interaction between MIA and sex, rather
than by MIA or sex alone (Fig. 3; means separations in SI Ap-
pendix, Table S4). Interestingly, BDNF, CXCR2, IFIT3, CCRL2,
FCER1G, and IL6 expression no longer differed across treatment
groups as they had at 7 dpi but instead were impacted by sex alone,
with the exception of BDNF and IL6 (P ≤ 0.10 for main effect of
sex on CXCR2 and for MIA by sex interaction on FCER1G). An
overall pattern of increased gene expression in control females
compared to control males was principally apparent, while this
sexual dimorphism was not evident in MIA microglia (outside of
the 6 aforementioned genes and IL8). This gene expression sig-
nature indicates disparate regulation by MIA as development
progresses, causing a masking of the presumably normal sexual
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variation occurring at this time point. Only 4 genes were impacted
by MIA alone (crystallin beta B1 CRYBB1, transcription factor
EGR-1, and proinflammatory cytokines IFNG and TNF), each
with a significantly lower expression compared to controls.
A small subset of microglial genes of interest was also examined

using standard qPCR (SI Appendix, Table S5; primer information
in SI Appendix, Table S6). There were no differences in IL6R
expression in microglia at 7 dpi, despite the increase in IL6 at this
time point; however, at 21 dpi, expression of IL6R was increased
in MIA microglia (SI Appendix, Table S5). Expression of STAT3
was not impacted at either time point. Interestingly, though the
percent of MHCII+ primary microglia increased at both 7 and
21 dpi due to MIA, there were no significant impacts of MIA on
SLA-DRA (MHCII) gene expression (SI Appendix, Table S5).

Microglia-Enriched Genes Are Altered in Fetal MIA Brain Tissue,
Particularly in the Amygdala. The same set of microglia-enriched
genes (SI Appendix, Table S3) were assessed in fetal amygdala
tissue to investigate the impacts of MIA on brain tissue and spe-
cifically a region involved in social behavior. Previous data from
our laboratory using this swine MIA model revealed that early
postnatal sociability is decreased in MIA offspring compared to
controls (40). We hypothesized that this gene set would be dif-
ferentially regulated by MIA during fetal development and could
contribute to changes in social behavior. IFNG and IL1B at both
time points (and TNF at only 21 dpi) were excluded due to in-
consistent amplification. At 7 dpi, only 4 genes were signifi-
cantly impacted due to MIA alone (complement component C5,
epigenetic regulator DNMT1, transmembrane adaptor DAP12

Fig. 1. PRRSV infection causes maternal inflammation and sickness responses. (A) Study design: Pregnant gilts were inoculated with PRRSV on GD 76, and ce-
sarean sections were performed 7 and 21 dpi. (B) PRRSV-inoculated gilts had elevated plasma IL-6 and TNFα at 7 and 21 dpi (main effect of PRRSV, IL-6 = P < 0.0001,
TNFα = P < 0.05). n = 5 to 7 per group per time point. PRRSV infection resulted in (C) increased body temperature (treatment × time, P < 0.0001) and (D) decreased
food intake (treatment × time, P < 0.0001). GD 70 to 83, n = 13 to 14 per group; GD 83 to 97, n = 6 to 7 per group. Symbols indicate Bonferroni post hoc adjusted P
values. (E) PRRSV infection resulted in an up-regulation of inflammatory genes in maternal endometrial tissue at both 7 and 21 dpi. n = 5 gilts per group per time
point. (F) Maternal infection also resulted in an up-regulation of TNF and IL1B in fetal placental tissue. n = 6 to 11 fetuses per group per time point. ***P < 0.001,
**P < 0.01, *P < 0.05, and #P < 0.10; error bars are ±SEM.
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[TYROBP], and NF-κB subunit RELA), with an interaction be-
tween MIA and sex on IFNγ receptor IFNGR1 (Fig. 4; means
separation in SI Appendix, Table S7). Nearly twice as many genes
were impacted by sex alone, whereby females’ expression was
significantly higher compared to males, regardless of maternal

treatment. Expression of TYROBP and RELA was altered due to
both MIA and sex (the interaction between MIA and sex did not
reach significance), reflecting a much wider discrepancy between
the sexes of the control group compared to MIA. Interestingly, sex
no longer impacted gene expression at 21 dpi, with all alterations
in expression arising only from the main effect of MIA (Fig. 4). An
overall pattern of reduced expression in control fetuses compared
to MIA, regardless of sex, was apparent in the amygdala at this
point, with 15 genes reaching significance.
Whole fetal hippocampal and hypothalamic tissue was also

examined for changes in inflammatory gene expression at both
time points. At 7 dpi, there was no effect of MIA on gene ex-
pression in the hippocampus, while in the fetal hypothalamus,
MIA caused a reduction in both IL6 and IL-1 receptor antagonist
(IL1RA) expression (SI Appendix, Table S8). No differences be-
tween groups were observed at 21 dpi (SI Appendix, Table S9).

Number and Morphology of Fetal Hippocampal Microglia Were
Relatively Unchanged by MIA. Previous data from our laboratory
indicated that MIA reduces total neuron number in the fetal hip-
pocampus, specifically in the dentate gyrus (41). We hypothesized
that altered microglial density and activation in this region could
contribute to this loss. To assess this possibility, microglia number
and morphology were analyzed in the dentate gyrus and hilar re-
gions of the fetal hippocampus through ionized calcium-binding
adapter molecule 1 (Iba1) immunohistochemical staining. Repre-
sentative images of fetal Iba1+ cell densities are presented in Fig.
5A; maternal infection did not impact total microglia number at
either time point (Fig. 5B; results displaying sex are presented in SI
Appendix, Fig. S5A). Gestational timing did not impact microglia
number in the dentate gyrus and hilar region (Fig. 5B) (P > 0.10;
GD 83, 346 ± 20 Iba1+ cells per square millimeter, n = 17; GD 97,
310 ± 18 Iba1+ cells per square millimeter, n = 15).
Although MIA did not significantly impact microglia number, a

skewing of microglia toward a more cytotoxic phenotype might also
contribute to a loss of neurons (1). As the persistent immune
surveyors of the brain, microglia continuously shift through a
spectrum of morphological states which closely align with the
functions they are performing (44–46). More amoeboid cells (with
retracted processes and enlarged cell bodies) often reflect more
proinflammatory, reactive, and proliferative states and are the
predominant morphology in the immature embryonic brain (1, 47,
48), whereas more mature cells take on a ramified phenotype (with
elongated, branched processes and small cell bodies) and reflect a
resolving and surveying state. Here microglia morphology was
assessed by categorizing each cell into 1 of 4 phenotypes (depicted
in Fig. 6A) based on the predominant morphologies observed in
the embryonic mouse brain as maturation progresses (47). How-
ever, at 7 and 21 dpi, microglia morphologies in the dentate gyrus
and hilar region did not significantly differ between treatment
groups (SI Appendix, Fig. S5 B and C). As brain development
progressed from GD 83 to GD 97, the total number of fetal
microglia displaying thick, long processes decreased (P < 0.05; GD
83, 46 ± 6 Iba1+ cells per square millimeter, n = 16; GD 97, 25 ± 7
Iba1+ cells per square millimeter, n = 15); no other microglia
morphologies were impacted by gestational timing within the
dentate gyrus and hilus.
Microglial cell soma size, the morphological parameter which

most closely correlates with increased Iba1- and CD68-dependent
migration and phagocytosis (49, 50), was assessed as previously
described (51). There was no effect of MIA on soma length, width,
length-to-width ratio, or estimated area at either time point (SI
Appendix, Table S10). However, microglia soma length, width,
and estimated area increased as gestation progressed (P < 0.01,
P < 0.0001, and P < 0.0001, respectively) (SI Appendix, Table S11),
resulting in a decrease in length-to-width ratio from GD 83 to GD
97 (P < 0.05) (SI Appendix, Table S11).

Fig. 2. Fetal microglia phenotype and function was altered by maternal in-
fection. Maternal infection resulted in an increase in MHCII+ microglia and
a reduction in microglia phagocytosis and chemotaxis. (A–E) 7 dpi and (F–J)
21 dpi. (A–E) Percentage of primary CD11b+CD45low microglia expressing
(A) MHCII, (B) CD68, or (C) both MHCII and CD68; n = 4 to 5 litters per group,
n = 39 to 40 fetuses per group. MIA primary fetal microglia had (D) decreased
phagocytic activity and (E) decreased chemotactic activity at 7 dpi. There was no
effect of in vitro treatment, n = 7 to 16 fetuses per group; main effect of MIA,
***P < 0.0001. (F–J) Percentage of primary microglia expressing (F) MHCII (main
effect MIA, **P < 0.01), (G) CD68, or (H) both MHCII and CD68. n = 5 litters per
group; n = 47 to 50 fetuses per group. MIA primary fetal microglia displayed
phagocytic activity comparable to controls (I; main effect of in vitro treatment,
**P < 0.01) but presented with reduced chemotactic activity (J; main effect of
MIA, *P < 0.05; no effect of in vitro treatment) at 21 dpi. n = 7 to 16 fetuses per
group; error bars are ±SEM.
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MIA Alters Microglia Number, but Not Morphology, in the Fetal
Amygdala. As piglets born to PRRSV-infected gilts demonstrate
reduced social behavior during early life (40), we hypothesized
that fetal microglia may be altered specifically in brain regions
involved in social behavior, such as the amygdala. Indeed, exam-
ination of microglia number revealed a significant increase in
Iba1+ cells per square millimeter in the amygdala of MIA fetuses
at 7 dpi (Fig. 6B), although this did not persist to 21 dpi (results
displaying sex are presented in SI Appendix, Fig. S6A). Advance-
ment of gestational timing significantly increased the total number
of microglia within the fetal amygdala (P < 0.0001; GD 83, 158 ±
15 Iba1+ cells per square millimeter; GD 97, 295 ± 11 Iba1+ cells
per square millimeter) (representative images in SI Appendix, Fig.
S6B). Despite these differences in total microglia number,
microglia morphology within the amygdala did not differ due to
maternal treatment at 7 dpi (Fig. 6C) or 21 dpi (Fig. 6D). How-
ever, in agreement with the increase in total microglia due to
gestational timing, there was an increase in the number of
amoeboid microglia, microglia with stout processes, and
microglia with long, thick processes at GD 97 compared to GD 83
(P < 0.001) (SI Appendix, Fig. S6C); total microglia with thin,

ramified processes did not differ across gestation. Assessment of
microglia soma size revealed no changes in length, width, length-
to-width ratio, or estimated area at 7 dpi (SI Appendix, Table S12).
Although soma length was decreased in microglia from MIA
fetuses at 21 dpi (P < 0.05) (SI Appendix, Table S12), no other
parameter of soma size was impacted by MIA.
Notably, microglia characteristics differed between the 2 dis-

crete brain regions of the hippocampus and amygdala, regardless
of maternal treatment. There was a higher density of Iba1+ cells in
the dentate gyrus/hilar region compared to the amygdala at 7 dpi,
but this normalized by 21 dpi (SI Appendix, Fig. S7 A and C) due
to the increase in cell density within the amygdala between
GD83 and GD97. Additionally, the percent of cells categorized
into each of the 4 morphologies differed across all categories at
7 dpi (SI Appendix, Fig. S7B); this continued into 21 dpi, where
percentages differed in all but 1 morphological category (SI
Appendix, Fig. S7D). Cell soma measurements differed ac-
cordingly between the regions, such that microglia in the
amygdala had larger somas (length, width, and estimated area)
compared to microglia in the hippocampus at both time points
(SI Appendix, Fig. S8).

Fig. 3. Maternal viral infection alters microglia-
enriched genes. Gene expression assessed in primary
fetal microglia at (Left) 7 and (Right) 21 dpi. Target
genes are highly enriched in microglia and involved in
neurodevelopment, the microglia sensome, and in-
flammation. Results are expressed as average fold-
change; n = 10 to 15 per sex per group per time
point; an asterisk (*) indicates main effect of MIA, a
dagger (†) indicates main effect of sex, and a double
cross (‡) indicates MIA × sex interaction; and 3 sym-
bols = P < 0.001, 2 symbols = P < 0.01, and 1 symbol =
P < 0.05.
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Discussion
In the current study, we demonstrate that fetal microglia from a
gyrencephalic species are globally altered by maternal viral in-
fection. As we have reported previously, MIA in swine reduces
overall fetal brain weight but not body weight (41), emphasizing
the concentrated impact of MIA on brain development emerging
within 3 wk post-maternal viral inoculation. Inflammation at the
maternal–fetal interface, a likely pathway through which maternal
cytokines signal to the fetal brain (14, 15, 52), was present even
after maternal symptoms resolved. Decreased phagocytic and

chemotactic capacity and increased expression of MHCII in fetal
microglia during peak maternal infection were normalizing by
21 dpi. However, widespread modifications in expression of
microglial-enriched genes endured longer, indicating persistent
differential regulation of processes important for neurodevelopment
and sensing of endogenous signals and danger molecules. Microglia
density was increased at 7 dpi specifically in the fetal amygdala, a
brain region integral to the control of social behaviors; despite
stabilized microglia numbers at 21 dpi, this transient fluctuation may
be sufficient to alter neurodevelopment. Our data also indicate

Fig. 5. Maternal infection does not impact fetal
microglia density in the hippocampus. (A) Represen-
tative images of Iba1+ cell densities of control andMIA
fetuses within the dentate gyrus/hilar region of the
hippocampus at 20× magnification. (Scale bar,
100 μm.) (B) Neither maternal infection nor gesta-
tional time impacted microglia density. Error bars
are ±SEM; n = 6 to 10 fetuses per group.

Fig. 4. Microglia-enriched genes are altered in the
fetal amygdala. Gene expression assessed in whole
amygdala tissue at 7 and 21 dpi. Results are expressed
as average fold-change; n = 10 to 14 per sex per group
per time point; an asterisk (*) indicates main effect of
MIA, a dagger (†) indicates main effect of sex, and a
double cross (‡) indicates MIA × sex interaction; and
3 symbols = P < 0.001, 2 symbols = P < 0.01, and
1 symbol = P < 0.05.
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that certain microglial characteristics, such as production of
TNFα and cell morphology and density, are impacted by gestational
timing, coinciding with colonization and maturation patterns of
newborn microglia (53, 54). Widespread sexual dimorphisms among
microglial gene expression patterns align with current concepts in
the field (42, 55, 56).
Maternal cytokines, particularly IL-6 (13–15) and IL-17a

(16–18), have been implicated as the chief mediators of altered
neurodevelopment and behavior in MIA. Here we show that
pregnant gilts infected with PRRSV have increased levels of IL-6
and TNFα in circulation and that these elevated levels persist
even after sickness symptoms have resolved. Although swine do
have TH17 cells that produce IL-17a (57, 58), plasma IL-17a was
not impacted by PRRSV infection at the times sampled, sug-
gesting that translation of maternal inflammatory signaling to the
fetal brain may not include IL-17a in our model (59). Additionally,
although fetal tissues were examined for IL17A mRNA, there was
poor amplification across all tissues; IL17R mRNA was not
measured. Nonetheless, increases in IL-6 and TNFα were mir-
rored in increased gene expression of both cytokines in endome-
trial tissue at 7 dpi. Interestingly, CXCR3, a chemokine receptor
expressed on TH1 cells (60), was increased at 21 dpi, suggesting
effector T cell infiltration. This aligns with the 3- and 15-fold
tissue-specific increase in IFNG at 7 and 21 dpi, respectively, as
IFNγ not only induces CXCR3 ligands (60) and directs TH1 cell
differentiation but also is produced by TH1 cells; these cells may
also contribute to the 3-fold increase in TNF expression at 21 dpi.
Previous studies have found changes in placental gene expres-

sion (52, 61), including neurotrophic genes (62, 63), following
MIA. In the porcine placenta, maternal infection caused increases
in proinflammatory cytokines TNF and IL1B. Although placental
neurotrophin production may correlate to production in the de-
veloping brain during MIA (62, 63), this was not overtly true here.
Microglial expression of BDNF, which promotes new synapse
formation (64), was substantially increased by MIA at 7 dpi and
may be a neuroprotective response (65, 66); this did not persist to

21 dpi. However, microglial contributions to total brain BDNF
concentrations are minimal (67), and likely region-specific, which
was evidenced by the delayed induction of BDNF expression in
whole amygdala tissue. Unlike humans and rodents, swine have a
noninvasive epitheliochorial placenta, where placental trophoblasts
do not directly contact maternal blood. This difference in tissue
structure at the maternal–fetal interface may delay inflammatory
signaling from the maternal endometrium to fetal tissues, which
would explain why few changes in placental gene expression were
evident at 7 dpi, even though inflammatory genes were increased in
maternal tissues at this time. Contrary to evidence presented in
rodent models (14, 15), IL6 expression was not up-regulated in the
porcine placenta at either time point; however, it is important to
note that placentas from rodent studies were assessed within hours
of MIA induction, which does not exactly align with the 7 and
21 dpi time points presented here. Thus, signaling of IL-6 through
the placenta cannot be ruled out in our model.
As with the periphery, MIA-induced immune changes were also

evident in fetal porcine microglia, specifically in function and
phenotype. Flow cytometric analysis of fetal microglia showed that
few cells displayed surface MHCII (major histocompatibility
complex class II); nonetheless, MIA caused a 2 to 3% increase in
this antigen-presenting molecule at both time points. As MHCII is
up-regulated during pathological CNS states (68, 69), as well as
during postnatal PRRSV infection (51, 70), this could suggest that
fetal microglia transiently shift to a more reactive state during
maternal PRRSV infection. Given that IFNγ is a primary driver of
MHCII mobilization, a reduction in MIA microglia IFNG ex-
pression at 21 dpi (as well as TNF) could suggest a compensatory
shift toward a less reactive and more resolving state. Further
support for this may be reflected in the disparate regulation of
TGFBR1 and TGFB1 expression at this same time point. Activa-
tion of the TGF-β receptor, and production of TGF-β protein, is
integral for resolving neuroinflammation (71), and for proper
microglia development (72). During embryonic development,
TGF-β signaling is vital for microglial cell survival (72) and helps

Fig. 6. Maternal infection transiently impacts microglia density but not morphology in the fetal amygdala. (A) Representative images of 4 microglia mor-
phologies within the fetal pig brain at 40× magnification. (Scale bar, 10 μm.) (B) At 7 dpi, MIA fetuses displayed more microglia in the amygdala compared to
controls (*P < 0.05) but no longer differed at 21 dpi. At (C) 7 and (D) 21 dpi, microglia morphology in the amygdala did not differ between treatment groups, and
most microglia displayed ramified morphology. Error bars are ±SEM; n = 5 to 9 fetuses per group.
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maintain a more quiescent or homeostatic phenotype after cell
maturation (73, 74). While control microglia display sexually di-
morphic expression of both of these genes, male and female MIA
microglia appear to be up- and down-regulating expression, re-
spectively, such that expression levels between the sexes normal-
ize, indicating that mechanisms in microglial mRNA regulation, at
least at this time point, are sex dependent.
On the contrary, the percent of microglia positive for CD68

was not impacted by MIA. CD68 is expressed both on lysosomes
and the plasma membrane and is used as an indicator of ac-
tive phagocytosis (75); here membrane, but not lysosomal, ex-
pression was measured. Functional in vitro assessment of
microglial phagocytosis, however, indicated reduced phagocytic
uptake of Escherichia coli compared to control microglia at 7 dpi,
although this normalized by 21 dpi. This is consistent with data
from Mattei et al. (76), who showed a similar reduction of adult
microglial phagocytosis, along with disrupted transcription of
molecules that are involved in phagocytic processes. Our data
suggest that a comparable phenotype may be induced by MIA in
gyrencephalic species, indicating that reduced microglial phago-
cytosis could be a primary route by which MIA impacts both fetal
and adult brain function, although the exact consequences of this
have yet to be elucidated.
This is in contrast to rodent data suggesting that MIA increases

prenatal microglial phagocytosis, leading to a reduction in the
neuroprogenitor pool (1); however, direct phagocytic capacity of
embryonic rodent microglia was either not investigated or not
reported by these authors. It is possible that microglial phagocy-
tosis could be acutely increased and then reduced by 21 dpi, al-
though further research is needed to parse this out. A diminished
neuroprogenitor pool could be in agreement with the reduction
in MIA fetal brain weight. However, inhibition or ablation of
microglia (i.e., removal of trophic support) can also induce neuron
death or inhibit neurogenesis and oligodendrogenesis (2, 77, 78).
Microglia also promote astrocytic differentiation, in part through
production of IL-6 and leukemia inhibitory factor (LIF) (79), and
nitric oxide (NO) by way of NOS2 (80). We have previously shown
that MIA in swine results in a reduction in estimated neuron
density and increased astrocyte density in the hippocampus evi-
dent several days before birth, with no differences in cell pro-
liferation (41). Thus, the persistent reduction in in vitro chemotactic
capacity of MIA fetal microglia when stimulated with IL-8 and
CCL2 is noteworthy. Microglial chemotaxis is controlled by
binding of chemokines to their cell surface receptors, aiding in
microglial cell migration throughout developing brain regions
(81). Inhibiting microglial chemotactic motility during murine
neocortical development impedes neural progenitor differentia-
tion (81), replicating what is observed during microglial deple-
tion (78). Thus, it is possible that it is not increased microglial
phagocytosis but reduced chemotaxis that ultimately results in
smaller brain weights through diminished trophic support. Perhaps
as a compensatory response, expression of CXCR2, the beta re-
ceptor for IL-8, was acutely up-regulated in MIA microglia at
7 dpi, especially in females; while MIA no longer had an effect at
21 dpi, this sexually dimorphic expression tended to persist. Fur-
thermore, in vitro evidence suggests that IL-6 production by
microglia may suppress neurogenesis in favor of astrogenesis (79);
thus, the increased expression of microglial IL6 at 7 dpi may be
contributing to the increased GFAP staining and gene expression
previously observed in our MIA model (41).
Notable among the genes dysregulated by MIA in microglia

was a down-regulation of crystallin beta B1 (CRYBB1), which
was one of the few genes not impacted by sex at 21 dpi. Crystallin
proteins, including CRYBB1, are enriched in microglial pop-
ulations (22, 43) and play a role in promoting immunoregulatory
and neuroprotective phenotypes (82–84). Down-regulation in
our model is contrary to previous data demonstrating acute in-
duction of fetal brain crystallin expression in rodents using

3 different models of MIA (82). Dysregulation of CRYBB1 has
been linked to schizophrenia (85), and down-regulation in the
medial prefrontal cortex can alleviate anxiety-like behavior in
mice (86). Further research is needed to understand if dysregu-
lated CRYBB1 expression persists beyond the prenatal period
and how this may affect microglial immunoregulatory phenotype
and postnatal behaviors. Disparate regulation of microglial and
amygdalar CSF1 expression, which encodes macrophage colony
stimulating factor, was also present at 21 dpi. CSF-1 receptor
(CSF-1R), expressed constitutively on microglia, is essential for
microglial colonization and proliferation during development
and for proliferation and survival throughout the lifespan (53,
87). CSF-1 is especially enriched in microglia during neuro-
development (22); thus, disrupted expression of CSF1 at 21 dpi
and of cell cycle-associated gene transcription factor early
growth response protein 1 (EGR-1 (22)) in MIA microglia could
suggest a decline in autocrine signaling and cell proliferation.
This could be a compensatory response to the increased density
of microglia in the amygdala during peak maternal infection, a
disparity which resolved by 21 dpi.
To date, the overproduction of cytokines in the MIA brain by

microglia (1, 11, 12, 22) is thought to be a major contributor to
altered neurodevelopment. Expression of proinflammatory cyto-
kines (such as IFNγ, IL-1β, IL-6, and TNFα) by microglia during
healthy neurodevelopment is necessary for enhancing neuro-
genesis, oligodendrogenesis, and astrocytic differentiation (77, 79),
and thus, a disruption in the production and release of these cy-
tokines could alter brain development trajectories. Here microglial
IL6 expression acutely increased several fold, consistent with
murine MIA studies emphasizing the specific involvement of
IL6 in the fetal brain (13, 14). However, this appears to be cyto-
kine specific as there was only a concurrent increase in IL10 (and,
although the effect of MIA did not quite reach significance,
NOS2), while all other immune genes remained unchanged. Two
weeks later, however, expression of IL10, IL1B, NOS2, and RELA
was dysregulated, punctuated by a reduction in IFNG and TNF, an
up-regulation of IL6R, and IL6 expression that had normalized. In
most MIA rodent studies, embryonic microglia are investigated at
a single time point (1, 11, 12, 22) and not in the period after the
maternal inflammatory response has resolved; the addition of the
3-wk postinoculation time point here, therefore, provides valuable
information regarding which fetal responses resolve within this
time and which persist. Notably, a delayed increase in the ex-
pression of IL10 and IL6 in 21 dpi MIA amygdala tissue empha-
sizes that cytokine production is not equivalent between microglial
cells and whole brain tissue. Furthermore, discrete brain regions
exhibited contrasting cytokine gene expression profiles, as IL6 and
IL1RA were reduced in the hypothalamus, while the hippocampus
appeared relatively resilient in comparison.
Peripheral monocytes, which also express CD11b and are known

to infiltrate the rodent brain during healthy neonatal develop-
ment (87), could be contributing to these contrasting gene ex-
pression profiles. Although the genes examined here are specifically
enriched in microglia, most are also expressed by macrophages in
the periphery (43). While exploration of the subtypes and functions
of hematopoietically derived resident CNS myeloid cells has re-
cently begun (88), and there is some evidence that peripheral
monocytes may impact early neurodevelopment (89), the roles of
these different cell types are not well defined in the context of MIA
and were not investigated here. However, nonmyeloid cell types
within the brain, particularly neurons and astrocytes, could also be
driving aspects of neurodevelopment in this context. For example,
neuronal overexpression of chemokine receptor CCR5 has recently
been implicated as a potent suppressor of synaptic plasticity and
learning and memory in adult mice (90); here CCR5 (along with
several other chemokine receptors) was up-regulated in the MIA
amygdala, and although further studies would be needed, this could
have consequences for prenatal brain development as well. We
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have also previously shown that maternal viral infection causes
astrogliosis in prenatal swine (41); astrocytes are potent mediators
of synaptic plasticity (91) and pruning (92, 93) and signal closely
with microglia. It is possible that the prenatal microglial perturba-
tions observed here augment astrogenesis or that these signals
prime astrocytes, as astrocyte immunomodulation, and trans-
formation into the reactive A1 phenotype, is dependent upon
proinflammatory signals released by microglia (94, 95). These cells
have also been implicated in MIA outside of our model (96, 97),
and the potential for altered prenatal astrocyte activity in this
context presents an important area for future research.
Separate from the impacts of maternal infection on microglial

function and phenotype was a clear impact of gestational timing,
likely indicative of a maturation of cells and circuits as development
progressed. Indeed, the timing of maternal infection is a critical
variable in predicting the risk of neurodevelopmental alterations
(25, 98). Here in vitro microglial production of TNFα, at baseline
and in response to LPS, was reduced as gestation advanced. Sur-
face CD68 expression also diminished from GD 83 to GD 97. This
aligns with the phenotypes of embryonic rodent and nonhuman
primate microglia that are primarily amoeboid and phagocytic
during development (1) but shift to a more ramified state as they
mature, down-regulating classical inflammatory markers (53, 77).
Thus, our data indicate that surface CD68 expression and in vitro
production of TNFα may be good markers for microglial cell
maturation during brain development. Microglia morphologies and
soma size also evolved across the span of 3 gestational weeks, and
these changes varied between the discrete amygdalar and hippo-
campal regions. This is consistent with gene profiling studies on
rodent microglia, which describe distinct transcriptional and phe-
notypic profiles dependent on brain region (22, 43, 99, 100).
Overall, our data demonstrate that chemotactic and phagocytic

functions of porcine fetal microglia are distinctly altered in re-
sponse to late-gestation MIA, which corresponds to global
changes in gene expression patterns and an acute increase in
microglial cell density in the amygdala. Importantly, these changes
appeared to be transient as almost all metrics of microglia func-
tion and phenotype progressed toward resolution by 21 dpi.
However, lingering effects of MIA on gene expression patterns
and on overall brain weight suggest that altered microglial func-

tion has prolonged impacts on neurodevelopment and subsequent
postnatal social behaviors (40). This study demonstrates that fetal
microglia in a gyrencephalic species are globally altered by MIA
and sex, emphasizing that these cells likely play an important role
in the development and sexual dimorphisms of neuropsychiatric
disorders in humans.

Materials and Methods
Detailed materials and methods are described in SI Appendix.

Animals. Pregnant Large White/Landrace gilts were maintained as previously
described (40, 41). All gilts were littermate pairs; 1 gilt from each pair was
inoculated intranasal with 5 mL of 1 × 105 TCID50 of live PRRSV (P-129-BV
strain, obtained from Purdue University) at GD 76; the alternate littermate
received sterile DMEM. Half the gilts were euthanized at GD 83 ± 1 d and
half at GD 97 ± 1 d; cesarean sections were performed as previously de-
scribed (41). All animal husbandry and experimentation were approved by
the University of Illinois Institutional Animal Care and Use Committee.

Microglial Cell Isolation and Treatments. CD11b+ microglia were isolated as
previously described (40). Cells from each fetus were split in half: one half for
flow cytometric analyses and the other half for RNA isolation. Flow cyto-
metric procedures were carried out as previously described (40). Microglia
reserved for in vitro assays were incubated with LPS (1 ng/mL media), poly I:C
(1 μg/mL media), or sterile D-PBS for 4 h. Phagocytic and chemotactic activity
was assessed as previously described (51).

High-Throughput qPCR Using the Fluidigm Amplification System. Quantitative
PCR analysis was performed using the Biomark HD Fluidigm high-throughput
amplification system and analyzed using the Biomark and EP1 Real-Time PCR
Analysis Software. Delta delta Ct calculations were used to obtain fold-
change of target genes compared to housekeeping control RPL19.

Iba1 Immunohistochemistry. Coronal slices were stained with anti-Iba1 rabbit
primary antibody at 1:500 dilution and goat anti-rabbit IgG secondary an-
tibody at 1:5,000 dilution. Signal was amplified using Vector ABC kit PK4000,
and color was developed using 3,3′-Diaminobenzidine tetrahydrochloride
(DAB) tablets.
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