1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Brain Behav Immun. Author manuscript; available in PMC 2018 October 01.

-, HHS Public Access
«

Published in final edited form as:
Brain Behav Immun. 2017 October ; 65: 274-283. d0i:10.1016/j.bbi.2017.05.015.

The role of IL-6 in neurodevelopment after prenatal stress

Serena B. Gumusoglul:2, Rebecca S. Fine2, Samuel J. Murray?, Jada L. Bittle!, and Hanna
E. Stevens1:2:3
INeuroscience Program, University of lowa, 52242

2Child Study Center, Yale School of Medicine, 06510

SUniversity of lowa Carver College of Medicine, 52242

Abstract

Prenatal stress exposure is associated with adverse psychiatric outcomes, including autism and
ADHD, as well as locomotor and social inhibition and anxiety-like behaviors in animal offspring.
Similarly, maternal immune activation also contributes to psychiatric risk and aberrant offspring
behavior. The mechanisms underlying these outcomes are not clear. Offspring microglia and the
pro-inflammatory cytokine interleukin-6 (1L-6), known to influence microglia, may serve as
common mechanisms between prenatal stress and prenatal immune activation. To evaluate the role
of prenatal IL-6 in prenatal stress, microglia morphological analyses were conducted at embryonic
days 14 (E14), E15, and in adult mice. Offspring microglia and behavior were evaluated after
repetitive maternal restraint stress, repetitive maternal IL-6, or maternal IL-6 blockade during
stress from E12 onwards. At E14, novel changes in cortical plate embryonic microglia were
documented—a greater density of the mutivacuolated morphology. This resulted from either
prenatal stress or IL-6 exposure and was prevented by IL-6 blockade during prenatal stress.
Prenatal stress also resulted in increased microglia ramification in adult brain, as has been
previously shown. As with embryonic microglia, prenatal IL-6 recapitulated prenatal stress-
induced changes in adult microglia. Furthermore, prenatal IL-6 was able to recapitulate the delay
in GABAergic progenitor migration caused by prenatal stress. However, IL-6 mechanisms were
not necessary for this delay which persisted after prenatal stress despite IL-6 blockade. As we have
previously demonstrated, behavioral effects of prenatal stress in offspring, including increased
anxiety-like behavior, decreased sociability, and locomotor inhibition, may be related to these
GABAergic delays. While adult microglia changes were ameliorated by IL-6 blockade, these
behavioral changes were independent of IL-6 mechanisms, similar to GABAergic delays. This and
previous work from our laboratory suggest multiple mechanisms, including GABAergic delays,
may underlie prenatal stress-linked deficits.
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Introduction

Prenatal stress is a risk factor for the development of psychopathologies including autism
spectrum disorder, schizophrenia, anxiety disorders, and childhood behavioral problems
(Kinney et al., 2008; Li et al., 2009; Ronald et al., 2010; Markham and Koenig, 2011;
Holloway et al., 2013; Ratajczak et al., 2015; Tearne et al., 2015). In animal models,
research has linked prenatal stress to heightened levels of anxiety, decreased sociability, and
deficits in cognitive and motor function (Akatsu et al., 2015; Said et al., 2015). Despite
evidence for such phenotypes, the mechanisms by which maternal stress alters offspring
neural function are largely unknown.

Events in prenatal brain development set the stage for psychopathologies diagnosed in later
childhood, adolescence, and adulthood (Stevens et al., 2010). Embryonic neuronal
differentiation, migration, and cellular specialization have all been demonstrated to be
critical processes determining mature brain function (Beckmann and Jakob, 1991; Martinez-
Cerdefio et al., 2014). The development of the GABAergic system is significant for multiple
brain functions; maturational disruptions have been linked to psychopathologies including
Tourette syndrome, schizophrenia, and autism (Pleasure et al., 2000; Yip et al., 2008;
Kataoka et al., 2010; Matrisciano et al., 2013). Prenatal stress delays GABAergic progenitor
migration from their birthplace in the medial ganglionic eminence to their destination in the
cortical plate (Stevens et al., 2013) and GABAergic migration is critical for cortical function
(Volk and Lewis, 2013; Muraki and Tanigaki, 2015). The subsequent maturation of
GABAergic cells is also affected by prenatal stress and has been linked to altered social and
anxiety-like behaviors after prenatal stress (Stevens et al., 2013; Lussier and Stevens, 2016).
Neurobiological changes that result from prenatal experiences, such as maternal stress, are
prime pathoetiological candidates in psychiatric disorders.

There are many aspects of maternal gestational physiology that may affect offspring
neurodevelopment, but few mechanisms are understood. Interaction between the maternal
immune system and the embryonic brain is a potential mechanism for the long-term effects
of prenatal stress exposure on neurodevelopment. Maternal inflammatory factors, such as
interleukins, may directly or indirectly alter offspring neuronal progenitors and/or microglia,
a myeloid-derived class of cells in the brain (McAllister and Patterson, 2012). These
maternal factors act as important mediators of embryonic brain changes; elevated maternal
interleukins have been demonstrated to alter offspring behavioral and brain outcomes in
animal models; specific cytokines during pregnancy have been associated with offspring
neuropsychiatric disorders such as autism spectrum disorder and schizophrenia (Petitto et
al., 1997; Gilmore et al., 2004; Meyer et al., 2007; Ponzio et al., 2007; AL-Ayadhi and
Mostafa, 2012).

Both maternal immune activation (MIA) and prenatal stress exposure result in altered
neurodevelopmental and behavioral phenotypes in offspring. Specifically, the pro-
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inflammatory cytokine, interleukin-6 (IL-6), has been implicated as a potential mediator of
prenatal MIA effects on offspring neurodevelopment (Choi et al., 2016; Mouihate and
Mehdawi, 2016; Wu et al., 2017). IL-6 may also be similarly critical to the etiology of
prenatal stress effects (Smith et al., 2007). In rodent models, both chronic variable and
repetitive restraint stress, typical methods of prenatal stress, have also been shown to alter
circulating maternal cytokine levels, with prolonged restraint stress resulting in increased
levels of circulating I1L-6 for as long as 14 days after cessation (Houri-Haddad et al., 2003;
Cyr et al., 2007; Moazzam et al., 2013; Voorhees et al., 2013). Further, both MIA and
prenatal stress exposure result in microglia changes in offspring, implicating a common,
underlying neuroimmune mechanism (Sebire et al., 1993; Diz-Chaves et al., 2012; Diz-
Chaves et al., 2013; Pratt et al., 2013). Microglia have critical roles to play in the developing
brain—regulating proliferating neural progenitors, synaptic development, and sub-cortical
projections—and could thus be significant for multiple neurobiological changes observed in
prenatally stressed offspring (Antony et al., 2011; Diz-Chaves et al., 2012; Cunningham et
al., 2013; Kettenmann et al., 2013).

In the present study, we investigate the role of IL-6 as a mediator of neurobiological and
behavioral prenatal stress effects. To better understand the inflammatory components of
these effects, we determined the role of IL-6 in prenatal stress-induced alterations to
embryonic and adult microglia. Because of our previous work demonstrating the effects of
prenatal stress on GABAergic system development (Stevens et al., 2013; Lussier and
Stevens, 2016) and converging evidence of its sensitivity to maternal immune manipulation
(Oskvig et al., 2012), we also examined the direct role of IL-6 in prenatal stress effects on
GABAergic progenitor migration.

CD1 females (The Jackson Laboratory, Bar Harbor, Maine) were bred to CD1 wildtype
males (for microglia and behavior analyses) or GAD67-GFP */~ CD1 males (for embryonic,
GABAergic analyses) (Tamamaki et al., 2003). Upon detection of a vaginal plug, indicating
embryonic day (E) 0, females were singly-housed. Offspring for behavioral testing were left
with mothers at birth and then group-housed (three to four per cage) after weaning at three
weeks of age. Dams and adult offspring were euthanized by ketamine/xylazine anesthesia
followed by intracardiac perfusion or rapid decapitation. Fetal offspring were euthanized by
rapid decapitation. All experimental procedures involving animals were performed in
accordance with the Yale University and University of lowa Animal Resources Center/
Office of Animal Resources and Institutional Animal Care and Use Committee (IACUC)
policies. Additionally, all animal experiments were conducted in compliance with the
National Institutes of Health guide for the care and use of laboratory animals (NIH
Publications No. 8023, revised 1978).

Prenatal Stress and Injections

CD1 wildtype dams were pseudo-randomly assigned to one of seven maternal treatment
groups: nonstress alone (NS), prenatal stress alone (PS), nonstress saline-injected (NS/
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Saline), nonstress IL-6-injected (NS/IL-6), nonstress anti-IL-6-injected (NS/Anti-1L-6),
prenatal stress saline-injected (PS/Saline), and prenatal stress anti-1L-6-injected (PS/Anti-
IL-6).

From E12 until embryo collection or birth, prenatally stressed (PS) females were exposed to
three-times-daily, 45-min restraint sessions under bright light at approximate three to four hr
intervals. Mothers in injection conditions were administered intraperitoneal (i.p.) injections
three times a day, beginning on E12, of 0.9% sterile NaCl, 100 ng IL-6 dissolved in 0.9%
sterile NaCl from 500 ng/ml solution (Biolegend; purified recombinant mouse, carrier free,
catalog #575702), or 10 pg anti-1L-6 antibody dissolved in 0.9% sterile NaCl from a 65
pg/ml solution (R&D systems; purified rat monoclonal IGG anti-mouse IL-6; catalog
#MAB406). IL-6 dosing was estimated to recapitulate the increases in IL-6 that occur after
restraint stress, calculated across mouse volume of distribution (Zhou et al., 1993; Takaki et
al., 1994; Nukina et al., 2001). To ensure an adequate blockade, neutralizing anti-IL-6
antibody was administered at a molar dose equivalent to 100 times the estimated whole
animal molar quantity of IL-6 (Smith et al., 2007) evoked by a restraint stress session. In
those PS mothers receiving saline or anti-1L-6, injections were administered 20 min prior to
restraint.

Neurobiological measures were made at E14 and E15. One to two offspring were randomly
selected from each embryonic litter for neurobiological assessment. All embryonic groups
were balanced for sex (determined with sex genotyping by PCR)(Clapcote and Roder,
2005). Behavioral testing was conducted in adulthood (between eight and eleven weeks of
age) and then adult brain was assessed at 11-12 weeks of age. Because of our previous use
of male offspring for similar assessments (Lussier and Stevens, 2016), adult measures were
all made in males only. Two to four offspring were randomly selected from each litter for
behavioral testing. One to two offspring were randomly selected from each litter for adult
brain analysis. Microglial morphologies were assessed in both NS and NS/Saline offspring,
grouped hereafter as NS as well as in both PS and PS/Saline, grouped hereafter as PS.
Experimental design and animal genetic backgrounds, total numbers of litters, and animals
used are shown in Figure 1 and Table 1.

Tissue Processing and Immunocytochemistry

Dams were euthanized and embryonic brains were collected at E14 and E15, post-fixed for
at least 15 hrs in 4% paraformaldehyde (PFA)/phosphate buffered saline (PBS), and then
dehydrated in 20% sucrose/PBS for a minimum of 15 hrs.

Adult tissues were collected at 11-12 weeks of age. Brains were dissected out after animals
were perfused with ice cold PBS and then 4% PFA, post-fixed and dehydrated in 20%
sucrose. Prior to immunocytochemistry, both adult and embryonic tissues were embedded in
Optimal Cutting Temperature (OCT) compound and coronally cryo-sectioned (Leica,
CM1900, Bannockburn, llinois) at 25 um (embryonic) or 50 um (adult).

Sections were incubated in 10% goat serum/PBS ++ blocking solution (with 0.025%
TritionX-100, 0.0125% Tween20) for one hr at room temperature (RT) then in 5% goat
serum/PBS++ primary antibody containing anti-lba-1 (WAKO; rabbit polyclonal 1:300-600,
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#019-19741), and for embryonic tissue, anti-GFP (1:1000; Abcam, chicken AB13970,
#660556) overnight. Secondary antibodies were applied in 5% goat serum/PBS ++ using
Alexa dye-conjugated secondary antibodies (1:500-1000; Molecular Probes) and incubated
for one hr at RT. Slides were cover slipped using DAPI (4’ ,6-diamidino-2-phenylindole,
Vector Laboratories, #H-1200) mounting medium.

Neurobiological Measures

Microglia Analyses—To determine the density of microglia, stereological, unbiased
estimates of Iba-1+ cells were determined. A Carl Zeiss Axiocam, equipped with motorized
stage and digital camera, coupled to Stereolnvestigator software (Microbrightfield,
Colchester, Vermont), was used to count and characterize microglia present in three-
dimensional 250 x 150 x 10 um counting frames on a 500 x 300 um grid for embryonic
analyses or 1000 x 600 um grid for adult analyses, from the cortical plate or neocortex every
20t coronal section. A minimum of four sections containing cortex were assessed. Cells
were counted using an optical fractionator approach and unbiased counting rules of
stereology (Peterson, 1999) including systematic, randomly placed counting frames,
balanced exclusion and inclusion boundaries of counting frames, and unique cell points for
counting to determine exclusion/inclusion.

In embryonic brain, we created a four-category classification method to identify multiple
morphologies defined as (modified from Cunningham et al., 2013):

1. multivacuolated as those with multiple, pyknotic nuclei and/or vacuoles present
within the cell;

2. amoeboid as those with a normal nucleus and no cellular processes;

3. transitional as those with a normal nucleus and one process;

4, ramified as those with a normal nucleus and two or more processes.

In adult brain, microglia morphologies were defined as (modified from Diz-Chaves et al.,
2012):

1. amoeboid as those with zero to one process;
2. lowly ramified as those with two or three processes;
3. moderately ramified as those with four processes or those with multiple thin,

spindly processes and a small soma;

4. highly ramified as those with five or more processes and a large soma, also
referred to as bushy microglia.

Density was calculated by dividing cell number by total cortical plate or neocortical volume,
as computed by the Cavalieri volume estimation approach.

GABAergic Progenitor Migration Analyses—GAD67GFP+ progenitor migration into
the dorsal telencephalon was taken as a percentage of total external cortical plate
circumference for each section (both left and right hemisphere), as previously described
(Stevens et al., 2013). The distance from the lateral-most extent of the cortical plate, where a
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clear GAD67GFP+ stream is apparent, to the leading-most edge of the migrating
GAD67GFP+ stream immediately deep to the pia was taken to indicate total migration
distance. The percent migration of total cortical plate circumference, computed by dividing
total migration distance by the distance from the lateral- to medial-most extent of the
cortical plate in each coronal section, was then averaged across all sections (three to four) in
each offspring brain.

Behavioral Measures

Open Field

All behavioral measures were taken in 8-11 wk old male mice in the same testing room,
under standard overhead room lighting (300 lux) during the animals' light cycle. Tests were
conducted one per day in the same order for each animal and a one hr habituation was
conducted before all tests. Two cohorts of mice were examined at separate times and results
were not collapsed across groups. The first cohort contained the NS/Saline, PS/Saline, NS/
anti-1L-6 and PS/Anti-1L-6 groups and the second cohort contained the NS and NS/IL-6
groups.

In a 1,500 cm? rectangular clear plastic chamber, locomotor activity was measured using
Anymaze software (Stoelting Co., Wood Dale, Illinois) coupled to a ceiling-mounted digital
USB camera. Animals were tested over two, 30-min sessions, approximately 24 hrs apart,
and results from the second session were analyzed to avoid stress and field novelty effects
present on the first day of testing.

Elevated Plus Maze

For the elevated plus maze (EPM) task, mice were placed at the center of a standard plus-
shaped, opaque plastic apparatus (Stoelting Co), elevated approximately 0.6 m above the
ground, consisting of two, 35 cm-long closed arms with 20 cm-tall walls and two open arms
without walls. Mouse time spent in open arms, closed arms, and center of the maze was
tracked using Anymaze software coupled to a USB digital camera for five min. Time, rather
than distance or arm entries, was analyzed to avoid any direct locomotor effects on anxiety-
like measures.

Social Approach

A three-chambered, clear plastic social approach apparatus (Nadler et al., 2004) was used to
assay mice for sociability. The apparatus consisted of a 20 x 40 x 22 cm central chamber
with two 5 x 8 cm portals to two, equally-sized 20 x 40 x 22 cm side chambers, each
containing a 9 cm diameter, 10 cm tall wire cup. Experimental mice were habituated
individually to the center chamber for 10 min. A conspecific of the same age, sex, and strain
was then placed in the inverted wire cup in one of the two side chambers (“stranger
chamber”) while the experimental animal was allowed to traverse all three chambers for 10
min, analyzed as two, five-min epochs. As with the EPM analysis, time in zones was the
main outcome, to avoid effects of locomotor differences. Mouse time spent in the empty,
center, and stranger chambers was recorded with an overhead camera coupled to Anymaze
software. Mouse regulation of sociability was measured with a “sociability ratio.” This
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ratio's numerator was the difference in time spent in the chamber with the stranger mouse
from the first five minute epoch to the second. The denominator was the total amount of
time spent with the stranger during both epochs combined. Positive values indicated
increased social interaction over time while negative values indicated decreased. A
complimentary measure to assess non-social behavior—an “exploratory ratio”—was
calculated for time spent in the chamber with the empty cup instead of the stranger mouse.

Statistical Analyses

Results

For all tests and measures, outliers were defined as deviating by two or more standard
deviations from the mean and were excluded from analyses (SPSS v. 22, IBM; IL, USA).
Sample size for each group and details of statistical analyses were included in figure
captions or in the text. A value of p<0.05 was taken to indicate statistical significance.

For measures for which it was applicable, either one-way or two-way (stress condition, anti-
IL-6 treatment) analyses of variance (ANOVA) were performed to detect main effects and/or
interactions. Repeated measures ANOVA with a Greenhouse-Geisser correction was used to
analyze locomotor activity in the open field test. Significant ANOVA effects were planned to
be followed by independent sample, student's two-tailed t-tests. A statistically significant
interaction between stress status and anti-1L-6 status was taken to indicate a possible
amelioration of prenatal stress-linked behavior and thus a fundamental role for IL-6.

For each test performed, all relevant underlying statistical assumptions were tested. First, the
assumption of random assignment was met, as all animals were randomly and in no
particular order assigned to each possible condition. A kurtosis and skew of < +2 were taken
to define normally distributed frequency data. All groups met this normality assumption and
the homogeneity of variances assumption per Levine's test.

Across all intervention groups, the numbers of offspring per litter were not significantly
different (ANOVA, F=1.546, df=6, p=0.185; average pups per litter: NS=9.1+1.9,
PS=9.7+3.7, NS/Saline=11.1+2.6, PS/Saline=9.3+5.5, NS/IL-6=8.4+1.8, NS/Anti-
IL-6=11.442.7, PS/Anti-IL-6=11+2.3).

Both prenatal stress and IL-6 resulted in altered microglia morphology

Myeloid progenitors first begin to migrate into the brain at E9, then populate the embryonic
mesenchyme and neuroepithelium at E10 (Ginhoux et al., 2010). To capture changes in
microglia, we examined Iba-1 stained microglia at both E14 and E15 in the developing
cortical plate of both prenatally stressed (PS) and nonstressed (NS) control animals.
Morphologies were classified at both time points for degree of ramification and presence of
multiple vacuoles (Fig. 2A). Prenatal stress resulted in significantly increased
multivacuolated microglia density at E14 but not at E15 (Fig. 2B, C), a morphology
previously identified as relevant to early neurodevelopmental processes (Cunningham et al.,
2013). Total density of microglia remained unchanged between PS and NS offspring at both
E14 and E15 (E14 NS=3.82 %1076 +6.34x1077 cells/um3, PS=5.40 x1076 +1.08 %1076 cells/
pm3, p=0.22; E15 NS=5.76 x107 +0.39°6 cells/um3, PS=6.09 +0.33x10 6 cells/um3,
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p=0.55). The density of transitional microglia was significantly increased by prenatal stress
at E15 only (Fig. 2C). Because of the extent of multivacuolated microglia density change,
further results focused on the multivacuolated microglia morphology at E14.

As with prenatal stress exposure, maternal IL-6 exposure resulted in increased
multivacuolated microglia at E14 compared to saline-injected controls (NS/Saline) (Fig. 3),
with no change in overall microglia density (NS/Saline=4.32 +0.50 %1076 cells/um3; NS/
IL-6=3.53 £0.27 x1076 cells/um3, p=0.17). These data suggested that 1L-6 was sufficient to
recapitulate the effects of prenatal stress exposure on E14 microglia morphology, suggesting
that IL-6 may be involved in the offspring neurobiology of prenatal stress.

Interestingly, while the multivacuolated morphology was most dramatically changed by both
PS and IL-6, the transitional microglia morphology was significantly lower in the NS/IL-6
compared to the NS/Saline condition (Fig. 3A). The NS and PS groups initially assessed
(Fig. 2B) also appeared lower in transitional microglia density than the NS/Saline group
(Fig. 3A). Given the similarities across groups in total density of microglia, this difference in
transitional morphology after the injection control manipulation, a minor stressor, may have
reflected a shift from other morphology categories (i.e. ramified).

IL-6 was necessary for increased embryonic multivacuolated microglia

To test the role of 1L-6 for neurodevelopmental prenatal stress effects, dams were exposed to
neutralizing IL-6 antibody (anti-1L-6) just prior to restraint stress sessions. Offspring
embryonic brain was then assayed for density of multivacuolated morphology. Anti-1L-6
with prenatal stress was found to return elevated levels of multivacuolated microglia to
nonstress control levels (Fig. 3B).

IL-6 played a non-critical role in GABAergic progenitor delays in embryonic brain

As previously reported (Stevens et al., 2013), prenatal stress results in an additional
neurodevelopmental endophenotype: delays in the migration of inhibitory, GABAergic
progenitors from these cells' birthplace in the ventral telencephalon to their destination in the
developing cortical plate. Here, IL-6 manipulation played a role in GABAergic progenitor
migration. IL-6 exposure resulted in similar delays to these progenitors at E14 as occurs
with prenatal stress (Fig. 4). Notably, unlike our findings on the mitigation of microglia
changes, this migration delay was not fully corrected by anti-1L-6 exposure concomitant
with prenatal stress (PS/Anti-1L-6 versus NS/Anti-1L-6; p<0.0001)—a trend difference
between PS/Anti-1L-6 rescue and the NS/Saline control was also present (p=0.087).
Additionally, anti-1L-6 advanced migration when administered in the absence of stress (NS/
Saline vs NS/Anti-1L-6; p<0.0001).

IL-6 was critical for persistent microglia changes

To assay long-term prenatal stress effects on microglia and the role of IL-6, adult brains
were also analyzed for microglia morphologies. Unlike embryonic brains, in which
immature microglia display a restricted morphological range (Dalmau et al., 1998), adult
brains have a broad range of more ramified microglia morphologies, often displaying five or
more processes (Fig. 5A). To determine differences between microglial function, as
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indicated by cell morphology in the adult cerebral cortex, microglia subtype percentages
were assessed across four categories: amoeboid, lowly, moderately, and highly ramified
(Diz-Chaves et al., 2012). Prenatal stress or IL-6 alone resulted in similar shifts in microglia
morphology compared to controls, changes that were absent when anti-IL6 was
administered (Fig 5B). Prenatal stress and prenatal IL-6 both produced significantly more
highly ramified microglia (ANOVA: F=69.010, df=2, p=0.000001; post-hoc t-tests:
p<0.00001 for PS and NS/IL-6 versus NS) and less amoeboid and lowly ramified microglia
(ANOVA: amoeboid: F=20.928, df=2, p=0.00267, lowly: one way: F=9.872, df=2, p=0.004;
post-hoc t-tests p<0.05 in both morphologies for PS and NS/IL-6 versus NS). In mice
exposed to anti-IL6 during nonstress or prenatal stress experience, the shifts from amoeboid
to highly ramified morphologies were absent and only the PS group significantly differed
from both NS and PS/Anti-1L-6 for these morphologies (ANOVA interaction of stress and
anti-1L6: amoeboid: F=17.089, df=1, p=0.001, highly ramified: F=29.284, df=1,
p=0.000157; post-hoc t-tests p<0.05 in both morphologies for PS versus NS and PS/Anti-
IL-6).

An effect of prenatal stress was still apparent in lowly-ramified microglia despite anti-1L-6
administration (ANOVA for Saline and anti-1L-6 groups: no interaction; stress main effect:
F=7.156, df=1, p=0.020) but post-hoc tests demonstrated no difference between PS/Anti-
IL-6 and NS controls (t-tests p<0.05 for PS versus NS only). Prenatal anti-1L-6
administration independently increased lowly-ramified microglia (ANOVA: anti-1L-6 main
effect F=19.011, df=1, p=0.001: post-hoc t-tests p<0.05 for PS versus PS/Anti-IL-6; Fig.
5B). No significant differences were found for any comparisons for moderately-ramified
microglia. The total densities of microglia in the cortex significantly differed across the NS,
PS and NS/IL-6 groups (ANOVA: F=1.602, df=2, p=0.0249; no significant post-hoc tests;
NS =4.03 £0.66; PS=4.97 +0.73; NS/IL-6=5.96 +0.70 x107% cells/um?3) but did not differ
across other groups.

Behavioral phenotypes persist despite microglia morphology correction

While microglia morphology changes after prenatal stress in both the embryonic and adult
brain were blocked when IL-6 antibody was administered, prenatal stress effects on animal
behavior, as with GABAergic system development, were not. Prenatal stress resulted in an
anxiety-like behavioral phenotype in adult male offspring, regardless of anti-IL-6 exposure,
as evidenced by a decrease in time spent on the open arm of the EPM as compared to
controls (Fig. 6A). Similarly, anti-1L-6 did not ameliorate the effect of prenatal stress on
animal social behavior, as demonstrated by decreased sociability in both the PS/Anti-IL-6
and PS/Saline conditions (Fig. 6B). This finding was not explained by a generalized
decrease in exploratory behavior, as evidenced by no significant deficit in PS animals'
exploratory behavior ratio (data not shown: No main effect of stress by ANOVA, F=0.076,
df=1, p=0.785). Finally, anti-IL-6 did not mitigate the effect of prenatal stress on offspring
locomotor activity across the duration of the open field task, as demonstrated by a similar
trend to decreased distance traveled in both PS/Anti-IL-6 and PS/Saline conditions (Fig.
6C). The independence of these behavioral changes from IL-6 mechanisms was also
demonstrated in a cohort of prenatal I1L-6 exposed mice (Fig. 7). This IL-6 cohort showed no
significant differences from control mice in anxiety-like, sociability, or locomotor behaviors.
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Collectively, these behavioral data suggested that, while anti-IL-6 ameliorated prenatal
stress-associated microglia morphological changes, such corrections were not seen in the
domains of animal anxiety, sociability or locomotion, likely reflecting additional underlying
mechanisms independent of IL-6. This resistance to the effects of IL-6 immunoblockade
paralleled the persistence of delayed GABAergic progenitor migration in the embryonic
cortical plate (Fig. 4).

Discussion

Prenatal stress is a physiological, maternal experience which has a broad range of possible
mediators and likely influences offspring neurodevelopment in multiple ways. This study
has begun to parse these effects. While previous studies have examined postnatal microglia
morphology after prenatal stress (Diz-Chaves et al., 2012), here we examined early
embryonic microglia morphology as well. Furthermore, this study addressed previously
unanswered questions about the role of IL-6 in the conference of neurobiological and
behavioral effects of prenatal stress on offspring.

Here, we showed that both prenatal stress and IL-6 exposure contributed to an increased
density of multivacuolated microglia in the embryonic cortical plate at earlier stages of
development—at E14 but not at E15—suggesting either a specific period of susceptibility or
the influence of stress duration for these effects. From E14 to E15, multivacuolated and
transitional microglia densities generally increased, a previously undescribed phenomena in
line with their possible functions—phagocytosis of progenitors and gradual development
into ramified forms (Dalmau et al., 1998; Parakalan et al., 2012; Cunningham et al., 2013).
However, because densities also reflected changing cortical volume, there are limits to these
comparisons across age. Interestingly, transitional microglia, a possible mid-point between
immature amoeboid and more mature ramified microglia, were increased after prenatal
stress at E15 and after IL-6 at E14 which may represent advancements of the normal
developmental trajectory of these cells (Cunningham et al., 2013). The focus here remained
on mulitvacuolated microglia, however, due to the less clear developmental role of the
transitional morphology (Sanchez-Lopez et al., 2005).

Prenatal maternal anti-1L-6 exposure, concurrent with maternal restraint stress, blunted
effects on embryonic microglia, restoring the density of multivacuolated microglia to control
levels. Thus, this specific immunological blockade led to a phenotypic rescue of
multivacuolated changes in embryonic microglia morphology. Furthermore, we showed that
prenatal stress- and 1L-6-linked microglia abnormalities, as well as rescue by anti-1L-6,
persisted into adulthood. Morphological changes in microglia evolved over development, in
part demonstrated by a lack of distinct morphological differences with prenatal stress at E15.
Despite this evolution, prenatal stress effects in microglia did not resolve with time. There is
currently little known about the developmental progression of microglia morphology and
any associated functional changes. The persistence of abnormal microglia morphologies in
this particular model may advance our understanding of the developmental trajectory of
these crucial brain cells from embryogenesis to adulthood.
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While these data suggest that some aspect of microglia respond in a lasting way to early-life
insult, the literature is mixed with regard to the longevity and magnitude of these changes
(Smolders et al., 2015; Antonson et al., 2016; Giovanoli et al., 2016). Additionally, there are
only a few studies that address how embryonic microglia morphology reflects their function.
Multivacuolated microglia cells, as described and assessed here embryonically, have been
noted in the context of neurodegeneration and acute insult or injury in the adult brain, and
may play a part in the neuroprotective and regulatory roles of adult microglia (Avellino et
al., 1995; Mueller and Bale, 2007; Eyo and Dailey, 2013). More broadly, microglia
activation states, including the appearance of phagocytic microglia, have been associated
with developmental apoptosis, axonal growth, and synaptogenesis (Streit, 2001). Previous
data on embryonic microglia form-to-function associations /7 vivo (Cunningham et al.,
2013) demonstrate that their morphological change after prenatal stress may influence
cortical development. It is important to note the possibility that some of these cells are
themselves undergoing pyknosis, which would be a separate, significant effect of prenatal
stress on microglia developmental trajectories. Future steps must involve direct exploration
of the developmentally varied, functional roles of these cells and employ the use of
molecular markers (e.g. IL-1p) that can be used to determine their activation status.

As previously reported by our group, prenatal stress causes delays to embryonic GABAergic
progenitor migration, from their birthplace in the ventral telencephalon to their destination in
the cortical plate (Stevens et al., 2013). Our results here demonstrate that prenatal 1L-6
administration also caused smaller but still significant inhibitory progenitor migration
delays. Others have also found that inhibitory progenitor development interacts with
inflammatory molecules (Lysko et al., 2011). However, because delays were not fully
rescued by prenatal anti-1L-6 administration concurrent with stress, prenatal stress effects on
inhibitory progenitor migration likely involve multiple physiological players (Tamura et al.,
2011), as we review below.

To further clarify whether IL-6 may be involved in the behavioral deficits of prenatal stress,
we examined behaviors that our group has previously linked to prenatal stress exposure and
GABAergic delays (Lussier and Stevens, 2016). We found that behavioral anxiety-like
changes after prenatal stress did not involve IL-6. Animal performance on the elevated plus
maze (EPM) indicated increased anxiety-like behavior among prenatal stress offspring,
regardless of prenatal antibody exposure. Furthermore, decreased sociability and decreased
locomotion, both associated with prenatal stress exposure here, persisted despite IL-6
blockade. These behavior changes were also not caused by repetitive prenatal IL-6
administration. These changes in behavior in male offspring after prenatal stress have
relevance to the symptoms of male-predominant clinical outcomes with links to prenatal
stress, including autism which features social deficits, anxiety-like behaviors, and altered
activity (Davis and Pfaff, 2014). Our results did not address the high rates of anxiety
disorders in women and anxiety-related behavioral changes in female rodents related to
prenatal stress. It is also important to note that we utilized behavioral time-in-zone analyses
to avoid the confound of altered overall locomotion influencing assayed performance more
broadly. The combination of prenatal stress-linked behavioral deficits described here did not
appear to be directly linked to IL-6 related processes.
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These findings indicated that behavioral outcomes of prenatal stress aligned with delays to
GABAergic development in terms of their resistance to anti-1L-6 rescue. These behavioral
outcomes did not align with pre- or postnatal microglia morphology, however, which were
rescued by IL-6 blockade. Some groups have demonstrated other behavioral alterations after
prenatal stress or MIA that have unclear relationships to GABAergic development,
microglia, or IL-6, including suppressed neonatal ultrasonic vocalizations, impaired
learning, and increased stress reactivity (Morgan et al., 1999; Mueller and Bale, 2007; Green
et al., 2011; Shanks and Lightman, 2001; Ito et al., 2010; Malkova et al., 2012). Existing
findings on the role of IL-6 and microglia in the mediation of behavioral phenotypes after
prenatal inflammatory insult are mixed. Some have found, as shown here, an uncoupling of
behavioral alterations and microglial activation: our IL-6-linked changes in microglia but not
behavior are contrasted by other findings of behavioral phenotypes without microglia
changes (Antonson et al., 2016). Others have shown anti-1L-6 mediation of the effects of
prenatal poly(I:C) exposure, a more severe, one-time inflammatory event compared to
repetitive prenatal stress, on exploratory behaviors and social deficits, among other
outcomes (Smith et al., 2007, Wu et al., 2017). Our results are also in contrast with other
maternal immune activation studies which have shown the importance of IL-6 for
locomotion and social behavior (Choi et al., 2016), but used distinctly different time courses
and magnitude of maternal perturbations. Because of these differences, further parsing of
maternal physiological changes, discussed in more detail below, and their role in offspring
development are necessary.

Microglial development and aberrant embryonic progenitor migration after prenatal stress
were differentially affected by concurrent anti-IL-6 blockade in our data. Other maternal
physiological stress factors, ranging from hormones to neurosteroids to cytokines, may
impact GABAergic progenitor migration (Hirst et al., 2014; Squarzoni et al., 2014). We did
not examine the multiple other individual factors, or their combinations, that might mediate
stress effects on the developing brain. For example, glucocorticoids interact with developing
GABAergic systems: inhibitory neuron death occurs after prenatal dexamethasone and
deficits in GAD67 during development lead to higher corticosterone peaks after restraint
stress (Uchida et al., 2011; Zuloaga et al., 2011). The neurosteroid and stress factor,
allopregnanolone, is a GABAergic agonist and may play a role during maternal stress in cell
survival in the embryonic brain (Yawno et al., 2009; Brunton and Russell, 2010). Other
maternal cytokines, such as TNF-alpha, may also subserve the role 1L-6 plays during
neurogenesis, although the effects of these cytokines are likely dose-dependent (Borsini et
al., 2015). Due to the complexity of pregnancy physiology, further investigations should
parse multiple maternal physiological factors (e.g. weight gain, food intake, circulating
hormones, and IL-6 levels across multiple tissues).

Additionally, neurodevelopmentally-relevant prenatal maternal factors may come to light
from investigating the range of maternal stresses or challenges that can occur during
pregnancy. Understanding other maternal physiological challenges (e.g. prenatal ethanol
exposure, metabolic or psychosocial stress) will also elucidate additional offspring
neurodevelopmental changes of interest (Brunton and Russell, 2010; Krakowiak et al., 2012;
Skorput and Yeh, 2016). Many maternal manipulations, even with diffusible factors, alter
cardiovascular function and other nonspecific physiology, which may play a role in offspring
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changes. Much remains to be understood about how prenatal maternal psychological stress
and other stressors influence offspring neurodevelopmental outcomes, including GABAergic
progenitor migration and changes to microglia morphology.

These data also suggest that some adult animal behavior, changed as a function of prenatal
stress, may not be related to microglia morphology at E14 or in adulthood. Additionally,
because the present findings show that prenatal stress significantly affected both anxiety-
related behavior and GABAergic progenitor migration, altered migration and overall
development of GABAergic neurons may underlie this behavioral phenotype. Indeed, our
group has previously associated behavioral inhibition after prenatal stress with alterations in
GABAergic maturation (Lussier and Stevens, 2016). Other reports suggest that inter-related
aspects of GABAergic development—epigenetic changes in GABAergic genes—and their
correction, are also correlated with behavioral changes after prenatal stress (Matrisciano et
al., 2013; Negron-Oyarzo et al., 2016).

Here, we show that prenatal stress affected microglia morphology, both in the embryonic
and adult offspring brain, and that these changes involved IL-6. However, prenatal stress
changes to animal behavior and more acute delays to GABAergic system development were
not mediated by IL-6. IL-6 pathways, and their impact on microglia, are thus critically
involved in some components of prenatal maternal psychological stress, but not all. These
findings, taken collectively with others, indicate that the multiple maternal physiological
components during the prenatal period may be critical for the pathogenesis of offspring
neuropsychiatric disorders.
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Highlights
Microglia and maternal IL-6 may be involved in the effects of prenatal stress.
Prenatal stress effects on embryonic and adult microglia involved prenatal 1L-6.
GABAergic progenitor migration was delayed by prenatal stress and IL-6.
Prenatal stress behaviors did not show a role for prenatal IL-6.

Prenatal stress behaviors correlated more with GABAergic changes than with
microglia.
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Behavioral testing ol BEtione

Figure 1.
The experimental design included seven experimental groups and multiple time points of

assessment.
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Figure 2.
Increased density of multivacuolated microglia after prenatal stress at E14 but not at E15. A,

Embryonic day 14 (E14) embryonic microglia morphologies of four major subtypes: 1)
multivacuolated, with multiple, pyknotic nuclei and/or vacuoles, 2) amoeboid, with normal
nucleus and no processes, 3) transitional with normal nucleus and one process, and 4)
ramified with normal nucleus and two or more processes. B, Prenatal stress resulted in
increased multivacuolated cells at E14 (p=0.00095), C, which was not present at E15
(p=0.45). The density of transitional microglia is increased at E15 only (p=0.00049). Means
+ SEMs are shown. n= 6-8 animals per group. (* p<0.0005 by two-tailed student's t-test;
Arrows indicate cell nuclei. Arrowheads indicate cell processes.)
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Figure 3.
Prenatal stress (PS) and IL-6 both resulted in an increased density of multivacuolated

microglia at E14 which was not present with anti-IL6. A, Prenatal IL-6 exposure resulted in
an increased density of multivacuolated microglia at E14 over nonstress controls (NS/Saline)
(p=0.00049). The density of transitional microglia was also increased (p=0.033). B, Anti-
IL-6 concurrent with stress corrected the increase in multivacuolated microglia density
resulting from prenatal stress exposure (ANOVA, interaction, F= 27.432, df=1, p<0.00005),
with no difference between nonstress (NS) and nonstress/anti-1L-6 (NS/Anti-1L-6) or
prenatal stress/anti-1L-6 (PS/Anti-1L-6) density (p=0.58, p=0.91). PS/Anti-1L-6 density was
significantly lower than prenatal stress (p=0.0004). Means + SEMs are shown. n= 6-7
animals per group. (* p<0.05, ** p<0.0005, T p<0.0005 by two-tailed student's t-test; §
p<0.00005 interaction by one-way ANOVA)
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Figure 4.
IL-6 and prenatal stress with anti-IL6 both resulted in delays to GABAergic progenitor

migration as with prenatal stress alone. Dashed line indicates prenatal stress (PS) migration
average (69%); solid line indicates nonstress (NS) migration average (83%), as previously
reported (Stevens et al., 2013). IL-6 exposure resulted in similar delays to these progenitors
at E14 as occurs with prenatal stress (one-way ANOVA, F=16.476, df=3, p<0.0001; t-test:
NS/Saline vs NS/IL-6 p=0.033). PS delayed migration was not corrected by anti-IL-6 (NS/
Anti-1L-6 vs PS/Anti-I1L-6 p<0.0001). The NS/Saline control and PS/Anti-1L-6 rescue
conditions showed a trend difference (p=0.087). Anti-IL-6 advanced migration above saline
control levels (p<0.0001). Means + SEMs are shown. n= 6-8 animals per group. (* p<0.05,
** n<0.0001, # p=0.087 by two-tailed student's t-test)
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Figure 5.

Changes to adult microglia morphology after prenatal stress, IL-6, and anti-IL6. A, Adult
microglia were categorized among four subtypes. B, In adult brain, prenatal stress increased
highly ramified microglia (vs NS, p<0.0001), as did NS/IL-6 (vs NS, p<0.0001). Prenatal
anti-1L-6 concomitant with stress (PS/Anti-1L-6) corrected this increase (non-significant vs.
NS p=0.20), with less highly ramified microglia in PS/Anti-1L-6 compared to PS alone
(p=0.002). PS decreased levels of lowly ramified cells (vs NS p=0.03), as did NS/IL-6 (vs
NS p=0.01), while PS/Anti-IL-6 increased levels of these cells compared to PS animals
(p=0.005) and did not differ from controls (p=0.36). Finally, as with lowly ramified cells,
NS/IL-6 alone (vs. NS p=0.02) and PS (vs. NS p=0.0004) decreased levels of amoeboid
cells, while anti-1L-6 concomitant with PS restored levels of these cells to NS levels
(p=0.13), significantly lower than PS levels (p=0.02). Means £ SEMs are shown. n= 3-5
animals per group. (for comparisons to NS: *p<0.05, **p<0.0005; for comparisons to PS: t
p<.05, ¥ p<0.005 by two-tailed student's t-test; Arrows indicate cell processes.)
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Figure 6.
Anti-IL-6 did not alter prenatal stress-induced behavioral phenotypes. A, Prenatal stress and

saline (PS/Saline) resulted in decreased time spent in the open arm of the elevated plus maze
over nonstress, saline controls (NS/Saline) (ANOVA, main effect of prenatal stress,
F=10.562, df=1, p=0.003), indicative of elevated anxiety-like behavior, which was not
ameliorated with concurrent anti-I1L-6 administration. B, Animal sociability was decreased
by prenatal stress, regardless of anti-1L-6 exposure (ANOVA, main effect of prenatal stress,
F=5.591, df=1; p=0.0258). Sociability ratio indicated an increase (values >0) or decrease
(values <0) in animal sociability over time. C, Inhibited locomotor activity resulting from
prenatal stress, was also not affected by anti-1L-6 (repeated measures between-subjects
ANOVA, trend effect of prenatal stress, F=3.882, df=1, p=0.063). Means £ SEMs are shown.
n=7-9 adult males. (*p<0.05 by t-test; #p<0.05 by one-way ANOVA,; t trend effect by one-
way ANOVA, t trend effect by repeated measures ANOVA)
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Figure 7.

IL-6 did not alter behavioral phenotypes in an independent cohort. A, Prenatal interleukin-6
treatment in nonstressed (NS/IL-6) offspring did not change time spent in the open arm of
the elevated plus maze over nonstress controls (p=0.24). B, Animal sociability was
unchanged by IL-6 (p=0.72). C, Locomotor activity was also unchanged by IL-6 treatment
(repeated measures between-subjects ANOVA, F=0.981, df=3.166, p=0.409). Means +
SEMs are shown. n=12-14 adult males.
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Table 1
Background Litters Total Offspring Analyzed

Embryonic (E14, E15) offspring: neurobiology

El4: 4 7
Nonstress controls (NS) CD1

E15:3 6

El4: 4 6
Prenatal Stress (PS) CD1

E15:3 8
Saline injected (NS/Saline) GADG67-GFP ¥~ El14:4 7
IL-6 injected (NS/IL-6) GADG67-GFP *-  El4:4 7
Nonstress/anti IL-6 injected (NS/Anti-IL-6) GAD67-GFP *-  El14:3 8
Prenatal Stress/anti IL-6 injected (PS/Anti-IL-6) GAD67-GFP *- E14:3 7
Adult offspring: behavior and neurobiology

Behavior: 4 14
Nonstress (NS) CD1

Neurobiology: 3 5
Nonstress/saline injected (NS/Saline) CD1 Behavior: 3 9

Behavior: 3 8
Nonstress/anti IL-6 injected (NS/Anti-IL-6) CD1

Neurobiology: 3 3

Behavior: 3 9
Prenatal Stress/anti IL-6 injected (PS/Anti-IL-6) CD1

Neurobiology: 3 3
Prenatal Stress (PS) CD1 Neurobiology: 3 3
Prenatal Stress/saline injected (PS/Saline) CD1 Behavior: 3 9

Behavior: 4 13
IL-6 alone (NS/IL-6) CD1

Neurobiology: 3 3
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