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Sex Differences in Post—weaning Isolation Induced Anxiety Levels,

Social Behaviors and Serum Stress Hormones in BALB/c Mice
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Abstract: The effects of social isolation (social deprivation) on behavioral and neuroendocrine responses have
been widely studied in prosocial animals. However, little is known about whether post-weaning isolation ex—
erts similar effects in asocial animals, and whether there are sex—specific differences in these effects. BALB/c
mice are generally less sociable. In order to investigate aforementioned question, weanling male and female
BALB/c mice were singly or group housed for six weeks, then anxiety levels, locomotion and social behaviors
were examined using an open field test and the same-sex social interaction test, and the concentrations of
serum corticosterone (CORT), norepinephrine (NE) and oxytocin (OT) were measured using ELISA. The re—
sults showed that single rearing resulted in an increase in the social investigation behavior in both sexes
compared to group rearing. Furthermore, the females experiencal single rearing enhanced the anxiety levels,
while the males experienced single rearing increased the locomotion and the aggressive behavior, and de—
creased the contact behavior. Along with these changes, single rearing aggravated the levels of serum CORT

in both sexes, while serum NE and OT were increased only in females. Taken together, these results indicate
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that post—weaning isolation results in sex—specific changes in behaviors and stress endocrine in asocial ani—

mals, which might be associated with the release differences of NE and OT.

Key words: isolation; stress; anxiety; sociability; hormone; BALB/c mice

CLC number: (0958.12

Psychosocial stress, specifically social isola—
tion, results in profound behavioral and neurochem—
ical abnormalities! . For instance, rats subjected to
social isolation from weaning to early adulthood
show a strong increase in stress related behaviors,
such as increased anxiety—related behaviors™ 3. Simi—
lar to rats, mice also show increased anxiety, ag—
gression and social interaction!®”. In addition to be—
havioral changes, social isolation also results in an
endocrinological response™¥. For instance, social iso—
lation leads to a significant increase in circulating
adrenocorticotrophic hormone (ACTH), corticosterone
(CORT) levels and corticotropin releasing hormone
(CRH) receptor mRNA expression in prairie voles
(Microtus ochrogaster)® . CORT (cortisol, in human)
is a stress hormone produced by the hypothalamic—
pituitary—adrenal (HPA) axis, and its level is asso-
ciated with a number of important behavioral disor
ders, such as anxiety and depression!". Norepine—
phrine (NE) is released when a host of physiological
changes are activated by a stressful event, and it
has been reported that social isolation alters the
metabolism and function of NE and increases its re—
sponses in the nucleus accumbens! 3, Oxytocin (OT)
is synthesized primarily in the supraoptic and par—
aventricular nuclei (PVN) of the hypothalamus and
there are oxytocinergic projections to the posterior
pituitary gland where it is released into the blood
stream!™. Increased levels of OT in the central and
peripheral nervous systems have been associated
with the experience of stressful events in humans
and rodents>"". For instance, during an acute shak—
er stress paradigm in male rats, OT was released
specifically in the hypothalamic PVN and the plas—
mal®, In addition, OT is able to interact with stress
hormones in the HPA axis to regulate social behav—

[18-20]

ior and emotion"**), which serves as a buffer against

both physical and emotional stressors!"” . For in—
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stance, intracerebroventricular injections of OT could
produce a comparable decrease in serum CORT lev—
els®L

The response to social isolation is not entirely
consistent across rodents. Highly social species are

#2and perma—

more susceptible to social isolation
nent effects of post—weaning isolation are only ob—
served in species that demonstrate high levels of
social play during one stage of development™. To
date, prosocial animals have been the primary
subjects of studying how isolation influences be—

[3.2830 However, it is not well known whether

haviors
social isolation exerts similar effects on asocial ani—
mals at the behavioral and endocrine levels. What’s
more, it is also unclear whether there are sexual
differences in isolation-related response in asocial
animals. BALB/c mice belong to inbred strain that

B3 Thus, they can serve

shows low level sociability
as a model for studying the effects of social isola—
tion on asocial animals. The effects of isolation
rearing may depend on the subjects’ developmental
stage during which isolation manipulations are con—
ducted™ Early social isolation from weaning to aduli—
hood is a procedure where animals are deprived of
social contact with conspecifics during develop—
ment. The present study aimed to explore the ef-
fects of post—weaning isolation on BALB/c mice and
possible sexual differences in isolation-related be—

haviors and stress hormones.

1 Materials and methods

1.1 Experimental animals
Adult male and female BALB/c mice (Ningxia
Medical

Yinchuan, China) were housed in standard trans—

University Laboratory Animal Center,
parent Makrolon cages (Ixwxh, 32x21.5x17 cm),
and raised under a 12 : 12 light-dark cycle (lights
on 20: 00 h) at 23+2 °C with food and water avail—
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able ad libitum. Virgin females and males were
paired, and 20 days after pairing, females were
checked daily for signs of labor. The day of birth was
denoted as postnatal day zero. Pups were separated
from parents after weaning at the age of 23 days.
Male and female pups were separated, and divided
into two groups: 1) reared in groups with four pups
per cage (group rearing, cage size 38x27x16 cm);2)
reared singly in a cage for six weeks before testing
(isolation rearing, cage size 38x27x16 cm). Subjects
were therefore assigned to one of four treatment
groups: group housed males (MG, n=10), isolated
males (MI, n=10), group housed females (FG, n=10),
and isolated females (FI, n=10). All animals were
treated humanely according to guidelines approved
by the Animal Care and Use Committee of Beifang
University of Nationalities.
1.2 Open-field test

Following a six-week isolation, spontaneous mo—
tor activity and anxiety—like behavior were assessed
in an open field chamber. The chamber was a
brightly and evenly illuminated square arena (Ixwxh,
50 x50 x25 c¢m) made of white glacial polyvinyl
chloride and illuminated by four 60 W lamps
mounted 1.5 m above the box (400 Ix in the centre of
arena). The area was divided into 16 quadrants (4
central and 12 peripheral quadrants)®. The tested
mice were placed individually into the centre of the
open field, left to explore for 5 min and videotaped
using a video-recorder mounted 70 ¢m above the
arena. After the test trial was completed, the cham—
ber was thoroughly cleaned with 70% ethanol solu-
tion. The time each mouse spent in the central and
the number of crossings between quadrants were
recorded using Jwatcher 1.0.
1.3 Same-sex social interaction test

After the open—field test, the social interaction
test was conducted. Tested mice had an almost e—
qual body weight compared to stimulus mice. Stim—
ulus mice were unfamiliar, sexually naive individu—
als of the same sex. Testing was conducted in a
neutral plastic cage (46x31.5x20 cm), with approx—
imately 2 e¢m of wood shavings on the floor and a

removable clapboard in the middle. Prior to testing,

stimulus and focal animals were placed on the op-
posite side of the cage and allowed to acclimate for
5 min while separated by the clapboard. Once the
clapboard was removed, the dyadic social interac—
tion was monitored for 15 min. Each individual’s
behavior was classified as follows: social investiga—
tion (sniffing the face, body or anogenital area of an
individual), contact behavior (contact with another
individual, including staying together or amicable
grooming), aggressive behavior (pouncing (jumps or
lunges), fighting (tumbling and biting) and chasing),
rearing behavior (rising on the hind legs and sniff-
ing into the air or the wall of the box), and self-
grooming (cephalocaudal progression that begins with
rhythmic movements of the paws around the mouth,
face and ears, descending to the ventrum, flank,
anogenital area and tail).
1.4 Serum CORT, NE and OT assays

Following behavioral testing, mice (males, n=6;
females, n=6) were deeply anesthetized. Blood was
collected from the retro—orbital sinus in the after
noon (16: 00—17: 00). The collected blood samples
were immediately centrifuged and separated, then
serum was stored at —20 °C. The concentrations of
CORT, NE and OT were measured using a mouse—
specific enzyme —linked immunosorbent assay kit
(Suzhou Kaerwen Biotechnology, Suzhou, China) fol—-
lowing the proprietary protocol. First, the prepared
sample and the standard were incubated for 30 min
at room temperature. Next, the prepared sample and
the standard were placed in separate plate wells, and
horseradish peroxidase—conjugate reagent was added,
then samples/standards were incubated for 60 min at
37 °C. Lastly, after the plate was washed four times,
we added chromogen solutions A and B. After 15 min
of incubation at 37 °C, the reaction was terminated
using the stop solution. The optimal dilution of
serum (1 : 5) was determined via dilution curves
(1 :1,1¢:5and1: 10). The optical density of the
sample was determined at 450 nm using a Bio—Rad
iMark, with the blank well set as zero. The variation
between duplicate measurements was less than 5%.
1.5 Statistical analysis

Statistical analyses were conducted using SPSS
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13.0 (SPSS, Chicago, IL, USA). The data were ana—
lyzed using two—way analysis of variance (ANOVA).
The variables were housing condition (group or iso
lation) and the sex (male or female). Post hoc tests
were conducted using Fisher’s least—significant dif
ference (LSD) if a significant difference was found.
All values were presented as mean +standard error

and the alpha was set at 0.05.

2 Results

2.1 The behaviors of isolated or group—housed
mice in open field

A two—way ANOVA revealed significant effects
of sex and housing condition on the time spent in
the central area (sex, F) x=11.290, P=0.002; hous—
ing condition, F; 3=5.165, P=0.029) and on total
transition (sex, Fi 3=12.191, P=0.001; housing con-
dition, F| 3=11.856, P=0.001). We also observed an
interaction between sex and housing condition in the
time spent in the central area (Fy =4.143, P=0.049)
and transition (F) x=4.132, P=0.05). Group housed
females spent significantly more time in the central
area than group housed males (mean difference =
29.547, P=0.001). In comparison to group housed
mice, social isolation reduced the time spent in the
central area in females (mean difference=-23.592, P=
0.004) (Fig.1A) and increased transition in males
(mean difference=33, P<0.001; Fig.1B).
2.2 Social interaction of isolated or group-
housed mice

The significant effects of sex on aggression
(F1. %=72.822, P<0.001), contact behavior (F; 3=
11.905, P=0.001) and self-grooming behavior (F; 3=
8.346, P=0.007) were found. Housing condition re—
sulted in significant differences in social investiga—
tion (F 3=30.631, P<0.001), aggression (F 3=72.133,
P<0.001) and rearing behavior (F; 3=8.024, P<0.001).
For aggressive behaviors, we observed a significant
interaction between sex and housing condition (F; 3=
72.133, P<0.001). Compared to the group—housed
mice, the socially isolated mice significantly in—
creased social investigation in both females (mean
difference=16.287, P<0.001) and males (mean differ—
ence=43.697, P=0.011) (Fig.2A). Interestingly, iso
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Fig.1 Behaviors of isolated or group-housed BALB/c
mice in an open field test

(A) Time spent in the central area; (B) Transitions in the

open field. Groups not sharing same letters are significantly
different (P<<0.05). ML, isolated males; MG, group housed males;
FI, isolated females; FG, group housed females.

lated males significantly increased aggression (mean
difference =79.867, P<0.001), and decreased con
tact behavior (mean difference=-94.376, P=0.026)
(Fig.2B), while isolated females engaged in less
rearing behavior (mean difference=—19.517, P=0.024)
(Fig.2C). Moreover, group—housed males showed
less self—grooming behavior than the group—housed
females (mean difference=-39.182, P=0.037) (Fig.2D).
It should be noted that aggressive behaviors during
social interaction were observed only in isolated
males and rarely observed in other three groups
(data not shown).
2.3 The levels of serum CORT, NE and OT in
isolated or group-housed mice

A two—-way ANOVA revealed significant effects
of sex and housing condition on the levels of serum
CORT (sex, Fi %=5.889, P=0.025; housing condition,
Fi =63.966, P<0.001) and OT (sex, F; x=39.354,
P<0.001; housing condition, F; ,=5.025, P=0.036),
while only sex had an effect on NE levels (Fy »=
62.611, P<0.001). There was an interaction between
sex and housing condition in serum CORT (F), »=
9.183, P=0.007), NE (F, »=18.488, P<0.001) and OT
levels (F) 2=16.326, P=0.001). The post—hoc test re—
vealed that serum CORT levels were significantly

higher in the isolated males and females compared
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Fig.2 The same-sex social interaction in isolated or

group-housed BALB/c mice

(B) Contact behavior; (C) Rearing

(D) Self —grooming behavior. Groups not sharing

same letters are significantly different (P<<0.05). MI, isolated

(A) Social investigation;

behavior;

males; MG, group housed males; FI, isolated females; FG,

group housed females.

to the group housed males and females (males, mean
difference =12.94, P=0.013; females, mean differ -
ence=28.71, P<0.001) (Fig.3A). The difference in
serum CORT levels was not found between group
housed males and females (mean difference=1.57, P=1)
(Fig.3A). Isolated females had significantly higher
levels of NE than the group housed females (mean
difference=0.89, P=0.002), while no significant differ—
ence was observed in the males (mean difference=

-0.34, P=0.63). We observed a significant differ—

ence in serum NE levels between group housed
males and females (mean difference=-0.53, P<0.001)
(Fig.3B). In addition, isolation significantly elevated
the serum OT levels in females (mean difference=
2.317, P<0.001), but no differences were found in
males (mean difference=-0.663, P=0.218) (Fig.3C).

140
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20
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6.0
5.04
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3.04
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OT concentration/(pg*mL™)

(©

Fig.3 The concentrations of serum CORT (A), NE (B) and
OT (C) in isolated or group—housed BALB/c mice

Groups not sharing same letters are significantly different
(P=<0.05). MI, isolated males; MG, group housed males; FI,
isolated females; FG, group housed females.

3 Discussion

In this study, social isolation of BALB/c mice
from weaning to adulthood resulted in increased so—
cial investigation behavior. Isolated males showed
an increase in locomotion accompanied by higher
aggression, while isolated females showed increased
anxiety levels accompanied by less rearing behav —
ior. In addition, we observed effects of social isola—

tion and sex on the concentrations of serum CORT,
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NE and OT, which may underlie the behavioral behaviors

changes.
3.1 Effects of post—weaning isolation on loco—
motion and anxiety—like behavior

Compared to group —housed controls, isolated
females showed increased anxiety levels, whilst
isolated males did not show changes in anxiety lev—
els (Fig.1A). Studies in rats have also observed sim—
ilar results where isolation—rearing increasd anxiety—

B3 However, in gerbils

like behavior only in females
(Meitones Unguiculataus), which are social animals
that live in family groups in the wild, singly housed
males showed increased anxiety but the females
didn’t*. Since the social structure of a species has a
strong effect on social isolation, the inconsistent
findings between these studies may be a result of
species—specific response to social isolation. In ad—
dition, the range of test situations can also influence
the behavioral changes that result from isolation in
males and females™. We observed that post-weaning
isolation significantly increased locomotive activity
in male BALB/c mice (Fig.1B), which was consistent
with some previous studies where isolated rats in—
creased spontaneous locomotor activity™**l. Howev—
er, we did not observe any differences in locomotion
in females. Locomotor activity in a novel environ—
ment is a complex behavior that may be influenced
by many factors, including anxiety levels, respon —

4. Here, isolated fe—

siveness to stress and novelty
males showed increased anxiety, whilst there were
no specific effects in males; isolated males in—
creased locomotion, whilst there were no specific ef—
fects in females. These results suggest that the lev—
els of locomotion do not represent anxiety levels in
BALB/c mice, and emotionality of females is more
susceptible to early isolation than that of males. In
addition, we found that group—housed female BALB/c
mice spent more time in the central area in open
field than males, suggesting that males have higher
levels of anxiety than females (Fig.1A). Meanwhile,

3]

similar to a previous study™, we did not observe sex

differences in locomotion in group housed BALB/c
mice (Fig.1B).

3.2 Effects of post-weaning isolation on social

Isolated male and female BALB/c mice en-—
gaged in more social investigation compared to the
group—housed animals (Fig.2A). These findings con—
cured with some reports showing that early social
isolation enhanced social investigation®*, but dif-
fered from other studies suggesting that isolation

12951 Tn addition, we

decreased social interaction
found that isolated male mice showed decreased
contact behavior (Fig.2B) and increased aggression,
which concured with previous reports from rats and
prairie voles where post—weaning isolation resulted

in increased aggression levels™ *> -4

. In our experi-
ments, isolated females showed less rearing behavior
when compared to the group—housed females (Fig.2C).
The differences in rearing suggest they may be dif-
ferent in emotional processes when engaging in fe—
male—female interaction'”. Male BALB/c mice are

B and our find—

known to be less social than females
ings support the proposal that low level of social
behavior does not correlate with low level of locomo—
tion™*. Group—housed female BALB/c mice exhib—
ited more rearing behaviors when interacting with
same—sex individuals compared to males (Fig.2C). It
has been found that ICR mice show similar behav-
ioral differences!”. Female BALB/c mice exhibited
more self —grooming behaviors than males (Fig.2D),
and this difference suggests that there may be sex
difference in emotional state during social interac—
tiont ",
3.3 Effects of post—weaning isolation on stress
hormones

Although peripheral hormone levels may not
fully capture central hormone levels”', the periph—
eral measures are likely to reflect responses to a
range of stimuli, including social stimuli”. Compared
to group—housed controls, we found a significant in—
crease in the concentration of serum CORT in iso—
lated males and females (Fig.3A). Social isolation is
stressful, and the physiological changes elicited by
stress comprise a cascade of neuroendocrine events
mediated by stress systems, such as the HPA axis.

The increase in CORT levels suggests that HPA ax—

is activity is enhanced in the socially isolated in—
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dividuals. When animals are subjected to stress,
CRH is secreted from the hypothalamus, which re—
sults in the secretion of CORT from the adrenal cor—
tex to guard against stress disorders. However, our
results were not consistent with a previous study
that found no change in CORT levels of BALB/cJ
mice isolated for 3 weeks™. This discrepancy may be
due to the difference in the length of isolation in
the experiments. For example, it has been shown
that plasma CORT levels are higher in mice isolat—
ed for 5 weeks than in mice isolated for 2 weeks™.
The locus coeruleus and postganglionic neu—
rons of the sympathetic nervous system, adrenal
medulla release NE into the blood. We observed
higher NE levels in group—housed females compared
to group —housed males. It has been reported that

female ICR mice exhibit higher responses to stress
and higher levels of serum CORT under both basal
and stressed conditions compared to the males™ !,
These findings demonstrated the possible sex differ—
ences in the HPA axis and adrenergic system ac—

tivity. What's more, isolated females showed an in—
crease in serum NE levels, whilst there were no
specific effects in the isolated males (Fig.3B). There—
fore it appears that isolation induces release of NE
mainly in females, likely contributing to the in—
creased anxiety —behavior that was observed in fe—
males.

Interestingly, we observed higher serum OT in
isolated females (Fig.3C). It is surprising, as high pe—
ripheral levels of OT and arginine vasopressin have
been associated with improved social functioning in

5758 Howev—

children with autism spectrum disorders
er, it was consistent with previous reports that
showed increased plasma OT levels in female prairie

voles isolated for 4 weeks?!

and greater OT content
in the PVN in the singly housed female prairie
voles™. Furthermore, the plasma OT increment fol—
lowing stress in rats is sexually dimorphic, with fe—

males exhibiting greater responses than males!®',

Churchland et al. (2012)? proposed that plasma OT
reflected coordinated release by magnocellular cells
in the PVN, and that serum levels of OT correlated
with OT expression in the PVN. Since OT can be

[63]
2

anxiolytic!™!, and isolation results in anxiety behav—

ior in females, the elevation of OT levels in isolated
females may serve to protect females from the nega—
tive consequences of isolation™. Another idea is that
anxiolytic effects of OT are male—specific!®. Higher
OT in women correlates with greater attachment anx—
iety™, and OT may serve as an indicator of interper—
sonal stress, especially in women®. Nevertheless, our
findings provide further evidence to support the
sexual dimorphic role of OT in early isolation. Fur—
thermore, the elevation of serum OT levels induced
by isolation co—occurred with changes of NE levels
in females, indicating a possible association be—
tween the two hormones.

In conclusion, isolation from weaning to early
adulthood altered behaviors and stress hormones re—
lease in BALB/c mice, particularly in females. Our
results demonstrate the importance of group life to
develop behavioral flexibility even in asocial ani—
mals. The different effects of isolation on stress
hormones help explain sexual differences in isola—

tion—induced behavioral and emotional changes.
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