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Abstract Chronic stress is a risk factor for major depression.
Social defeat stress is a well-validated murine model of de-
pression. However, little is known about the gene activity
dynamics during the development of a depression-like state.
We analyzed the effects of social defeat stress of varying du-
ration (10 and 30 days) on the behavioral patterns and pre-
frontal-cortex transcriptome of C57BL/6 mice. The 10-
day exposure to social defeat stress resulted in a high level of
social avoidance with no signs of depression-associated be-
havior. Most animals exposed to 30 days of social defeat stress
demonstrated clear hallmarks of depression, including a
higher level of social avoidance, increased immobility in the
forced swimming test, and anhedonic behavior. The monitor-
ing of transcriptome changes revealed widespread alterations
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in gene expression on the 10th day. Surprisingly, the expres-
sion of only a few genes were affected by the 30th day of
stress, apparently due to a reversal of the majority of the early
stress-induced changes to the original basal state. Moreover,
we have found that glucocorticoid-sensitive genes are clearly
stimulated targets on the 10th day of stress, but these genes
stop responding to the elevated corticosterone level by the
30th day of stress. The majority of genes altered by the 30-
day stress were downregulated, with the most relevant ones
participating in chromatin modifications and neuroplasticity
(e.g., guanine nucleotide exchange factors of the Rho-family
of GTPases). Very different molecular responses occur during
short-term and long-term social stress in mice. The early-
stress response is associated with social avoidance and with
upregulation and downregulation of many genes, including
those related to signal transduction and cell adhesion path-
ways. Downregulation of a few genes, in particular, genes
for histone-modifying methyltransferases, is a signature
response to prolonged stress that induces symptoms of de-
pression. Altogether, our data show that the development
of depression under social stress conditions is correlated
with suppression of the overactive molecular response to
induced stress, involving gene regulatory resistance to glu-
cocorticoid molecules, potentially via a chromatin remod-
eling mechanism.

Keywords Mice - Social defeat stress - Depression -
RNA-seq - Prefrontal cortex - Glucocorticoid resistance
Introduction

Depression is a major burden on society and currently

affects an estimated 350 million people globally.
Depressive disorders were recently found to be the third
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leading financial burden and the leading cause of dis-
ability [1]. Depression can develop in the course of a
severe illness or can be a consequence of posttraumatic
stress disorder or chronic social stress. The latter cause
is gaining significance under modern living conditions.
The prefrontal cortex (PFC) is responsible for complex
cognitive functions, regulation of emotion, and adapta-
tion to stress. In this brain region, the integration of
input signals takes place, with the subsequent regulation
of the activity of the brain areas underneath it [2]. PFC
activity is reduced in depressive-like states in rodents,
and activation of PFC has an antidepressant effect
[3-5]. Imaging and human postmortem studies indicate
an altered activity in discrete regions within the prefron-
tal cortex, and their atrophy is associated with depres-
sion [6, 7]. Deep brain stimulation of discrete sites
within the prefrontal cortex elicits a remarkable im-
provement in depressive symptoms in some patients,
supporting the role of hypoactivity in various regions
of the prefrontal cortex in depression [8—10].

Chronic defeat stress induces a depression-like state in
mice, similar to depressive states in humans, with similar-
ities in symptoms, etiology, and sensitivity to antidepres-
sants, as well as brain neurochemical changes [11-15]. To
elucidate the mechanism of the depressed state, tran-
scriptome studies of certain brain regions of animals dur-
ing social stress have been conducted [11, 16-21].
However, only a few studies dealt with the murine prefron-
tal cortex, and the reported transcriptomic patterns were
not consistent across these studies [19-21]. Furthermore,
there has not been a transcriptomic investigation of the
development of depressive disease over time.

The aim of our work was to analyze the changes in
gene expression profiles under social defeat stress of
varying duration: 10 and 30 days. Studies on social
defeat stress are usually limited to 10-14 days of stress,
and only some sensitive animals exhibit the symptoms
of depressive behavior [11, 16, 17, 22]. Longer stress
periods, during which almost all studied animals devel-
op depressive-like state, have been evaluated in only a
few studies [12, 23-26]. Thus, genome-wide profiling at
various stages during the development of the
depression-like state should allow for the identification
of the key genes involved in these pathological changes.

It is well known that the hypothalamus—pituitary—ad-
renal axis is the major system involved in stress re-
sponse, and the altered glucocorticoid signaling is one
of the major contributors for stress-induced psychopa-
thologies [27-29]. Notwithstanding this, there are not
so many investigations [30-32] concerning the role of
glucocorticoids in chronic social defeat stress in mice.
In this regard, in our analysis we included the search
for potential targets of glucocorticoid receptor (GR).

Methods

Animals

Adult male mice of the C57BL/6 and ICR strains were pro-
vided by the Center for Genetic Resources of Laboratory
Animals at the Institute of Cytology and Genetics, SB RAS,
Novosibirsk, Russia (RFMEFI61914X0005 and
RFMEFI62114X0010). The animals were housed under stan-
dard conditions (12:12 h light/dark cycle, lights on at
8.00 A.M.; feed—pellets—and water were available ad
libitum). The mice were weaned at 1 month of age and housed
in groups of 8-10 in plastic cages (36 x 23 x 12 cm).
Experiments were performed on mice 10-12 weeks of age.
All procedures were approved by the Ethics Commiittee of the
Institute of Cytology and Genetics, SB RAS (protocol 20.1,
March 11, 2014).

Chronic Social Defeat Stress

Prolonged experience of social defeat in male mice was
induced using the sensory contact model [14] with some
modifications. Mice were housed in a steel cage
(14 x 28 x 10 cm) bisected by a perforated transparent
partition allowing the animals to see, hear, and smell
each other but preventing physical contact. A C57BL/6
mouse was placed into the empty compartment adjacent
to an aggressive ICR mouse. The animals were left
undisturbed for 2 days to adapt to new housing condi-
tions and sensory contact before they were subjected to
encounters. Every afternoon (14:00-17:00 p.Mm. local
time), the partition was removed for 10 min to encour-
age aggressive interactions. As a rule, aggressive con-
frontations between males are discontinued by lowering
the partition if the strong aggression has lasted more
than 3 min. During each defeat session, the C57BL/6
mouse was attacked by the aggressive ICR mouse and
showed defensive behavior (sideways postures, upright
postures, withdrawal, or freezing). Once a day, after the
defeat session, each C57BL/6 mouse was placed in an
unfamiliar cage with a new aggressive ICR mouse be-
hind the partition. Each ICR mouse remained in its
original cage. This procedure was performed once a
day for 10 days (S10 group) or 30 days (S30 group).

Behavior of the Defeated Mice During Social Defeat

Behavior of the defeated mice was videotaped for
10 min during two consecutive encounters with different
aggressors (days 7 and 8 for the S10 group, days 27
and 28 for the S30 group) (Fig. 1). For the analysis, we
used the average parameters from the two sessions to
minimize the influence of individual differences in the
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Fig. 1 Experimental design.

Behaviors during

. . . the defeat session Partition test FST Tissue harvest
Detailed explanation in text S30 group M e . M s
DaysofExp:| 1 | 2 | | 26 | 27 | 28 | 29 | 30 | 31 | 32 |
6pm 1pm 6pm 1pm
1t
Sucrose preference test
Behaviors during
the defeat session Partition test FST Tissue harvest
$10 group 3 3 3 M 3
baysoterp: | 1| I N NN NN e A
6pm 1pm 6pm 1$n
Sucrose preference test
Control Partition test FST Tissue harvest
R 2 R 2 3
Days of Exp: | I R A
6pm 1pm 6pm 1pm
P Df P! )
Sucrose preference test
aggressors’ behavior. During a 10-min test, the follow-  The Partition Test

ing behavioral domains were analyzed in the defeated
mice [14, 33]: (1) active defense—sideways and upright
defensive postures during the aggressor’s attack and re-
pulsion with one or two paws; (2) avoidance/flight—
remaining at a prudential distance from the opponent,
running away when opponent approaches, movement
of the anterior part of the body and head away from
the partner; (3) passive defense—freezing, remaining
immobile when the aggressor was near the mouse or
attacked it, position “on the back” after persecution by
the aggressor; (4) freezing—complete lack of movement
of the defeated mouse, without any attention to the ag-
gressor; (5) waiting—the defeated mouse sits at the cor-
ner or at the cage’s wall and watches the aggressors
movements; and (6) individual behavior—self-grooming,
digging up and scattering the sawdust.

The Sucrose Preference Test

This test was used to assess stress-induced anhedonia. The test
consists of a two-bottle choice where mice are given the
choice between consuming water and a 1% solution of su-
crose. The sucrose solution and water were provided on the
8th day of defeat stress for S10 group and on the 28th day of
defeat stress for S30 group (30 min after the videotaping be-
haviors of mice during defeat session). On the next day after
the partition test and daily defeat stress procedure, the sucrose
solution and water were again provided to defeated mice. The
mice were not food deprived and were exposed to the sucrose
solution and water from 6:00 p.M. until 1:00 p.M. the next day.
On the first day of provision of the sucrose solution, the mice
were allowed to adapt to the testing conditions, and parame-
ters of consumption were recorded on the second day of su-
crose provision. The animals and the bottles were weighed to
estimate consumption of the liquids. Sucrose solution prefer-
ence (percentage of the consumed sucrose solution relative to
the total amount of liquid intake) and sucrose solution intake/
body weight (g/g) were calculated.
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This test [34] was employed for estimation of behavioral re-
sponses of mice to a conspecific individual behind the trans-
parent perforated partition dividing the experimental cage.
The number of approaches to the partition and the total time
spent near it were scored during 5 min as indices of reacting to
the partner. The first trial was carried out with the familiar
aggressive ICR mouse, then the familiar partner was replaced
by an unfamiliar one (a nonaggressive ICR mouse) and sec-
ond trial were recorded for 5 min. The test was conducted on
the 9th day of defeat stress for group S10 and on the 29th day
of defeat stress for group S30.

The Forced Swimming Test

For quantification of depression-like behavior, we used the
forced swimming test [35, 36]. Mice were individually placed
into the Porsolt Forced Swim apparatus (Med Associates, Inc.,
USA): glass cylinders (height 45 cm, diameter 10 cm) con-
taining water (27 cm deep, 24-25 °C). Immobility, which is
indicative of helpless behavior, was recorded for 5 min. The
test was conducted on the 10th day of defeat stress for the S10
group and on the 30th day of defeat stress for the S30 group.

Experimental Design

All of the mice were randomly subdivided into three groups:
control, stress for 10 days (S10 group), and stress for 30 days
(S30 group). A prolonged experience of social defeat in male
mice was induced as described above. As a control for behav-
ioral testing, we used male mice after 5 days of individual
housing without aggressive interactions. The rationale for this
choice is that it gives the best trade-off between group housing
and social isolation: five days is sufficient for group housing
to no longer be a factor and insufficient for social isolation to
become a factor. Special investigations confirmed strong ra-
tionality of this control in the sensory contact model [37, 38].
Behavioral testing was performed consecutively: social defeat
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sessions, the partition test, the sucrose preference test, and the
forced swimming test (Fig. 1). Mice were still undergoing the
social stress protocol when these tests were carried out. The
partition test and the forced swimming test were conducted the
day after the last social defeat and shortly before the next one.
The sucrose solution and water were provided immediately
after the last social defeat until the start of the behavior test
next day (consumption during 19 h). The experimental groups
contained 16-24 animals. The animals were euthanized 48 h
after the last behavioral test (forced swimming test) and 24 h
after the last social defeat. All animals were sacrificed by
decapitation, and blood samples and prefrontal cortices were
collected for analysis. The prefrontal cortex was rapidly dis-
sected and placed in RNALater solution. The samples were
stored at —80 °C until RNA isolation.

Corticosterone Immunoassays

Quantitative determination of serum steroid levels was per-
formed by means of commercially available assays for corti-
costerone (IDS, UK). Total trunk blood was collected and
centrifuged at 3000 rpm for 10 min, and then the supernatant
(serum) was stored at —70 °C until analysis. Appropriate dilu-
tions of serum samples were prepared, and grossly hemolytic
serum samples were excluded. The immunoassays were per-
formed with strict adherence to manufacturer’s guidelines.

Analysis of the Behavioral Data

The test sessions were videotaped and scored by a trained
observer using free open-source software BORIS
(Behavioral Observation Research Interactive Software;
http://www.boris.unito.it) [39]. The forced swimming test
was scored by means of the Ethovision 10.0 software
(Noldus Information Technology, the Netherlands).

The behavioral data were tested by either one-way or
repeated-measures analysis of variance (ANOVA; with the
post hoc Bonferroni test). The statistical-significance thresh-
old was set to p <0.05. The behavior of defeated mice during
social defeat was analyzed by the Mann—Whitney U test.

Total RNA Extraction

Total RNA was extracted from each prefrontal cortex. The
tissue specimens were homogenized in TRI-Reagent (Sigma,
USA), and RNA was isolated following the manufacturer’s
protocol. The quantity and quality of total RNA were assessed
by means of an Agilent 2100 Bioanalyzer and the Total RNA
Nano kit (Agilent Technologies, USA). Only samples with an
RNA integrity number greater than 8.0 were used for gene
expression analysis.

Library Preparation

Four mice from each group (control, S10, and S30) were cho-
sen randomly for high-throughput mRNA sequencing (RNA-
seq) analysis. RNA-seq libraries of the murine prefrontal cor-
tex were prepared in accordance with standard New England
Biolab protocols (NEBNext mRNA Library Prep Master Mix
Set for Illumina, NEB, USA). Briefly, polyA-tailed mRNA
was purified from 1 pg of total RNA using the NEBNext®
Poly(A) mRNA Magnetic Isolation Module (NEB, USA) and
then broken into small fragments using divalent cations and
heating. Using a reverse transcriptase and random primers, we
synthesized first- and second-strand cDNAs. The cDNA was
subjected to an end repair reaction with T4 DNA polymerase
and Klenow DNA polymerase in order to blunt the termini.
After that, an A base was added to the 3’ end of the blunt
phosphorylated DNA fragments, and an [llumina adaptor with
a single T overhang at its 3’ end was then ligated to the end of
the DNA fragment. Size selection of DNA fragments was
performed by means of Agencourt AMPure XP Beads
(Beckman Coulter) and then PCR enrichment of the adapter-
ligated library was conducted (six cycles of PCR). The size
and quantity of the library were verified on the Agilent
Bioanalyzer, and these fragments were subjected to
nonstranded paired-end (2 x 100) sequencing on the
[llumina HiSeq 2000 platform. Raw data were deposited in
NCBI Sequence Read Archive (SRA—SRP075894).

Gene Expression Analysis

On average, ~34 million paired-end reads (25—67 million)
were obtained for each sample of prefrontal cortex RNA by
means of [llumina nonstranded sequencing. The sequencing
data were preprocessed with the Trimmomatic 0.32 tool [40]
to remove adapters and low-quality sequences. After barcode
trimming, we assessed the quality of the sequencing data in
the FastQC software package and mapped them onto the Mus
musculus reference genome assembly mm9 (Ensemble release
67) using TopHat version 2.0.4 [41]. The free programming
language, R, was used for the final data processing and visu-
alization. The data were then converted into gene count tables
by means of ENSEMBL gene annotation data. The resulting
tables were subjected to an analysis of differential gene ex-
pression in the DESeq2 software package [42]. The
Benjamini-Hochberg correction for multiple testing was ap-
plied to the resulting p values, and the genes with an adjusted
p value <0.05 were designated as differentially expressed
(DE) for further analysis. Genes that failed to converge to
the Generalized Linear Model in the differential expres-
sion analysis were excluded. RNA-seq quality metrics
showed that within each library, more than 93% of the
reads were uniquely mapped to the genome, with less
than 1% being rRNA (Fig. S1).
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Pathway Analysis

Gene Ontology (GO) enrichment analysis was conducted
using the WEB-based GEne SeT AnaLysis Toolkit
(WebGestalt) [43, 44]. The set of genes from our RNA-seq
study with counts >10 served as a reference set. Enrichment of
GOs was assessed using a hypergeometric test corrected for
multiple testing (Benjamini-Hochberg, p,4j < 0.05). Only sta-
tistically significant enriched terms were reported and
interpreted.

Real-Time Quantitative PCR (RT-qPCR)

RT-gPCR was performed to confirm the differential expres-
sion of genes identified by the RNA-seq process. The six
selected genes were analyzed by qPCR, covering multiple
fold changes and p values: three of them were downregulated
only in the S30 group (Grin2c, Mcf2l, Trankl), one of them
was downregulated in the S10 group (Npx2), and two genes
were changed both in the S10 and S30 groups (Arhgef7,
Sparc). A primer set for each gene was designed using
Primer-BLAST. Forward and reverse primer sequences are
listed in Table S1. In order to verify the RNA-seq results,
RT-qPCR was done on the same libraries, extended by addi-
tional biological replicates up to a total of five to seven sam-
ples per group. The PCR cycling conditions were 95 °C for
5 min followed by 40 cycles of 95 °C for 10 s and 60 °C for
30 s. Data were collected at 60 °C. A melt curve analysis was
performed at the end of each qPCR experiment. All real-time
qPCRs were performed on the Bio-Rad CFX platform (Bio-
Rad, Hercules, CA) using qPCR set with Eva Green I (Syntol,
Russia). The gPCR data were analyzed using the AACt meth-
od and normalized to the housekeeping genes Hprtl and 16S.
All gPCR reactions were performed in duplicates.

Analysis of Glucocorticoid-Sensitive Genes and ChIP-seq
Datasets for GR Binding Sites

The dataset of dexamethasone-affected genes in mouse prima-
ry cortical astrocyte cultures was downloaded from a publicly
available depository [45]. Genes that were differentially
expressed at 2, 4, 6, 12, 18, or 24 h after dexamethasone
treatment were used for Pearson correlation analysis with the
whole set of genes from our RNA-seq study.

In the analysis of mouse ChIP-seq data for glucocorticoid
receptor (GR) binding sites [46—50], we first assessed the
genomic loci for the promoters (the 2-kb region upstream of
the transcription start site, TSS) of 22,698 annotated protein-
coding genes (Ensembl v67). For each dataset, we quantified
the number of annotated genes that have at least one promoter
overlapping with GR binding sites and how many of these
genes are present in the DEG_S10 or DEG_S30 gene sets.
Finally, we estimated the significance of the overlap with a
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hypergeometric test. For the analysis of rat PC12 cells [51]
and rat hippocampus [52] datasets, we utilized two alternative
approaches. First, we identified regions in the mouse reference
genome that were homologous to reported ChIP-seq peaks in
the rat reference genome and then analyzed them similarly to
the mouse ChIP-seq dataset. Second, we identified the mouse
genes that were orthologs to the rat genes with a GR binding
site in the promoter. In all the analyses of orthologous genes,
we used only the 20,956 protein-coding mouse genes which
have orthologs in the rat, as reported in Ensembl v67.

Results

Serum Corticosterone Levels and the Behavioral
Response to Chronic Social Defeat Stress

The behavioral response was analyzed in a battery of tests,
which included the partition test, the sucrose preference test,
the forced swimming test, and analysis of behavior in a social
defeat session.

The partition test evaluates sociability of mice in a home
environment. Similar to the previous studies, the partition test
revealed a reliable segregation between the control and de-
pressive (S30 group) animals and an intermediate diffuse dis-
tribution of the S10 group (Fig. 2e). One-way ANOVA re-
vealed a significant effect of the groups on the total time spent
near the partition in reaction to aggressive partner
[F(2,58) = 17.8, p < 0.001] and unfamiliar nonaggressive
partner [F(2,58) = 17.9, p < 0.001]. Response to aggressive
partner was lower in the S10 (p < 0.01) and S30 (p < 0.001)
groups, but response to unfamiliar partner was lower only in
the S30 group (p < 0.001) (Fig. 2a, b). This result indicated
that mice from the S30 group actively avoid a partner and
demonstrated a social avoidance to both aggressive and non-
aggressive unfamiliar mice.

A sucrose solution is a natural reward, and a decrease in
sucrose consumption reflects of anhedonia: one of the core
symptoms of major depressive disorder. One-way ANOVA
revealed that chronic stress exposure influenced the prefer-
ence for sucrose solution [Fig. 2f; F(2,42) = 8.08,
p < 0.001]: the S30 group showed a lower sucrose solution
preference in comparison with the controls and S10 group
(p < 0.05). We did not observe changes in total liquid intake;
therefore, the intake of decreased sucrose solution reflects a
change in the desire to consume a sweet drink rather than a
change in liquid intake under stress (Fig. S2).

To assess the influence of stress on depressive behavior, the
mice were analyzed by the forced swimming test. Figure 2¢
and d shows that the total time spent immobile
[F(2,58) = 5.66; p < 0.01] and latency of immobility
[F(2,58) = 5.54; p = 0.01] varied as a function of stress dura-
tion. Exposure to 30-day but not 10-day stress decreased the
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corticosterone levels. a, b Total time spent near the partition in response
to an aggressive (a) and unfamiliar nonaggressive (b) partner. ¢, d
Immobility time and latency of immobility in the forced swimming test.
e Frequency distribution histogram for the absolute time spent near

latency of immobility (p < 0.01) and increased the total dura-
tion of immobility (p < 0.01) as compared to the control mice,
thus reflecting aggravation of depressive symptoms under the
influence of chronic social defeat stress.

Behavioral analysis during a social defeat session revealed
a significant reduction in the manifestation of individual be-
havior (p < 0.001) in the S30 group as compared to the S10
group (Table S2). During the 10-min interaction with an ag-
gressive partner, the mice in the S30 group spent more time
frozen in the corner in the absence of an aggressor (p < 0.05)
or watching the aggressor (p < 0.05), in comparison with the
S10 group.

We assessed the influence of chronic exposure to stress on
the basal level of serum corticosterone. Serum corticosterone
concentrations increased as a function of the duration of stress
[F(2,33) = 6.41, p < 0.01] among the three groups. Both S30
group and S10 group showed corticosterone levels higher than
those in the control group of mice (p < 0.05 both; Fig. 2g).

Thus, the results show that 30 days of social defeat stress
causes a pronounced depression-like state, whereas 10 days of
stress is insufficient for the development of this pathology.

Opposing Effects of Chronic Social Defeat Stress
on the Prefrontal Cortex Transcriptome

In accordance with the results of the behavioral tests, the
analysis of RNA-seq data revealed differences in the
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group S10 (assessed by one-way ANOVA, post hoc Bonferroni test)

transcriptomic profiles between the control and stressed
mice, both after 10 and 30 days of stress (Fig. 3). The
most prominent changes were observed in the S10 group,
with 360 genes being upregulated and 113 genes down-
regulated, as compared to the controls (Table S3, subset
“DEG_S10”). In the S30 group versus the controls, only
6 upregulated and 29 downregulated genes were differ-
entially expressed (Table 1 and Table S4, subset
“DEG_S30”). The expression of nine genes was altered
in both stressed groups with comparable fold changes
(Table 1). Meanwhile, a total of 177 genes were differ-
entially expressed between S10 and S30 groups
(Table S5, subset “DEG_S30vsS10”), with about half
of them (90 genes) also being altered in the S10 group
versus the controls. Figure 4 shows that the majority of
the genes altered by 10-day stress tended to return to-
ward their control levels of expression by the 30th day of
stress, with some of them even reverting beyond the
control values (panel c). This latter cluster of genes (87
genes) showed differential expression only between the
two stressed groups and was characterized by a profound
reversal in their expression level trend and modulating
back toward the control levels. Thus, the main trend in
the mRNA expression dynamics observed from the tran-
scriptome data is an induction of stress-responsive genes
followed by a partial recovery of their expression with an
increased duration of social defeat stress.
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Fig. 3 A Venn diagram of the differentially expressed genes (adjusted
p <0.05)

Pathway Analysis Links Stress to Neuronal Plasticity

To decipher the functional processes affected by the stress
conditions under study, we used several widely used programs
for functional enrichment analysis and gene network construc-
tion. The broadest and most tightly connected functional
group of genes responding to 10-day stress were related to
the structural maintenance and regulation of the extracellular
matrix, intercellular contacts, and cell adhesion (Table S6). A
schematic representation of STRING Protein-Protein
Interaction Network of DEG_S10 genes is shown in Fig. S3
which demonstrates the tightly functional connections be-
tween the genes in the discussed GO categories. This group
is coupled with the alteration of genes from the PI3K-Akt
signaling pathway (Ptk2, Sgkl), as well as several key genes
related to Wnt/Bmp signaling (Bmp4, Bmp5, Bmp6, Bmp7,
Wnt4, Wnt6, etc.), and is involved in the development and
maintenance of brain structures. Thus, the observed changes
on the 10th day of stress point to the modulation of cortical
cell plasticity.

In contrast, the group of genes affected by 30-day stress did
not produce any significantly enriched functional relation-
ships when compared to the controls, in part due to its small
size. However, the differentially expressed genes in the S30
group related to cell communication, in particular, for the reg-
ulation of small GTPase-mediated signal transduction
(Arhgef7, Mcf2l, Myo9b) and calcium ion binding (Sparc,
Plch2, Otof) (Table S7). We also analyzed the subset of 87
genes showing differential expression between the two
stressed groups alone (Fig. 4, bottom panel). Intriguingly, this
subset was significantly enriched with chromatin remodeling
proteins (Table S8), including the three enzymes of histone H3
methylation, Kmt2a, Kmt2d, and Setdlb, making it tempting
to speculate that the observed systemic reversal of stress-
induced changes may involve epigenetic mechanisms.
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RT-qPCR Validation of RNA-seq Results

Comparison of fold change in differential expression values
determined by RNA-seq and qPCR shows similar level and
direction of changes for most genes (Fig. 5). Downregulation
of three of five genes from DEG_S30 and one of three genes
from DEG_S10 was confirmed by RT-qPCR: Arhgef7,
Grin2c, Mcf2l, Nptx2. In addition, downregulation of Grin2c
in the S10 group was also confirmed (nominal p = 0.059 in the
RNA-seq data). Each of the confirmed fold changes was
greater than that indicated by the RNA-seq. The other gene
expression changes were not significant.

Glucocorticoid Regulation of the Differentially Expressed
Genes

Given the well-known influence of glucocorticoids on
the manifestation of the stress response and the elevated
levels of corticosterone observed in both S10 and S30
groups, it is compelling to investigate whether glucocor-
ticoid signaling is responsible for the gene expression
changes seen in these groups. Because there were no
available data on the expression changes in the murine
prefrontal cortex following glucocorticoid treatment, we
used microarray data derived from murine cortical astro-
cytes [45] to perform the correlation analysis with our
RNA-seq data. As shown in Fig. 6, significant correla-
tions were found between the log fold changes (LFCs)
obtained for the S10 group and the LFCs of
dexamethasone-affected genes, with the strongest corre-
lation at 12 and 24 h after treatment. Contrariwise, the
S30 group seemed to lack a similar relationship.
Significant negative correlations were also revealed for
LFCs obtained for S10vsS30 comparison. Similarly, in
terms of the enrichment analysis, dexamethasone-
responsive genes were significantly enriched in the DE
genes of S10 but not S30 group (Table S9). Although
the observed correlation coefficients were not very pro-
nounced, this could be partially attributed to the limita-
tions of comparing RNA-seq data to a more error-prone
microarray dataset. In this respect, increasing the p-val-
ue cutoff for microarray data resulted in a stronger cor-
relation between the stress-induced and dexamethasone-
induced expression changes (Fig. 6b). The results sug-
gest that, in spite of the elevated levels of corticoste-
rone in both S10 and S30 groups, the glucocorticoid-
responsive genes follow the same overall trend of gene ex-
pression changes, namely an alteration after 10 days of stress
and recovery to control levels at 30th day of stress.

To further investigate whether the differentially expressed
genes may be directly modulated by the glucocorticoid recep-
tor, we performed an enrichment analysis of GR binding sites
(GRBS) within the promoter regions of DE genes using
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Table 1  The list of differentially expressed genes in the S30 group
Ensembl ID Gene name Description S30 group S10 group

FC  pagj FC  pagj

Upregulated genes

ENSMUSG00000090733 Rps27
ENSMUSG00000025508 Rplp2
ENSMUSG00000075702  Selm
ENSMUSG00000018593  Sparc
ENSMUSG00000073083 NA
ENSMUSG00000034953 NA

Ribosomal protein S27

Selenoprotein M

170004711 7Rik2

Similar to LOC665931 protein; ribosomal protein, large P2

Secreted acidic cysteine-rich glycoprotein
RIKEN cDNA 1700047117 gene 2; RIKEN ¢cDNA 1700047117 gene 1

1.413 0.048 1.165 NS
1.345 0.049 1.171 NS
1.341 0.048 1223 NS
1.219 0.048 1.272 0.001
1.214 0.031 1.132 NS
1.214 0.034 1.131 NS

Downregulated genes

ENSMUSG00000032128 Robo3
ENSMUSG00000039087 Rrebl
ENSMUSG00000031503 Col4a2
ENSMUSG00000034156 Bzrapl
ENSMUSG00000062372  Otof
ENSMUSG00000078747 Gm20878
ENSMUSG00000002055 Spag5
ENSMUSG00000061589 Dotll
ENSMUSG00000004677 Myo9b
ENSMUSG00000040260 Daam?2
ENSMUSG00000075496 NA
ENSMUSG00000062296 Trank1
ENSMUSG00000029055 Plch2
ENSMUSG00000028876 EphalO

collagen, type 1V, alpha 2
Otoferlin
Sperm-associated antigen 5
Myosin IXb

Predicted gene 10,845
Lupus brain antigen 1

Phospholipase C, eta 2
Eph receptor A10

ENSMUSG00000079733 Tmem181b-ps Transmembrane protein 181B, pseudogene

ENSMUSG00000027582  Zgpat
transmembrane adaptor 1
ENSMUSG00000090663  Srcap

ENSMUSG00000048148 Nwd1
ENSMUSG00000025241 Fycol
ENSMUSG00000031442 Mcf21
ENSMUSG00000056211 R3hdml
ENSMUSG00000020734 Grin2c
ENSMUSG00000032525 Nktr
ENSMUSG00000032705 Exd2
ENSMUSG00000030002 Duspll
ENSMUSG00000037239  Spred3
ENSMUSG00000021277 Traf3
ENSMUSG00000021198  Unc79
ENSMUSG00000031511  Arhgef7

Roundabout homolog 3 (Drosophila)

ras responsive element binding protein 1

Benzodiazapine receptor-associated protein 1

Predicted gene 13308; similar to chemokine (C-C motif) ligand 27

DOT1-like, histone H3 methyltransferase (S. cerevisiae)

Disheveled associated activator of morphogenesis 2

Zinc finger, CCCH-type with G patch domain; Lck interacting

Snf2-related CREBBP activator protein

NACHT and WD repeat domain containing 1

FYVE and coiled-coil domain containing 1

mcf.2 transforming sequence-like

R3H domain 1 (binds single-stranded nucleic acids)
Glutamate receptor, ionotropic, NMDA2C (epsilon 3)
Natural killer tumor recognition sequence
Exonuclease 3'-5’ domain containing 2

Dual specificity phosphatase 11 (RNA/RNP complex -interacting)
Sprouty-related, EVH1 domain containing 3

TNF receptor-associated factor 3

unc-79 homolog (C. elegans)

Rho guanine nucleotide exchange factor (GEF7)

0.594 0.0001 0.837 NS
0.697 0.030 0.858 NS
0.701 0.030 0.821 NS
0.716 0.048 0.859 NS
0.722 0.048 0.862 NS
0.725 0.030 0.774 0.048
0.728 0.049 0.852 NS
0.728 0.049 0946 NS
0.740 0.049 0.898 NS
0.748 0.030 0.881 NS
0.748 0.050 0.693 0.001
0.748 0.048 0.795 NS
0.757 0.049 0.865 NS
0.759 0.030 0940 NS
0.764 0.037 0.799 0.044
0.767 0.030 0.843 NS

0.776 0.049
0.782 0.030
0.786 0.030
0.789 0.048
0.796 0.030
0.797 0.049
0.798 0.030
0.804 0.049
0.806 0.048
0.809 0.049
0.825 0.049
0.838 0.030
0.879 0.049

0.868 NS
0.908 NS
0939 NS
0.896 NS
0.895 NS
0.889 NS
0.939 NS
0.814 0.028
0.882 NS
0.797 0.006
0.833 0.023
0.842 0.005
0.879 0.014

FC fold change, p,; adjusted p value (Benjamini-Hochberg correction), NS not significant

several published ChIP-seq datasets for the GR across differ-
ent mouse cell types [46-50]. These data, however, lacked
brain or neuron-related cell types; therefore, we additionally
analyzed ChIP-seq data in rat neuronal PC12 cells [51] and rat
hippocampus [52]. For the S10 group, we found a significant
overrepresentation of GR binding sites (as compared to all
annotated genes) in DE gene promoters for all mouse ChIP-

seq datasets (nominal p value <0.05, hypergeometric test;
Table 2), except for erythroid progenitor cells. This trend
was also apparent when we combined the five experimental
datasets. In the rat datasets, hippocampal GR binding sites are
overrepresented in group S10 genes. In contrast to group S10,
the promoters of DE genes in the S30 group demonstrated
almost no overlap with GR binding sites.
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S10 vs Ctrl

|

Fig. 4 Relative per-library expression of genes differentially expressed
in the S10 group versus the control and S30 groups. Lefi panels: heatmaps
showing the scaled rlog-transformed gene counts across 12 analyzed
libraries. Right panels: the results of principal component analysis applied
to the respective subsets of genes in order to assess expression similarities
among the samples; x- and y-axes correspond to the first and second
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Fig. 5 RT-qPCR validation of RNA-seq results. a mRNA level of Arhigef7,
Grin2c, Mcf2l, Nptx2, Spare, Trankl normalized to Hprtl and 16S (one-way
ANOVA, LCD post hoc test, values represent mean + SEM, n = 5-6 animals/
group, *p < 0.05). b Fold changes of the genes revealed by RNA-seq

Mcf2l  Nptx2  Sparc
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principal components. The genes are split into subsets (a—d) according
to their status of differential expression in three possible comparisons
between the S10, S30, and control groups (accounting for intersections):
(a) only in S10 versus control, 383 genes; (b) in S10 versus both S30 and
control, 90 genes; (¢) only in S30 versus S10, 87 genes; (<) only in S30
versus control, 25 genes

Discussion

Social defeat stress is the most relevant mouse model of depres-
sion and exhibits features of construct, face, and predictive
validity, although the intensity of the stress used is more severe
than that seen in most humans [53]. Using this model with
some modifications gives stable results from different groups
of researchers. However, these studies are usually limited to
10-14 days of stress and only 50-60% of the mice exhibited
depressive symptoms [11, 16, 17, 22]. In our work, we addi-
tionally used a more prolonged stress period—30 days, when
almost all animals studied develop a severe depressive state.
In this study on male mice, we demonstrated that after
30 days of social defeat stress (S30 group), the mice devel-
oped a pronounced depression-like state, whereas the mice in
the S10 group showed only some signs of behavioral aberra-
tions. In the depressive animals, we observed a stable social
avoidance regardless of the type of partner. Also, these ani-
mals showed an increased immobility in the forced swimming
test and a decreased preference for sucrose solution, which are
indicative of helpless behavior and stress-induced
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Fig. 6 Correlation between the changes of gene expression in response to
social defeat stress (RNA-seq, prefrontal cortex) and in response to dexa-
methasone treatment (microarray, primary cortical astrocytes). a
Scatterplots of log2-fold-changes of gene expression, observed between
three experimental groups (no p value cutoff) versus six time points after
dexamethasone treatment (p value < 0.01). Straight lines show linear fits

Table 2 Enrichment analysis of GR binding sites within the promoter regions of DEGs

correlation coefficient
-0.4
\

-0.6
|

-0.8
l

S10vsS30 group

Cutoff for significance of DE
in microarray experiment

001 D001 m1e-04

0005 @0.001 M 1e-05

[ I I I
6 12 18 24

hours after DEX treatment

of the data. Each plot is accompanied by Pearson correlation coefficient
and p value. b Dependency between the level of correlation coefficients
and a p-value cutoff used for choosing differentially expressed genes in
each time point of microarray study (shown by grayscale gradient).
Correlation coefficients with significance p > 0.01 are marked by filled
circles

GR ChIP-seq datasets Reference Genes with DEG Overlap with Nominal p Adjusted p
GRBS dataset DEGs value value
3134 mammary adenocarcinoma cells [46] 281 S10 10 0.05 0.65
S30 1 0.35 1
C2C12 myotubes [47] 97 S10 7 3.15E-03 0.04
S30 0 1.0 1.0
3T3-L1 adipocytes [48] 455 S10 21 3.19E-04 3.83E-03
S30 0 1.0 1.0
BFU-E erythroid progenitors [49] 74 S10 0 1.0 1.0
S30 0 1.0 1.0
Intact liver tissue in adrenalectomized mouse model [50] 776 S10 30 4.06E-04 4.88E-03
S30 0 1.0 1.0
All five mouse ChIP-seq combined 1428 S10 50 6.46E-05 7.75E-04
S30 1 0.9 1.0
PC12 neuronal cells (GR ChIP-seq lifted from 4 [51] 53 S10 2 0.28 1.0
genome) 30 1 0.08 0.94
PC12 neuronal cells (mouse orthologs of rat genes) [51] 13 S10 0 1.0 1.0
S30 0 1.0 1.0
Rat hippocampus (GR ChIP-seq lifted from rn4 ge- [52] 120 S10 13 7.67E-07 9.21E-06
nome) S30 0 1.0 1.0
Rat hippocampus (mouse orthologs of rat genes) [52] 25 S10 2 0.09 1.0
S30 0 1.0 1.0

Genes with GRBS—genes with glucocorticoid receptor binding sites for mouse ChIP-seq datasets, adjusted p value—nominal p value with Benjamini-

Hochberg correction
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anhedonia—one of the core symptoms of depression. During
a 10-min interaction with an aggressive partner, the mice in
the S30 group preferred to spend time in the corner of their
compartment, in complete immobility, or watching the aggres-
sor from afar, and did not represent individual behaviors
(rears, self-grooming). Overall, it appears that under the influ-
ence of chronic social defeat stress, the animals develop be-
havioral deficits and show a weaker reaction toward any ex-
ternal stimuli. In the majority of situations, mice in the S30
group preferred to remain sedentary, expressing no interest in
their surroundings. These observed effects are in agree-
ment with other studies involving social stress of similar
duration (20-30 days), which showed the development
of a pronounced behavioral deficit in stressed animals
[12, 24, 54, 55].

Mice in the S10 group showed only social avoidance to the
aggressive partner behind the partition and no significant dif-
ferences in the other tests. The level of response to the aggres-
sive partner in the S10 group (Fig. 3a, e) indicated that the
disturbances in the behavior under the influence of the stress
had already begun but not yet reached the level of depressive
animals. Other studies of 10-day social defeat stress showed
that behavioral disturbances are not observed in the whole
group. So, investigators have to divide the animals into a
stress-susceptible group and a stress-resistant group. The basis
of this separation may be the defeat-induced social avoidance
[11, 16], development of anhedonic behavior [56], or differ-
ences in the forced swimming test [57]. In the present study,
using the most variable parameter between groups, the level of
response to the aggressive partner, we divided the S10 group
into two subgroups: similar to the response of the control
animals or similar to the response of the S30 group.
However, these subgroups did not show any differences in
other tests (Fig. S4). This finding suggests that despite the
weakened reaction to the partner, all other signs of the
depression-like state did not appear in the S10 group.

Our study seems to be the first report of effect of long
(30 days) social defeat stress on murine prefrontal cortex tran-
scriptome. The analysis revealed an interesting relation be-
tween the stress duration and the number of genes affected
by social defeat stress: 10 days of stress changed the expres-
sion of 473 genes, whereas 30 days of stress changed the
expression of only 35 genes. The overlap of these gene sets
is small (only nine genes), highlighting a qualitative difference
between the depression-like state and the stress response.
Comparison of the gene expression changes among the groups
of mice showed that the expression of the majority of genes
that were affected by 10 days of stress returned almost to the
baseline level after continued stress (30 days). Thus, we see a
seemingly paradoxical response: an increase in stress duration
reverses the changes in transcriptome, against the background
of the pronounced depression-like state in the mice. However,
one can assume that transcriptomic changes that occurred at
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day 10 may lead indirectly to the behavioral changes observed
at day 30, possibly through some mechanisms associated with
neuroplasticity. It is worth mentioning also that studies of 10-
day social defeat stress received less transcriptomic changes in
stress-susceptible mice with symptoms of depressive-like state
than in stress-resilient mice [16, 20]. So, it seems that the
depressive animals have a reduced reaction to stress and other
external unpleasant stimuli in terms of stress-related gene
expression.

In addition, in terms of gene expression, our work con-
firmed the findings that the development of a depressive state
is accompanied by a decrease in responsiveness to glucocor-
ticoids (glucocorticoid resistance) [58, 59]. So, in patients
with depression despite the often high glucocorticoid concen-
trations were found a reduction in expression of GR-sensitive
genes and an inability of GR to suppress inflammation [60],
confirming defective signaling through glucocorticoid recep-
tors. In our model, we have found that the targeted genes stop
responding to the elevated corticosterone levels. Using data on
the dexamethasone-induced gene expression, we found signif-
icant correlations between expression of DE genes in the S10
group and dexamethasone-affected genes, while S30 group
seemed to lack a similar relationship. Also in group S10, most
of the DE genes can be targets of glucocorticoids, as demon-
strated by the significant enrichment GR binding sites, with no
similar enrichment in the S30 group. All of this suggests that
the differential expression in S30 group does not depend on
glucocorticoids, despite the elevated level of corticosterone. It
is known that chronic stress leads to a disturbance of the neg-
ative feedback system and dysregulation of the normal hypo-
thalamic—pituitary—adrenocortical axis functionality [61]. In
our study, the level of GR mRNA remained unchanged in
the S10 and S30 groups; however, in the S10 group, we found
the increased level of Fkpb5 mRNA (Fig. S4), indicating ac-
tivation of GR-signaling pathway in the S10 group. The glu-
cocorticoid resistance may be caused by changes in the func-
tional activity of the GR, including post-transcriptional recep-
tor modifications or different GR isoforms [27, 62, 63].
Another possible mechanism of glucocorticoid resistance un-
der chronic stress is epigenetic modification of the regulatory
regions of the target genes [27]. We found that depressive
mice (S30 group) had significantly reduced expression of
Dotll, a histone H3K79 methyltransferase, indicating active
gene transcription. The analysis of DE genes between the two
stressed groups revealed the downregulation of lysine N-meth-
yltransferases (Kmt2a, Kmt2d, Setd1b) (Fig. S5), which are
essential for synaptic plasticity and might be involved in cor-
tical dysfunction [64]. It is well known that disruption of meth-
yltransferase expression occurs in various neurodevelopmental
disorders and syndromes [65]. The data showing expression
changes in genes relating to epigenetic modifications suggest
that an epigenetic mechanism for the stress-related glucocorti-
coid resistance is most likely.
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Gene ontology analyses revealed that the most significantly
enriched gene categories in group S10 are related to the extra-
cellular matrix and cell adhesion. The related genes are mostly
upregulated. The extracellular matrix is produced intracellu-
larly and secreted to form a dense network of proteins and
glycans, occupying the parenchyma of virtually all tissues.
The extracellular matrix supports cell adhesion, transmits sig-
nals to cell surface adhesion receptors, modulates cell func-
tionality and plasticity, and participates in the regulation of
brain architecture and synaptic plasticity [66, 67]. We uncov-
ered a significant enhancement of expression of the genes
linked to the formation of the basement membrane (Col8al,
Lamal, Lama2, Lama4, Lamc3, Mmrn2, Nidl, Sparc).
Increased synthesis of collagens and laminins leads to in-
creased density (compaction) of the extracellular matrix.
Similarly enhanced expression of extracellular matrix genes
was found after chronic stress in the rat [68] and mouse [18,
20]. Thus, enhanced expression of the extracellular matrix-
related and cell adhesion genes in the prefrontal cortex may
affect cortical neural plasticity, including morphological neu-
ronal changes and the afferent and/or efferent neural pathways
participating in stress-related emotional behavioral patterns.

Among the DE genes in the depressive animals (S30
group), the strongest downregulation was observed for the
Robo3 gene. Furthermore, in the S10 group, the expres-
sion of Robo3 was not different from that in the control
group. The Robo3 gene encodes a transmembrane recep-
tor and plays a distinct role in axonal guidance [69]. In
the adult brain, SLIT-ROBO signaling promotes cell ad-
hesion by stimulating the interaction between E-cadherin
and (3-catenin at the plasma membrane [70]. In addition to
the downregulation of Robo3 in the depressive mice, we
also uncovered decreased expression of one type of ephrin
receptor (Ephal(0) and one subunit of the NMDA receptor
(Grin2c), both of which are involved with cell-to-cell
communication and neuronal synaptic plasticity [71, 72].
We detected the downregulation of two guanine nucleo-
tide exchange factors (GEFs) of the Rho-family of
GTPases in our set of DE genes in depressive mice:
Arhgef7 and Mcf2l. Decreased expression of these GEFs
reduces the activity of their downstream effector, Racl,
and its regulatory processes. Racl is involved in the regu-
lation of actin cytoskeletal spine dynamics, stress fiber for-
mation, and actin polymerization and stabilization, as im-
plied by the observed transcriptional downregulation of
some relevant genes (Myo9b, Otof, Fycol, and Daam?2).
A decrease in cytoskeletal spine density and aberrations
in the cytoskeleton and cell adhesion are characteristic of
depressive states [71, 73, 74]. Our results seem to support
the idea that major depressive disorder is associated with
defective cell adhesion and impaired neuronal plasticity.

Altogether, our data show that the development of depres-
sion under social defeat stress conditions is accompanied by

suppression of the overactive molecular response to induced
stress, involving gene regulatory resistance to glucocorticoids,
potentially via a chromatin remodeling mechanism. These
processes may lead to an observed impairment (at the tran-
scriptional level) of cell adhesion and neuronal plasticity.
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