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Dynamic effects of chronic unpredictable mild stress
on the hippocampal transcriptome in rats
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Abstract. Stress causes extensive changes in hippocampal
genomic expression, leading to changes in hippocampal
structure and function. The dynamic changes in hippocampal
gene expression caused by stress of different durations are
still unknown. mRNA sequencing was used to analyze the
hippocampal transcriptome of rats subjected to chronic
unpredictable mild stress (CUMS) of different durations.
Compared with the control, 501, 442 and 235 differentially
expressed genes (DEGs) were detected in the hippocampus of
rats subjected to CUMS for 3 days and 2 and 6 weeks, respec-
tively. Gene Ontology (GO) analysis was used to determine
the potential mechanism underlying the dynamic harmful
effects of stress on the hippocampus; Certain GO terms of
the down-regulated DEGs in CUMS (3 days) rats were also
found in the up-regulated DEGs in CUMS (6 weeks) rats.
These results showed opposing regulation patterns of DEGs
between CUMS at 3 days and 6 weeks, which suggested a
functional change from adaptation to damage in during
the early and late stages of chronic stress. GO analysis for
upregulated genes in rats subjected to CUMS for 3 days
and 2 weeks suggested significant changes in ‘extracellular
matrix’ and ‘wound healing’. Upregulated genes in rats
subjected to CUMS for 2 weeks were involved in changes
associated with visual function. GO analysis of DEGs in rats
subjected to CUMS for 6 weeks revealed increased expres-
sion of genes associated with ‘apoptotic process’ and ‘aging’
and decreased expression of those associated with inhibi-
tion of cell proliferation and cell structure. These results
suggest that the early and middle stages of chronic stress
primarily promote adaptive regulation and damage repair in
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the organism, while the late stage of chronic stress leads to
damage in the hippocampus.

Introduction

Chronic stress is a non-specific complex psychosomatic
process that is a key risk factor for depression (1), anxiety (2),
drug abuse (3), cardiovascular disease (4), ulcers (5) and
cancer (6). Therefore, investigating the positive or negative
responses to stressors is important to reveal the pathogenesis
of stress-associated disease. The body's response to stressors
depends on the nature, intensity and duration of the stressor,
forming an ‘inverted U’-shaped continuous quantitative effect
curve (7). In long-term stress, early stress causes the body to
produce compensatory responses, such as increased alertness,
sensitivity; as duration of stress increases, the body systems
act in concert to maintain homeostasis, thus actively adapting
to the stressor. The cumulative effect of further stress leads to
a disturbance of homeostasis in the body, resulting in patho-
physiological damage (1).

The hippocampus is responsible for learning, memory,
cognition and emotion; it is also one of the key brain areas
that mediate stress reactions (8). Prolonged stress results in
decreased hippocampal nerve cell plasticity, disequilibrium
between hippocampal apoptosis and regeneration, leading
to nerve cell atrophy and loss and causing structural and
functional damage in the hippocampus (9,10). Studies have
investigated the effects of different stress patterns on gene
expression in the hippocampus (11,12), but, to the best of our
knowledge, there are no reports on dynamic changes in gene
expression in the hippocampus during chronic stress.

To determine the effects of stress on hippocampal struc-
ture, the present study investigated transcriptomic changes
in the rat hippocampus during chronic unpredictable mild
stress (CUMS) using mRNA sequencing (seq) technology.
The CUMS rodent model uses both physiologically and
psychologically stressful stimulations to mimic adverse
stress from negative life events and induces decreased loco-
motion and anhedonia, similar to symptoms of depression in
humans, which makes it a widely used animal model to study
the molecular basis of stress in the brain (13). The present
study investigated gene expression in the hippocampus of
rats in the early, middle and late stages of CUMS to clarify
continuous gene expression changes in the hippocampus
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in CUMS and reveal the pathophysiological mechanism of
stress injury.

Materials and methods

Animals. A total of 36 male Sprague Dawley (SD) rats (age,
2 months; weight, 180-220 g) were obtained from SBF (Beijing)
Biotechnology Co., Ltd. All animals were housed in groups of
three or four in plastic cages and maintained under standard
laboratory conditions (12/12-h light/dark cycle, 22+2°C, rela-
tive humidity 40-70%, ad libitum access to food and water).

CUMS procedure. In brief, SD male rats were randomly
divided into four groups (n=9 per group) as follows: i) Control
and CUMS for ii) 3 days and iii) 2and iv) 6 weeks (Fig. 1).
The CUMS model was established as previously reported (14):
i) Overnight light exposure, ii) darkness for 12 h, iii) wet
bedding for 12 h, iv) removal of bedding for 12 h, v) deprivation
of food for 12 h, vi) deprivation of water for 12 h, vii) soaking
for 3 min in cold water (4°C), viii) physical restraint for 4 h,
ix) cage vibration (70 rpm) for 2 h and x) electrical shock to the
feet for 5 min (0.2 mA). Stressors were randomly scheduled to
produce an unexpected mild stress effect. A combination of
two different stressors was applied separately each day and the
same stressor was not repeated within 3 days. Control animals
were left uninterrupted except for regular cage cleaning. The
effectiveness of the applied stress procedure for induction of
the stress response was confirmed by cognitive behavior tests.

Open field test. The test was performed in a black wooden
box measuring 100x100x45 cm. The floor was divided into 25
equal squares (20x20 cm). At the beginning of the experiment,
rats were placed individually in the center of the open field
and ambulation (number of squares crossed) and head-rise
frequency were observed for 5 min using an ANY-maze
behavior analysis system (Stoelting Co.). To ensure that the test
results were free from any previous residual effect, the inside
of the box was cleaned before each test. An open field test
score was calculated as the sum of ambulation and immobility
frequency.

Novel object recognition test. The experimental device was a
black wooden box (60x60x45 cm). The test comprised three
steps: Adaptation, training and testing. On the day before the
experiment, rats were allowed to move freely in the experi-
mental setup (without objects) for 10 min. During the training
trial, two identical objects were placed on the left and right ends
of a sidewall, and the rats were placed in the field with their back
facing the two objects. The animal was placed in the center of
the open field and allowed to explore freely for 10 min. During
the test, one of the two objects was replaced with another object
of different color and shape and the rat was returned to the
same box for 10 min. The ANY-maze behavior analysis system
recorded the time rats spent exploring the new and old object,
denoted as T,.,, and T, respectively. The cognitive index (CI)
was expressed as follows: CI=(T, ., T, )/(Toew + Toia)-

Morris water maze. The experimental device was a black
circular plastic tank (diameter, 160 cm; depth, 75 cm)
containing water at 22+2°C. The curtains around the tank were

labeled with stickers of different shapes and colors serving as
spatial reference cues. Rats were first required to complete 5
half-days of training at a frequency of once a day for 3 min
each. During training, rats were placed into the maze in one
of four quadrants facing the curtain and were trained to find
a hidden platform submerged 2 cm beneath the surface of the
water. If rats could not find the platform within 3 min, they
were guided to the platform and kept there for 10 sec. During
the test phase, the platform was removed and rats were placed
into the water on the opposite quadrant. Each rat was allowed
to swim in the water for 3 min, during which, the first time the
rats found the original platform location and the number of
platform passes within 3 min were recorded.

Sample preparation. Following behavioral observation, rats
were decapitated following anesthesia with sodium pentobar-
bital (1%, 50 mg/kg, intraperitoneal). The whole brain was
removed and washed with cold 0.9% saline. The hippocampus
was dissected on an ice plate on a super-clean bench. The
dissected hippocampi were placed into freezing EP tubes, frozen
in liquid nitrogen and transferred into a -80°C low-temperature
refrigerator for storage and use. RNA was extracted from
hippocampal tissue using TRI reagent (Sigma-Aldrich; Merck
KGaA) according to the manufacturer's protocol. Three
hippocampal tissue samples were pooled as a single sample
for the total transcript array analysis to increase the quantity
of extracted RNA. RNA purity and quantification were evalu-
ated using the NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Inc.). RNA integrity was assessed using the
Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.). All
samples selected for further analysis were of high quality
(RNA integrity number >9, 260/280-2.1). Then the libraries
were constructed using VAHTS Universal V6 RNA-seq
Library Prep Kit for [llumina (catalog no. NR604-02; Nanjing
Vazyme Biotech Co.) according to the manufacturer's instruc-
tions. The concentration of the library used for sequencing was
>3.75 fmol/ul and was measured using a Qubit ssDNA Assay
Kit (catalog no. Q10212) and Qubit Fluorometer (catalog
no. Q33238) (both; Invitrogen; Thermo Fisher Scientific, Inc.).
Transcriptome sequencing and analysis were performed by
Shanghai Oe Biotech Co., Ltd.

RNA-seq and differentially expressed gene (DEG) analysis.
The libraries were sequenced on MGI DNBSEQ-T7 plat-
form using DNBSEQ-T7RS high-throughput sequencing kit
(1000016102, MGI), and 150 bp paired-end reads were gener-
ated. A total of ~49.5 million raw reads were generated for each
sample. Raw data (raw reads) of FASTQ format were processed
using Trimmomatic (version 0.36) (15) and low-quality reads
(adaptor and data of Q30 <85%) were removed to obtain the
clean reads. Then ~49 million clean reads were retained for
each sample for subsequent analysis.

The clean reads were mapped to the rat genome
(mRatBN7.2) using Hierarchical Indexing for Spliced
Alignment of Transcripts 2 (version 2.2.1.0) (16). Fragments
per kilobase of transcript per million mapped reads (FPKM)
of each gene was calculated using Cufflinks (version 2.2.1) (17)
and the read count of each gene was obtained by HT'Seqcount
(version 0.9.1) (18). Differential expression analysis was
performed using DESeq (2012) R package (19). P<0.05 and
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Figure 1. Experimental design. Before the start of the experiment, animals were habituated in the new environment for 7 days. Solid lines mark the days when
the animals were stressed. Behavior tests were performed the day after the last stress episode. CUMS, chronic unpredictable mild stress; ctrl, control.

fold-change >2 or <0.5 was set as the threshold for signifi-
cantly differential expression.

To identify the functional classes associated with DEGs, the
online analysis tool Database for Annotation, Visualization,
and Integrated Discovery 6.8 (david.ncifcrf.gov/summary.jsp)
and Gene Ontology (GO) database were used to classify the
biological process, molecular function, and cellular compo-
nents of DEGs. GO annotations were obtained from GO
database version 2.2 (20). Hypergeometric distributions were
used to detect over- or under-represented biological process
terms in the studied set compared with the population set.
Terms with P<0.05 were considered to be significant.

Confirmation of gene expression levels using reverse
transcription-quantitative (RT-q)PCR. All selected hippo-
campal RNA specimens were chosen from the animals used
in the mRNA-seq study and were analyzed individually.
Meeting three strict conditions [P<0.05, log,(fold-change)>1
and 2<average FPKM<50], seven genes were selected to verify
the accuracy and reliability of mRNA-seq data. These genes
were tested using SYBR-Green-based RT-qPCR in 96-well
plates on a LightCycler 96 thermocycler (Roche Diagnostics
GmbH). Primers (Table I) were designed using Primer-BLAST
tool (National Center for Biotechnology Information) with
the Rattus norvegicus RefSeq database (reference genome
mRatBN7.2). The primers produced amplicons spanning
exon-exon junctions and including all known alternatively
spliced mRNA variants. A total of 1,000 ng total RNA from
each sample was reverse-transcribed to cDNA according to
the manufacturer's instructions (ABScript II RT Mix for
qPCR, ABclonal Biotech Co., Ltd.). RT-qPCR was run using
TB Green Premix Ex Taq II (Takara Bio, Inc.) according to
the manufacturer's instructions. The volume of the PCR reac-
tion system, cDNA sample, forward and reverse prime, and
TB Green II were 10.0, 1.0, 0.2, 0.2 and 5.0 pl, respectively.
The thermocycling conditions were as follows: Initial dena-
turation for 2 min at 95°C followed by 50 cycles of 95°C for
10 sec, 60°C for 10 sec and 72°C for 15 sec. All experiments

were performed in triplicate. Raw cycle threshold values were
calculated on LightCycler. Samples were analyzed by the
AACq method. ACq values represent normalized target genes
levels with respect to the internal control. Normalization was
based on a single reference gene (B-actin). AACq values were
calculated as the ACq of each test sample (CUMS) minus the
mean ACq of the calibrator samples (ctrl) for each target gene.
The fold change was calculated using the equation 244%4 (21).

Statistical analysis. The results of behavioral tests were
compared using Shapiro-Wilk test. The expression of each
mRNA in the hippocampus of CUMS and control groups was
compared using Mann-Whitney U test as data did not show
a normal distribution. Nine independent experiments were
carried out in each group in behavioral tests, while three inde-
pendent experiments were conducted in each group in RT-qPCR
experiments. All data are presented as the mean + standard
deviation. GraphPad Prism 8 software (ver. 8.4.2; GraphPad
Software, Inc.) was used for statistical analysis and Spearman's
correlation was used for the correlation analysis. P<0.05 was
considered to indicate a statistically significant difference.

Results

Chronic stress induced time-dependent cognitive decline in
rats. Three different behavioral tests were used to evaluate
cognitive function in rats. The behavioral results showed that
the open field score, object recognition CI and number of
platform passes decreased with longer stress time, while the
escape latency in the Morris water maze test increased gradu-
ally. The difference (P<0.05) first occurred in the open-field
test at 2 weeks of CUMS. All behavioral performance associ-
ated with cognitive function decreased significantly (P<0.01)
by week 6 of CUMS, suggesting that chronic stress induced
cognitive dysfunction in rats (Fig. S1).

Number of DEGs decreases with the increase in stress time.
Compared with the control, 501 DEGs were identified in
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Table I. Primer sequences for reverse transcription-quantitative PCR.

Annealing Product
Gene Forward sequence (5'-3") Reverse sequence (5'-3") temperature, °C  size, bp
Slc6a20  CTA CAT CCT CAC GGG AAC GC GTG GCT GAC TTC GGT CTT TG 60 231
Bmp7 CAT GGA CCC CAG AACAAGCA CTT TGG AGT CTT GGA GCG GT 60 123
Ptgds GTG CAG CCCAACTTT CAACA CCG GAA CCA GCT TGA ATT GG 60 81
Hbb-bl  TTG GCA GCC TCAGTGAACTCC GACAGAAGCTCTCTT GGG AAC A 60 248
Pdk4 AAT GTG GTC CCT ACG ATG GC ATC GCA GTT GGG GTC GAT AC 60 213
Sccpdh  CGA AAC CAG ATG AAC GGC AC TGC CCT TAT CGC CAAAACCA 60 127
Npas4 GTG GCA GCACTACCT GGATT GTT TGT TGC CTG CAC TCT GG 60 265
Actb CTT CCT GGG TAT GGA ATC CT TCT TTA CGG ATG TCAACG TC 60 80

Slc6a20, solute carrier family 6 member 20; Bmp7, bone morphogenetic protein 7; Ptgds, prostaglandin D2 synthase; Hbb-b1, hemoglobin,
{ adult major chain; Sccpdh, saccharopine dehydrogenase (putative); Npas4, neuronal PAS domain protein 4, Actb, 3-actin.
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Figure 2. Summary of mRNA sequencing data. (A) Total number of significantly differentially expressed genes and the percentage of up- and downregulated
genes. (B) Venn diagram showing gene expression in different groups. CUMS, chronic unpredictable mild stress; ctrl, control.

CUMS (3 days) rats, of which 425 were up- and 76 were down-
regulated. A total of 442 DEGs in the CUMS (2 weeks) group
were identified, of which 353 were up- and 89 were downregu-
lated. A total of 235 DEGs in the CUMS (6 weeks) group were
identified, of which 103 were up- and 132 were downregulated
(Fig. 2; Table SI). As the duration of stress increased, the
total number of DEGs decreased; this was accompanied by a
decrease in up- and an increase in downregulated genes.

GO function analysis of DEGs suggests a functional change
from adaptation to damage in the early and late stages of
chronic stress. DEGs were divided into up- and downregu-
lated groups for GO enrichment analysis. GO terms were
divided into three categories: Biological processes, cellular
components and molecular functions. The top 10 terms with
the most significant P-values (<0.05) were selected from each
category. Significant biological processes of upregulated
DEGs of the hippocampus in CUMS (3 days) rats included
‘collagen fibril organization’, ‘oxygen transport’, ‘wound

healing’, ‘cell-matrix adhesion’, ‘ammonium transmembrane
transport’, ‘cerebrospinal fluid secretion’ and ‘blood vessel
development’ (Fig. 3A), while those of downregulated DEGs
involved ‘positive regulation of neuron projection develop-
ment’, ‘inflammatory response’, ‘multicellular organism
development’, ‘regulation of apoptotic process’, ‘protein
phosphorylation’ and ‘oxidation-reduction process’ (Fig. 3B).
Significant biological processes of upregulated DEGs in
CUMS (2 weeks) rats included ‘visual perception’, ‘photo-
transduction’, ‘retina development in camera-type eye’,
‘oxygen transport’, ‘wound healing’, ‘regulation of cilium
beat frequency’, ‘cerebrospinal fluid secretion’, ‘collagen
fibril organization’, ‘detection of light stimuli involved in
visual perception’ and ‘receptor-mediated endocytosis’
(Fig. 3C), while those of the downregulated DEGs in this
group involved ‘protein phosphorylation’, ‘positive regula-
tion of MAPK cascade’, ‘inflammatory response’, ‘apoptotic
process’ and ‘intracellular protein transport’ (Fig. 3D).
Certain biological processes were found after both 3 days
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Figure 3. Significant biological processes of the up- and downregulated DEGs of the hippocampus in rats subjected to CUMS for different durations. The top
10 terms with the most significant P-values (<0.05) were selected from enrichment analysis. (A) Up- and (B) downregulated DEGs in CUMS (3 days) rats.
(C) Up- and (D) downregulated DEGs in CUMS (2 weeks) rats. (E) Up- and (F) downregulated DEGs in CUMS (6 weeks) rats. CUMS, chronic unpredictable

mild stress; DEGs, differentially expressed genes.

and 2 weeks of CUMS. Significant biological processes of
upregulated DEGs in CUMS (6 weeks) rats involved ‘transla-
tion’, ‘transmembrane transport’, ‘immune response’, ‘protein
homooligomerization’, ‘regulation of apoptotic process’ and
‘aging’ (Fig. 3E), while those of the downregulated DEGs in
this group included ‘positive regulation of blood pressure’,
‘receptor-mediated endocytosis’, ‘cell-cell adhesion’, ‘cell-cell
signaling’, ‘proteolysis’, ‘angiogenesis’, ‘signal transduction’
and ‘oxidation-reduction process’ (Fig. 3F). Significant

cellular components and molecular functions of DEGs are
shown in the supplementary materials (Figs. S2 and S3).
‘Integral component of the plasma membrane’ was involved
in the cellular component of downregulated DEGs in CUMS
(3 days) rats and upregulated DEGs in CUMS (6 weeks)
rats. ‘Protein binding’, ‘identical protein binding’, ‘metal ion
binding’ and ‘ATP binding’ were involved in the molecular
functions of downregulated DEGs in CUMS (3 days) rats and
upregulated DEGs in CUMS (6 weeks) rats. Furthermore,
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significant cellular components of downregulated DEGs in
CUMS (6 weeks) rats involved ‘synapse’, ‘dendrite’ and ‘axon’.

Results of RT-qPCR coincide with the changes in differential
gene identified by mRNA-seq. A total of seven differentially
expressed transcripts were verified by RT-qPCR. Slc6a20,
Bmp7, Ptgds and Hbb-bl were upregulated during CUMS for
3 days and 2 weeks, and gradually decreased to normal levels at
6 weeks of CUMS. These changes in differential gene detected
in mRNA-seq data were confirmed by RT-qPCR. Similarly,
Pdk4, Npas4 and Sccpdh were downregulated in the whole
CUMS process and their changes identified by RT-qPCR
were consistent with mRNA-seq data (Fig. 4A). A significant
positive correlation between the expression level data from
mRNA-seq and RT-qPCR was identified (r=0.891; P<0.001)
and the slope of the correlation line was 0.915 (Fig. 4B).

Discussion

In the present study, gene expression profiling of the hippo-
campus in rats exposed to stress was investigated using
mRNA-seq. The GO analysis of DEGs in CUMS for 3 days
and 6 weeks shows an inversion of some biological functions.
The downregulated genes in CUMS (3 days) rats shared
some GO terms with upregulated genes in CUMS (6 weeks)
rats, including ‘regulation of the apoptotic process’, ‘integral
component of the plasma membrane’, ‘protein binding’, ‘iden-
tical protein binding’, ‘metal ion binding’ and ‘ATP binding’.
These results suggested a functional change from adaptation
to damage during the early and late stages of chronic stress.
Other studies have also reported similar inverted changes
in hormones and proteins during stress (22-25). At the onset
of stress, glucocorticoids (GCs) exert anti-apoptotic effects
targeting protein Bcl-2, while prolonged stress increases free
radicals and facilitates apoptosis (22). Moreover, as a key
neurotrophic factor, brain-derived neurotrophic factor (BDNF)
exhibits a transient increase in the hippocampus following
acute stress, whereas chronic stress leads to downregulation
of BDNF in the CA3 region of the hippocampus (23-25). The

mechanism underlying inverted changes during CUMS is still
unknown. Differences between GC receptors [mineralocor-
ticoid receptor (MR) and glucocorticoid receptor (GR)] may
account for the inverted changes. GCs at low concentrations in
the early stage of stress act via high-affinity MR, which will
promote the increase of neuronal excitability. However, higher
GC levels in the late stage activate low-affinity GR to exert
different effects, such as inhabitation of proliferation and inte-
gration (26). Norepinephrine is secreted rapidly in the early
stage of stress, while GC levels increase during long-term
stress. In the hippocampal dentate gyrus, norepinephrine
enhances excitability and synaptic plasticity, but the high
levels of corticosterone suppress noradrenergic activity (27).
The duration and antagonism of hormones during stress may
contribute to the inversion of biological functions. Further
studies are needed to investigate the mechanism underlying
altered biological processes during chronic stress.

GO analysis of upregulated genes in CUMS (2 weeks)
rats revealed vision-associated functional alterations, such as
‘visual perception’, ‘phototransduction’, ‘retina development
in the camera-type eye’, ‘detection of light stimuli involved
in visual perception’, ‘photoreceptor outer segment’, ‘photo-
receptor inner segment’ and ‘retinal binding’. This indicated
that visual function was significantly altered after 2 weeks
of stress, when cognitive impairment had not yet developed.
The association between changes in visual function and
stress is still unclear. Certain studies have found that stress
leads to attentional narrowing and enhanced ability for detec-
tion and observation (28,29). However, other studies have
found decreased attention and accuracy of visual perceptual
processing in stressful states (30,31). The effects of acute stress
on visual function are controversial. Chronic stress is hypoth-
esized to be the most common cause of depression. In addition
to symptoms such as anxiety, depression is often accompanied
by perceptual abnormality, including visual changes; such
changes may comprise notable diminished visual acuity or
increased sensitivity to light stimuli (32,33). Certain studies
have reported visual impairment in patients with depression,
including impaired ability to distinguish intensity of light
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in a room and the ability to read (32,34). Golomb ez al (33)
used a classical visual stimulus, the moving grating test, to
test patients with major depressive disorder who had normal
visual acuity and found that motion perception was enhanced
in patients with depression compared with healthy individuals.
The present findings suggested that visual function may be an
early indicator of impairment due to stress. Further studies
are needed to determine changes in visual perception during
stress.

GO analysis of upregulated genes in CUMS (3 days
and 2 weeks) rats showed functional changes in ‘extracel-
lular matrix’ (ECM), ‘extracellular space’ and ‘extracellular
region’. GO analysis of downregulated genes in these groups
also showed functional changes in ‘extracellular space’ and
‘extracellular region’, suggesting an imbalance in synthesis
and degradation of extracellular components of hippo-
campal tissue during the early and middle stages of CUMS.
This imbalance might cause excessive deposition of ECM
components in the hippocampal tissue (35), such as collagen,
metalloproteinase, fibronectin, bone morphogenetic protein
7, nidogen 1 and elastin, which contributes to development of
organ fibrosis (36). Collagen is a primary structural compo-
nent of ECM and serves a key role in the cell cycle stimulated
by mitogen (37). However, certain reports have shown that
collagen inhibits cell proliferation (38,39). Excessive deposi-
tion of fibrous collagen, such as type I collagen, occurs during
organ fibrosis, which leads to tissue and organ sclerosis and
loss of function. Activation of type I collagen COL1A1 in the
hippocampus contributes to the development of hippocampal
sclerosis (40). The primary pathological manifestations of
hippocampal sclerosis include hippocampal atrophy, neuronal
loss, granule cell reorganization, alteration of interneuronal
populations and chronic fibrillary gliosis centered on the
pyramidal cell layer (41). GO analysis of upregulated DEGs
in CUMS (3 days and 2 weeks) groups also indicated a wound
healing function. Increased levels of collagen fibers serve an
important role in tissue injury healing (42,43). Activation of
ECM in the hippocampus during the early and middle stages
of CUMS is hypothesized to contribute to self-repair of
damaged hippocampal cells but also promotes hippocampal
sclerosis, which leads to partial neuronal loss (35). ECM
changes are often secondary to inflammatory reactions (36),
which indicates that hippocampal inflammation occurs
during the early and middle stages of CUMS. Excessive ECM
deposition is a damage repair response to hippocampal cell
damage and inflammation caused by stress, which contributes
to the development of hippocampal sclerosis while promoting
self-repair (44).

GO analysis of the upregulated DEGs in CUMS (6 weeks) rats
involved changes in ‘aging’, suggesting that chronic stress shares
certain pathways with aging or that long-term chronic stress
promotes aging. Aging is often accompanied by pathological
signs such as memory loss, Alzheimer's disease, dementia and
depression, and chronic stress is one of the contributing factors to
these pathological signs (45,46). The results of numerous animal
stress experiments and clinical trials show that stress leads to
changes in brain structure and function, cognitive decline and
accelerated cellular aging (46,47). Sapolsky et al (48) proposed
a GC cascade hypothesis of aging, suggesting that stress and
GC accelerate the aging process in rats. The hippocampus is a

target and a highly vulnerable area of GC in the brain. Elevated
GC levels in the blood of elderly people leads to hippocampal
atrophy, the degree of which is positively correlated with degree
of GC elevation, resulting in hippocampal dysfunction and
deficits in memory and learning and cognitive ability (49,50).
In addition, one study found that chronic stress disrupts the
normal processing of AP precursor protein, thus leading to the
accumulation of AP in the brain (14). The development of physi-
ological aging may interact with certain genetic background or
negative environmental conditions (such as chronic stressors
and stress in infancy and early childhood) to trigger dysregula-
tion of the hypothalamus-pituitary-adrenal (HPA) axis (51) and
changes in the neurotransmitter system and brain structures
such as the hippocampus, prefrontal cortex and amygdala (1),
making the brain more vulnerable to increased levels of GCs
and metabolic changes and less resilient to damage from expo-
sure to stressors (52,53); these alterations lead to formation of
an abnormal aging brain with decreased function and neuronal
death and stress serves a key role in brain aging.

GO analysis of upregulated DEGs in CUMS (6 weeks)
rats showed functional alterations in ‘regulation of the apop-
totic process’ and ‘negative regulation of cell proliferation’
and downregulated DEGs showed functional alterations in
‘receptor-mediated endocytosis’, ‘angiogenesis’, ‘synapse’,
‘dendrite’ and ‘axon’. This suggested that under chronic
stress, neuronal apoptosis increased, multiple functions,
such as cell proliferation and endocytosis, were inhibited
and expression of genes associated with neuronal structures,
such as synapses, axons and dendrites, decreased, resulting
in damaging effects, such as impaired neuronal function
and synaptic plasticity (46,49). Research has shown that
under chronic stress, hippocampal dentate gyrus and CA3
area pyramidal cells atrophy and die (54), mossy fiber-CA3
synaptic transmission (55) dentate gyrus granule cell produc-
tion decrease, dentate gyrus neurogenesis is inhibited (56) and
CA3 area dendritic spine length and number are significantly
decreased (57). Chronic stress causes functional and structural
damage to hippocampal neurons, which exacerbates neuroen-
docrine abnormality and leads to mood changes and cognitive
impairment (1). Parul er al (58) found that chronic unpredict-
able stress inhibits hippocampal neurogenesis in adult rats
and increases glial cell and neuronal apoptosis in the cerebral
cortex and hippocampus, which may be associated with
reduced AKT and increased ERK signaling. Dagyte et al (59)
concluded that strong activation of the HPA axis during acute
stress is not sufficient to decrease hippocampal cell prolifera-
tion, but prolonged and repeated exposure to stressful stimuli
inhibits hippocampal cell proliferation and leads to neuro-
developmental dysplasia. The present study supported the
hypothesis that chronic stress may lead to cumulative changes
in the brain that are not observed following acute stress.
Such changes may indicate compromised brain plasticity and
increased vulnerability to neuropathology (60).

In summary, genome-wide expression data and functional
analysis reported here revealed dynamic functional changes
during the different stages of CUMS. During the early and
middle stages of chronic stress, the hippocampal ECM appears
significantly altered and damage repair capacity is enhanced.
In the late stage of CUMS, the balance of hippocampal apop-
tosis and proliferation is disrupted and chronic stress induces
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increased hippocampal apoptosis, aging, and the inhibition of
multiple neuronal structures and functions. Further experi-
ments are required to analyzed differential gene expression
profiles and provide novel directions for gene therapy to treat
chronic stress.
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