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ARTICLE INFO ABSTRACT

Keywords: Maternal exposure to stress during pregnancy is associated with an increased risk of psychiatric disorders in the
Anxiety offspring in later life. The mechanisms through which the effects of maternal stress are transmitted to the fetus
Basolateral amygdala are unclear, however the placenta, as the interface between mother and fetus, is likely to play a key role. Using a
Corticosterone . . s . . .

GABA receptors rat model, we investigated a role for placental oxidative stress in conveying the effects of maternal social stress to
Hippocampus the fetus and the potential for treatment using a nanoparticle-bound antioxidant to prevent adverse outcomes in

microRNAs the offspring.

Oxidative stress
Placenta
Prenatal stress
Sex differences

Maternal psychosocial stress increased circulating corticosterone in the mother, but not in the fetuses.
Maternal stress also induced oxidative stress in the placenta, but not in the fetal brain. Blocking oxidative stress
using an antioxidant prevented the prenatal stress-induced anxiety phenotype in the male offspring, and pre-
vented sex-specific neurobiological changes, specifically a reduction in dendrite lengths in the hippocampus, as

well as reductions in the number of parvalbumin-positive neurons and GABA receptor subunits in the hippo-
campus and basolateral amygdala of the male offspring. Importantly, many of these effects were mimicked in
neuronal cultures by application of placental-conditioned medium or fetal plasma from stressed pregnancies,
indicating molecules released from the placenta may mediate the effects of prenatal stress on the fetal brain.
Indeed, both placenta-conditioned medium and fetal plasma contained differentially abundant microRNAs
following maternal stress, and their predicted targets were enriched for genes relevant to nervous system
development and psychiatric disorders.

The results highlight placental oxidative stress as a key mediator in transmitting the maternal social stress
effects on the offspring’s brain and behavior, and offer a potential intervention to prevent stress-induced fetal
programming of affective disorders.

1. Introduction Graignic-Philippe et al., 2014). In rodent models, maternal psychologi-
cal stress during pregnancy gives rise to behavioral changes in the

Stress experienced during pregnancy is associated with an increased offspring, including heightened anxiety-like behavior, cognitive deficits
risk of psychiatric disorders, such as anxiety and depression, in the and abnormal social behaviors (Fride and Weinstock, 1988; Brunton and

offspring in later life (King et al., 2012; Schuurmans and Kurrasch, 2013; Russell, 2010; Brunton, 2013; Maccari et al., 2014; Grundwald et al.,
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2016).

Male and female offspring are often differently affected by maternal
psychological stress. For example, male, but not female rats, display
increased anxiety-like behavior following maternal exposure to repeated
social stress (Brunton and Russell, 2010) or restraint (Zuena et al., 2008;
Iturra-Mena et al., 2018). Furthermore, elevated maternal cortisol dur-
ing pregnancy is associated with increased internalizing behavior at 24
months of age in girls, but not in boys (Graham et al., 2019).

The basolateral amygdala and hippocampus play key roles in regu-
lating anxiety-like responses to stress (McEwen et al., 2016; Zhang et al.,
2018). Structural changes within these brain regions are observed in
response to prenatal stress in rodents, including alterations in the
number of neurons/glia, dendritic length and dendritic complexity
(Vyas et al., 2002; Mitra et al., 2005; Kraszpulski et al., 2006; Mychasiuk
etal., 2012; Bock et al., 2014; Soares-Cunha et al., 2018); and changes in
amygdala volume have been reported in the children of women that
experienced prenatal distress (Acosta et al., 2019). Furthermore, pre-
natal stress can result in disrupted inhibitory signalling in the brain,
reflected by a reduction in the proportion of hippocampal
parvalbumin-positive GABAergic interneurons in rodent offspring
(Lussier and Stevens, 2016) and changes in the expression of GABAp
receptor subunits in the amygdala and hippocampus (Laloux et al.,
2012; Nejatbakhsh et al., 2018). These findings indicate that prenatal
stress can lead to disrupted GABA signalling in brain regions that
regulate anxiety-like behaviors, which is important given GABAergic
dysfunction is implicated in the pathophysiology of psychiatric disor-
ders, for which prenatal stress increases risk (Nikolaus et al., 2010; Fine
et al., 2014; Tovote et al., 2015; Selten et al., 2018). Although we have
demonstrated maternal social stress results in increased anxiety-like
behavior in the male offspring (Brunton and Russell, 2010), it is not
known whether this is associated with GABAergic dysfunction.

Despite much research into the consequences of maternal stress in
the offspring, it remains unclear how the sex-specific effects of maternal
psychological stress are transmitted from the mother to the fetus(es).
The placenta, as the interface between mother and fetus, is likely to play
a key role in maternal programming of fetal development (O'Donnell
et al.,, 2009; Brunton and Russell, 2011; Bronson and Bale, 2016).
Indeed, maternal exposure to different stressors affects placental growth
and morphology (Hewitt et al., 2006; Walker et al., 2013), metabolism
and endocrine function (Mairesse et al., 2007; Fowden et al., 2009;
Bonnin et al., 2011; O’Donnell et al., 2012), gene expression (Mairesse
et al., 2007; Mueller and Bale, 2008; Gheorghe et al., 2010; Ponder et al.,
2011; Jensen Pena et al., 2012; O’Donnell et al., 2012; Howerton et al.,
2013) and the epigenetic profile (Jensen Pena et al., 2012; Palma-Gudiel
et al., 2018) — characteristics that have been associated with altered fetal
neurodevelopment and disease (Hamdan et al., 2009; Howerton et al.,
2013; Howerton and Bale, 2014; Green et al., 2015; Perez-Garcia et al.,
2018). In addition, growing evidence indicates that excessive oxidative
stress is associated with adverse pregnancy outcomes, which in turn may
contribute to fetal programming of disease in later life (Rakers et al.,
2017). Indeed, we previously showed that using an antioxidant to block
the increase in placental oxidative stress induced by maternal hypoxia,
prevents abnormal neurobiological changes in the offspring (Phillips
etal., 2017). However, it is not yet known whether maternal social stress
induces oxidative stress in the mother, placenta and/or fetuses, or what
role, if any; this may play in mediating the impact of maternal stress on
the offspring’s brain and behavior.

Therefore, here, using a rodent model of maternal psychosocial stress
during pregnancy, we investigated the role of the placenta and oxidative
stress in mediating the effects of prenatal stress on the fetus. After first
establishing a role for maternal social stress in inducing oxidative stress
in the placenta, we tested whether: (i) the sex-specific behavioral effects
of maternal social stress are associated with sex-specific neurobiological
changes in the offspring’s brain, particularly focussing on altered
inhibitory GABAergic signalling in the amygdala and hippocampus; (ii)
administration of an antioxidant to reduce oxidative stress in the
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placenta could prevent these behavioral and neurobiological effects of
maternal stress in the offspring; and (iii) microRNAs are differentially
secreted from the placenta in response to maternal social stress. Our
overarching aim was to better understand the factors involved in
mediating the changes in the offspring’s brain and behavior following
maternal social stress exposure in pregnancy.

2. Materials & methods
2.1. Animals

All animal procedures were conducted in accordance with the UK
Animals (Scientific Procedures) Act 1986 and the European Directive
(2010/63/EU), with institutional approval from the University of
Edinburgh Animal Welfare and Ethical Review Body.

Female Sprague-Dawley rats (initially weighing 240-250g; Charles
River, Kent, UK) were maintained on ad libitum standard rat chow
(Teklan, 2014 diet, Harlan Laboratories, UK; supplemented 1:1 with
Teklan, 2019 diet throughout pregnancy and lactation) and filtered tap
water under a 12:12-h light-dark cycle (lights on at 07:00h). Following
>7d acclimatisation to the facility, virgin female rats were housed
overnight with a sexually experienced male. Mating was confirmed by
the presence of a semen plug in the breeding cage the following morning
(designated day 1 of pregnancy). Rats were group housed (4-6/cage) in
individually-ventilated cages until gestational day (GD) 16 and singly
thereafter.

2.2. Maternal social stress paradigm and drug treatment

On GD16, pregnant rats were weighed and 4% lidocaine cream was
applied topically to the tail before administration of either 0.9% sterile
saline (vehicle; 0.34 ml/kg) or 90 pg/kg nanoparticle-bound mitoqui-
none (MitoQ-NP; 0.34 ml/kg) i.v. into the tail vein. The nanoparticle-
bound MitoQ enters the placenta but does not cross it (Phillips et al.,
2017). 1h later, half of the vehicle and MitoQ-NP-treated rats were
exposed to 10 min social stress, with the remainder serving as
non-stressed controls. Social stress was used as this is an ethologically
relevant stressor for rats and it may better reflect the types of stress that
pregnant women may experience, which generally involve a social
component (Bjorkqvist, 2001; Brunton, 2013). Social stress was induced
using a modified resident-intruder paradigm as previously described
(Brunton and Russell, 2010). Briefly, pregnant rats (‘intruder’) were
transferred to an adjacent room and exposed to a different unfamiliar
aggressive lactating rat (‘resident’ between days 1-7 of lactation) daily
for 10 min/day on GD16-20 in the resident’s open-top home cage. A
different ‘resident’ rat was used on each day.

2.3. Animal experiments

2.3.1. Experiment 1: Effects of prenatal stress on the mother, fetus and
placenta at GD20

Pregnant rats (n = 28) underwent vehicle/drug treatment with or
without social stress exposure (as above, see section 2.2). Immediately
after the final social stress exposure on GD20, pregnant rats and fetuses
were killed by conscious decapitation. Maternal trunk blood was
collected into chilled tubes containing 5% (w/v) EDTA. Fetal trunk
blood was collected into EDTA-coated microvette tubes (Sarstedt, Ger-
many), pooled by sex and litter. Plasma was separated by centrifugation
at 4 °C, frozen on dry ice and stored at —20 °C until further analysis.
Placentae (n = 3/litter) were collected and cultured (see section 2.9) to
generate conditioned media. Additional placentae, together with
maternal and fetal samples of brain and liver were also collected and
frozen on dry ice before storage at —80 °C for oxidative stress analysis
(see section 2.6).
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2.3.2. Experiment 2: Effects of prenatal stress on offspring brain and
behavior

A separate cohort of pregnant rats (n = 32) underwent the same drug
treatment and social stress exposure (as above, see section 2.2) and were
allowed to give birth (typically on GD22.5-23). Pups were weaned on
postnatal day (P) 23 and housed in same sex groups by litter (4-6 fe-
males, 3-5 males). At P30, a cohort of offspring (n = 6-7 males and n =
6-7 females per treatment group, from separate litters) were deeply
anaesthetised with 3% isoflurane in 1000 ml/min O, before cardiac
perfusion-fixation. Following fixation, brains were removed, cry-
oprotected, frozen on dry ice and stored at —80 °C until immunohisto-
chemistry processing (see section 2.8). Littermates were used for the
behavioral experiments (see section 2.7).

2.4. Preparation of MitoQ-loaded nanoparticles

Antioxidant MitoQ (Kelso et al., 2001) was loaded onto y-PGA-Phe
nanoparticles (Kim et al., 2009) to produce MitoQ-NP as previously
described (Phillips et al., 2017). MitoQ-NP was used at a final dose of
0.5 pM MitoQ. Rats received a single injection of either saline or
MitoQ-NP on day 16 of pregnancy, 1h prior to the first social stress
exposure (see section 2.2).

2.5. Determination of plasma corticosterone concentrations

Plasma corticosterone concentrations in maternal plasma and pooled
fetal plasma (collected in Experiment 1) were determined in duplicate
using a commercially available radioimmunoassay kit (MP Biomedicals,
Germany; sensitivity, 7.7 ng/ml; intra-assay variation, 4.4-10.3%).

2.6. Quantification of reactive oxygen species

Reactive oxygen species (ROS) levels were measured in fetal,
maternal and placental tissues (from Experiment 1) using the 2/,7'-
dichlorofluorescein diacetate (DCFDA) (Sigma-Aldrich) assay. Cryostat-
cut sagittal sections (10 pm) were exposed to 20 pM DCFDA solution in
HBSS at 37 °C in a humidifying chamber. After counter-staining with
DAPI, sections were immediately imaged using a confocal microscope
(excitation: 495 nm, emission: 529 nm). Fluorescence levels of DCF were
quantified using Image-Pro Premier 9.2 (Media Cybernetics, USA).

2.7. Behavioral tests in the offspring

The offspring (one male and one female/litter; n = 8/group/sex;
from Experiment 2) were tested for anxiety-like behavior at 9 weeks of
age using the light-dark box (Crawley, 1981), followed by the elevated
plus maze 4 days later. These tests have been used extensively in rodents
as assays of anxiety-like behavior (Lezak et al., 2017) and have been
validated with anxiolytic drugs (Pellow et al., 1985; Costall et al., 1989).
Importantly, we previously demonstrated an anxiety-like phenotype in
the male prenatally stressed offspring of mothers exposed to social stress
during pregnancy, using the elevated plus maze (Brunton and Russell,
2010). Both tests were perfomed in the same room under the same
lighting conditions (ambient light = 330 lux).

2.7.1. Light-dark box

The light-dark box consisted of a transparent box and lidded opaque
black box connected by an opening, as described previously (Grundwald
and Brunton, 2015). Rats were placed into the dark chamber and
allowed to explore freely for 5 min. The trials were recorded with an
infrared camera and the time spent in each compartment, the latency to
enter the light box and the distance travelled was scored using EthoVi-
sion XT software v12 (Noldus, Wagenigen, The Netherlands).

2.7.2. Elevated plus maze
The elevated plus maze consisted of 2 open arms (600 x 100 mm
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with 5 mm lip), located opposite each other and intersected at a central
point (100 x 100 mm) with 2 closed arms (600 x 100 mm with 350 mm
walls), elevated ca. 75 cm above the floor (Grundwald and Brunton,
2015). Rats were placed at the intersection, facing an open arm, and
were allowed to explore freely for 10 min. The number of open arm
entries and total arm entries was quantified using EthoVision XT soft-
ware v12. For both tasks, the mazes were thoroughly cleaned with 70%
ethanol and allowed to air-dry between each trial and males and females
were tested on separate days.

2.8. Immunohistochemistry on offspring brains

Brains (n = 6/treatment group from different litters generated in
Experiment 2) were processed for immunohistochemistry. Coronal
cryostat sections (12 pm) including the hippocampus (CA1, CA2, CA3)
and the basolateral amygdala were mounted as contiguous triplicates.
Sections were fixed in cold methanol (—20 °C), blocked with 5% goat
serum, 0.3% Triton X-100 in phosphate buffered saline (PBS) for 2h at
4 °C, followed by an overnight incubation at 4 °C in primary antibody
against either parvalbumin (1:500, ab11427; abcam), MAP2 (1:500,
ab32454; abcam), GABA Aal (1:500, ab33299; abcam), GABA Aa2
(1:500, ab193311; abcam) or GABA B1 (1:500, ab55051; abcam) in PBS
with 1% bovine serum albumin (BSA), 0.3% Triton X-100. Sections were
incubated with Alexa Fluor 555 anti-rabbit IgG, Alexa Fluor 488 anti-
mouse IgG or Alexa Fluor 568 anti-mouse IgG secondary antibodies
(Thermo Fisher Scientific) at 1:500 for 2h at 4 °C. Vectashield Mounting
Medium with DAPI (Vector Laboratories, USA) was used to mount
coverslips.

2.8.1. Analysis of immunohistochemistry on offspring brains

The intensity of the immunostaining was analysed as previously
described (Phillips et al., 2017). Briefly, 6 brains/group were immuno-
stained as previously described and imaged using a LASX (Leica)
widefield microscope or a SP5II (Leica) confocal microscope at 40x
magnification using oil. 9 sections per brain were imaged and 5 images
were taken per brain region in each hemisphere. Images were converted
to greyscale and the total pixel number was determined using a cor-
rected macro for ImageJ. Background staining was found using relative
isotype controls. The background was subsequently subtracted from the
total pixel number. Dendrite lengths were measured in sections stained
with MAP2 using ImageJ.

2.9. Preparation of placenta-conditioned media

Whole fresh rat placentae (isolated from GD20 rats in Experiment 1)
were incubated individually at 21% O3, 5% CO2 and 37 °C in neuronal
culture medium (Gibco Neurobasal medium with 1x Gibco B-27 sup-
plement, 2 mM L-glutamine and 250 pM penicillin-streptomycin; all
Thermo Fisher Scientific). After 24h, the media around the explants was
collected, syringe filtered (0.2 pm), frozen on dry ice and stored at
—80 °C until further use.

2.10. Cortical cultures

Cortical cultures were prepared from dissociated rat embryonic day
18 cortical tissue and grown on glass coverslips as described previously
(Curtis et al., 2014) in neuronal culture medium (see section 2.9).
Placental-conditioned medium or fetal plasma (n = 5/treatment group,
each originating from a different litter collected in Experiment 1) was
applied to the cortical cultures for 6 days starting from day 12 in vitro.
Exposures were performed in triplicate with 3 different sets of cortical
cultures.

2.11. Immunocytochemistry on cortical cultures

Cortical cultures were fixed in supercold methanol (—20 °C) and
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blocked with 5% BSA, 5% normal goat serum in PBS for 30 min. Cultures
were then incubated at 4 °C overnight with primary antibodies against
MAP2 or the GABA receptors (as before, see section 2.8). Sections were
probed with secondary antibodies, Alexa Fluor 488 anti-rabbit IgG or
Alexa Fluor 488 anti-mouse IgG (Thermo Fisher Scientific, diluted
1:500) for 2h at room temperature under minimal light conditions,
washed with PBS and mounted in DAPI mounting media. Five images/
coverslip were captured on a confocal microscope (SP2-AOBS, Leica).
Dendrite lengths were measured using ImageJ. For the analysis of re-
ceptors, fluorescent images were taken at 64x magnification (with oil)
using a Leica SP5II fluorescence microscope after excitation at 488 nm.
Using ImageJ, images were converted to RGB files and the mean grey
value (representing the relative intensity of the staining) of each image
was measured, as described previously (Phillips et al., 2017).

2.12. Analysis of microRNAs in placental-conditioned medium and fetal
plasma

The microRNA profile of the placental-conditioned medium and fetal
plasma (from Experiment 1) was analysed as described previously
(Phillips et al., 2017). Briefly, total RNA was extracted from 200 pl
placenta-conditioned medium or 100 pl fetal plasma using the miRNeasy
Mini Kit and the miRNeasy Serum/Plasma Kit (Qiagen, Germany).
microRNA expression levels were analysed using the nCounter Rat v1.5
miRNA Expression Assay (NanoString Technologies, USA), which de-
tects over 400 different species-specific microRNAs. Undiluted samples
(3 pl) were hybridised with barcoded probes and immobilised on an
nCounter Cartridge. Barcode signals were counted using the nCounter
Digital Analyser.

2.13. Bioinformatic analyses

NanoString nCounter data was analysed using a pipeline described
previously (Phillips et al., 2017). RUVSeq (Risso et al., 2014) was used to
adjust the counts to account for unwanted variation and then edgeR
(Robinson et al., 2010) to predict differentially abundant microRNAs
from the adjusted counts. miRNAs were classed as significant differen-
tially secreted miRNAs if p < 0.05. Predicted targets of differentially
abundant microRNAs were derived from TargetScanHuman v7.0
(Agarwal et al., 2015) (Total Context Score < —0.2) and subjected to
gene ontology analysis using DAVID 6.8 (Huang da et al., 2009a; b).
Enrichment analyses were performed in R/Bioconductor using the
Fisher’s exact test and investigating enrichment only. Venn diagrams
were produced using Venny 2.1 (http://bioinfogp.cnb.csic.es/too
Is/venny/index.html).

Gene set association analysis across neuropsychiatric traits was
performed with two polygenic approaches, partitioned LD score
regression (LDSC) method (Finucane et al., 2018) and MAGMA method
(de Leeuw et al., 2015). LDSC tests gene set enrichment in heritability
from genome wide association studies (GWAS) summary statistics.
MAGMA performs gene set enrichment analysis based on GWAS sum-
mary statistics while also accounting for LD structure between SNPs,
gene size, gene density and mean sample size. For each GWAS summary
statistics we excluded SNPs with MAF <1%, set a window of+25 kb
around each gene to compute gene-level association statistic by aver-
aging GWAS P-values of the identified SNPs, and used the European
reference panel from the phase 3 of the 1000 genomes project (Auton
et al., 2015) as the reference population. The multiple test correction
significance threshold was set to 0.05 divided by the number of tested
gene sets.

2.14. Data availability
Raw and processed data files generated from NanoString analysis

have been deposited in NCBI's Gene Expression Omnibus (Edgar et al.,
2002) and are accessible through GEO accession number GSE130573.
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2.15. Data and statistical analyses

In each case, analysis of behavior and microscopy images was per-
formed with the experimenter blind to treatment group. Data are pre-
sented as group means + s.e.m. Two-way ANOVAs were used to test for
main effects of prenatal status (maternal stress exposure or control
pregnancy) and drug treatment (vehicle or MitoQ-NP) and for prenatal
status x drug interaction effects and the results of these are presented in
Table 1. Where the ANOVA indicated a significant main effect, post-hoc
analysis using Tukey’s or Student-Newman-Keuls test for multiple
comparisons (see the figure legends for details) was used to identify
differences between groups. In each case, p < 0.05 was considered
statistically significant. Group differences are indicated by symbols on
the individual graphs (see figure legends for details). Statistical analyses
were performed in Prism 6.0 (GraphPad, USA) and SPSS 21.0 (IBM
Corp., USA).

3. Results

3.1. Maternal social stress increases circulating corticosterone in the
mother but not the fetuses

There was a significant main effect of stress exposure, but not drug
treatment on plasma corticosterone concentrations in the dams (Fig. 1a,
Table 1). Circulating corticosterone concentrations were significantly
greater in mothers exposed to repeated social stress during pregnancy,
compared with non-stressed mothers, irrespective of drug treatment
(Fig. 1a, Table 1). In contrast, neither maternal stress nor drug treatment
had any significant effect on plasma corticosterone concentrations in the
male (Fig. 1b, Table 1) or female fetuses (Fig. 1c, Table 1).

3.2. Maternal social stress increases oxidative stress in the placenta but
not the fetal brain

Next, we examined whether exposure to psychosocial stress in
pregnancy induces oxidative stress. Following maternal social stress,
ROS levels were significantly greater in the junctional and labyrinth
zones of the placenta (Fig. 2a and b, Table 1), maternal liver and cere-
bral cortex (Fig. 2c and d, Table 1), and fetal liver (Fig. 2e, Table 1). In
contrast, ROS levels in the fetal cerebral cortex were not significantly
altered by maternal social stress (Fig. 2f, Table 1).

Maternal antioxidant treatment (MitoQ-NP) prevented the increase
in ROS in the placenta (Fig. 2a and b, Table 1), maternal liver (Fig. 2c,
Table 1), maternal cerebral cortex (Fig. 2d, Table 1) and fetal liver
(Fig. 2e, Table 1), but had no effect on ROS levels in the fetal cerebral
cortex (Fig. 2f, Table 1).

3.3. Maternal antioxidant prevents anxiety-like behavior in male
prenatally stressed offspring

We next hypothesized that by preventing the maternal psychosocial
stress-induced increase in ROS in the placenta using an antioxidant, we
could prevent the development of the anxious phenotype we previously
reported in the male offspring (Brunton and Russell, 2010). There was a
significant main effect of prenatal stress on behavior in the light-dark
box (Table 1) and on the elevated plus maze (Table 1) in the male
rats. Male prenatally stressed offspring displayed increased anxiety-like
behavior compared with control males, reflected by spending signifi-
cantly less time in the light compartment of the light-dark box (Fig. 3a, e;
Suppl. Fig. S1; Table 1) and making fewer open arm entries on the
elevated plus maze (Fig. 3b, f; Suppl. Fig. S1; Table 1). This was not a
result of altered locomotion in the prenatally stressed males (Suppl.
Fig. S1). In contrast, maternal social stress had no significant effect on
anxiety-like behavior in either test in the female offspring (Fig. 3c and d;
Table 1), consistent with our previous findings (Brunton and Russell,
2010).
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Table 1

Results of two-way ANOVA analyses for data presented in Figs. 1-6. Main effects
of prenatal stress exposure, MitoQ-NP and interactions between the two factors
were tested and the F and p values are presented. Where significant main effects
were detected, post-hoc multiple comparison tests were performed and any
significant differences between treatment groups are indicated by symbols in the
relevant figures.

Table 1 (continued)
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Prenatal stress effect MitoQ-NP effect Interaction
Figure F value p value F value p value F value p value
la F(1,24) <0.001 F(1,24) 0.29 F(1,24) 0.83
=25.2 =1.16 = 0.05
1b F(1,23) 0.31 F(1,23) 0.84 F(1,23) 0.65
=0.91 =0.04 =0.29
lc F(1,24) 0.14 F(1,24) 0.86 F(1,24) 0.097
=2.34 =0.03 =2.98
2a F(1,8) =  0.001 F(1,8) =  0.051 F(1,8) =  0.0019
30.64 5.27 12.97
2b F(1,8) =  0.005 F(1,8) =  0.004 F(1,8) =  0.0010
15.10 15.33 16.07
2c F(1,8) = 0.005 F(1,8) = 0.028 F(1,8) = 0.0048
14.57 7.16 9.74
2d F(1,8)=  0.025 F(1,8) = 0.175 F(1,8) =  0.0024
7.52 2.22 5.56
2e F(1,8) = <0.0001 F(1,8) = 0.569 F(1,8) = <0.0001
77.72 0.35 31.69
2f F(1,8) =  0.605 F(1,8) = 0.533 F(1,8) =  0.8676
0.29 0.42 0.24
3a F(1,27) 0.043 F(1,27) 0.23 F(1,27) 0.107
=4.50 =1.52 =278
3b F(1,26) 0.011 F(1,26) 0.37 F(1,26) 0.078
=7.57 =0.83 =3.36
3c F(1,27) 0.86 F(1,27) 0.42 F(1,27) 0.63
=0.03 = 0.66 =0.24
3d F(1,28) 0.86 F(1,28) 0.52 F(1,28) 0.61
=0.03 =0.43 =0.27
4a - F(1,20) 0.230 F(1,20) 0.273 F(1,20) 0.86
CAl =6.06 =2.52 =0.03
4a - F(1,20) 0.299 F(1,20) 0.11 F(1,20) 0.653
CA2 =1.14 =281 =0.21
4a - F(1,20) 0.013 F(1,20) 0.42 F(1,20) 0.0002
CA3 =7.38 =0.68 =213
4a - F(1,20) <0.0001  F(1,20) 0.94 F(1,20) 0.101
BLA =38.0 = 0.004 =0.75
4b - F(1,20) 0.012 F(1,20) 0.061 F(1,20) 0.0015
CAl =7.59 =3.94 =7.48
4b - F(1,20) 0.0002 F(1,20) 0.0001 F(1,20) <0.0001
CA2 =215 =232 =15.2
4b - F(1,20) 0.0975 F(1,20) <0.0001  F(1,20) <0.0001
CA3 =3.02 =41.01 =18.39
4b - F(1,20) <0.0001 F(1,20) 0.01 F(1,20) <0.0001
BLA = 45.39 =8.10 =19.50
4c - F(1,20) 0.351 F(1,20) 0.282 F(1,20) 0.431
CAl =0.91 =1.22 =0.65
4c - F(1,20) 0.788 F(1,20) 0.491 F(1,20) 0.875
CA2 =0.07 =0.49 =0.03
4c - F(1,20) 0.427 F(1,20) 0.371 F(1,20) 0.488
CA3 = 0.66 =0.84 =0.50
4c - F(1,20) 0.019 F(1,20) 0.109 F(1,20) 0.062
BLA = 22.07 =2.82 =391
4d - F(1,20) 0.0002 F(1,20) 0.320 F(1,20) 0.0005
CAl = 21.58 =1.04 =9.12
4d - F(1,20) <0.0001  F(1,20) 0.112 F(1,20) <0.0001
CA2 =28.95 =277 =13.61
4d - F(1,20) <0.0001 F(1,20) 0.804 F(1,20) 0.0002
CA3 = 28.55 =0.06 =10.79
4d - F(1,20) 0.003 F(1,20) 0.0134 F(1,20) 0.0023
BLA =11.37 =7.35 =6.90
5a - F(1,20) <0.0001  F(1,20) 0.941 F(1,20) 0.0022
CAl = 64.45 = 0.006 =12.55
5a - F(1,20) <0.0001  F(1,20) 0.855 F(1,20) 0.0002
CA2 =153.3 =0.034 = 25.76
5a - F(1,20) 0.0146 F(1,20) 0.544 F(1,20) 0.349
CA3 =7.14 =0.38 =1.27
5a- F(1,20) <0.0001 F(1,20) 0.295 F(1,20) 0.0002
BLA =158.2 =1.16 = 26.86
<0.0001 0.0019 <0.0001

Prenatal stress effect MitoQ-NP effect Interaction
Figure Fvalue p value F yalue p value F value p value
5b - F(1,20) F(1,20) F(1,20)
CAl =27.22 =12.79 =18.35
5b - F(1,20) <0.0001  F(1,20) 0.620 F(1,20) <0.0001
CA2 =172.9 =0.25 =57.73
5b - F(1,20) 0.297 F(1,20) 0.046 F(1,20) 0.153
CA3 =1.15 =4.53 =1.96
5b - F(1,20) <0.0001  F(1,20) 0.0005 F(1,20) <0.0001
BLA = 27.04 =17.26 = 23.85
5c¢ - F(1,20) <0.0001  F(1,20) 0.0010 F(1,20) <0.0001
CAl =32.41 = 14.67 =16.13
5c - F(1,20) <0.0001 F(1,20) 0.723 F(1,20) <0.0001
CA2 =37.28 =0.13 =12.51
5c¢ - F(1,20) 0.0031 F(1,20) 0.0068 F(1,20) 0.0024
CA3 =11.34 =9.10 =6.82
5c - F(1,20) <0.0001 F(1,20) <0.0001 F(1,20) 0.0006
BLA = 66.44 = 44.77 =16.82
5d - F(1,20) <0.0001  F(1,20) <0.0001  F(1,20) 0.0005
CAl = 60.64 =52.70 =19.60
5d - F(1,20) 0.0112 F(1,20) 0.1288 F(1,20) 0.1247
CA2 =7.80 =2.51 =2.60
5d - F(1,20) 0.0236 F(1,20) 0.5093 F(1,20) 0.0099
CA3 =6.01 =0.45 =7.62
5d - F(1,20) 0.5006 F(1,20) 0.0756 F(1,20) 0.5761
BLA =0.47 =3.51 =0.70
Se - F(1,20) <0.0001 F(1,20) <0.0001 F(1,20) <0.0001
CAl =67.38 =69.18 =45.93
Se - F(1,20) 0.0134 F(1,20) 0.0459 F(1,20) 0.0155
CA2 =7.36 =4.53 =441
Se - F(1,20) 0.0120 F(1,20) 0.1914 F(1,20) <0.0001
CA3 =7.64 =1.83 =15.21
Se - F(1,20) 0.6259 F(1,20) 0.0185 F(1,20) 0.0971
BLA =0.25 =6.58 =241
5f - F(1,20) <0.0001  F(1,20) <0.0001  F(1,20) <0.0001
CAl =72.85 = 62.04 = 45.81
5f - F(1,20) 0.0092 F(1,20) 0.0632 F(1,20) 0.0030
CA2 =8.30 =3.87 =6.48
5f - F(1,20) 0.0277 F(1,20) 0.0073 F(1,20) 0.0030
CA3 = 5.64 =8.93 =6.52
5f - F(1,20) <0.0001  F(1,20) 0.0451 F(1,20) 0.0003
BLA = 23.57 =4.57 =10.36
6a - F(1,16) 0.0009 F(1,16) 0.0003 F(1,16) 0.0003
CM =16.34 = 20.75 =20.75
6a-FP  F(1,16) 0.0032 F(1,16) 0.0297 F(1,16) 0.0089
=11.97 =5.70 =8.87
6b - F(1,16) 0.0048 F(1,16) 0.0050 F(1,16) 0.0050
CM =10.70 =10.59 =10.59
6b-FP  F(1,16) 0.0133 F(1,16) 0.4872 F(1,16) 0.1446
=7.75 =0.51 =235
6¢ - F(1,16) 0.0001 F(1,16) <0.0001  F(1,16) 0.0001
CM =24.38 = 35.45 = 25.70
6c - FP F(1,16) 0.0330 F(1,16) <0.0001 F(1,16) <0.0001
=5.45 = 28.49 = 36.52
6d - F(1,16) <0.0001  F(1,16) 0.9190 F(1,16) 0.0177
CM =156.1 =0.01 =6.99
6d - FP F(1,16) <0.0001 F(1,16) 0.9141 F(1,16) 0.3153
=74.61 =0.01 =1.08

Maternal administration of MitoQ-NP prior to social stress exposure
prevented the development of anxiety-like behavior in the male prena-
tally stressed offspring (Fig. 3a, b, e, f) and had no effect in the female
offspring (Fig. 3c and d).

3.4. Maternal antioxidant treatment prevents sex-specific neurobiological
changes in male prenatally stressed offspring

Given dendrite pathology is reported in psychiatric disorders (Mar-
tinez-Tellez et al., 2009; Mychasiuk et al., 2012; Glausier and Lewis,
2013; Curran et al., 2017) and disrupted inhibitory signalling in limbic
brain structures is associated with anxiety behavior (Laloux et al., 2012;
Liang et al., 2016; Zou et al., 2016), we investigated the impact of
maternal stress on dendrite length and the number of
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Fig. 2. Oxidative stress levels in the mother and fetuses following maternal social stress with and without maternal antioxidant treatment. Mean fluo-
rescence intensity (MFI) of dihydrodichlorofluorescein (DCF), a measure of reactive oxygen species (ROS) levels and a marker of oxidative stress, were quantified in
the junctional (a) and labyrinth (b) zones of the placenta, maternal liver (c) and cerebral cortex (d), as well as in the fetal liver (e) and cerebral cortex (f). Tissues were
collected on gestational day (GD) 20 from unstressed dams (Con) or from dams exposed to 10 min of social stress for 5 consecutive days during the last week of
pregnancy (PNS). Pregnant rats received an intravenous injection of either vehicle (veh) or MitoQ-NP (MQ-NP) prior to the exposure. MFI, mean fluorescence in-
tensity. *p < 0.05, **p < 0.01, ***p < 0.001 between groups indicated (two-way ANOVA followed by Tukey’s post-hoc test). n = 3/group for maternal, fetal and

placental samples.

parvalbumin-positive (PV+) neurons in the basolateral amygdala and
hippocampus of the offspring.

A significant reduction in dendrite length in the CA3 region of the
hippocampus and in the basolateral amygdala was observed in male
offspring born to mothers exposed to social stress (Fig. 4a and e;
Table 1). Moreover, there was a significant loss of immunoreactive PV+
neurons across all the hippocampal subfields and in the basolateral
amygdala of male prenatally stressed offspring, compared with controls
(Fig. 4b and f; Table 1).

In contrast, prenatal stress did not affect dendrite length in any of the
examined brain regions (Fig. 4c; Table 1) in the female offspring. A
significant reduction in the density of PV+ neurons, compared to female
controls, was observed only in the hippocampal CA1 region (Fig. 4d;
Table 1).

Maternal administration of MitoQ-NP significantly prevented the
prenatal stress-induced reduction in dendritic length in the hippocampal
CA3 region (Fig. 4a; Table 1), and the loss of PV+ neurons in the hip-
pocampus and basolateral amygdala (Fig. 4b; Table 1) of the male
offspring. The same treatment had no effect on dendrite length or on the
number of PV+ neurons in female offspring (Fig. 4c and d; Table 1).
Neither prenatal stress nor MitoQ-NP treatment altered the overall
density of neurons in male or female offspring in any of the regions
examined (Suppl. Fig. S2).

Immunoreactivity for the GABA receptor subunits Aal, A2 and Bl
was significantly lower in the CA1 and CA2 hippocampal subfields and
in the basolateral amygdala of prenatally stressed male offspring,
compared to control males (Fig. 5a—c, g-i; Table 1). In female prenatally
stressed offspring, GABA Aal and Aa2 levels were reduced in the CA1l
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Fig. 3. Effects of prenatal stress and maternal antioxidant treatment on
anxiety-like behavior in the offspring. The male and female offspring of
stressed and non-stressed dams, treated with vehicle or MitoQ-NP, were tested
for anxiety-like behavior using the light-dark box (LDB) and the elevated plus
maze (EPM). Time spent in the light compartment of the LDB (a, c) and the
percentage of open arm entries on the EPM (b, d) was recorded. *p < 0.05, **p
< 0.01 between groups indicated (two-way ANOVA followed by Student-
Newman Keuls post-hoc test). n = 8/group. Heat maps illustrating movement
of male rats in the LDB (e) and the EPM (f). Red boxes represent the light
compartment and open arms of the LDB and EPM, respectively. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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region (Fig. 5d and e; Table 1); while GABA Bl immunoreactivity was
significantly lower in the CA1 and CA2 hippocampal subfields and in the
basolateral amygdala (Fig. 5f; Table 1).

Maternal administration of MitoQ-NP prevented the prenatal stress-
induced reduction in GABA Aa2 and B1 in both the CA1 and basolateral
amygdala in the male offspring (Fig. 5b and c; Table 1) and the reduction
of GABA Aol and Ao2 in the CA1 region of the female offspring (Fig. 5d
and e; Table 1).

3.5. Exposing neuronal cultures to fetal plasma or placenta-conditioned
medium from stressed pregnancies mimics the neurobiological effects of
prenatal stress

We next tested whether the placenta secretes ‘factors’ into the fetal
circulation that alter fetal brain development. Application of placenta-
conditioned medium or fetal plasma from prenatally stressed rats to
neuronal cultures resulted in a significant reduction in dendritic length
(Fig. 6a; Table 1). Maternal MitoQ-NP treatment prevented these stress-
induced effects on dendrite length (Fig. 6a; Table 1). The total density of
neurons was not affected by any of the treatments (Suppl. Fig. S3). The
paucity of PV+ cells in cortical cultures meant no meaningful counts
could be made.

Immunoreactivity for GABA receptor subunits Aal, Aa2 and B1 was
significantly lower in neuronal cultures exposed to either placental-
conditioned medium or fetal plasma from stressed rats (Fig. 6b-d;
Table 1). Maternal MitoQ-NP treatment was successful in preventing the
reduced levels of GABA Aal and Aa2 in neuronal cultures exposed to
conditioned medium (Fig. 6b and c; Table 1) and levels of Aa2 in cul-
tures exposed to fetal plasma (Fig. 6¢; Table 1).

3.6. microRNAs are differentially secreted from the placenta in response
to maternal social stress

Finally, we sought potential factors released by the placenta that may
mediate the effects of maternal social stress on the fetal brain. micro-
RNAs are small post-transcriptional regulators that play a role in neu-
rodevelopment and in mood disorders, including anxiety (O’Connor
et al.,, 2012; Sun and Shi, 2015). We detected differentially abundant
microRNAs in placenta-conditioned medium and in fetal plasma,
collected from stressed pregnancies compared to unstressed pregnancies
(Fig. 7a; Suppl. Dataset 1); with 10 microRNAs showing significant
differential abundance in both fetal plasma and placenta-conditioned
medium from stressed rats (Fig. 7a). Maternal MitoQ-NP administra-
tion prevented stress-induced changes in 12/68 microRNAs in condi-
tioned medium and in 4/30 microRNAs in fetal plasma (Table 2; Suppl.
Dataset 1).

microRNAs significantly altered by prenatal stress included a higher
proportion of hypoxamiRs, hypoxia-regulated microRNAs, and this
enrichment was significant for microRNAs in conditioned medium
(Fig. 7b). Gene ontology analysis revealed that the predicted targets of
the microRNAs significantly altered by maternal stress were enriched for
processes relating to nervous system development and signalling path-
ways, both for conditioned medium and fetal plasma (Fig. 7c).
Furthermore, risk genes for several psychiatric disorders, including
anxiety, depression, bipolar disorder and schizophrenia were enriched
among these predicted microRNA targets (Fig. 7d).

4. Discussion

Here we investigated a role for oxidative stress in mediating the
adverse impact of maternal social stress on the offspring’s brain and
behavior. We demonstrate for the first time that maternal social stress
during pregnancy induces oxidative stress in the placenta. Moreover,
prenatal stress-induced anxiety-like behavior in the male, but not female
offspring, and this was associated with a sex-specific reduction in
dendrite length and markers of GABAergic signalling in limbic brain
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Fig. 4. Neuroanatomical effects of maternal social stress and antioxidant treatment in the offspring. Brain tissue from rats (n = 6/group), born to stressed or
non-stressed mothers administered either vehicle or MitoQ-NP during pregnancy, were processed using immunohistochemistry. Dendrite lengths (a, ¢) and
parvalbumin-positive (PV+) cell numbers (b, d) were quantified in the CA1, CA2, CA3 hippocampal subfields and in the basolateral amygdala (BLA) of male (a, b)

and female (c, d) offspring. *p < 0.05, **p < 0.01,

‘p < 0.001 (two-way ANOVA followed by Tukey’s post-hoc test). Representative images of MAP2 immuno-

staining in the CA3 hippocampal subfield of male rats (e; scale bar = 200 pm). Representative images of parvalbumin immunostaining in the BLA of male rats (f; scale

bar = 100 pm).

regions. Critically these behavioral and neurobiological phenotypes
were prevented by maternal administration of an antioxidant, prior to
stress exposure. Furthermore, many of the neural effects were mimicked
in neuronal cultures by application of placenta-conditioned medium or
fetal plasma from stressed pregnancies, but not if the dams were treated
with the antioxidant. Finally, we demonstrated that the pattern of
microRNAs secreted by the placenta is altered following maternal social
stress, highlighting a potential role for microRNAs in mediating the ef-
fects of maternal social stress on the fetal brain.

Stress-induced increases in maternal glucocorticoids have been
proposed to mediate the programming effects of prenatal stress on the
fetal brain; however, limited evidence supports this assertion (Barba-
zanges et al., 1996; Rakers et al., 2017). Here, pregnant rats exposed to

@

social stress during late pregnancy showed a marked increase in corti-
costerone secretion; however corticosterone concentrations in the fetal
circulation were unaffected, indicating that maternal corticosterone is
unlikely to directly program the fetal brain. Rather our data suggest that
oxidative stress may play a role. Whether maternal glucocorticoids
contribute to fetal programming indirectly by initiating a cascade of
downstream events, for example via inducing oxidative stress in the
placenta, remains to be elucidated.

Previous research indicates the placenta plays a key role in fetal
programming of psychiatric disorders that result from adverse events
during pregnancy (O’Donnell et al., 2009; Brunton and Russell, 2011;
Bronson and Bale, 2016). In accordance, we demonstrate that maternal
social stress induces oxidative stress in the placenta, highlighting the
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potential significance of the placenta in mediating the effects of stress on
the offspring. Maternal administration of a nanoparticle-bound antiox-
idant MitoQ-NP [that enters the placenta but does not cross it (Phillips
et al.,, 2017)] reduced placental and maternal oxidative stress and

Neurobiology of Stress 13 (2020) 100281

Fig. 5. Effects of maternal social stress and
antioxidant treatment on GABA receptor
subunit expression in the offspring hippo-
campus and amygdala. Immunoreactivity for
GABA receptor subunits was assessed in the
brains of offspring (n 6/group) born to
mothers exposed to social stress or undisturbed
during pregnancy, and pre-treated with either
vehicle or MitoQ-NP. GABA Aal (a, d), GABA
Aa2 (b, e) and GABA B1 (c, ) subunit expression
was quantified in the CA1l, CA2, CA3 hippo-
campal subfields and in the basolateral amygdala
(BLA) of both male and female offspring. *p <
0.05, **p < 0.01, ***p < 0.001 (two-way ANOVA
followed by Tukey’s post-hoc test). Representa-
tive images of immunostaining for GABA Aal
(g), GABA Aq2 (h) and GABA B1 (i) in the BLA of
a control/veh male rat. Scale bars = 100 pm in
each case.

critically prevented sex-specific behavioral and neurobiological changes
in the offspring of mothers exposed to social stress. Specifically, male,
but not female rats, showed increased anxiety-like behavior following
exposure to prenatal stress, while dendrite lengths and the number of
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Fig. 6. Effects of treating cortical cultures with fetal plasma or placental-conditioned medium from stressed and non-stressed pregnancies. Fetal plasma
(FP) and culture medium conditioned by placentae (CM) collected on gestational day 20 from stressed or non-stressed mothers administered either vehicle or MitoQ-
NP during pregnancy were applied to cortical cultures. Dendrite lengths (a) and expression of GABA Aal (b), GABA Aa2 (c) and GABA B1 (d) subunits were

quantified. *p < 0.05, **p < 0.01, ***p < 0.001 (two-way ANOVA followed by Tukey’s post-hoc test). Group numbers: n = 5/group.

PV+ neurons were reduced, almost selectively, in the hippocampus and
basolateral amygdala of the male offspring. The hippocampus and
amygdala are well established to be involved in regulating anxiety
behavior and stress responses (VMcEwen, 2016; Sharp, 2017; Zhang et al.,
2018) and structural and neurochemical changes within these structures
have been reported following prenatal stress (Hayashi et al., 1998;
Kraszpulski et al., 2006; Laloux et al., 2012; Mychasiuk et al., 2012;
Bock et al., 2014; Soares-Cunha et al., 2018).

Furthermore, male prenatally stressed rats showed reductions in
GABA receptors in the CA1 and CA2 hippocampal subfields, and in the
BLA, while changes in female offspring were less pronounced or
completely absent. These results support a role for a dysfunction in the
GABAergic system in the offspring as a result of maternal social stress,
which is noteworthy as impaired GABAergic signalling is implicated in
the pathophysiology of psychiatric disorders, including anxiety (Niko-
laus et al., 2010; Fine et al., 2014; Tovote et al., 2015; Selten et al.,
2018).

The sex-specific changes in the offspring hippocampus and baso-
lateral amygdala in response to maternal social stress may underlie the
sex-dependent behavioral phenotypes in the offspring. Why these brain
regions are particularly susceptible to stress-induced changes in male,
but not female rats is unclear. Differences in sex steroids may render
certain brain regions more vulnerable to prenatal stress in males versus
females (Sze and Brunton, 2019), however, differences in gene expres-
sion or epigenetic profiles are also likely to play a role (McCarthy et al.,
2009; Brunton et al., 2011; Ratnu et al., 2017). Exposure to repeated
restraint stress during the last week of gestation blocks the prenatal
testosterone surge in male fetuses, and is associated with abnormal
sexual behaviour in adulthood (Ward and Weisz, 1980, 1984); hence,
maternal social stress could potentially disrupt the organisational effects
of steroids on the brain during prenatal development, leading to altered
activational effects of steroids and behavior in later life. Furthermore,
sex-specific differences in the placenta, particularly differences in gene
expression (Mueller and Bale, 2008; Osei-Kumah et al., 2011; Gabory
et al., 2013; Howerton et al., 2013; Howerton and Bale, 2014), epige-
netic profiles (Hamdan et al., 2009; Nugent et al., 2018), and meta-
bolism (O’Connell et al., 2013), could render male and female placentae
differentially responsive to maternal insults (Clifton, 2010; Hsiao and
Patterson, 2012). Based on our neurological and behavioral findings, it
could be predicted that sex differences exist in the levels of placental
oxidative stress induced by maternal social stress, with male fetuses
being more vulnerable than females; however this may not be the case.
Indeed, we have recently shown that the ROS, superoxide, is increased
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to a similar extent in the placenta of male and female foetuses whose
mothers were exposed to hypoxia in late pregnancy, despite the male
fetuses seemingly being more susceptible to the adverse effects of
maternal hypoxia (Ganguly et al., 2019). Moreover, we did not detect
any change in ROS in the fetal brain in response to maternal social stress.
Together these data suggest that oxidative stress does not act directly on
the offspring’s brain to induce the changes observed, but instead it may
act as a mediator that triggers sex-dependent downstream effects.

Remarkably, MitoQ-NP treatment also prevented prenatal stress-
induced reductions in dendrite lengths, the number of PV+ neurons
and GABA receptor subunit expression in most of the hippocampal
subfields and in the basolateral amygdala of male rats. These findings
are consistent with our previous studies where antioxidant treatment
prevented a reduction in dendrite lengths induced by gestational hyp-
oxia or preeclampsia (Phillips et al., 2017; Scott et al., 2018). The pre-
sent data support a role for oxidative stress in mediating the effects of
maternal psychosocial stress on the offspring’s brain and raise the pos-
sibility of treating placental oxidative stress (without affecting the fetus
directly) to prevent neurodevelopmental programming by maternal
psychological stress. Nevertheless, any preventative treatment needs to
be cognisant of the sex differences in prenatal stress effects.

Application of fetal plasma or placenta-conditioned culture medium
from stressed pregnancies to cultured neurons mimicked many of the
neurobiological effects observed in the prenatally stressed offspring in
vivo. Due to the low volume of fetal plasma collected, samples were
pooled across litters, meaning comparisons could not be made between
sexes. Despite this limitation, the data suggest that molecules secreted
from the placenta into the fetal circulation can affect fetal neurons and is
consistent with our hypothesis that factors released from the placenta
may mediate the effects of maternal insults during pregnancy on the
developing fetal brain (Bhabra et al., 2009; Sood et al., 2011; Curtis
et al., 2014; Phillips et al., 2017; Hawkins et al., 2018; Scott et al., 2018).
Given the effects observed in the neuronal cultures largely mirrored the
neurobiological effects observed in the male offspring, it may be the case
that there is a dominance of factors released by male placentae into the
male fetal blood. Alternatively, there may be a sex difference in the way
in which these placental factors impact the developing brain, with males
potentially being more vulnerable. These issues and the identity of the
placental factors requires further study, however it may involve differ-
ential release of microRNAs from the placenta.

We identified several microRNAs secreted by the placenta in
response to maternal stress. Predicted targets of the differentially
abundant microRNAs were enriched for genes involved in
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Fig. 7. Circulating microRNAs in fetal plasma and placenta-conditioned medium following maternal social stress. Pooled fetal plasma (blue) and placenta-
conditioned culture medium (yellow), collected from pregnant rats exposed to social stress and treated with vehicle, was assessed for levels of microRNAs. (a)
Differentially abundant microRNAs following prenatal stress were compared between fetal plasma and placental conditioned medium. Ten microRNAs showed
significant differential abundance both in fetal plasma and placenta-conditioned medium from stressed rats; two of these microRNAs were significantly upregulated
and four significantly downregulated in both plasma and conditioned medium. The six microRNAs that were similarly up-or down-regulated in both fetal plasma and
conditioned medium are listed with their known functions. (b) Significant differentially abundant microRNAs were enriched for hypoxamiRs, both in fetal plasma
(top) and placenta conditioned medium (bottom). (c) Gene ontology analysis was performed on the predicted targets of differentially abundant microRNAs. The top 6
significant gene ontology terms are listed, along with fold enrichment of the term among the predicted targets. (d) Gene set association analysis across neuropsy-
chiatric traits. Two classical approaches, MAGMA and LDSC, have been used to test enrichment in GWAS signals of the predicted targets of the differentially abundant
microRNAs in fetal plasma or placenta-conditioned medium following prenatal stress. The heatmap colours indicate if a significant association is obtained by one or
both methods at multiple test correction significance threshold (**) or nominally significant threshold (p < 0.05) (*). Of particular interest are those associations that
were significant following correction for multiple comparisons using either method (orange, blue and yellow) or both methods (purple). Group numbers: n = 3/group
for plasma and conditioned medium (each from a different litter). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

neurodevelopment. Genome-wide association studies of psychiatric Extracellular microRNAs can act as long-distance messengers. They
disorders have identified genes that are associated with increased risk can be taken up by cells, including neurons, where they fulfil their
and therefore likely to contribute to disease aetiology. Predicted targets regulatory function (Scott, 2017). Furthermore, microRNAs have the
of the microRNAs identified in this study were enriched for risk genes for potential to cross the blood-brain barrier and enter the brain, when
several psychiatric disorders, including anxiety and depression. These encapsulated within extracellular vesicles (Alvarez-Erviti et al., 2011).
analyses suggest that the microRNAs that are differentially released While the potential of microRNAs as mediators of maternal stress effects
from the placenta following maternal stress could target genes impor- on the fetal brain needs further investigation; we hypothesize that
tant for neurodevelopment and psychiatric disease. following chronic maternal social stress, extracellular microRNAs
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Table 2

miRNAs that were both significantly upregulated by prenatal stress exposure
and significantly downregulated by maternal MitoQ-NP treatment, or vice versa,
in fetal plasma (FP) or placenta-conditioned medium (CM). To assess the effect
of prenatal stress on miRNA abundance, log2-fold change (log2FC) and p values
are presented for samples collected from vehicle-treated rats exposed to prenatal
stress, relative to vehicle-treated controls. To quantify the effect of MitoQ-NP
treatment, log2FC and p values were calculated for samples collected from
MitoQ-NP-treated prenatally stressed rats, compared to vehicle-treated rats
exposed to prenatal stress.

Effect of prenatal stress Effect of MitoQ-NP

Sample miRNA log2FC p value log2FC p value

FP miR-376a 1.09 0.031 -0.43 0.038
miR-455 0.50 0.048 -0.43 0.018
miR-144 0.45 0.031 -1.11 <0.001
miR-206 -1.06 0.007 0.63 0.001

CM miR-196b 1.08 <0.001 —0.52 0.002
let-7¢ 0.76 <0.001 —0.50 0.011
miR-101a 0.67 0.009 —0.64 0.003
miR-29b 0.65 <0.001 —-0.61 <0.001
miR-33 0.58 0.008 —0.40 0.046
let-7f 0.57 <0.001 —0.52 0.005
miR-338 0.55 0.024 —-0.80 <0.001
let-7e 0.54 <0.001 —-0.33 0.034
let-7a 0.48 <0.001 —0.44 0.010
miR-466¢ 0.42 0.001 -0.39 0.023
miR-434 -0.29 0.013 0.37 0.030
miR-423 -0.32 0.017 0.60 <0.001

released into the fetal circulation from the oxidatively stressed placenta
may cross the fetal blood-brain barrier, where they can be taken up by
neurons and transiently affect the expression of key developmental
genes. Given the distinct sex differences in the neurobiological and
behavioral outcomes observed in the offspring following maternal
stress, we further predict that sex differences likely exist in the abun-
dance and/or impact of these extracellular microRNAs on the devel-
oping brain.

The prenatal period is critical for healthy development; however,
very little in the way of preventative treatment exists for cases when the
prenatal environment is suboptimal, e.g. during periods of chronic
maternal stress. The present study highlights for the first time the
importance of oxidative stress in the placenta — and factors released from
the placenta into the fetal circulation — in mediating the sex-specific
behavioral and neurobiological changes in the offspring following
maternal social stress during pregnancy. While further assessment of
maternal antioxidant treatment in pregnancy will be required, especially
in light of the observed offspring sex differences, the present study
highlights the potential for drugs such as MitoQ-NP to be used as pre-
ventative treatment with long-term implications for offspring mental
health.

CRediT authorship contribution statement

H. Scott: Validation, Formal analysis, Investigation, Writing - orig-
inal draft, Writing - review & editing, Visualization. T.J. Phillips:
Validation, Formal analysis, Investigation, Writing - original draft,
Visualization. Y. Sze: Validation, Formal analysis, Investigation, Writing
- original draft, Visualization. A. Alfieri: Investigation. M.F. Rogers:
Formal analysis. V. Volpato: Formal analysis, Visualization. C.P. Case:
Conceptualization, Methodology, Supervision, Funding acquisition. P.J.
Brunton: Conceptualization, Methodology, Investigation, Writing -
original draft, Writing - review & editing, Supervision, Funding
acquisition.

Declaration of competing interest

HS and TJP have previously consulted for Placentum Ltd. The Uni-
versity of Bristol has filed a patent application for the nanoparticle

12

Neurobiology of Stress 13 (2020) 100281

formulation used in this study and its application to pregnancy-related
diseases. The other authors report no conflicts of interest.

Acknowledgements

This work was supported by the Biotechnology and Biological Sci-
ences Research Council (BBSRC) [grant number BB/J004332/1], The
Perivoli Trust, The Waterloo Foundation [grant number 1068-2946] and
by the British Society for Neuroendocrinology. Computing equipment
was supported by the Engineering and Physical Sciences Research
Council (EPSRC) [grant number EP/K008250/1]. The authors thank
Prof Mike Murphy (MRC Mitochondrial Biology Unit, Cambridge, UK)
and Prof Mitsuru Akashi (Osaka University, Japan) for kindly providing
the antioxidant MitoQ and y-PGA-Phe nanoparticles, respectively. The
authors also thank Prof Tudor Fulga (University of Oxford, UK) for ac-
cess to his NanoString nCounter system and Dr Bruno Steinkraus for
technical help with the NanoString experiments.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.ynstr.2020.100281.

References

Acosta, H., Tuulari, J.J., Scheinin, N.M., Hashempour, N., Rajasilta, O., Lavonius, T.I.,
Pelto, J., Saunavaara, V., Parkkola, R., Lahdesmaki, T., Karlsson, L., Karlsson, H.,
2019. Maternal pregnancy-related anxiety is associated with sexually dimorphic
alterations in amygdala volume in 4-year-old children. Front. Behav. Neurosci. 13,
175. https://doi.org/10.3389/fnbeh.2019.00175.

Agarwal, V., Bell, G.W., Nam, J.W., Bartel, D.P., 2015. Predicting effective microRNA
target sites in mammalian mRNAs. eLife 4. https://doi.org/10.7554/eLife.05005.

Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S., Wood, M.J., 2011. Delivery of
siRNA to the mouse brain by systemic injection of targeted exosomes. Nat.
Biotechnol. 29, 341-345. https://doi.org/10.1038/nbt.1807.

Auton, A., Brooks, L.D., Durbin, R.M., Garrison, E.P., Kang, H.M., Korbel, J.O.,
Marchini, J.L., McCarthy, S., McVean, G.A., Abecasis, G.R., 2015. A global reference
for human genetic variation. Nature 526, 68-74. https://doi.org/10.1038/
naturel5393.

Barbazanges, A., Piazza, P.V., Le Moal, M., Maccari, S., 1996. Maternal glucocorticoid
secretion mediates long-term effects of prenatal stress. J. Neurosci. 16, 3943-3949.

Bhabra, G., Sood, A., Fisher, B., Cartwright, L., Saunders, M., Evans, W.H.,

Surprenant, A., Lopez-Castejon, G., Mann, S., Davis, S.A., Hails, L.A., Ingham, E.,
Verkade, P., Lane, J., Heesom, K., Newson, R., Case, C.P., 2009. Nanoparticles can
cause DNA damage across a cellular barrier. Nat. Nanotechnol. 4, 876-883. https://
doi.org/10.1038/nnano.2009.313.

Bjorkqvist, K., 2001. Social defeat as a stressor in humans. Physiol. Behav. 73, 435-442.

Bock, J., Rether, K., Groger, N., Xie, L., Braun, K., 2014. Perinatal programming of
emotional brain circuits: an integrative view from systems to molecules. Front.
Neurosci. 8, 11. https://doi.org/10.3389/fnins.2014.00011.

Bonnin, A., Goeden, N., Chen, K., Wilson, M.L., King, J., Shih, J.C., Blakely, R.D.,
Deneris, E.S., Levitt, P., 2011. A transient placental source of serotonin for the fetal
forebrain. Nature 472, 347-350. https://doi.org/10.1038/nature09972.

Bronson, S.L., Bale, T.L., 2016. The placenta as a mediator of stress effects on
neurodevelopmental reprogramming. Neuropsychopharmacology 41, 207-218.
https://doi.org/10.1038/npp.2015.231.

Brunton, P.J., 2013. Effects of maternal exposure to social stress during pregnancy:
consequences for mother and offspring. Reproduction 146, R175-R189. https://doi.
org/10.1530/rep-13-0258.

Brunton, P.J., Russell, J.A., 2010. Prenatal social stress in the rat programmes
neuroendocrine and behavioural responses to stress in the adult offspring: sex
specific effects. J. Neuroendocrinol. 22, 258-271.

Brunton, P.J., Russell, J.A., 2011. Neuroendocrine control of maternal stress responses
and fetal programming by stress in pregnancy. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 35, 1178-1191. https://doi.org/10.1016/j.pnpbp.2010.12.023.

Brunton, P.J., Donadio, M.V., Russell, J.A., 2011. Sex differences in prenatally
programmed anxiety behaviour in rats: differential corticotropin-releasing hormone
receptor mRNA expression in the amygdaloid complex. Stress 14, 634-643.

Clifton, V.L., 2010. Review: sex and the human placenta: mediating differential strategies
of fetal growth and survival. Placenta 31 (Suppl. 1), $33-S39. https://doi.org/
10.1016/j.placenta.2009.11.010.

Costall, B., Jones, B.J., Kelly, M.E., Naylor, R.J., Tomkins, D.M., 1989. Exploration of
mice in a black and white test box: validation as a model of anxiety. Pharmacol.
Biochem. Behav. 32, 777-785. https://doi.org/10.1016/0091-3057(89)90033-6.

Crawley, J.N., 1981. Neuropharmacologic specificity of a simple animal model for the
behavioral actions of benzodiazepines. Pharmacol. Biochem. Behav. 15, 695-699.

Curran, M.M., Sandman, C.A., Poggi Davis, E., Glynn, L.M., Baram, T.Z., 2017. Abnormal
dendritic maturation of developing cortical neurons exposed to corticotropin


https://doi.org/10.1016/j.ynstr.2020.100281
https://doi.org/10.1016/j.ynstr.2020.100281
https://doi.org/10.3389/fnbeh.2019.00175
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1038/nature15393
https://doi.org/10.1038/nature15393
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref5
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref5
https://doi.org/10.1038/nnano.2009.313
https://doi.org/10.1038/nnano.2009.313
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref7
https://doi.org/10.3389/fnins.2014.00011
https://doi.org/10.1038/nature09972
https://doi.org/10.1038/npp.2015.231
https://doi.org/10.1530/rep-13-0258
https://doi.org/10.1530/rep-13-0258
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref12
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref12
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref12
https://doi.org/10.1016/j.pnpbp.2010.12.023
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref14
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref14
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref14
https://doi.org/10.1016/j.placenta.2009.11.010
https://doi.org/10.1016/j.placenta.2009.11.010
https://doi.org/10.1016/0091-3057(89)90033-6
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref17
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref17

H. Scott et al.

releasing hormone (CRH): insights into effects of prenatal adversity? PloS One 12,
e0180311. https://doi.org/10.1371/journal.pone.0180311.

Curtis, D.J., Sood, A., Phillips, T.J., Leinster, V.H., Nishiguchi, A., Coyle, C., Lacharme-
Lora, L., Beaumont, O., Kemp, H., Goodall, R., Cornes, L., Giugliano, M., Barone, R.
A., Matsusaki, M., Akashi, M., Tanaka, H.Y., Kano, M., McGarvey, J., Halemani, N.
D., Simon, K., Keehan, R., Ind, W., Masters, T., Grant, S., Athwal, S., Collett, G.,
Tannetta, D., Sargent, L.L., Scull-Brown, E., Liu, X., Aquilina, K., Cohen, N., Lane, J.
D., Thoresen, M., Hanley, J., Randall, A., Case, C.P., 2014. Secretions from placenta,
after hypoxia/reoxygenation, can damage developing neurones of brain under
experimental conditions. Exp. Neurol. 261, 386-395. https://doi.org/10.1016/j.
expneurol.2014.05.003.

de Leeuw, C.A., Mooij, J.M., Heskes, T., Posthuma, D., 2015. MAGMA: generalized gene-
set analysis of GWAS data. PLoS Comp.Biol. 11, 1004219 https://doi.org/10.1371/
journal.pcbi.1004219.

Edgar, R., Domrachev, M., Lash, A.E., 2002. Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res. 30, 207-210.
https://doi.org/10.1093/nar/30.1.207.

Fine, R., Zhang, J., Stevens, H.E., 2014. Prenatal stress and inhibitory neuron systems:
implications for neuropsychiatric disorders. Mol. Psychiatr. 19, 641-651. https://
doi.org/10.1038/mp.2014.35.

Finucane, H.K., Reshef, Y.A., Anttila, V., Slowikowski, K., Gusev, A., Byrnes, A., Gazal, S.,
Loh, P.R., Lareau, C., Shoresh, N., Genovese, G., Saunders, A., Macosko, E.,
Pollack, S., Perry, J.R.B., Buenrostro, J.D., Bernstein, B.E., Raychaudhuri, S.,
McCarroll, S., Neale, B.M., Price, A.L., 2018. Heritability enrichment of specifically
expressed genes identifies disease-relevant tissues and cell types. Nat. Genet. 50,
621-629. https://doi.org/10.1038/s41588-018-0081-4.

Fowden, A.L., Sferruzzi-Perri, A.N., Coan, P.M., Constancia, M., Burton, G.J., 2009.
Placental efficiency and adaptation: endocrine regulation. J. Physiol. 587,
3459-3472. https://doi.org/10.1113/jphysiol.2009.173013.

Fride, E., Weinstock, M., 1988. Prenatal stress increases anxiety related behavior and
alters cerebral lateralization of dopamine activity. Life Sci. 42, 1059-1065.

Gabory, A., Roseboom, T.J., Moore, T., Moore, L.G., Junien, C., 2013. Placental
contribution to the origins of sexual dimorphism in health and diseases: sex
chromosomes and epigenetics. Biol. Sex Differ. 4, 5. https://doi.org/10.1186/2042-
6410-4-5.

Ganguly, E., Aljunaidy, M.M., Kirschenman, R., Spaans, F., Morton, J.S., Phillips, T.E.J.,
Case, C.P., Cooke, C.M., Davidge, S.T., 2019. Sex-specific effects of nanoparticle-
encapsulated MitoQ (nMitoQ) delivery to the placenta in a rat model of fetal
hypoxia. Front. Physiol. 10, 562. https://doi.org/10.3389/fphys.2019.00562.

Gheorghe, C.P., Goyal, R., Mittal, A., Longo, L.D., 2010. Gene expression in the placenta:
maternal stress and epigenetic responses. Int. J. Dev. Biol. 54, 507-523. https://doi.
org/10.1387/ijdb.082770cg.

Glausier, J.R., Lewis, D.A., 2013. Dendritic spine pathology in schizophrenia.
Neuroscience 251, 90-107. https://doi.org/10.1016/j.neuroscience.2012.04.044.

Graham, A.M., Rasmussen, J.M., Entringer, S., Ben Ward, E., Rudolph, M.D., Gilmore, J.
H., Styner, M., Wadhwa, P.D., Fair, D.A., Buss, C., 2019. Maternal cortisol
concentrations during pregnancy and sex-specific associations with neonatal
amygdala connectivity and emerging internalizing behaviors. Biol. Psychiatr. 85,
172-181. https://doi.org/10.1016/j.biopsych.2018.06.023.

Graignic-Philippe, R., Dayan, J., Chokron, S., Jacquet, A.Y., Tordjman, S., 2014. Effects
of prenatal stress on fetal and child development: a critical literature review.
Neurosci. Biobehav. Rev. 43, 137-162. https://doi.org/10.1016/j.
neubiorev.2014.03.022.

Green, B.B., Kappil, M., Lambertini, L., Armstrong, D.A., Guerin, D.J., Sharp, A.J.,
Lester, B.M., Chen, J., Marsit, C.J., 2015. Expression of imprinted genes in placenta
is associated with infant neurobehavioral development. Epigenetics 10, 834-841.
https://doi.org/10.1080/15592294.2015.1073880.

Grundwald, N.J., Brunton, P.J., 2015. Prenatal stress programs neuroendocrine stress
responses and affective behaviors in second generation rats in a sex-dependent
manner. Psychoneuroendocrinology 62, 204-216. https://doi.org/10.1016/j.
psyneuen.2015.08.010.

Grundwald, N.J., Benitez, D.P., Brunton, P.J., 2016. Sex-dependent effects of prenatal
stress on social memory in rats: a role for differential expression of central
vasopressin-1a receptors. J. Neuroendocrinol. 28 https://doi.org/10.1111/
jne.12343.

Hamdan, F.F., Piton, A., Gauthier, J., Lortie, A., Dubeau, F., Dobrzeniecka, S.,
Spiegelman, D., Noreau, A., Pellerin, S., Cote, M., Henrion, E., Fombonne, E.,
Mottron, L., Marineau, C., Drapeau, P., Lafreniere, R.G., Lacaille, J.C., Rouleau, G.A.,
Michaud, J.L., 2009. De novo STXBP1 mutations in mental retardation and
nonsyndromic epilepsy. Ann. Neurol. 65, 748-753. https://doi.org/10.1002/
ana.21625.

Hawkins, S.J., Crompton, L.A., Sood, A., Saunders, M., Boyle, N.T., Buckley, A.,
Minogue, A.M., McComish, S.F., Jimenez-Moreno, N., Cordero-Llana, O.,
Stathakos, P., Gilmore, C.E., Kelly, S., Lane, J.D., Case, C.P., Caldwell, M.A., 2018.
Nanoparticle-induced neuronal toxicity across placental barriers is mediated by
autophagy and dependent on astrocytes. Nat. Nanotechnol. 13, 427-433. https://
doi.org/10.1038/541565-018-0085-3.

Hayashi, A., Nagaoka, M., Yamada, K., Ichitani, Y., Miake, Y., Okado, N., 1998. Maternal
stress induces synaptic loss and developmental disabilities of offspring. Int. J. Dev.
Neurosci. 16, 209-216.

Hewitt, D.P., Mark, P.J., Waddell, B.J., 2006. Glucocorticoids prevent the normal
increase in placental vascular endothelial growth factor expression and placental
vascularity during late pregnancy in the rat. Endocrinology 147, 5568-5574.
https://doi.org/10.1210/en.2006-0825.

13

Neurobiology of Stress 13 (2020) 100281

Howerton, C.L., Bale, T.L., 2014. Targeted placental deletion of OGT recapitulates the
prenatal stress phenotype including hypothalamic mitochondrial dysfunction. Proc.
Natl. Acad. Sci. U.S.A. 111, 9639-9644. https://doi.org/10.1073/pnas.1401203111.

Howerton, C.L., Morgan, C.P., Fischer, D.B., Bale, T.L., 2013. O-GlcNAc transferase
(OGT) as a placental biomarker of maternal stress and reprogramming of CNS gene
transcription in development. Proc. Natl. Acad. Sci. U.S.A. 110, 5169-5174. https://
doi.org/10.1073/pnas.1300065110.

Hsiao, E.Y., Patterson, P.H., 2012. Placental regulation of maternal-fetal interactions and
brain development. Dev. Neurobiol. 72, 1317-1326. https://doi.org/10.1002/
dneu.22045.

Huang da, W., Sherman, B.T., Lempicki, R.A., 2009a. Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44-57.
https://doi.org/10.1038/nprot.2008.211.

Huang da, W., Sherman, B.T., Lempicki, R.A., 2009b. Bioinformatics enrichment tools:
paths toward the comprehensive functional analysis of large gene lists. Nucleic Acids
Res. 37, 1-13. https://doi.org/10.1093/nar/gkn923.

Iturra-Mena, A.M., Arriagada-Solimano, M., Luttecke-Anders, A., Dagnino-Subiabre, A.,
2018. Effects of prenatal stress on anxiety- and depressive-like behaviours are sex-
specific in prepubertal rats. J. Neuroendocrinol. 30, e12609 https://doi.org/
10.1111/jne.12609.

Jensen Pena, C., Monk, C., Champagne, F.A., 2012. Epigenetic effects of prenatal stress
on 11beta-hydroxysteroid dehydrogenase-2 in the placenta and fetal brain. PloS One
7, €39791. https://doi.org/10.1371/journal.pone.0039791.

Kelso, G.F., Porteous, C.M., Coulter, C.V., Hughes, G., Porteous, W.K., Ledgerwood, E.C.,
Smith, R.A., Murphy, M.P., 2001. Selective targeting of a redox-active ubiquinone to
mitochondria within cells: antioxidant and antiapoptotic properties. J. Biol. Chem.
276, 4588-4596. https://doi.org/10.1074/jbc.M009093200.

Kim, H., Akagi, T., Akashi, M., 2009. Preparation of size tunable amphiphilic poly(amino
acid) nanoparticles. Macromol. Biosci. 9, 842-848. https://doi.org/10.1002/
mabi.200800367.

King, S., Dancause, K., Turcotte-Tremblay, A.M., Veru, F., Laplante, D.P., 2012. Using
natural disasters to study the effects of prenatal maternal stress on child health and
development. Birth Defects Res. Part C Embryo Today - Rev. 96, 273-288. https://
doi.org/10.1002/bdrc.21026.

Kraszpulski, M., Dickerson, P.A., Salm, A.K., 2006. Prenatal stress affects the
developmental trajectory of the rat amygdala. Stress 9, 85-95. https://doi.org/
10.1080/10253890600798109.

Laloux, C., Mairesse, J., Van Camp, G., Giovine, A., Branchi, L., Bouret, S., Morley-
Fletcher, S., Bergonzelli, G., Malagodi, M., Gradini, R., Nicoletti, F., Darnaudery, M.,
Maccari, S., 2012. Anxiety-like behaviour and associated neurochemical and
endocrinological alterations in male pups exposed to prenatal stress.
Psychoneuroendocrinology 37, 1646-1658. https://doi.org/10.1016/].
psyneuen.2012.02.010.

Lezak, K.R., Missig, G., Carlezon Jr., W.A., 2017. Behavioral methods to study anxiety in
rodents. Dialogues Clin. Neurosci. 19, 181-191. https://doi.org/10.31887/
DCNS.2017.19.2/wcarlezon.

Liang, D., Li, G., Liao, X., Yu, D., Wu, J., Zhang, M., 2016. Developmental loss of
parvalbumin-positive cells in the prefrontal cortex and psychiatric anxiety after
intermittent hypoxia exposures in neonatal rats might be mediated by NADPH
oxidase-2. Behav. Brain Res. 296, 134-140. https://doi.org/10.1016/j.
bbr.2015.08.033.

Lussier, S.J., Stevens, H.E., 2016. Delays in GABAergic interneuron development and
behavioral inhibition after prenatal stress. Dev. Neurobiol. 76, 1078-1091. https://
doi.org/10.1002/dneu.22376.

Maccari, S., Krugers, H.J., Morley-Fletcher, S., Szyf, M., Brunton, P.J., 2014. The
consequences of early-life adversity: neurobiological, behavioural and epigenetic
adaptations. J. Neuroendocrinol. 26, 707-723. https://doi.org/10.1111/jne.12175.

Mairesse, J., Lesage, J., Breton, C., Breant, B., Hahn, T., Darnaudery, M., Dickson, S.L.,
Seckl, J., Blondeau, B., Vieau, D., Maccari, S., Viltart, O., 2007. Maternal stress alters
endocrine function of the feto-placental unit in rats. Am. J. Physiol. Endocrinol.
Metab. 292, E1526-E1533.

Martinez-Tellez, R.I., Hernandez-Torres, E., Gamboa, C., Flores, G., 2009. Prenatal stress
alters spine density and dendritic length of nucleus accumbens and hippocampus
neurons in rat offspring. Synapse 63, 794-804. https://doi.org/10.1002/syn.20664.

McCarthy, M.M., Auger, A.P., Bale, T.L., De Vries, G.J., Dunn, G.A., Forger, N.G.,
Murray, E.K., Nugent, B.M., Schwarz, J.M., Wilson, M.E., 2009. The epigenetics of
sex differences in the brain. J. Neurosci. 29, 12815-12823. https://doi.org/
10.1523/jneurosci.3331-09.2009.

McEwen, B.S., 2016. In pursuit of resilience: stress, epigenetics, and brain plasticity. Ann.
N. Y. Acad. Sci. 1373, 56-64. https://doi.org/10.1111/nyas.13020.

McEwen, B.S., Nasca, C., Gray, J.D., 2016. Stress effects on neuronal structure:
Hippocampus, amygdala, and prefrontal cortex. Neuropsychopharmacology 41,
3-23. https://doi.org/10.1038/npp.2015.171.

Mitra, R., Jadhav, S., McEwen, B.S., Vyas, A., Chattarji, S., 2005. Stress duration
modulates the spatiotemporal patterns of spine formation in the basolateral
amygdala. Proc. Natl. Acad. Sci. U.S.A. 102, 9371-9376. https://doi.org/10.1073/
pnas.0504011102.

Mueller, B.R., Bale, T.L., 2008. Sex-specific programming of offspring emotionality after
stress early in pregnancy. J. Neurosci. 28, 9055-9065.

Mychasiuk, R., Gibb, R., Kolb, B., 2012. Prenatal stress alters dendritic morphology and
synaptic connectivity in the prefrontal cortex and hippocampus of developing
offspring. Synapse 66, 308-314. https://doi.org/10.1002/syn.21512.

Nejatbakhsh, M., Saboory, E., Bagheri, M., 2018. Effect of prenatal stress on a5 GABAA
receptor subunit gene expression in hippocampus and pilocarpine induced seizure in
rats. Int. J. Dev. Neurosci. 68, 66-71. https://doi.org/10.1016/j.
ijdevneu.2018.05.003.


https://doi.org/10.1371/journal.pone.0180311
https://doi.org/10.1016/j.expneurol.2014.05.003
https://doi.org/10.1016/j.expneurol.2014.05.003
https://doi.org/10.1371/journal.pcbi.1004219
https://doi.org/10.1371/journal.pcbi.1004219
https://doi.org/10.1093/nar/30.1.207
https://doi.org/10.1038/mp.2014.35
https://doi.org/10.1038/mp.2014.35
https://doi.org/10.1038/s41588-018-0081-4
https://doi.org/10.1113/jphysiol.2009.173013
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref25
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref25
https://doi.org/10.1186/2042-6410-4-5
https://doi.org/10.1186/2042-6410-4-5
https://doi.org/10.3389/fphys.2019.00562
https://doi.org/10.1387/ijdb.082770cg
https://doi.org/10.1387/ijdb.082770cg
https://doi.org/10.1016/j.neuroscience.2012.04.044
https://doi.org/10.1016/j.biopsych.2018.06.023
https://doi.org/10.1016/j.neubiorev.2014.03.022
https://doi.org/10.1016/j.neubiorev.2014.03.022
https://doi.org/10.1080/15592294.2015.1073880
https://doi.org/10.1016/j.psyneuen.2015.08.010
https://doi.org/10.1016/j.psyneuen.2015.08.010
https://doi.org/10.1111/jne.12343
https://doi.org/10.1111/jne.12343
https://doi.org/10.1002/ana.21625
https://doi.org/10.1002/ana.21625
https://doi.org/10.1038/s41565-018-0085-3
https://doi.org/10.1038/s41565-018-0085-3
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref37
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref37
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref37
https://doi.org/10.1210/en.2006-0825
https://doi.org/10.1073/pnas.1401203111
https://doi.org/10.1073/pnas.1300065110
https://doi.org/10.1073/pnas.1300065110
https://doi.org/10.1002/dneu.22045
https://doi.org/10.1002/dneu.22045
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1111/jne.12609
https://doi.org/10.1111/jne.12609
https://doi.org/10.1371/journal.pone.0039791
https://doi.org/10.1074/jbc.M009093200
https://doi.org/10.1002/mabi.200800367
https://doi.org/10.1002/mabi.200800367
https://doi.org/10.1002/bdrc.21026
https://doi.org/10.1002/bdrc.21026
https://doi.org/10.1080/10253890600798109
https://doi.org/10.1080/10253890600798109
https://doi.org/10.1016/j.psyneuen.2012.02.010
https://doi.org/10.1016/j.psyneuen.2012.02.010
https://doi.org/10.31887/DCNS.2017.19.2/wcarlezon
https://doi.org/10.31887/DCNS.2017.19.2/wcarlezon
https://doi.org/10.1016/j.bbr.2015.08.033
https://doi.org/10.1016/j.bbr.2015.08.033
https://doi.org/10.1002/dneu.22376
https://doi.org/10.1002/dneu.22376
https://doi.org/10.1111/jne.12175
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref55
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref55
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref55
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref55
https://doi.org/10.1002/syn.20664
https://doi.org/10.1523/jneurosci.3331-09.2009
https://doi.org/10.1523/jneurosci.3331-09.2009
https://doi.org/10.1111/nyas.13020
https://doi.org/10.1038/npp.2015.171
https://doi.org/10.1073/pnas.0504011102
https://doi.org/10.1073/pnas.0504011102
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref61
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref61
https://doi.org/10.1002/syn.21512
https://doi.org/10.1016/j.ijdevneu.2018.05.003
https://doi.org/10.1016/j.ijdevneu.2018.05.003

H. Scott et al.

Nikolaus, S., Antke, C., Beu, M., Muller, H.W., 2010. Cortical GABA, striatal dopamine
and midbrain serotonin as the key players in compulsive and anxiety disorders—
results from in vivo imaging studies. Rev. Neurosci. 21, 119-139. https://doi.org/
10.1515/revneuro.2010.21.2.119.

Nugent, B.M., O’Donnell, C.M., Epperson, C.N., Bale, T.L., 2018. Placental H3K27me3
establishes female resilience to prenatal insults. Nat. Commun. 9, 2555. https://doi.
0rg/10.1038/s41467-018-04992-1.

O’Connell, B.A., Moritz, K.M., Walker, D.W., Dickinson, H., 2013. Sexually dimorphic
placental development throughout gestation in the spiny mouse (Acomys cahirinus).
Placenta 34, 119-126. https://doi.org/10.1016/j.placenta.2012.11.009.

O’Connor, R.M., Dinan, T.G., Cryan, J.F., 2012. Little things on which happiness
depends: microRNAs as novel therapeutic targets for the treatment of anxiety and
depression. Mol. Psychiatr. 17, 359-376. https://doi.org/10.1038/mp.2011.162.

O’Donnell, K., O’Connor, T.G., Glover, V., 2009. Prenatal stress and neurodevelopment
of the child: focus on the HPA axis and role of the placenta. Dev. Neurosci. 31,
285-292. https://doi.org/10.1159/000216539.

O’Donnell, K.J., Bugge Jensen, A., Freeman, L., Khalife, N., O’Connor, T.G., Glover, V.,
2012. Maternal prenatal anxiety and downregulation of placental 11beta-HSD2.
Psychoneuroendocrinology 37, 818-826. https://doi.org/10.1016/j.
psyneuen.2011.09.014.

Osei-Kumah, A., Smith, R., Jurisica, I., Caniggia, L., Clifton, V.L., 2011. Sex-specific
differences in placental global gene expression in pregnancies complicated by
asthma. Placenta 32, 570-578. https://doi.org/10.1016/j.placenta.2011.05.005.

Palma-Gudiel, H., Cirera, F., Crispi, F., Eixarch, E., Fananas, L., 2018. The impact of
prenatal insults on the human placental epigenome: a systematic review.
Neurotoxicol. Teratol. 66, 80-93. https://doi.org/10.1016/j.ntt.2018.01.001.

Pellow, S., Chopin, P., File, S.E., Briley, M., 1985. Validation of open:closed arm entries
in an elevated plus-maze as a measure of anxiety in the rat. J. Neurosci. Methods 14,
149-167.

Perez-Garcia, V., Fineberg, E., Wilson, R., Murray, A., Mazzeo, C.1., Tudor, C.,
Sienerth, A., White, J.K., Tuck, E., Ryder, E.J., Gleeson, D., Siragher, E., Wardle-
Jones, H., Staudt, N., Wali, N., Collins, J., Geyer, S., Busch-Nentwich, E.M., Galli, A.,
Smith, J.C., Robertson, E., Adams, D.J., Weninger, W.J., Mohun, T., Hemberger, M.,
2018. Placentation defects are highly prevalent in embryonic lethal mouse mutants.
Nature 555, 463-468. https://doi.org/10.1038/nature26002.

Phillips, T.J., Scott, H., Menassa, D.A., Bignell, A.L., Sood, A., Morton, J.S., Akagi, T.,
Azuma, K., Rogers, M.F., Gilmore, C.E., Inman, G.J., Grant, S., Chung, Y.,
Aljunaidy, M.M., Cooke, C.L., Steinkraus, B.R., Pocklington, A., Logan, A., Collett, G.
P., Kemp, H., Holmans, P.A., Murphy, M.P., Fulga, T.A., Coney, A.M., Akashi, M.,
Davidge, S.T., Case, C.P., 2017. Treating the placenta to prevent adverse effects of
gestational hypoxia on fetal brain development. Sci. Rep. 7, 9079. https://doi.org/
10.1038/541598-017-06300-1.

Ponder, K.L., Salisbury, A., McGonnigal, B., Laliberte, A., Lester, B., Padbury, J.F., 2011.
Maternal depression and anxiety are associated with altered gene expression in the
human placenta without modification by antidepressant use: implications for fetal
programming. Dev. Psychobiol. 53, 711-723. https://doi.org/10.1002/dev.20549.

Rakers, F., Rupprecht, S., Dreiling, M., Bergmeier, C., Witte, O.W., Schwab, M., 2017.
Transfer of maternal psychosocial stress to the fetus. Neurosci. Biobehav. Rev.
https://doi.org/10.1016/j.neubiorev.2017.02.019.

Ratnu, V.S., Emami, M.R., Bredy, T.W., 2017. Genetic and epigenetic factors underlying
sex differences in the regulation of gene expression in the brain. J. Neurosci. Res. 95,
301-310. https://doi.org/10.1002/jnr.23886.

Risso, D., Ngai, J., Speed, T.P., Dudoit, S., 2014. Normalization of RNA-seq data using
factor analysis of control genes or samples. Nat. Biotechnol. 32, 896-902. https://
doi.org/10.1038/nbt.2931.

Robinson, M.D., McCarthy, D.J., Smyth, G.K., 2010. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics 26,
139-140. https://doi.org/10.1093/bioinformatics/btp616.

14

Neurobiology of Stress 13 (2020) 100281

Schuurmans, C., Kurrasch, D.M., 2013. Neurodevelopmental consequences of maternal
distress: what do we really know? Clin. Genet. 83, 108-117. https://doi.org/
10.1111/cge.12049.

Scott, H., 2017. Extracellular microRNAs as messengers in the central and peripheral
nervous system. Neuronal Signaling 1, NS20170112. https://doi.org/10.1042/
NS20170112.

Scott, H., Phillips, T.J., Stuart, G.C., Rogers, M.F., Steinkraus, B.R., Grant, S., Case, C.P.,
2018. Preeclamptic placentae release factors that damage neurons: implications for
foetal programming of disease. Neuronal Signaling 2, NS20180139. https://doi.org/
10.1042/NS20180139.

Selten, M., van Bokhoven, H., Nadif Kasri, N., 2018. Inhibitory control of the excitatory/
inhibitory balance in psychiatric disorders. F1000Research 7, 23. https://doi.org/
10.12688/f1000research.12155.1.

Sharp, B.M., 2017. Basolateral amygdala and stress-induced hyperexcitability affect
motivated behaviors and addiction. Transl. Psychiatry 7, e1194. https://doi.org/
10.1038/tp.2017.161.

Soares-Cunha, C., Coimbra, B., Borges, S., Domingues, A.V., Silva, D., Sousa, N.,
Rodrigues, A.J., 2018. Mild prenatal stress causes emotional and brain structural
modifications in rats of both sexes. Front. Behav. Neurosci. 12, 129. https://doi.org/
10.3389/fnbeh.2018.00129.

Sood, A., Salih, S., Roh, D., Lacharme-Lora, L., Parry, M., Hardiman, B., Keehan, R.,
Grummer, R., Winterhager, E., Gokhale, P.J., Andrews, P.W., Abbott, C., Forbes, K.,
Westwood, M., Aplin, J.D., Ingham, E., Papageorgiou, I., Berry, M., Liu, J., Dick, A.
D., Garland, R.J., Williams, N., Singh, R., Simon, A.K., Lewis, M., Ham, J., Roger, L.,
Baird, D.M., Crompton, L.A., Caldwell, M.A., Swalwell, H., Birch-Machin, M., Lopez-
Castejon, G., Randall, A., Lin, H., Suleiman, M.S., Evans, W.H., Newson, R., Case, C.
P., 2011. Signalling of DNA damage and cytokines across cell barriers exposed to
nanoparticles depends on barrier thickness. Nat. Nanotechnol. 6, 824-833. https://
doi.org/10.1038/nnano.2011.188.

Sun, E., Shi, Y., 2015. MicroRNAs: small molecules with big roles in neurodevelopment
and diseases. Exp. Neurol. 268, 46-53. https://doi.org/10.1016/j.
expneurol.2014.08.005.

Sze, Y., Brunton, P.J., 2019. Sex, stress and steroids. Eur. J. Neurosci. https://doi.org/
10.1111/ejn.14615.

Tovote, P., Fadok, J.P., Luthi, A., 2015. Neuronal circuits for fear and anxiety. Nat. Rev.
Neurosci. 16, 317-331. https://doi.org/10.1038/nrn3945.

Vyas, A., Mitra, R., Shankaranarayana Rao, B.S., Chattarji, S., 2002. Chronic stress
induces contrasting patterns of dendritic remodeling in hippocampal and
amygdaloid neurons. J. Neurosci. 22, 6810-6818, 20026655.

Walker, C.K., Anderson, K.W., Milano, K.M., Ye, S., Tancredi, D.J., Pessah, L.N., Hertz-
Picciotto, L., Kliman, H.J., 2013. Trophoblast inclusions are significantly increased in
the placentas of children in families at risk for autism. Biol. Psychiatr. 74, 204-211.
https://doi.org/10.1016/j.biopsych.2013.03.006.

Ward, I.L., Weisz, J., 1980. Maternal stress alters plasma testosterone in fetal males.
Science 207, 328-329.

Ward, L.L., Weisz, J., 1984. Differential effects of maternal stress on circulating levels of
corticosterone, progesterone, and testosterone in male and female rat fetuses and
their mothers. Endocrinology 114, 1635-1644.

Zhang, X., Ge, T.T., Yin, G., Cui, R., Zhao, G., Yang, W., 2018. Stress-induced functional
alterations in amygdala: implications for neuropsychiatric diseases. Front. Neurosci.
12, 367. https://doi.org/10.3389/fnins.2018.00367.

Zou, D., Chen, L., Deng, D., Jiang, D., Dong, F., McSweeney, C., Zhou, Y., Liu, L.,
Chen, G., Wu, Y., Mao, Y., 2016. DREADD in parvalbumin interneurons of the
dentate gyrus modulates anxiety, social interaction and memory extinction. Curr.
Mol. Med. 16, 91-102. https://doi.org/10.2174/1566524016666151222150024.

Zuena, A.R., Mairesse, J., Casolini, P., Cinque, C., Alema, G.S., Morley-Fletcher, S.,
Chiodi, V., Spagnoli, L.G., Gradini, R., Catalani, A., Nicoletti, F., Maccari, S., 2008.
Prenatal restraint stress generates two distinct behavioral and neurochemical
profiles in male and female rats. PloS One 3, e2170.


https://doi.org/10.1515/revneuro.2010.21.2.119
https://doi.org/10.1515/revneuro.2010.21.2.119
https://doi.org/10.1038/s41467-018-04992-1
https://doi.org/10.1038/s41467-018-04992-1
https://doi.org/10.1016/j.placenta.2012.11.009
https://doi.org/10.1038/mp.2011.162
https://doi.org/10.1159/000216539
https://doi.org/10.1016/j.psyneuen.2011.09.014
https://doi.org/10.1016/j.psyneuen.2011.09.014
https://doi.org/10.1016/j.placenta.2011.05.005
https://doi.org/10.1016/j.ntt.2018.01.001
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref72
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref72
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref72
https://doi.org/10.1038/nature26002
https://doi.org/10.1038/s41598-017-06300-1
https://doi.org/10.1038/s41598-017-06300-1
https://doi.org/10.1002/dev.20549
https://doi.org/10.1016/j.neubiorev.2017.02.019
https://doi.org/10.1002/jnr.23886
https://doi.org/10.1038/nbt.2931
https://doi.org/10.1038/nbt.2931
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1111/cge.12049
https://doi.org/10.1111/cge.12049
https://doi.org/10.1042/NS20170112
https://doi.org/10.1042/NS20170112
https://doi.org/10.1042/NS20180139
https://doi.org/10.1042/NS20180139
https://doi.org/10.12688/f1000research.12155.1
https://doi.org/10.12688/f1000research.12155.1
https://doi.org/10.1038/tp.2017.161
https://doi.org/10.1038/tp.2017.161
https://doi.org/10.3389/fnbeh.2018.00129
https://doi.org/10.3389/fnbeh.2018.00129
https://doi.org/10.1038/nnano.2011.188
https://doi.org/10.1038/nnano.2011.188
https://doi.org/10.1016/j.expneurol.2014.08.005
https://doi.org/10.1016/j.expneurol.2014.08.005
https://doi.org/10.1111/ejn.14615
https://doi.org/10.1111/ejn.14615
https://doi.org/10.1038/nrn3945
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref90
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref90
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref90
https://doi.org/10.1016/j.biopsych.2013.03.006
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref92
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref92
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref93
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref93
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref93
https://doi.org/10.3389/fnins.2018.00367
https://doi.org/10.2174/1566524016666151222150024
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref96
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref96
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref96
http://refhub.elsevier.com/S2352-2895(20)30071-0/sref96

	Maternal antioxidant treatment prevents the adverse effects of prenatal stress on the offspring’s brain and behavior
	1 Introduction
	2 Materials & methods
	2.1 Animals
	2.2 Maternal social stress paradigm and drug treatment
	2.3 Animal experiments
	2.3.1 Experiment 1: Effects of prenatal stress on the mother, fetus and placenta at GD20
	2.3.2 Experiment 2: Effects of prenatal stress on offspring brain and behavior

	2.4 Preparation of MitoQ-loaded nanoparticles
	2.5 Determination of plasma corticosterone concentrations
	2.6 Quantification of reactive oxygen species
	2.7 Behavioral tests in the offspring
	2.7.1 Light-dark box
	2.7.2 Elevated plus maze

	2.8 Immunohistochemistry on offspring brains
	2.8.1 Analysis of immunohistochemistry on offspring brains

	2.9 Preparation of placenta-conditioned media
	2.10 Cortical cultures
	2.11 Immunocytochemistry on cortical cultures
	2.12 Analysis of microRNAs in placental-conditioned medium and fetal plasma
	2.13 Bioinformatic analyses
	2.14 Data availability
	2.15 Data and statistical analyses

	3 Results
	3.1 Maternal social stress increases circulating corticosterone in the mother but not the fetuses
	3.2 Maternal social stress increases oxidative stress in the placenta but not the fetal brain
	3.3 Maternal antioxidant prevents anxiety-like behavior in male prenatally stressed offspring
	3.4 Maternal antioxidant treatment prevents sex-specific neurobiological changes in male prenatally stressed offspring
	3.5 Exposing neuronal cultures to fetal plasma or placenta-conditioned medium from stressed pregnancies mimics the neurobio ...
	3.6 microRNAs are differentially secreted from the placenta in response to maternal social stress

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


