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Abstract To mimic human mood disorders, traditional

chronic stresses and social defeat stress have been developed

and widely applied. However, these active stresses do not

mimic the emotional flaws induced by stresses, and their

input levels vary greatly. Also, emotional stresses resulting

from social unobtainability remain largely elusive due to the

lack of useful animal models. In this study, we developed a

mouse model named ‘‘opposite sex contact and isolation’’

(OSCI) and found that OSCI induced significant social

avoidance, anhedonia, and anxiety. These behavioral defects

developed differently after 7 days of OSCI. The social

avoidance behavior was self-curable while anxiety gradually

worsened but was alleviated by re-pairing with the same

female partner. Corresponding to the behavior changes, the

plasma corticosterone and phosphorylated cAMP response

element binding protein levels were decreased in the nucleus

accumbens of the mice that experienced isolation. Together,

this study has developed a novel strategy for depression/

anxiety modeling and shows that OSCI may be a useful tool

for studying the lovelorn/lovesick type of depression.

Keywords Social isolation � Depression � Anxiety �
Opposite sex contact � Social stress � Lovelorn

Introduction

Stress-based animal models have been developed to mimic and

study human mood disorders. Among them, chronic unpre-

dictable stress (CUS) and chronic mild stress (CMS) are widely

applied. Besides, as the main source of stress stimuli in humans

is of a social nature, models such as social defeat have been

developed. However, the models using social defeat stress have

the following shortcomings. First, the stressor is derived from

the aggressivity of another male animal, but there are large

variations in aggressivity among individuals. Second, these

active stresses do not mimic the emotional flaws induced by

passive stresses, which would be much more uniform in terms

of the stress level. Moreover, many types of emotional stresses

are the results of social unobtainability (such as isolation, and

being lovelorn or lovesick). Currently, there is no useful animal

model to study these mood disorders.

In this study, we developed a prospective mouse model

called ‘‘opposite sex contact and isolation’’ (OSCI), and

studied its anxiety/depression-like behaviors, as well as

related cerebral and hormonal changes.

Materials and Methods

Animals

Male C57BL/6J mice (8 weeks old, Shanghai Laboratory

Animal Center, Shanghai, China) were used for model
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establishment. The mice were housed in a temperature- and

humidity-controlled room with a 12:12 h light–dark cycle

(lights on at 07:00) and water ad libitum. Behavioral pro-

cedures were approved by the Experimental Animal Ethics

Committee of Shanghai Medical College, Fudan Univer-

sity. In behavioral tests, 8–18 animals were used in each

group; for corticosterone and immunofluorescence analy-

sis, 5–8 animals were used in each group.

OSCI Procedure

The OSCI procedure is shown in Fig. 1. The mouse home

cage was divided into two parts by a transparent plastic

wall with 20 holes (0.5 cm in diameter), which allowed

olfactory, visual, and auditory communication but pre-

vented tactile contact. Each day involved direct contact

(DC) and/or indirect contact (IC). In the DC session, a

female mouse was introduced into the cage of a male

mouse (the modeling mouse), allowing complete contact;

in the IC session, the female partner was transferred to the

other side of the double-chamber cage. During the 7-day

OSCI period, the DC time was 24, 6, 1, 0.5 h, 10, 0, and

0 min from days 1 to 7, with the remaining time in each

day being for IC. The difference between days 6 and 7 was

that the female mouse was removed on day 7 (complete

isolation). Tests were performed on day 8 (i.e. 24 h after

removal of the female). In the control group, the male and

female mice were kept in different cages for 7 days and

never contacted each other.

Acute OSCI Procedure

A female C57BL/6J mouse was introduced into the cage

and allowed to stay with the male mouse for 2 days

(36–40 h), then acutely isolated before behavioral tests.

Re-Pairing (RP) Procedure

RP was performed only for the male mice exposed to OSCI

stress (Fig. 3A). After 7 days of OSCI, the same female

partner was re-introduced into the cage and stayed for

2 days. Then behavioral tests were performed on the

experimental mouse.

Social Interaction Test

The social interaction test was conducted on day 8 in a

clean open arena (42 cm 9 42 cm) as previously described

[1]. Each mouse was observed for two sessions (2.5 min

each, the first without a target mouse and the second with a

target). A mesh cage (10 cm 9 6 cm, with or without an

unfamiliar male C57BL/6J mouse as the target) was put on

the wall of the open field, with a defined ‘‘interaction-

zone’’ area 8 cm around it (14 cm 9 26 cm). The social

interaction ratio was the interaction time of the second

session divided by that of the first session.

Sucrose Preference

Sucrose preference is a classical test for anhedonia. Two

bottles containing different liquids (boiled water or 2%

sucrose solution) were placed in parallel in the cage. The

weight loss of the two bottles in 6 h was measured. The

percentage of sucrose intake (sucrose solution intake/the

total liquid intake 9 100%) was calculated to represent the

anhedonia level of each animal (decreased sucrose prefer-

ence indicating increased anhedonia). The test was per-

formed on day 8 or 9.

Elevated Plus Maze

The elevated plus maze was used to assess the anxiety

level. The maze consisted of two open arms (without walls)

crossed by two closed arms (with 20-cm opaque walls).

Mice were placed in the center area facing the open arms

and recorded for 5 min. The percentages of entries into the

open arms (open-arm entries/total-arm entries 9 100%)

and the time spent in the open arms (open-arm time/total

Fig. 1 Schematic representation of the experimental protocol and

plan. A The resident male was housed on one side of the perforated

divider, and the female partner was introduced into the cage for a

session of direct contact (DC) and then isolated (indirect contact, IC)

by the divider which allowed olfactory, visual, and auditory

communication but prevented tactile contact. B In the 7-day period

of OSCI, DC and IC were repeated but the DC was gradually

shortened while IC was gradually lengthened.
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time in four arms 9 100%) were calculated. This test was

performed on day 8, after the social interaction test with at

least a 4-h interval to allow sufficient relaxation in the

home cage.

Immunofluorescence

For immunofluorescence analysis, the brain was fixed in

4% paraformaldehyde and cut into 30-lm sections. The

sections were permeabilized/blocked with 0.3% Triton

X-100/5% donkey serum for 2 h, incubated overnight

(4 �C) with rabbit anti-p-CREB antibody (Cell Signaling,

Danvers, MA), and then incubated for 2 h with the sec-

ondary antibody (Alexa 488-labeled donkey anti-rabbit,

Life Technologies, USA). Staining for p-CREB in the

nucleus accumbens (NAc) was visualized under a confocal

microscope (FV1000, Olympus, USA).

Plasma Corticosterone Level Assays

Blood samples were collected at 17:30–18:30 after differ-

ent stress periods. Mice were anesthetized with ether,

rapidly decapitated, and trunk blood was collected. Plasma

was separated by centrifugation (3000 rpm, 15 min) and

stored at -80 �C. The corticosterone concentrations were

determined using a corticosterone ELISA kit (Abcam, UK).

Statistical Analysis

Data are presented as mean ± SEM and were analyzed

with Student’s t test and one-way ANOVA followed by the

post hoc Student–Newman–Keuls test. P\ 0.05 was con-

sidered statistically significant.

Results

OSCI Induced Anxiety/Depression-Like Behavioral

Defects

After 7 days of OSCI stress, the social interaction test was

used to assess social behavior, sucrose preference to assess

anhedonia, and the elevated plus maze to assess anxiety-

like behavior. As expected, the OSCI group exhibited a

significantly decreased social interaction ratio (Student’s

t test, t0.05, 32 = 2.567, P\ 0.05) (Fig. 2A) and sucrose

preference (Student’s t test, t0.05, 23 = 2.310, P\ 0.05)

(Fig. 2B) compared with the control group. In the elevated

plus maze test, the OSCI-exposed mice showed lower

percentages of open-arm entries (Student’s t test,

t0.05, 24 = 2.252, P\ 0.05) (Fig. 2C) and time (Student’s

t test, t0.05, 24 = 2.553, P\ 0.05) (Fig. 2D). These results

suggested that OSCI is a novel model of anxiety/

depression. Most depression models (such as CUS and

CMS) do not induce social avoidance behaviors except for

the social defeat model. Here, we found that 7 days of OSCI

impaired the level of social interaction. This model combi-

nes both characteristics of traditional depression models

(like CUS or CMS) and social-derived stress models (like

social defeat). However, unlike the anxiety/depression-like

behaviors, this behavioral defect (social avoidance) was not

maintained for the long term (see below).

RP Relieved OSCI-Induced Anxiety While Social

Avoidance was Self-Curable

Given these OSCI-induced behavioral defects, we further

investigated whether RP with the same isolated female

mouse would alleviate them. As shown in Fig. 3A, one

group (OSCI RP) was re-paired for another 2 days and the

other was kept alone as control (OSCI no-RP). Meanwhile,

another ‘‘acute OSCI’’ group was set to assess what effect

would be exerted by just acute isolation rather than a

chronic and repeated protocol (here, ‘‘being tested’’ actu-

ally served as being acutely isolated). Interestingly, the

social interaction ratios of the three groups were all similar

to that of the control group (Fig. 3B), suggesting that

Fig. 2 OSCI induced behavioral defects (social avoidance, anhedo-

nia, and anxiety). A The social interaction ratio (SIR) decreased in the

social interaction test. B The sucrose preference was reduced. C,
D The percentages of open arm entries and time were reduced in the

elevated plus maze. *P\ 0.05.
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2 days after OSCI, the social avoidance behavior regressed

to the normal level spontaneously, and acute OSCI stress

did not induce social avoidance behavior. In the elevated

plus maze, the anxiety level of the no-RP group became

even worse after two days of further isolation; compared to

the no-RP group, RP significantly relieved the anxiety

(Fig. 3C, D; one-way ANOVA, for open arm entries,

F2, 25 = 3.907, P\ 0.05, OSCI RP vs OSCI no-RP,

P = 0.032; for open arm time, OSCI RP vs OSCI no-RP,

P = 0.089). Interestingly, acute OSCI also induced sig-

nificant anxiety-like behaviors (with a level similar to the

no-RP group, Fig. 3C, D). This suggested that merely

isolating the animal from a familiar opposite-sex partner is

sufficient for the development of an anxiety phenotype, and

this phenotype lasts at least 2–3 days. Together, OSCI-

induced anxiety might be relieved by RP, or else continue

and become severe, but OSCI-induced social avoidance is

self-curable.

Corticosterone Changes and p-CREB Expression

in the NAc of Isolation-Experienced Animals

In contrast to depression/anxiety models, the OSCI group,

as well as the other three isolation-experienced groups,

exhibited not increased but decreased plasma

corticosterone levels (Fig. 4B; one-way ANOVA,

F4, 22 = 8.633, P\ 0.01, OSCI, acute OSCI, no-RP and

RP vs control, P\ 0.01). This indicated that the depres-

sion/anxiety-like behaviors are not a consequence of stress-

induced elevation of plasma corticosterone. The down-

regulation of corticosterone may be due to the female

partner contact. Besides, the p-CREB immunoreactive cells

in both the core and shell zones of the NAc (Fig. 4C)

significantly decreased in the OSCI animals compared with

controls (Fig. 4D–F; one-way ANOVA, in the core,

F4, 23 = 8.903, P\ 0.01, OSCI vs control: P\ 0.01; in

the shell, F4, 23 = 4.229, P\ 0.05, OSCI vs control:

P\ 0.01). No changes were found in the acute OSCI

animals. However, two days after OSCI (the no-RP group),

these changes disappeared. Interestingly, RP induced a

second decrease of p-CREB immunoreactive cells in the

shell, which was significantly different from the no-RP

group (Fig. 4F; RP vs no-RP: P\ 0.05).

Discussion

This work introduces a novel depression/anxiety model.

Similar to the social defeat model, the OSCI model is also

social-derived, but a major difference is that the stress of

Fig. 3 Re-pairing (RP) relieved

OSCI-induced anxiety and

social avoidance was self-

curable. A Schematic

representation of the RP and

acute OSCI protocols. B The

social interaction ratio (SIR)

showed no difference between

the RP and no-RP groups. Acute

OSCI did not induce social

avoidance, indicating that the

decreased SIR was mainly

caused by repeated isolation

experiences. C, D RP increased

the open arm preference (an

expression of an anti-anxiety

role) compared to the no-RP

group. Simply, the acute OSCI

stress induced significant

anxiety-like behavior.

*P\ 0.05.
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social defeat model is induced by active insult while that of

OSCI is by passive deprivation of rewards (contact with the

opposite sex). Passive types of stresses have the advantage

that the error of stress infliction is minimal, which avoids

unpredictable variations from the social-interaction partner

(e.g. aggressivity) in the positive stress types. Here, we

demonstrated that partner isolation is also sufficient to

induce depression/anxiety-like behaviors.

To date, the effects of sex hormones on anxiety and

depressive-like behaviors are widely known [2], but very

few clinical studies have reported lovelorn/lovesick effects

in the brain, and this is still a blank slate in animal model

research. Clinically, Song et al. have reported a negative

correlation of NAc functional connectivity with lovelorn

duration [3]. Our results are consistent with this finding. It

is well known that social isolation increases anxiety-like

Fig. 4 Corticosterone changes

and p-CREB expression in the

nucleus accumbens (NAc) of

isolation-experienced animals.

A Time points of taking blood

and brain samples. B Plasma

corticosterone in different

groups. C p-CREB staining in

the NAc zone (the

immunofluorescence image

shows the area of the green box

in the schematic). D–F p-CREB

immunoreactive cells in the

whole (D), core (E), and shell

(F) of the NAc. *P\ 0.05,

**P\ 0.01 compared to

control.
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behaviors [4, 5]. Nevertheless, social isolation paradigms

are overwhelmingly modeled by early-life stress. OSCI has

many similarities to the social isolation model and there-

fore it is not surprising that OSCI also induces anxiety (but

compared to social isolation, OSCI induces the additional

defect of anhedonia). Travis E. Hodges developed a rat

model including social isolation/reunion with the familiar

partner (but the same sex) and found that adult rats

exhibited decreased social contact after isolation [6].

In terms of mechanism, we demonstrated a change in

CREB activation in the NAc, a region possibly responsible

for the OSCI-induced behavioral deficits. Some reports

have also shown a relationship between sexual behaviors

and anxiety, which involves CREB in the NAc. Michel

Barrot and his colleagues found that CREB inhibition in

the NAc profoundly disrupts the initiation of sexual

behavior [7], and decreases in CREB activity in the NAc

also increase anxiety-like behaviors [8]. Similarly, John M.

Tenayuca and Arbi Nazarian showed that hydrocodone and

morphine possess rewarding properties in the conditioned

place preference paradigm and reduce the phosphorylation

levels of ERK and CREB in the NAc [9]. These conclu-

sions are well supported by ours. In addition, the

dopaminergic system in the NAc controls drug addiction,

which has similarities to the OSCI model [10]. Moreover,

the NAc receives inputs from several regions of the limbic

system (e.g. hippocampus, amygdala, and medial pre-

frontal cortex) [11, 12]. Changes in these regions may

participate in the OSCI-induced mood disorders and

decreased activity of the NAc. Lesions in the hippocampus

lead to depressive-like disorders and decreased social

behavior, as well as reduced dendritic length of the med-

ium spiny neurons in the NAc [13]. The hippocampus-NAc

circuit is also regulated by the medial prefrontal cortex

[14]. Further, some silent synapses in the amygdala-NAc

become ‘unsilenced’ during cocaine withdrawal [15],

which also may be one of the mechanisms underlying

OSCI-induced anxiety. Besides the CNS changes, we

found a decreased corticosterone level in the four groups of

OSCI animals, and this may be due to the fact that after

sexual behavior the corticosterone release was moderated

(versus control). Another possible reason is that the control

group had a dramatic corticosterone release in behavioral

tests while the socially-interacting mice showed habitua-

tion and reduced corticosterone release [6]. It was reported

years ago that social interaction and chronic nicotine

administration attenuate stressor-induced corticosterone

[16, 17]. This, combined with our findings, suggests that

reward down-regulates corticosterone (but does not nec-

essarily down-regulate anxiety). And our findings are in

line with the commonly-accepted view that corticosterone

is associated with the suppression of sexual behavior [18–

20].

Together, we have developed a novel mouse model of

depression/anxiety, which promises to be a useful tool for

studying the lovelorn/lovesick type of depression.
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