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Abstract Stress during pregnancy can induce various psy-
chological disorders in women. However, the association
linking psychological stress during pregnancy with abnormal
behaviours in females remains largely unknown. We
employed a novel psychological stress model by introducing
pregnant mice to witness the defeat process of their mated
partner (WDPMP) and examined the effects of WDPMP on
depression-/anxiety-like behaviours and on the expression of
brain-derived neurotrophic factor (BDNF) and miR-206-3p in
the hippocampus, medial prefrontal cortex (mPFC) and amyg-
dala. Compared to pregnant control (PC) mice, pregnant
stressed (PS) mice showed decreased sucrose preference dur-
ing the late period of gestation, and after lactation, they spent
less time in the open arms of the elevated plus maze and in the
light chamber of the light/dark box. After lactation, decreased
BDNF expression in both the hippocampus and mPFC of PS
mice was found to be associated with enhanced miR-206-3p
levels; meanwhile, elevated BDNF associated with decreased
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miR-206-3p expression was evident in the amygdala of the
same PS mice. DNA methylation level in the Bdnf promoter
did not show difference between PC and PS mice in the hip-
pocampus. Transfection of miR-206-3p resulted in decreased
BDNF levels in vitro. These results suggest that WDPMP
stress during gestation can induce long-term mood alterations
in pregnant mice, which may correlate with changes in miR-
206-3p and BDNF expression in the hippocampus, mPFC and
amygdala.
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Introduction

Anxiety disorders affect one out of four people, with a higher
incidence rate in women than in men [1]. In particular, preg-
nant women are susceptible to mental disorders such as anx-
iety and depression when exposed to adverse environments [2,
3]. These stress-induced psychological illnesses during preg-
nancy have been identified as a strong risk factor for postpar-
tum depression and anxiety [4—6] and even cause negative
consequences on their children [4, 7]. There are several female
rodent models mimicking adverse environments during or
around gestation, including models utilizing chronic restraint
stress and chronic unpredictable mild stress [8, 9]. The above
stressors lead to abnormal mood and psychological states in
the pregnant dams, like in the pregnant women, and can seri-
ously influence the development and health of their offspring
under certain circumstances [8, 9]. However, these models
mostly rely on physically stressing the individuals, with the
dams being directly exposed to and physically experiencing
the disturbed situations themselves.
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The social defeat model is a validated model that mimics
traumatic stress to induce related mood disorders [10—12].
However, this model suffers from the drawback of being un-
able to separate the influences of psychological and physical
stress. To address this, Warren et al. have utilized a paradigm
wherein witnessing social defeat triggers the emotional stress
and successfully induces anxiety and depression-like behav-
iours in male mice [13]. In humans, the effects of psycholog-
ical stressors, such as psychological reactions to terrorist at-
tacks, on physiological and psychological function in individ-
uals have also been investigated [14—16]. However, psycho-
logical violence, which may occur often during the gestational
period, has been only minimally investigated [17, 18], and few
animal models mimicking the influence of psychological
shock in females during their gestation are established.
Therefore, the influence of aversive factors, such as psycho-
logical fear related to “witness horror,” on the mood state of
females during pregnancy requires investigation in both ani-
mal modelling and its molecular underpinnings.

It has been suggested that rodents are sensitive to the ex-
periences of other members of their species. For instance,
female rats that witnessed a cage-mate experiencing foot
shock displayed vicarious freezing behaviour [19]. Similarly,
male rodents witnessing other rodents undergoing presumably
traumatic events related to social defeat displayed enhanced
anxiety and depression-like behaviours [13, 20]. In this study,
we have modified the social defeat witness model described
above and created a novel psychological stress model by
allowing pregnant mice to witness the defeat process of their
mated partner (WDPMP) from the second day after mating for
17 consecutive days. The effects of WDPMP on mood states
of pregnant mice were examined by a series of characteristic
depression- and anxiety-like behavioural tests during gesta-
tion or after lactation. To uncover the molecular mechanisms
underlying this model, transcriptomic alterations in the hippo-
campus of pregnant WDPMP mice were profiled by RNA
sequencing. The mRNA and protein levels of brain-derived
neurotrophic factor (BDNF), which is a member of the
neurotrophin family and plays a key role in mood-related
brain functions [21, 22], in behaviourally relevant brain re-
gions were measured. The role of epigenetic regulations, in-
cluding DNA methylation and microRNA (miRNA), in
WDPMP-induced alterations of BDNF expression, were fur-
ther examined in these brain regions.

Methods
Animals
Male and female 8-week-old C57BL/6J mice were purchased

from the Chinese Academy of Medical Sciences. Eight-week-
old CD1 male mice were ordered from the Animal Center of
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Vital River Laboratories (China). C57BL/6J mice were main-
tained in groups (no more than five mice per cage) in standard
mouse cages, while CD1 male mice were housed individually.
All the animals were housed within a temperature- (2224 °C)
and humidity (40-60 %) controlled environment with a 12/12-
h light/dark cycle, and all had ad libitum access to food and
water. All animal experiments were performed in accordance
with the guidelines of the National Institutes of Health (NIH)
and approved by the Animal Usage Committee at the Institute
of Psychology, Chinese Academy of Sciences.

The Stress Model Witnessing the Defeat Process
of a Mated Partner

Each stress cage (45 cm % 30 cm x 17.5 cm) for the WDPMP
model was attached to an inner base plate (height 6.5 cm). The
stress cage was divided into three equal rooms
(45 cm x 10 cm x 11 cm) by two transparent boards with
small air holes, designed so the experimental “witness” mice
could see, smell and hear but not touch the mated partner. The
distance between the base plate and the food/water supply was
7 cm. Aggressive CD-1 male mice were selected as described
in detail elsewhere [10] and then transferred into stress cages
to serve as social aggressors. The male and female C57BL/6J
mice were paired and mated in one cage at 6:00—-7:00 pm, and
a vaginal plug, the known criteria for successful mating, was
checked at 9:00-10:00 am on the second day. If a vaginal plug
was not confirmed, the paired mice were separated and the
female C57BL/6J mouse was introduced to the next round of
mating with a different male C57BL/6J mouse. The mating
procedure lasted for 3 days or until the vaginal plug was de-
tected, after which the paired mice were left together in the
mating cage for 24 h. They were then transferred to the stress
cage, where the C57 mice were separately placed in adjacent
but mutually inaccessible chambers. In the pregnant stressed
(PS) and pregnant control-CD1 (PC-CD1) groups, the male
CDI1 mouse was in the chamber adjacent to the male C57
mouse, while in the pregnant control (PC) group, the male
CDI1 mouse was replaced by a male C57 mouse, which was
kept in group and did not show obvious combat with other
mice. Except for the social defeat process, there was no direct
bodily contact among the three mice in one stress box (Fig. 1).
The body weight of pregnant mice was recorded daily from
(D)ay 0 to D7 of the WDPMP period and the gain of body
weight was calculated.

The C57 mice were exposed to the social defeat process for
5 min/day at the fixed time point of 9:00-10:00 am, to avoid
the effect of circadian rhythm, on 17 consecutive days (the
period of WDPMP), throughout which the female C57 mouse
stayed in the adjacent chamber. Paired mice in the PS group,
but not the individual aggressor mice, were transferred to dif-
ferent experimental cages each day during the social stress
period, to prevent the CD1 mice from growing familiar with
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Fig. 1 Witness the defeat process
of mated partner (WDPMP) stress
modelling. The schematic
description of WDPMP. In the
pregnant stressed (PS) group, the
female mouse witnessed its mate
undergo social defeat for 5 min/
day on 17 consecutive days. For
pregnant control (PC) and
control-CD1 (PC-CDI) groups, a
C57BL/6J male mouse and a CD1
aggressive mouse were separately
placed in the adjacent chamber of
the mated C57BL/6J mouse
without bodily contact. A given
mated pair in all groups was
transferred to another cage every
day

Mated mice were
distributed to control
and stress groups

Mated

o »

[/ N/

or

%

PC group or AN PS group
PC-CD1 group / /\\
& VA4 NN

-« | »- % | - | »

The mated pair was
transferred to another
cage every day

Social defeat of the
male partner for
5 min / day

U

-ak

or

Defeat Witness

% -« | »

The mice were seperated
and stayed for 24h
after defeat
T% ek -
Cbh1 C57 C57 Eg ‘ '
) ) ?

(and less aggressive towards) the C57 mice. The paired mice
in PC and PC-CD1 groups were also transferred to another
cage every day without exposure to the individual resident
mice. In the process of WDPMP, if the open wounds exceeded
1 cm, the male mice were removed and immediately killed.

After WDPMP stress induction, the behavioural tests were
performed on 3-week postpartum (i.e., after lactation) dams.
The behavioural tests were performed over the course of
2 weeks in the following sequence: locomotor activity, open
field test, light/dark box test, elevated plus maze test, sucrose
preference test and forced swimming test. During the 2 weeks
of behavioural tests, mice were handled daily.

Sucrose Preference Test

The sucrose preference test was used to evaluate anhedonia, a
typical feature of depression. Female mice were housed indi-
vidually and habituated to sucrose water (1.5 %, w/v) for 24 h.
To obtain a sucrose preference baseline, each mouse was

The mated pair was
transferred to another
cage every day

% | & |

allowed to choose freely between two bottles containing
150 ml of either sucrose solution or water for 24 h. Then,
the mated mice were randomly subjected to control and stress
groups. During the period of WDPMP stress, sucrose prefer-
ence was measured on D1, D4, D7, D10, D13 and D16 of the
WDPMP period. After WDPMP stress, sucrose preference
was measured once again for 24 h to assess the persistence
of anhedonia. Positioning of sucrose and water bottles was
exchanged during test periods to prevent position preference.
The consumption of sucrose solution and water was quantified
by subtracting the weights of the bottles from their initial
weights. Sucrose preference was calculated as the ratio of
sucrose intake over total fluid intake. A lower sucrose prefer-
ence was representative of the anhedonic phenotype.

Open Field Test

An open field arena constructed with black PVC
(30 cm % 30 cm x 40 cm) was used to assess the locomotor
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activity and anxiety-like behaviour. The arena was divided
into a central part (36 %, 18 cm x 18 cm) and a peripheral
part (64 %). At the beginning of each test, the mouse was
placed on the peripheral part of the arena and allowed to ex-
plore for 30 min. Total travelling distance covered during
30 min was recorded as the baseline locomotor activity. The
travelling distance in the central part and in the whole arena
(central part plus peripheral part) for the first 5 min was also
recorded. The centre ratio of travelling was calculated as dis-
tance in the central part/distance in the whole part. The lower
centre ratio was considered to reflect greater anxiety-like be-
haviour of mice.

Light/Dark Box Test

The apparatus consisted of two equal-sized chambers with one
chamber illuminated and the other chamber dark. A test mouse
was placed into the dark chamber and permitted to freely ex-
plore both chambers for 5 min. The time spent in the light
chamber was recorded as an indicator of anxiety-like behaviour.

Elevated Plus Maze Test

The elevated plus maze test also represents a known paradigm
examining anxiety-related behaviour in rodents. The appara-
tus consisted of two open arms, two closed arms (30 x 7 cm
each arm) and a central part (7 x 7 cm). The platform was 1 m
above the floor. At the beginning of each test, the test mouse
was placed in the central part, facing one of the closed arms,
and then allowed to explore for 5 min. Time spent in open
arms reflected anxiety-like behaviour in mice.

Forced Swimming Test

The forced swimming test (FST) was performed according to
a previously published protocol with some modifications [23].
Briefly, the protocol included a 15-min adaptive period (24 h
before the formal test) and a 5-min testing period. Mice were
individually placed into a glass cylinder (height 40 cm, diam-
eter 20 cm) containing 30 cm of water (24—26 °C). The entire
session was recorded by a camera located above the cylinder.
Immobility time was recorded as the reflection of depression-
like behaviour.

Tissue Preparation, DNA and RNA Extraction
and Quantitative Real-Time PCR

Twenty-four hours after the last behavioural test, the mice
were anaesthetised and sacrificed by decapitation.
Hippocampal samples were directly dissected. For medial pre-
frontal cortex (mPFC) and amygdala samples, the brains were
immediately frozen on dry ice and sliced coronally, and the
samples were collected by needle punch and finally were
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stored at —80 °C. Representative punch locations are shown
in Fig. S1 [24]. Total DNA and RNA were extracted by using
DNA/RNA/Protein Isolation kit (Omega, USA) or miRNeasy
Mini Kit (Qiagen, USA). miRNAs were extracted by using
miRNeasy Mini Kit and RNeasy® MinElute™ Cleanup Kit
(Qiagen, USA). RNA of the HT22 cells was extracted by
using TRIzol® Reagent (Tiangen, China) according to the
manufacturer’s instructions. Single-stranded ¢cDNA of total
RNA and miRNA was separately synthesized using the
Reverse Transcription System (Promega, USA) and Mir-
X™ miRNA First-Strand Synthesis kit (Clontech, USA).
Real-time PCR was performed using Stratagene Mx3000P
System with a two-step cycling program: 95 °C for 10 min,
40 cycles of 95 °C for 1 min and 60 °C for 30 s. GAPDH, U6
snRNA and miR-26b were used as endogenous controls for
normalization. All PCR primers are listed in Tables S1 and S2.
U6 primers and the reverse primer for g-PCR of miRNAs
were provided in Mir-X™ miRNA First-Strand Synthesis kit
(Clontech, USA). The relative expression level was calculated
by the comparative Ct method, and all results were shown as
fold change using the 2-*“" approach.

RNA Sequencing and Target Gene Screening

Total RNA was extracted from the hippocampus of PC and
PS mice, and the quality was checked on an Agilent
Bioanalyzer 2100 RNA 6000 Nano Kit (Agilent
Technologies, USA). Library generation and sequencing
were performed using the TruSeq RNA Sample Prep Kit
v2 and the Hiseq2000 Sequencing System (Illumina, USA)
according to Illumina protocols. All reads were realigned to
the UCSC mml10 version of the mouse genome assembly
using the TopHat2 short read alignment program [25]. After
removal of the adaptor sequences and trimming of low qual-
ity sequences with cutadapt [26], the reads were mapped to
the genome using TopHat2 with parameter —» 50. Only
uniquely mapping reads were used in this analysis. The
abundance of mRNAs for all annotated genes from the
UCSC mml10 annotation of the mouse genome was
calculated using the software package HTseq (version 0.6.1
) (http://sourceforge.net/projects/htseq/website). Total count
normalization and the fitting of the Poisson model were
performed in R, and upper quartile normalization along
with the negative binomial exact test was performed using
the edgeR Bioconductor package [27]. The genes for which
P values and FDR values were below 0.001, and for which
fold change > +1.25, were considered to be differently
expressed between PC and PS groups. Different expression
of isoforms was analysed by Cufflinks [28] with FDR values
<0.01. The significantly differently expressed genes were
analysed online using the Toppgene software
(https://toppgene.cchmc.org/) [29]. This analysis could list
the priority of genes based on several screening features,
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including molecular function, biological process, cellular
component, mouse phenotype, pathway and disease.
Moreover, a training set of genes based on similar function
was also required for screening target genes. In our study,
the training set (Table S3) of anxiety-related genes was col-
lected from previous studies [30-32].

Bisulfite Sequencing

Hippocampal DNA was bisulfite-treated by using the EZ
DNA Methylation-Direct™ Kit (Zymo, USA). The converted
DNA was employed to amplify two primary CpG islands
(CGIs) at position chr2:109677173-109677637 and
109693467-109694207, according to mouse reference ge-
nome mmlO0 at http://genome.ucsc.edu/, in the promoter
regions of Bdnf'], IIB, IIC, IV and VI (as shown in Fig. S2),
using nest PCR. The two CGI regions were amplified in five
sections: position 1, 109677173-109677457; position 2,
109677458-109677637; position 3, 109693467-109693769;
position 4, 109693770-109694090; and position 5,
109694091-109694207. The PCR program for amplifying
bisulfite-modified DNA was as follows: 95 °C for 10 min;
40 cycles of 95 °C for 1 min, 50 °C for 30 s and 72 °C for
50 s; and 72 °C for 10 min. PCR products were recycled and
purified using a Zymoclean Gel DNA Recovery kit and DNA
Clean & Concentrator-5 (Zymo, USA) and then ligated to the
pGEM-T Vector (Promega, USA). After transformation and
culture, 14-20 clones of each sample were sequenced at the
Beijing Genomics Institute (BGI, China). The results were
analysed at http://quma.cdb.riken.jp/, and the methylation
levels of each single CpG site were subsequently compared
between the PC and PS groups using Fisher’s exact test.

Cell Culture and Transfection

Hippocampal HT22 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco, USA) with 10 % foetal
bovine serum (Gibco, USA) and in an incubator with 5 % CO,
at 37 °C. Twenty-four hours after seeding into six-well plates,
the cultured cells were divided into two groups: a negative
control (NC) and a miR-206 mimic group. For transient trans-
fection, final concentrations of 50 nM microRNA mimicking
negative control and 50 nM miR-206-3p mimic (Genepharma,
China) were separately transfected into the cells with
Lipofectamine 3000 (Invitrogen, USA) according to the man-
ufacturer’s recommendation. The serum-free medium was re-
placed with serum-containing DMEM 6 h after the operation
of transfection. Cells were harvested by trypsin (Gibco, USA)
digestion 48 h after transfection and washed twice by PBS.
Then, mRNA was extracted from the cells for measurement of
expression levels of Bdnf'by q-PCR.

Western Blot

Hippocampal HT22 cells transfected with negative control
and miR-206-3p mimic were cultured and harvested as
described above. The cells and tissue samples were lysed
in RIPA buffer with protease and phosphatase inhibitor
and heated at 100 °C for 5 min. Protein samples were
loaded and separated by 12 % SDS-PAGE electrophoresis
and transferred to polyvinylidene difluoride (PVDF) mem-
branes. The membranes were blocked by 5 % BSA at
4 °C overnight and incubated with anti-BDNF primary
antibody (Cat. no. sc-546, Santa Cruz (N-20), 1: 100,
USA) and anti-GAPDH primary antibody (Cat. no. sc-
32,233, Santa Cruz (6C5), 1: 1000, USA) at 4 °C over-
night. After washing, the membranes were incubated with
anti-rabbit (Cat. no. 7076s, Cell Signaling Technology,
1:5000, USA) and anti-mouse (Cat. no. 7074s, Cell
Signaling Technology, 1:5000, USA) HRP-conjugated sec-
ondary antibodies for 1 h at room temperature. The blots
were visualized by using enhanced chemiluminescence de-
tection reagents (Applygen Technologies Inc., China) and
detected by the FluorChem E imaging system (Cell
Biosciences, USA). The densitometric intensity was
analysed using ImagelJ software.

Data Analysis

Data were expressed as mean + SEM. Changed body
weight and sucrose preference during stress were
analysed by using a repeated analysis of variance
(ANOVA) followed by the least significant difference
(LSD) post hoc test. The normality assumption was
evaluated using the Kolmogorov—Smirnov test. The dif-
ferences of sucrose preference between three groups
during different time points of WDPMP were analysed
by one-way ANOVA followed by Tukey’s test or
Kruskal-Wallis test followed by the Dunn’s multiple
comparison. The differences of behavioural tests and
expression levels of target genes between groups were
analysed with Student’s ¢ test (with Welch’s correction)
or Mann-Whitney test. The methylation levels of CpG
sites were analysed by Fisher’s exact test. In all statis-
tical results, significance was considered at P value
<0.05.

Results

WDPMP During Pregnancy Reduces the Body Weight
Gain in PS Mice

The schematic description of WDPMP and the time course of
the experiments were shown in Figs. 1 and 2a. Given that the
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weight of pregnant mice during the late gestation may be con-
founded by that of embryos to a large extent, the body weight
gain of pregnant mice during the early gestation (days 0—7 of
the WDPMP period) was calculated. Both the daily body
weight gain (Fig. 2b, F{;, 14)=6.333, P < 0.05) and the overall
body weight gain (Fig. 2c, t14 = 2.517, P < 0.05) during early
WDPMP showed significant difference between the PC group
and the PS group. These results suggest that the weight gain of
the PS mice was reduced by WDPMP stress during the early
period of gestation.

WDPMP Induces Anhedonia in PS Mice During the Late
Period of Gestation

The sucrose preference baseline did not show significant dif-
ferences among PC, PC-CDI1 and PS groups (Figs. 2d and
S3). Compared to PC group, PS group showed significantly
decreased sucrose preference overall (F(; 43, = 13.756,
P < 0.01), which was mainly confined to the late period of
WDPMP (Fig. 2d, D10, F;. 43, = 7.44, P < 0.01; D13, F;.
43=10.06, P < 0.01; D16, F(q, 43y=12.65, P < 0.01; Fig. S3,
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Fig. 2 Time schedule of the experiments, sucrose preference test and body
weight gain during WDPMP. a The time course of the experimental design.
Male and female C57BL/6J mice were habituated for 7 days, and then their
baseline of sucrose preference was measured. After mating, WDPMP was
performed on female mice in the stress group, and the sucrose preference of
each mouse was measured on days (D) 1, 4, 7, 10, 13 and 16 of the
WDPMP period. The open field test (OFT), locomotor activity (LA),
light/dark test (LD), elevated plus maze test (EPM), sucrose preference test
(SPT) and forced swimming test (FST) were performed on pregnant control
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(PC) and pregnant stressed (PS) groups after lactation. Mice were sacrificed
24 h after the end of all behavioural tests, and specific brain tissues were
dissected for nucleic acid extraction. b, ¢ The daily and total gain of body
weight and in PC and PS mice before (D0) and during the WDPMP period
(D1-7) (n = 8 in both groups). d Sucrose preference in PC and PS mice
before and during the WDPMP period (n = 20 in PC group, n = 25 in PS
group). Repeated measures ANOVA was used for the comparisons of su-
crose preference between control and stress groups. *P < 0.05, **P < 0.01.
Data are presented as mean + SEM



Mol Neurobiol (2018) 55:1097-1111

1103

D13 and D16, P <0.05). Compared to PC-CD1 mice, PS mice
similarly displayed decreased sucrose preference during the
late period of WDPMP (Fig. S3, D7, D13 and D16,
P < 0.05). These results suggest that PS mice developed an-
hedonia, which worsened over the time course of application
of WDPMP stress. Interestingly, the presence of CD1 mice
during gestation (PC-CD1) without defeating the male C57
mice did not induce anhedonia in female mice, as there was
no significant difference of sucrose preference between PC
and PC-CD1 groups during gestation (Fig. S3). These results
suggest that the simply existence of aggressive individuals
may not induce anhedonia in pregnant mice.

WDPMP During Pregnancy Induces Anxiety-Like
Behaviours in 3-Week Postpartum Dams

Considering the confounding influence of weaning and other
related physiological conditions during lactation, we per-
formed depression-/anxiety-related behavioural tests on the
dams after lactation to examine the long-term effects of
WDPMP (3 weeks postpartum; see Fig. 2a). No significant

differences were found in either the locomotor activity
(Fig. 3a) or the open field test between the PC and PS groups
(Fig. 3b). However, in the light/dark box test, PS mice spent
less time in the light chamber than PC mice did (Fig. 3c,
tye =4.751, P < 0.001). Similarly, PS mice exhibited signifi-
cantly less time spent in the open arms of the elevated plus
maze as relative to those in PC group (Fig. 3d, t,¢ = 3.339,
P < 0.01). These results suggest that postpartum dams expe-
rienced WDPMP stress during pregnancy showed anxiety-
like phenotypes even after lactation.

WDPMP Stress Does Not Induce Long-Term
Depression-Like Behaviour in Postpartum Dams

To test whether the anhedonia in the stressed pregnant dams
was persistent after pregnancy, mice from both PC and PS
groups were assessed via the sucrose preference and forced
swimming tests. Unlike the results obtained in the late gesta-
tional period, sucrose preference after lactation was not sig-
nificantly different between PC and PS groups (Fig. 3e,
tye = 0.423, P = 0.676). In the forced swimming test, the PS
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group was not significantly different from the PC group in
immobility time (Fig. 3f). These results suggest that
WDPMP stress may induce transient anhedonia in pregnant
mice.

Abnormal Expression of BDNF in the Hippocampus,
Medial Prefrontal Cortex and Amygdala of PS Mice

Hippocampus, mPFC and amygdala are the main brain re-
gions associated with anxiety-like phenotypes [33]. In partic-
ular, the hippocampus is considered to be highly relative to the
transiently appeared anhedonia phenotype [34-36]. In order to
gain insight into the underlying mechanisms of the above
phenotypic changes, we extracted mRNA from the hippocam-
pus of postpartum dams from both PS and PC groups and used
samples of the mRNA pooled from two to three individuals
per group to perform gene expression profiling. Of all
analysed genes, 434 were differentially expressed (fold
change > +1.25, P value and false discovery rate
(FDR) < 0.001). Of these, 184 were upregulated and 250 were
downregulated in the PS group vs. the PC group (Fig. 4a and
Table S4). These differently expressed genes were further
screened for functionality and/or protein—protein interactions
online by the Toppgene analysis at https://toppgene.cchme.
org/. The 20 top-ranked genes were shown in Table S5. The
expression levels of Grin2a, Npy, Bdnf, Grm8, Cxcr4, Ptgds,
Nrda2, Cckbr, Enpp2, Igf2 and Plagll were verified using
quantitative PCR (Fig. S4a, b). We then selected genes with
relative low individual variation within groups, including Npy,
Bdnf, Grm8 and Igf2, and performed q-PCR in a new batch of
mRNA samples of the PC and PS groups. The results showed
that the expression levels of total Bdnf (¢t;o = 2.72, P < 0.05)
and Npy (19 = 3.10, P < 0.05) were significantly different
between the PC and PS groups (Fig. 4b). In mammalian
brains, abnormal BDNF expression is associated with the
pathogenesis of several mental disorders, including depres-
sion and anxiety [37, 38]. In view of different transcript var-
iants of Bdnf that may function in distinct neurobiological
processes such as depression [39], we analysed the expression
levels of specific Bdnf transcripts in the hippocampus.
Consistent with previous research [40], the results showed that
the levels of Bdnf'1, Bdnf1IB, Bdnf1IC, Bdnf1V and Bdnf VI
were relatively higher than other variants in the hippocampus
(Fig. 4c and Table S6). We then used gq-PCR to quantify the
levels of total Bdnf and its five primary transcripts in the hip-
pocampus, mPFC and amygdala of PC and PS mice. The
results showed that expression levels of total Bdnf and partic-
ular Bdnf transcripts changed significantly in the examined
brain regions of the PS group relative to the PC group
(Fig. 4d-f; hippocampus: Bdnf1, t;o = 3.791, P < 0.01; Bdnf
1B, t,0=2.815, P<0.05; Bdnf1IC, t,,=2.473, P < 0.05; Bdnf
1V, t19 = 3.337, P < 0.05; Bdnf V1, t;o = 4.612, P < 0.01;
mPFC: total Bdnf, tg = 2.416, P < 0.05; Bdnf1V, t3 = 4.771,
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P <0.01; Bdnf' VI, tg =4.705, P < 0.01; amygdala: total Bdnf,
tg = 2482, P < 0.05; Bdnf'l, ts = 3.990, P < 0.05; Bdnf'11B,
P <0.01; Bdnf'1IC, tg = 3.067, P < 0.05; Bdnf'1V, tg = 3.069,
P < 0.05). To further determine if these changes occurred at
the protein level, Western blot was performed to detect BDNF
in these three brain regions in PC and PS mice. Consistent
with the results of mRNA expression, BDNF protein levels
in PS mice were also significantly changed in the examined
brain regions relative to the PC group (Fig. 4g, h; hippocam-
pus, t4 =3.419, P < 0.05; mPFC, t, = 2.990, P < 0.05; amyg-
dala, t; = 6.448, P < 0.01). These results suggest that BDNF
expression levels were altered in the hippocampus, mPFC and
amygdala following WDPMP stress.

DNA Methylation of CpG Islands in Bdnf Promoter
Regions Remains Unchanged in the Hippocampus of PS
Mice

DNA methylation is a key component of environmentally
sensitive epigenetic regulation. To investigate the epigenetic
regulation involved in decreased BDNF levels in the hippo-
campus of PS mice, we examined the DNA methylation levels
at CGIs of the Bdnfpromoter [41, 42]. CGIs have been report-
ed to contain a high concentration of CpG sequences [43] that
regulate transcription of genes by modulating their promoters
[44]. We hypothesised that the decreased expression of Bdnf’
could be due to the hypermethylation of CGIs at its promoter.
The methylation levels of two regions of the Bdnf promoter,
chr2:109677173-109677637 and chr2:109693467-
109694207 (compared to the mm10 reference genome at
http://quma.cdb.riken.jp/), were analysed in PC and PS
groups. However, none of the CpG sites in these two CGls
was significantly hypermethylated (P > 0.05, Fisher’s exact
test, Fig. 5a and Table S7), indicating that DNA methylation in
these regions was not likely to be involved in the
downregulation of different Bdnf transcripts in the
hippocampus of PS mice.

Abnormal Levels of miR-206-3p in the Hippocampus,
mPFC and Amygdala of PS Mice

miRNAs are a group of small (21-23 nucleotides), non-
coding RNAs that can regulate gene expression by binding
to the complementary sequences in the 3’ untranslated region
(UTR) [45]. It has been found that miR-206-3p are involved in
the pathology of Alzheimer’s disease and bipolar disorder
through regulating BDNF expression in the hippocampus
and mPFC [46, 47]. As miRNA binding on the 3'UTR of
Bdnf is another potentially epigenetic mechanism regulating
its expression, we then examined the levels of miR-206-3p in
the above brain tissues of PC and PS mice. As shown in
Figs. 5b and S5, miR-206-3p was significantly upregulated
in both the hippocampus (miR-206-3p/U6, t;o = 3.207,
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4 Fig. 5 Abnormal levels of miR-206-3p and BDNF in the hippocampus,
medial prefrontal cortex (mPFC) and amygdala of pregnant stressed (PS)
mice. a Comparison of the DNA methylation level of two CpG islands
(CGls) in Bdnf promoter regions of pregnant control (PC) and PS groups.
CGl region I (position: chr2:109677173-109677637) includes two parts,
and CGI region II (position: chr2:109693467-109694207) includes three
parts, based on the mouse reference genome (mm10). Each circle repre-
sents one CpG site, and the black sector in circles represents the methyl-
ation level. The number of clones is 14-20, P> 0.05, Fisher’s exact test. b
Expression levels of miR-206-3p in hippocampus (U6 was used as an
endogenous control) (n = 6 in each group), mPFC (n = 5 in each group)
and amygdala (n = 5 in each group), of PC and PS groups. ¢ q-PCR
verification of miR-206-3p levels in a miR-206-3p transfected HT22 cell
line (U6 was used as an endogenous control) (z = 3 in the negative control
(NC) and miR-206 mimic group). d q-PCR verification of total Bdnf'and
five primary Bdnf transcripts in a miR-206-3p transfected HT22 cell line
(n =3 in the NC and miR-206 mimic groups). e, f Protein levels of BDNF
in a miR-206-3p transfected HT22 cell line (n = 3 in the NC and miR-206
mimic groups). GAPDH was used as an internal control; *P < 0.05,
*#*P < 0.01, Student’s ¢ test. Data are presented as mean = SEM

P < 0.01; miR-206-3p/miR-26b, ¢, = 3.405, P < 0.01) and
mPFC (miR-206-3p/U6, t3 = 3.237, P < 0.05; miR-206-3p/
miR-26b, #g = 4.027, P < 0.01) but downregulated in the
amygdala (miR-206-3p/U6, #5 = 4.272, P < 0.01; miR-206-
3p/miR-26b, tg = 3.262, P < 0.05) of PS mice. This result
suggests a negative correlation between the regulation of
Bdnf and miR-206-3p expression in the hippocampus,
mPFC and amygdala of the PS mice.

Decreased BDNF Levels in HT22 Hippocampal Cells
After the Transfection of miR-206-3p Mimics

To clarify the causal relationship between BDNF expression
and miR-206-3p levels, miR-206-3p mimics, which can sim-
ulate the functions of endogenous miR-206-3p, were
transfected into HT22 hippocampal cells. After the transfec-
tion, miR-206-3p was significantly increased in the miR-206
mimic group when compared to the NC group (Fig. 5S¢ and S6,
miR-206-3p/U6, £, = 5.015, P < 0.05; miR-206-3p/miR-26b,
t, =5.729, P < 0.05). Our data also revealed that the expres-
sion levels of particular Bdnf variants (Fig. 5d, total Bdnf,
1995 = 3.866, P < 0.05; Bd}’lf I, 5,607 = 3.989, P < 0.05;
BdanIB, 13312 = 3799, P< 005, Bd}’lfVI, 13153 = 4120,
P < 0.05) and BDNF protein (Fig. 5e, f, 4 = 3.098,
P < 0.05) were significantly decreased in the miR-206 mimic
group when compared to the NC group. These results suggest
that miR-206-3p negatively regulate BDNF expression.

Discussion

Conditioned aversive stress caused by direct physical manip-
ulation of animals can induce abnormal physiological and
emotional states; however, the effects of psychological stress
devoid of contact, such as that from witnessing violent events,

are not well studied. More recently, by taking advantage of an
indirect social defeat protocol, it was found that witnessing
traumatic events could induce anxiety- and depression-like
behaviours in male rodents [13, 20]. In consideration of gen-
der differences and the importance of gestation on the health
of mothers and their offspring, we focused on the effect of
witnessing violent events in females during pregnancy by
modifying the existing social defeat procedure. It has been
suggested that female rats could be negatively affected by
the cage-mate under aversive circumstances [19]; in addition,
vicarious behaviour was found to be regulated by the degree
of relatedness between the interacting individuals [48, 49].
Thus, the mated pairs were utilized in our WDPMP model,
in view of that the female mice may suffer intense psycholog-
ical stress on witnessing the defeat process of their mated
partner than other unrelated male mice, due to the vicarious
behaviour.

Similar to previous research [ 13], witness stress significant-
ly reduced the gain of body weight in PS mice when compared
to PC mice. Interestingly, we found that the PS mice were
anhedonic during the late stage of pregnancy but not during
the early stage. This might be due to that anhedonia became
more severe with the accumulation of social witness stress. In
addition, we cannot exclude the possibility that greater sensi-
tivity to psychological stress in pregnant mice occurs at a late
period of gestation. As the anhedonia and immobility time in
the forced swimming test were not significantly different be-
tween PC and PS mice after lactation, we surmised that
WDPMP stress-induced transient anhedonic behaviour in PS
mice. In contrast, PS mice exhibiting anxiety-like behaviours
after lactation suggest that the psychological stress in our
model can also cause long-term disturbances in anxiety-
related behaviours.

Warren et al. found that after witnessing social defeat pro-
cess, male mice displayed social avoidance phenotype [13].
As a psychological stress model similar to that of Warren’s,
WDPMP stress may also impair the social interaction of fe-
male mice, which deserves further study. In addition, the su-
crose preference decreased after the transfer of mice from
mating cages to stress cages (as shown in Figs. 2d and S3),
possibly due to the different tested sucrose preference levels
between mating cages and stress cages or the additional stress
of being transferred to new environment.

The hippocampus, mPFC and amygdala are the most im-
portant brain regions regulating anxiety and depression.
Notably, these brain regions have been shown to be bidirec-
tionally connected after stress exposure [33]. For example,
chronic stress can impair synaptic plasticity in hippocampo-
prefrontal cortical pathways and strengthen amygdalo-
hippocampal activity in rats [50, 51]. Previous studies in ro-
dent models have shown that stress can regulate BDNF levels
in these regions of the brain and that this regulation is related
to psychiatric disorders such as anxiety [33, 52, 53]. In
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addition, Bdnf'is regulated by discrete promoters that generate
multiple distinct transcripts [54]. These distinct transcripts are
differentially expressed across brain regions, as well as in
response to special stimulation [55, 56]. Interestingly, we
found that the levels of total Bdnf and several of its primary
transcript variants were decreased in the hippocampus and
mPFC, and increased in the amygdala, in stressed postpartum
mice. These results suggest that WDPMP stress may exert a
general effect on the expression of distinct Bdnf isoforms
through a shared mechanism. Furthermore, the BDNF protein
levels showed the same changes as those of Bdnf mRNA in
stressed postpartum mice. Together with the association of
anxiety-like phenotypes and the changed levels of BDNF,
our results suggest that BDNF play an important role in
WDPMP-induced anxiety behaviours in pregnant mice,
which would if confirmed be a novel function of
neurotrophins.

Notably, we also observed decreased Npy levels in
the hippocampus of PS mice. As Npy plays an impor-
tant role in nervous system and interacts with BDNF
[57, 58], this result implies that there are other genes
triggered by WDPMP stress, which may also be in-
volved in the anxiety-like behaviours of PS mice. In
the study of male mice witnessing social defeat,
Warren and colleagues have identified hundreds of over-
lapped genes between physical stress and emotional
stress groups in ventral tegmental area [13]. However,
Bdnf and Npy, which showed significant difference in
the hippocampus between PC and PS groups, were not
in their overlap list of genes. This suggests that psycho-
logical stress may exert sex-specific function through
the specific pathways in different brain regions.

Although many studies have demonstrated that environ-
mental stressors altered the DNA methylation level of Bdnf
promoters, and ultimately its expression level in both humans
and rodents [42, 59, 60], we did not detect significant meth-
ylation changes in the hippocampus between the PC and PS
mice, suggesting that other epigenetic regulation is involved
in the alterations of Bdnfexpression in PS brains. miRNAs are
relevant to the pathophysiology of several central nervous
system diseases, including depression and anxiety [61, 62].
miRNAs are also critical epigenetic regulators that may mod-
ulate the effects of environmental cues acting on physiology
and behaviours in rodents [63—65]. Remarkably, we found
increased miR-206-3p levels in the hippocampus and mPFC
as well as decreased miR-206-3p levels in the amygdala of PS
mice. Considering the ability of miRNA to regulate the ex-
pression of distinct transcripts of a certain gene by binding to
highly conserved sites of their shared 3'UTR, simultaneous
alterations of total Bdnfand its primary variants were observed
in the hippocampus, mPFC and amygdala of PS group.
Similar to a previous study [66], we found that upregulation
of miR-206-3p in vitro significantly downregulated the levels

@ Springer

of total Bdnf, specific Bdnf transcript variants and the BDNF
protein itself. Our data therefore suggest that WDPMP stress
resulted in anxiety-like behaviours in PS mice, which is con-
current with changed expression of BDNF and miR-206-3p
levels in them.

Although we found a negative correlation of expres-
sion between BDNF and miR-206-3p, it should be noted
that in addition to miR-206-3p tested here, other
microRNAs (e.g. miR-1) have been reported to regulate
expression of Bdnf by binding to the 3'UTR [67, 68].
Thus, it is possible that one or some of these other
miRNAs, possibly in cooperation with miR-206-3p, in-
duced the alterations of BDNF levels in this study.
Moreover, the roles of other epigenetic mechanisms in
BDNF regulation, such as DNA methylation in the
mPFC and amygdala, histone modifications [69] and reg-
ulations of transcription factors and cofactors [70, 71],
will need to be considered. Furthermore, the changes of
BDNF in the hippocampus, mPFC and amygdala suggest
that psychological stress may influence brain function in
multiple regions and that the abnormal behaviours in-
duced by this stress may depend on the interaction be-
tween different brain regions.

To sum up, our study showed that the psychological
stress of witnessing social defeat of a mate during preg-
nancy induced transient anhedonia during the late period
of pregnancy and persistent or recurrent anxiety-like be-
haviours up to 3 weeks postpartum in pregnant female
mice. These behaviours were associated with decreased
BDNF expression and increased miR-206-3p expression
in the hippocampus and mPFC, as well as increased
BDNF expression and decreased miR-206-3p expression
in the amygdala of the stressed pregnant mice. The es-
tablishment and validation of this novel stress model
may help to unveil the biological basis of mood-
related behaviour on pregnant women and advance our
understanding of the underlying mechanisms of depres-
sion and anxiety in general.
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