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Abstract

Background: Psychosocial stress factors, such as threat and defeat, are major risk factors for the development of depression. The
precise mechanisms underlying stress-induced depression are not clearly understood because the stress response in the brain varies in
a stress-frequency-dependent manner. In the current research milieu on the pathogenesis of depression, the focus is on depression-like
behavioral phenotype, hypothalamic-pituitary-adrenal (HPA) axis, and hippocampal neurogenesis. However, most studies have evaluated
the symptomatic features of depression at certain time points after exposure to psychosocial stress. Here, we examined the frequency-
dependent effects of psychosocial stress on depression-related features in rats. Methods: In the present study, different frequencies
(one, two, three, or four times) of psychosocial stress were applied to 19 male Sprague-Dawley rats using a resident/intruder paradigm.
Subsequently, the rats were subjected to a stress reactivity test to evaluate HPA axis activity, following which assessments of immobility
behavior in the forced swimming test (FST) and adult neurogenesis were conducted. Results: One-time stressed rats showed a decrease
in immobility behavior in the FST and the amount of doublecortin (DCX)-positive cells. Two-time stress caused hypoactivity of the HPA
axis. In contrast, immobility behavior and HPA axis activity were increased after four-time stress exposure, but the number of DCX-
positive cells was decreased. Conclusions: Our findings suggest that psychosocial stress produces a biphasic effect on the symptoms of
depression in a stress-frequency-dependent manner, which could provide insights to facilitate further pathogenesis research on depression.
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1. Introduction

Depression is one of the most prevalent psychiatric
disorders, with a severe burden of disability worldwide
[1,2]. There is a large body of evidence indicating that
stressors contribute to the development of depression [3,4].
However, despite intensive research on the relationship be-
tween stress and depression, the exact molecular mecha-
nism is largely unknown. The physiological response to
stress in the brain varies depending on the nature and du-
ration of stress [5,6], making a clear understanding of the
pathogenesis of depression very difficult.

Previous reports have demonstrated that acute stress
causes adaptive physiological and behavioral responses
to maintain homeostasis, while prolonged stress exposure
causes maladaptive responses, such as depression [7,8]. A
previous study demonstrated that restraint stress induces
opposite alterations of the glucocorticoid receptor (GR)
and mineralocorticoid receptor (MR) expression levels in
various brain regions depending on the exposure period
[9]. These two receptors are associated with the regula-
tion of habitual coping behaviors to stressful conditions, as

well as hypothalamic-pituitary-adrenal (HPA) axis activity,
and is known as one of the endocrinological mechanisms
against stress stimuli [10,11]. Furthermore, Huang et al.
[12] found that chronic unpredictable mild stress (CUMS)-
induced changes in depression-related factors varied at dif-
ferent stages of depression in an animal model during stress
exposure. These observations suggest that the effects of
stress on depression-related factors are different depending
on the time point of assessment. Therefore, it is important
to investigate the dynamic changes in the features of de-
pression to further understanding of the pathogenesis of de-
pression.

In addition to restraint stress and CUMS, social defeat
stress is also considered to be useful for assessing depres-
sion because the most important factor for the development
of depression in humans is a psychological stress event such
as threat or defeat [13–17]. In preclinical studies, socially
defeated animals exhibit various profound physiological
and behavioral changes that are reminiscent of the patholo-
gies observed in human patients with depression [18,19].
Thus, the social defeat model is useful to better understand
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the pathogenesis of depression. However, to our knowl-
edge, previous studies on the pathological changes in the
social defeat model were mostly based on observations at
single time points after stress exposure; changes at differ-
ent points during stress exposure were not dynamically ob-
served.

Adult neurogenesis in the hippocampus is a process
by which new granule cell neurons are added throughout
life to the dentate gyrus (DG) of the hippocampus. Since
the hippocampus is a brain region for regulating the emo-
tion and stress response [20,21], hippocampal neurogene-
sis dysfunction induced by stress exposure is an important
hallmark for the development of depression [22–24]. More-
over, hippocampal neurogenesis plays a role in the regula-
tion of the negative feedback of the HPA axis [25]. The
HPA axis, when activated by stress, leads to corticotrophin-
releasing hormone production in the hypothalamus that trig-
gers adrenocorticotropic hormone release from the anterior
pituitary and subsequent release of glucocorticoids (corti-
sol in humans and corticosterone [CORT] in rodents) from
the adrenal cortex into circulation [10]. Neurogenesis im-
pairment increases the stress response and blood glucocor-
ticoid levels, and slows the recovery of HPA axis activity,
which is associated with anxiety- and depression-like be-
haviors in rodents [25,26]. Prolonged high levels of gluco-
corticoid leads to neuronal death or the failure of adult hip-
pocampal neurogenesis in both humans and animal models
of depression [27–31]. Moreover, numerous studies on so-
cial defeat stress have reported that stressed animals showed
higher CORT levels, impairment of hippocampal neuroge-
nesis, and increase in depression-like behaviors [32–36].
Based on the close relationship between hippocampal neu-
rogenesis, HPA axis activity, and depression, it is necessary
to dynamically observe these depression-related factors in
social defeat models to better understand the pathogenesis
of depression.

Our previous studies have demonstrated that an in-
termittent four-time exposure to social defeat stress us-
ing the resident/intruder paradigm caused impairments of
hippocampal neurogenesis and affective behavior in male
Sprague-Dawley rats [37,38]. To reveal the dynamic
changes in depression-related factors induced by social de-
feat stress in a stress-frequency-dependent manner, we ex-
posed rats to social defeat stress one to four times. The dif-
ferent responses to these multiple social defeat stress ex-
posures were evaluated in the socially defeated rats by ex-
amining depression-like behavior in the forced swimming
test (FST), HPA axis activity response to acute stress in the
stress reactivity test (SRT), and hippocampal neurogenesis.

2. Materials and Methods
2.1 Animals and Housing Conditions

A total of 23 male Sprague-Dawley rats (6 weeks of
age at arrival; 160–190 g; Kyudo Co., Ltd., Saga, Japan)
were used in this study. They were individually housed

in plastic cages (23 × 14 × 12 cm3) under the following
conditions: a 12:12 h light-dark cycle, light turned on at 7
AM, temperature of 22 ± 2 °C, and humidity of 55 ± 5%.
They were able to access food and water ad libitum and
were acclimated to the housing conditions for 1 week after
arrival. To generate the paradigm of psychosocial stress, re-
tired male Long-Evans rats (Kiwa Laboratory Animals Co.,
Ltd., Wakayama, Japan) were used as residents. In order to
increase aggression and territorial behavior, these animals
were pair-housed with females (6 weeks of age) in large
plastic cages (50 × 40 × 20 cm3), as previously described
[37]. We performed all animal care and used procedures un-
der the regulations established by the Experimental Animal
Care and Use Committee of Fukuoka University, which fol-
low the universal principles of laboratory animal care (Aug.
24, 2015; approval number: 1508860).

2.2 Social Defeat Procedure Based on the
Resident/Intruder Paradigm

The social defeat procedure in this study was adopted
from a previous publication [39]. Briefly, each session
of social defeat stress was conducted for 30 min. Before
the start of the social defeat procedure, the resident female
Long-Evans rat was removed, and the male was kept in the
cage. A male Sprague-Dawley rat, an intruder, was intro-
duced into the cage of a resident. Usually, the intruder rat
is attacked by the aggressive resident male rats within 1–
3 min and exhibits a submissive posture such as a supine
posture and/or freezing behavior, which indicates that the
intruder has been psychosocially defeated. Immediately af-
ter observing the defeat behaviors of the intruder, the in-
truder was moved into a protective wire mesh cage (15 ×
20 × 15 cm3). This cage was placed in the center of the
resident’s cage until the end of the session without direct
physical contact with the resident. A different resident male
rat was used for each session. Each session of social defeat
stress was carried out between 10:30 AM. and 11:00 PM.
Novel cage stress was applied to control rats to normalize
any effects impaired by the novel environment. In short, the
control rats were moved from their home cages to a new,
larger cage in a new room with fresh bedding for 10 min,
and then placed in a wire mesh cage for an additional 20
min.

2.3 Stress Reactivity Test and Plasma Corticosterone
Levels

To test the reactivity of the HPA axis to acute stress,
we performed the SRT according to a previous study with
slight modifications [40]. The SRT is performed before and
after the end of the social defeat stress period. All animals
were restrained for 15 min in an acrylic rodent restrainer
(KN-325-B, Natsume Seisakusho Co., Ltd., Tokyo, Japan).
Immediately after the beginning (at 0 min) and at the ter-
mination (at 15 min) of restraint stress, blood samples were
collected from the same rat via the tail vein using a 23-gauge

2

https://www.imrpress.com


needle (01045, Nipro, Osaka, Japan) and transferred into a
tube containing 5 µL of heparin. Subsequently, the samples
were centrifuged at 830 g for 15 min at 4 °C to separate
the plasma, which was stored at –80 °C until assayed us-
ing a commercially available CORTELISA kit according to
the manufacturer’s instructions (EC3001-1, AssayPro, St.
Charles, MO, USA). The delta (∆) value of plasma CORT
was calculated according to the formula: ∆CORT levels =
plasma CORT levels at 15 min – plasma CORT levels at 0
min.

2.4 Experimental Design
All animals were acclimatized for 1 week after arrival

and subjected to an SRT (pre-SRT). Three days after the pre-
SRT, animals were randomly assigned to five experimental
groups. (1) Control group animals (N = 4) were intermit-
tently placed in a novel cage four times, once every 24–48
h, over the course of 8 days. (2) One-time-defeated group
animals (N = 5) were intermittently placed in a novel cage
three times and subsequently exposed to social defeat once,
every 24–48 h, over the course of 8 days. (3) Two-time-
defeated group animals (N = 5) were intermittently placed
in a novel cage two times and subsequently exposed to so-
cial defeat twice, once every 24–48 h, over the course of 8
days. (4) Three-time-defeated group animals (N = 4) were
intermittently placed in a novel cage and subsequently ex-
posed to social defeat three times, once every 24–48 h, over
the course of 8 days. (5) Four-time-defeated group ani-
mals (N = 5) were subjected to intermittent social defeat
four times, once every 24–48 h, over the course of 8 days.
One day after the last stress session, all animals were sub-
jected to post-SRT. One day after post-SRT, an FST was
performed. Two hours after the FST, the rats were tran-
scardially perfused with fixative for the evaluation of hip-
pocampal neurogenesis. Social defeat stress, FST, and SRT
were performed between 9:30 AM and 1:30 PM The exper-
imental design is illustrated in Fig. 1.

2.5 Forced Swimming Test (FST)
The FST was conducted as previously described [39].

Briefly, each rat was forced to swim in a Plexiglas cylinder,
20 cm in diameter and 50 cm in height, containing water
filled to a depth of 30 cm at 27 ± 1 °C. Two swimming
sessions were held. An initial 15-min “pre-test session”
was carried out and subsequently, after 24 h, a 5-min “test
session” was conducted. The test session was recorded by
video and analyzed. Each rat was manually evaluated at 5-s
intervals, and the predominant behavior was classified as:
immobility, swimming, or climbing. After each test, the
water was changed, and the cylinder was rinsed with clean
water.

2.6 Immunohistochemistry
Two hours after the FST, sodium pentobarbital was

used to deeply anesthetize the rats. Then, they were per-

fused transcardially with saline followed by 4% ice-cold
paraformaldehyde in phosphate-buffered saline. The brain
was resected from the skull and post-fixed in the same fix-
ative at 4 °C overnight. A freezing microtome was used to
cut 40-µm-thick sections coronally through the entire hip-
pocampus (bregma –1.72 to –6.84 mm) [41]. Every eighth
section throughout the DG, yielding a mean of 15 sections
per brain, was analyzed using the avidin-biotin complex
method for doublecortin (DCX) immunostaining as previ-
ously described [39]. In detail, these sections were incu-
bated for 30 min in 3% H2O2 to eliminate endogenous per-
oxidases. We used 5% normal horse serum for blocking
before incubating the sections overnight at 4 °C in goat
anti-DCX (1:400, sc-8066, SantaCruz, Dallas, TX, USA).
The next day, sections were rinsed and incubated for 2 h
with secondary antibodies (1:200, BA-9500, Vector Lab-
oratories, Burlingame, CA, USA), amplified with avidin-
biotin complex (1:300, DAKO Japan, Kyoto, Japan), and
visualized using diaminobenzidine (Vector Laboratories,
Burlingame, CA, USA). The sections were air-dried and
counterstained with hematoxylin, dehydrated, cleared in
xylene, and cover-slipped.

2.7 Stereological Analysis of Doublecortin-Positive Cells
in the Dentate Gyrus

The total number of DCX-positive cells was counted
in all parts of the rostrocaudal extent of the DG in the gran-
ular cell layer using a 40× objective lens (Nikon E600,
Nikon, Tokyo, Japan). The optical fractionator method was
used for counting as described previously [37,39].

2.8 Statistical Analyses

Data were analyzed using StatView software Ver. 5
(Hulinks, Tokyo, Japan). The data of each group were
normally distributed (Shapiro–Wilk test), except for the ∆
plasma CORT levels of the four-time-defeated group in the
pre-SRT, ∆ plasma CORT levels of the one-time-defeated
group in the post-SRT, and number of DCX-positive cells
in the dorsal hippocampus. All data with a normal distri-
bution exhibited homogeneity of variance (Levene’s test).
One-way analysis of variance (ANOVA) was used to com-
pare results of the FST and the number of DCX-positive
cells in the ventral hippocampus of the five experimen-
tal groups. The Kruskal–Wallis test was performed for ∆
plasma CORT levels in the pre- and post-SRT and the num-
ber of DCX-positive cells in the dorsal hippocampus, which
were not normally distributed. Bonferroni/Dunn post-hoc
analyses were performed to further examine between-group
differences when ANOVA or Kruskal–Wallis tests demon-
strated statistical significance. A paired t-test was used to
compare the ∆ plasma CORT levels between the pre- and
post-SRT conditions in the control, two-, and three-time-
defeated groups. The Wilcoxon signed-rank test was used
to compare the ∆ plasma CORT levels between the pre-
and post-SRT conditions in the one- and four-time-defeated
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Fig. 1. Experimental design. All animals were subjected to a stress reactivity test (pre-SRT) 3 days before the start of the stress sessions.
In the stress sessions, a total of four bouts of stress exposures (novel cage stress and/or social defeat stress) were conducted. (1) Control
group (N = 4) animals were intermittently subjected to novel cage stress four times. (2) One-time-defeated group (N = 5) animals were
intermittently subjected to novel cage stress three times and then to social defeat stress one time. (3) Two-time-defeated group (N = 5)
animals were intermittently subjected to novel cage stress two times and then to social defeat stress two times. (4) Three-time-defeated
group (N = 4) animals were intermittently subjected to novel cage stress one time and then to social defeat stress three times. (5) Four-
time-defeated group (N = 5) animals were intermittently subjected to social defeat stress four times. In all groups, on the day after the
last stress session, SRT (post-SRT) was conducted again. One day after the post-SRT, animals were subjected to the forced swim test
(FST), then perfused transcardially with a fixative to evaluate hippocampal neurogenesis.

groups. All data are represented as the mean± standard er-
ror of the mean. Statistical significance was set at p< 0.05.

3. Results

3.1 Effects of Various Frequencies of Social Defeat Stress
on Behavioral Despair in the Forced Swimming Test

The effects of exposure to social defeat stress on the
frequencies of immobility, climbing, and swimming behav-
iors in the FST are shown in Fig. 2. There were no signifi-
cant changes in the frequency of swimming (Fig. 2, middle)
and climbing (Fig. 2, right-hand side) behaviors between
the groups. In contrast, one-way ANOVA indicated signif-
icant differences in the frequency of immobility behavior
(F (4,18) = 8.239, p < 0.01; Fig. 2, left-hand side). Post-
hoc analysis further showed a significantly lower immobil-
ity frequency in the one-time-defeated rats than in the two-
time-defeated (p < 0.05), three-time-defeated (p < 0.01),
and four-time-defeated rats (p < 0.0001). Furthermore, the
one-time-defeated rats showed a significantly lower immo-
bility frequency than the control rats (p < 0.05). The four-
time-defeated rats displayed a significantly higher immo-
bility frequency than the control rats (p < 0.05).

3.2 Effects of Various Frequencies of Social Defeat Stress
on The Increase in the Plasma Corticosterone Levels in
the Stress Reaction Test

The effects of exposure to social defeat stress on the
changes in plasma CORT levels in the SRT are shown in
Fig. 3. We conducted the SRT both before the start (pre)
and after the termination (post) of the social defeat stress
procedure to examine the activity of the HPA axis response
to acute restraint stress. At the pre-SRT, there was no signif-
icant difference in the increase (∆) of plasma CORT levels
between the groups (Fig. 3).

However, the Kruskal–Wallis test revealed a signifi-
cant difference between the groups at the post-SRT (H =
11.266, p< 0.05; Fig. 3). Post-hoc analysis further showed
higher∆ plasma CORT levels in the four-time-defeated rats
than in the control rats (p = 0.0853); however, these dif-
ferences were not significant. In contrast, the two-time-
defeated rats displayed significantly lower∆ plasma CORT
levels than the controls (p < 0.05), one-time-defeated (p
< 0.01), three-time-defeated (p < 0.01), and four-time-
defeated rats (p < 0.01). We analyzed the effects of expo-
sure to social defeat stress on the difference in ∆ plasma
CORT levels between the pre- and post-SRT conditions
within individual groups. In the two-time-defeated rats, ∆
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Fig. 2. Effects of social defeat stress on animal behavior in the forced swimming test. One-time social defeat stress significantly
decreased immobility compared with the control group in the forced swimming test, while four-time social defeat stress significantly
increased immobility compared with the control group (left-hand side). Number of animals (N = 4–5) per group. Bars represent the
mean ± standard error of the mean. Statistical analysis was performed by one-way analysis of variance followed by Bonferroni/Dunn
post-hoc tests. ## p < 0.01, ### p < 0.0001 vs. one-time-defeated group.

plasma CORT levels at pre- and post-SRT were 156.1 ±
10.5 and 93.6 ± 16.3 ng/mL, respectively, showing signif-
icant decrease (t (1,4)= 2.912, p < 0.05). In the four-time-
defeated rats, ∆ plasma CORT levels at pre- and post-SRT
were 186.2 ± 32.2 and 250.7 ± 26.7 ng/mL, respectively,
showing significant increase (Z = –2.023, p< 0.05). No sta-
tistically significant differences were observed in the other
groups (Table 1).

3.3 Effects of Various Frequencies of Social Defeat Stress
on Doublecortin-Positive Cells in the Dentate Gyrus of the
Dorsal and Ventral Hippocampus

The number of DCX-positive cells in the DG resulting
from multiple social defeat stress is shown in Fig. 4. DCX-
labeled cells were observed mainly in the subgranular zone,
which borders the hippocampal DG (Fig. 4a). Because of
technical constraints, brain samples for immunohistochem-
istry could not be obtained from one animal in the two-
time-defeated group. A separate analysis was conducted
on the dorsal and ventral parts of the DG, with the num-
ber of DCX-positive cells in the subgranular zone expressed
per unit volume of the corresponding DG. No statistically
significant difference was observed in the density of DCX-
positive cells in the dorsal DG of the hippocampus (Fig. 4b,
left-hand side). Contrastingly, one-way ANOVA indicated
a significant difference in the number of DCX-positive cells

in the ventral hippocampus (F (4,17) = 3.077, p < 0.05;
right-hand side). Compared with the control rats, post-hoc
analysis further revealed a significantly lower number of
DCX-positive cells in the one-time- (p< 0.05), three-time-
(p < 0.05), and four-time-defeated rats (p < 0.01).

4. Discussion
In the current study, we assessed immobility behavior

in the FST, activity of the HPA axis response to acute re-
straint stress, and the number of immature neurons in the
DG of the hippocampus in rats subjected to different fre-
quencies of social defeat stress exposure. We found that
one or two stress exposures caused a decrease in immobil-
ity behavior, HPA axis activity, and the number of immature
neurons. In contrast, immobility behavior and HPA axis ac-
tivity of stressed rats increased with four stress exposures,
but the number of immature neurons was decreased. These
results suggest that social defeat stress produces dynamic
changes in depression-related factors in a stress frequency-
dependent manner.

We also found that social defeat stress using the
resident-intruder paradigm induced opposite alterations
in immobility behavior in the one-time- vs. four-time-
defeated groups. One-time-stress exposure significantly
decreased immobility, while four-time-defeated rats exhib-
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Fig. 3. Effects of social defeat stress on hypothalamic-pituitary-adrenal axis activity in the stress reactivity test. No effect of social
defeat stress was observed in the stress reactivity test (pre-SRT, left-hand side). In contrast, social defeat stress significantly decreased
∆ plasma corticosterone (CORT) levels in the two-time-defeated group and tended to increase ∆ plasma CORT levels in the four-
time-defeated group compared with the control group in the post-SRT (right-hand side). Number of animals (N = 4–5 per group). Bars
represent the mean± standard error of the mean. Statistical analysis was performed by Kruskal–Wallis test followed by Bonferroni/Dunn
post-hoc tests. †† p < 0.01 vs. two-time-defeated group.

Table 1. Differences in∆ plasma CORT levels between pre-SRT and post-SRT conditions.

Group
Δ Plasma CORT levels (ng/mL) Pre- vs. post-SRT

Post-SRT – pre-SRT p value

Control 31.6 ± 26.6 0.3203
One-time-defeat 52.6 ± 34.3 0.1380
Two-time-defeat −62.5 ± 21.5 0.0436*
Three-time-defeat −12.3 ± 74.5 0.8792
Four-time-defeat 64.5 ± 11.0 0.0431*
CORT, corticosterone; SRT, stress reactivity test.
All values are expressed as the mean ± standard error of the mean. Comparisons were
made between the ∆ plasma CORT levels under pre- vs. post-SRT conditions within
individual groups. Statistical analysis was performed using a paired t test for the con-
trol, two-, and three-time defeated groups and using the Wilcoxon signed rank test in
the one- and four-time defeated groups.
∗p < 0.05.
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Fig. 4. Photomicrographs of representative doublecortin (DCX)-immunopositive cells in the dorsal and ventral hippocampal
dentate gyrus of the rats in the five groups (a; magnification: × 40; scale bars: 100 µm, × 400; scale bars: 10 µm). Effects of
social defeat stress on DCX-positive cells (a). Numbers of DCX-labeled cells in the subgranular zone in the dentate gyrus per volume
of granular cell layer in the dorsal (left-hand side) and ventral hippocampus (right-hand side). In the dorsal hippocampus, there was
no significant difference in the density of DCX-positive cells between the groups (b). In the ventral hippocampus, social defeat stress
significantly decreased the density of DCX-positive cells in the one-, three-, and four-time-defeated groups compared with the control
group. Bars represent the mean ± standard error of the mean. Statistical analysis was performed by the Kruskal–Wallis test for the
number of DCX-positive cells in the dorsal hippocampus and by one-way ANOVA followed by Bonferroni/Dunn post-hoc tests for the
number of DCX-positive cells in the ventral hippocampus.

ited significantly increased immobility behavior. The FST
is one of the most commonly used tests to assess behavioral
despair or depression-like state in rodents [42,43]. Chronic
exposure to social defeat stress increases the duration of im-
mobility, which can be decreased by antidepressant treat-
ment [17,44–46]. Thus, our results suggest that one-time
social defeat stress exposure causes antidepressant-like ef-
fects, while four-time-stress exposure leads to a depressive
state. In particular, the positive (shortening) effect of acute
social defeat stress on immobility behavior in the FST is
a particularly important result while considering that psy-
chosocial stress is a common risk factor for the development
of depression.

Regarding the depressive phenotype induced, we con-
firmed that rats who underwent four-time-social defeat
stress showed slightly increased HPA axis activity in the
post-SRT (p = 0.0853) and significantly increased∆ plasma
CORT levels between the pre- and post-SRT conditions.
Furthermore, four-time-social defeat stress was associated
with significantly decreased DCX-positive cells in the DG
of the ventral hippocampus. The hippocampus is function-
ally segregated along the dorsolateral/ventromedial axis.
The dorsal (septal) region is involved in numerous cogni-
tive functions, while the ventral (temporal) region is linked
to emotional behaviors and negative feedback regulation of
HPA axis activation induced by stress [20,21,25]. Thus,
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the impairment of ventral hippocampal neurogenesis is con-
sidered more important for the development of depressive
symptoms, such as depression-like behavior and HPA axis
hyperactivity [47,48]. DCX is a microtubule-associated
protein that serves as a surrogate marker of adult neurogen-
esis due to its transient expression in newborn neurons [49,
50]. Previous studies have demonstrated that social defeat
stress reduced hippocampal neurogenesis [32,33,37,38,51].
Additionally, repeated social defeat stress induced higher
plasma CORT levels, indicative of hyperactivity of the HPA
axis [36,52]. Thus, these results suggest that the four-time
social defeat stress paradigm induced a typical depression-
like phenotype with behavioral despair, HPA axis hyperac-
tivity, and impairment of hippocampal neurogenesis.

As mentioned above, hippocampal neurogenesis has
been implicated in the regulation of depression-like behav-
ior and the normalization of HPA axis activity after stress
[25,47,53]; however, one-time stressed rats did not show
an increase in depression-like behavior and HPA axis hy-
peractivity despite a decrease in neuroblasts/immature neu-
rons in the hippocampus. One possible explanation for this
discrepancy is that the impact of stress-induced increases
in CORT levels on hippocampal functions may differ in a
time-dependent manner.

Glucocorticoid receptors (GR and MR) are highly ex-
pressed in the hippocampus. Moreover, as neural stem
cells in the DG of the hippocampus are located in close
vicinity to blood vessels [54], stress and stress-induced
elevated CORT levels may affect hippocampal functions
and neurogenesis in the DG [30,55]. Acute stress-induced
increase in CORT has a positive effect on hippocampus-
dependent memory consolidation, whereas chronic stress
and prolonged exposure to elevated CORT levels have been
associated with deficits in learning, memory, and retrieval
[56–59]. These findings support the possibility that acute
and chronic social defeat stress may produce positive and
negative effects on hippocampal functions, including neg-
ative feedback regulation of the HPA axis, respectively.

Regarding the positive effect of stress exposure on
hippocampal neurogenesis, acute immobilization stress in-
creases cell proliferation in the DG of the hippocampus
[60]. In addition, acute glucocorticoid treatment enhanced
phosphorylation of tropomyosin receptor kinase B and ex-
tracellular signal regulated kinase 1/2 in hippocampal neu-
rons [61,62], which are key mediators of increasing neu-
rogenesis and the therapeutic response to antidepressants
[63,64]. Several studies have demonstrated that fluoxe-
tine, an antidepressant, accelerates the maturation of im-
mature neurons by shortening the immature stage of new-
born cells, such as the DCX-expressing time window in
the hippocampus [65,66]. Thus, it can be speculated that
one-time (acute) social defeat stress increases the matura-
tion of newborn neurons, presumably shortening the DCX-
positive stage and thereby lowering the number of cells at
this stage at the time of analysis. The enhanced and accel-

erated hippocampal neurogenesis, induced by acute social
defeat stress, may induce antidepressant-like behavior (de-
creased immobility in the FST) and normalization of HPA
axis activity (a hippocampal function), whereas prolonged
stress exposure, such as the four-time-defeated group in this
study, may cause depressive behavior and HPA axis hyper-
activity by decreasing hippocampal neurogenesis.

Notably, we observed interesting results in the two-
time- and three-time-defeated groups. First, the two-time-
defeated rats had a significant decrease in HPA axis activity
compared with the other groups under the post-SRT condi-
tion (Fig. 3, right-hand side). Experiencing social defeat
stress twice decreased the ∆ plasma CORT levels between
the pre- and post-SRT conditions in this group, indicating
hypoactivity of the HPA axis. Nevertheless, immobility be-
havior in the FST and hippocampal neurogenesis was un-
changed in this group.

Since this is a novel aspect of depression-related
change induced by social defeat stress that has never been
studied, the precise mechanisms are not known. However,
a previous study showed that glucocorticoid pretreatment
diminished the subsequent restraint stress-induced adreno-
corticotropic hormone and CORT release in rats by GR oc-
cupancy in the hippocampus, the primary negative feedback
mediator of the HPA axis [67]. Furthermore, several studies
on social defeat stress have reported that plasma CORT lev-
els were increased immediately after stress exposure, and
repeated social defeat stress induced higher plasma CORT
levels for a prolonged period after the last stress session
[34,36,52,68]. These observations suggest that two bouts
(repeated) of social defeat stress elevated plasma CORT
levels for a long duration in the hippocampus, similar to a
CORTpretreatment condition thatmay suppress the activity
of the HPA axis response to restraint stress in the two-time-
defeated group. Subsequently, hypoactivity of the HPA axis
may offset the positive effects of CORT on hippocampal
neurogenesis and immobility behavior that appeared in the
one-time-defeated rats.

Next, the three-time-defeated rats had a decreased
number of immature neurons in the hippocampus, but im-
mobility and activity of the HPA axis were comparable to
those of the control rats in this study. We speculate that
the reduction of immature neurons resulted from the in-
crease in stress exposure frequency because four bouts of
social defeat stress led to a depression phenotype. Hill et
al. [69] showed that a certain level of neurogenesis is re-
quired for exerting its functions. Based on this, it is possible
that three bouts of stress led to a prodromal phase of depres-
sion during which the decrease in adult-generated neurons
that functionally integrate into hippocampal circuits is not
at a level that causes functional deficits. To obtain precise
data on hippocampal neurogenesis to further support our
hypothesis, future studies should assess the ratio of DCX-
positive cells to Ki-67-positive cells, which is useful as a
proxy for cell maturation speed and survival [70], and use
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other maturation markers, such as NeuN, PSD95, and cal-
bindin, and the dendritic complexity of DCX-positive cells
should be quantified. Additionally, GR andMR are densely
expressed by granule cell neurons in the DG of the hip-
pocampus and play a crucial role in HPA axis regulation and
depression [71–73]. A previous study demonstrated that re-
straint stress dynamically changed GR and MR expression
levels in various brain regions, including the hippocam-
pus, depending on the exposure period [9]. For instance,
acute restraint stress induced an increase in hippocampal
MR protein levels and decrease in hippocampal GR protein
levels. Conversely, repeated restraint stress downregulated
hippocampal MR protein levels [9]. Therefore, we plan to
examine the effects of social defeat stress on hippocampal
GR andMR levels at varying frequencies of stress exposure
in the future.

A recent study demonstrated that a CUMS-induced
animal model of depression exhibited dynamic changes in
depression-related features at different stages after the on-
set of depression [12]. Thus, to our knowledge, the present
study is the first to show the dynamic changes in depression-
related features in a social defeat animal model at the pre-
clinical stage of depression (the stage from the start of stress
exposure to the development of depression).

However, our study has several limitations. First, con-
sidering that the number of rats in each group was low (N
= 4–5), caution should be exercised when interpreting the
results or drawing conclusions. Therefore, further statisti-
cal analyses in a future study with sufficient sample sizes
are warranted. Second, we used only the FST to assess
depression-like behaviors. Thus, future studies on the dy-
namic effects of social defeat stress on other depression-
related behaviors should use additional tests, such as the
sucrose preference test and tail suspension test. Third,
we used only male rats, which are highly motivated to
defend their territory against unfamiliar males. The res-
ident/intruder paradigm cannot be used with female ro-
dents since they do not demonstrate territorial behaviors
[14]. However, in humans, women are two to three times
more likely to develop depression than men [74]. There-
fore, future studies should assess stress-induced dynamic
changes in depression-related factors in a stress frequency-
dependent or duration-dependent manner in female rats us-
ing a different stress paradigm, such as CUMS.
5. Conclusions

In summary, our data showed that social defeat stress,
using the resident/intruder paradigm, could produce a
biphasic effect on symptomatic features of depression, such
as behavioral despair, HPA axis activity, and hippocam-
pal neurogenesis, in a stress-frequency-dependent manner.
Acute social defeat stress (one-time-defeat) enhances a cop-
ing response to stressful conditions, whereas repeated stress
exposure (four-time-defeat) leads to continuous maladap-
tive stress responses, possibly breaking down to a chronic
psychopathological disease state of depression.
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