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Abstract
Rearing in social isolation has profound effects on several aspects of behavior in adult rodents.
However, little is known about effects of social stress on social behavior in these animals. In the
present study, we examined social recognition in mice of both sexes that were individually housed
from 30 days of age until testing at approximately 80 days of age, individually housed from day
30 until day 60, followed by group housing from day 60 until testing at around 80 days of age and
in control mice that were group housed throughout experiment. A standard social recognition test
was performed with ovariectomized female conspecifics introduced into the home cage of tested
mice for 1 minute, eight consecutive times with 9 minute breaks between tests, and in the ninth
test, new, unfamiliar females were introduced. The time spent investigating stimulus mice during
each of the nine tests was recorded. Group housed male and female mice showed strong pattern of
social learning, whereas mice reared in isolation from day 30 until testing did not show evidence
of social recognition. Interestingly, mice reared in isolation from 30 until 60 days of age and then
group housed again, also showed reduced ability for social learning in comparison to the controls
housed in groups through the entire period. These results therefore show that social isolation has a
profound effect on social behavior in mice, and that even isolation for a limited period can
produce lasting behavioral deficits.
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Introduction
Early life stress can have long lasting deleterious effects on brain development and
consequently on behavior in adult life [1]. Rearing in isolation either in infancy or in
adolescence can produce severe behavioral consequences in adult life in rodents that are
social animals by nature [2]. Such studies provide for better understanding of animal
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behavior and may have implications for human behavior and psychiatric disorders where
social isolation is a contributing factor [1].

Mice and rats are social mammals living in large social groups in natural conditions [3,4]. In
laboratory conditions, however, males are sometimes housed individually to prevent
intermale aggression, or unwanted mating if males and females would be housed together.
Therefore, males (and even females) that have been used in behavioral testing are sometimes
housed individually [5]. Unfortunately, such studies do not account for possible effects of
social isolation on the outcome of behavioral testing. This is a potential problem because
previous studies have shown that rearing in social isolation during the pubertal period can
lead to hyperactivity and reduced habituation, reduced novel object recognition, and reduced
floating time in forced swim tests. Interestingly, the effects on anxiety-like behavior are
somewhat conflicting since social isolation decreased anxiety-like behavior assessed by
elevated plus maze testing, but increased anxiety-like behavior in light-dark field testing in
mice; and similar effects of social isolation have been reported for rats [6–9]. Although the
molecular mechanisms that lead to these behavioral deficits are mostly unknown, several
studies have shown that social isolation directly affects brain development in juvenile
rodents. Rearing in isolation has been reported to result in reductions of medial prefrontal
cortex volume [10], cytoskeletal alterations in hippocampus [11] and changes in CREB
expression and dopamine and serotonin turnover in different parts of the brain [6,12]

Social recognition is critical for establishing and maintaining social structures in groups of
animals living together. Tests for social recognition were first described by Thor and
Holloway [13] and are based on monitoring the time that tested animals spend investigating
conspecifics introduced multiple times into the cages of tested animals. In rats and mice, the
time of investigation normally decreases with exposure to the same animal, and is increased
upon exposure to novel unfamiliar animals, usually to the time as observed during the first
exposure to the novel animal [5]. Interestingly, social recognition is usually sexually
dimorphic with the reduction in time during the test with same animal being more prominent
in males than in females [14,15]. The influence of social isolation on performance in social
recognition tests has not been thoroughly investigated. Recently, Zhao et al. reported
abnormalities in social recognition in male rats, housed individually [16], but we are not
aware of any reports concerning the effect of social isolation on social recognition in mice of
both sexes, and particularly whether social isolation for a limited time period could have a
lasting effect on social learning. The present study, therefore, examined social recognition in
mice of both sexes that were reared in groups or in isolation from day 30 (beginning of
puberty) until testing or for a limited period of time to explore whether social isolation could
cause long-lasting alterations in murine social behavior.

Material and methods
Animals

C57BL/6J mice were bred in standard conditions with 12-12 LD cycle (lights on at 5 am and
off at 5 pm) and food (phytoestrogen free diet; Harlan Teklad Diet 2016, Harlan, Milan,
Italy) and water ad libitum. C57BL/6J strain of mice was chosen as this is a strain frequently
used in genetic analyses of brain and behavior. Mice were weaned at 21 days of age and
mice from the same litters were divided into three groups. Mice from the first group (social
group) were divided into groups of three mice of same sex after weaning at 3 weeks of age,
mice from second group (isolated) were isolated into individual cages at 30 days of age and
mice from third group (isolated/social) were isolated into individual cages at 30 days of age
and grouped into social groups of three mice (of same sex) at 60 days of age. Group housed
mice were housed in 16 cm high cages with floor area 38 × 22 cm and individually housed
mice were kept in 13 cm high cages with 35 × 15 cm floor area. For stimulus mice,
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ovariectomized female mice of the same strain were used. Ovariectomized stimulus female
mice were used to prevent any possible influence of estrus cycle on duration of sniffing of
tested mice, and to make stimulus mice neutral to both male and female test mice. The goal
was to present the stimulus mice as conspecifics but not possible mating partners or
aggressive opponents. Stimulus mice were ovariectomized around 60 days of age. Mice
were anaesthesized with the mixture of ketamine (Vetoquinol Biowet, Gorzowie, Poland;
100 μg/g BW), acepromazine (Fort Dodge Animal Health, Fort Dodge, IA, USA; 2 μg/g
BW) and xylazine (Chanelle Pharmaceuticals Ltd., Loughrea, Ireland; 10 μg/g BW) and
both ovaries were excised through small wounds. Wounds were stitched and mice received
two injections of butorfanol (Turbogesic, Fort Dodge Animal Health, Fort Dodge, IA, USA;
2 μg/g BW) after surgery to ease any potential pain. Mice were allowed to recover for at
least 10 days before being used as stimulus mice. All animal experiments were approved by
Veterinary commission of Slovenia (VURS) and were done according to ethical principles
and NIH guidelines.

Social recognition test
The ability to recognize familiar conspecifics was tested in 80-day-old mice. Estrous
cyclicity was evaluated in experimental female mice by examining vaginal cytology.
Vaginal smears were stained with haematoxyline and eosine using standard procedures and
examined using brightfield microscopy (Nikon Eclipse 80i). Only female mice in diestrus
(identified by the presence of large numbers of leucocytes) were used for behavior testing to
control for differences in behavior due to hormonal changes. Diestrus was chosen as a
period of the estrus cycle with most reproductive hormones (estradiol, progesterone, LH and
FSH) at low levels [17]. All tests were done at the beginning of the dark period under dim
red illumination. Prior to testing (24h), socially housed mice were put individually into new
cages (small cages 35 × 15 × 13 (L x W x H) with filtertops) with bedding from their old
cage; isolated mice were tested in their home cages with at least 3 day-old bedding. On the
day of testing, ovariectomized females were put into the cage for 60 seconds and then
removed. The same female was put into the cage again after 9 minutes and this was repeated
8 times. After a final 9 minute break, a new, unfamiliar ovariectomized female was put into
the cage for the ninth test. During each 1 minute trial, the duration of sniffing by the tested
mice was recorded using ‘stopwatch’ software (Center for Behavioral Neurosciences,
Atlanta, GA). All tests were performed in the presence of an observer who remained still
and quiet during the test to minimize potential observer effects. All tests were done by the
same investigator (J.K.) who was blinded to group assignment at the time of testing.

Statistical analyses
All statistical analyses were done using NCSS software (NCSS statistical software,
Kaysville, UT). At least nine mice of each sex were tested in each group (social, isolated,
isolated/social). To test differences between groups over the trials, repeated measures
ANOVA was performed with housing conditions and sex as independent variables followed
by post hoc Bonferroni test. To assess differences between test 1 and 8 and tests 8 and 9
within individual groups, repeated measures ANOVA followed by posthoc Bonferroni
testing was performed. Differences were considered statistically significant with p < 0.05.

Results
Differences in time spent sniffing between groups

All mice were exposed 8 times for 1 minute to the same stimulus mouse followed by ninth
test with a new stimulus mouse. No aggressive (attacks, bites, charges) or sexual behavior
(mounting, lordosis) was observed between test mice and stimulus mice during any test.
Statistical analysis using repeated measure ANOVA with housing condition and sex as
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independent variables revealed a significant interaction between housing conditions and test
(F (16,51)=5.11, p < 0.01) and between sex and test (F(8,51)=3.55, p < 0.001). As shown in
figure 1, the greatest amount of habituation to the repeated presentation of the same stimulus
female and the greatest response to a new female was observed in male mice grouped
socially throughout the experiment. Time spent sniffing declined significantly with each test
(p < 0.001) and recovered to levels observed in test 1 during the ninth test (test with new
mice; p < 0.001). In socially housed female mice as well as in male and female mice isolated
from day 30 until day 60 (returned to social housing on day 60), a pattern of habituation to
the repeated presentation of the same stimulus female was also apparent. Nonetheless, the
reduction in time spent sniffing between tests 1 and 8 was much lower in comparison to
males housed socially, suggesting reduced habituation or learning in these mice (Figure 1).
By contrast, in both male and female mice housed individually from day 30 until testing at
around 80 days of age (i.e., isolated), animals failed to habituate to the stimulus female
(Figure 1). Even though the time spent sniffing increased from tests 8 to 9 in both males and
females, this difference was not statistically significant nor was the minimal reduction in
time sniffing between tests 1 and 8, suggesting that these mice did not habituate to the
stimulus mice and did not recognize them as familiar during test 8 (or any of the previous
tests).

Difference in time spent sniffing within groups
Analysis of the difference in time spent sniffing between trials 1, 8 and 9 within individual
groups of mice revealed a significant effect of housing conditions as social recognition was
indicated in both groups of socially housed mice. In socially housed mice there was a
significant difference between tests 1 and 8 in both males (p < 0.001) and females (p < 0.05)
and between tests 8 and 9 in males (p < 0.001) and females (p < 0.01). In isolated groups of
mice, only isolated/social males showed habituation with a significant difference between
tests 1 and 8 (p < 0.01) and tests 8 and 9 (p < 0.01) while time spent sniffing the stimulus
mice in the other three groups of mice (isolated males, isolated females, isolated/social
females) did not differ significantly between tests 1, 8 and 9 (Figure 2).

Discussion
Previous studies have shown that rearing in social isolation during development leads to
long lasting changes in brain structure or gene expression [6,10–12], and causes behavioral
changes in adult life such as increased locomotor activity, decreased anxiety-like behavior
(elevated plus maze), impaired novel object recognition and increased aggression
[6,7,12,18]. However, with the exception of one recent study [16], we are not aware of other
reports concerning the effect of prolonged social isolation on social learning in rodents.
Therefore, the results of the present study provide data indicating that either long-term or
transient social isolation impacts social recognition in mice, particularly in males.

In the current study, the strongest pattern of social recognition was noted in male mice that
were housed socially in groups of three. For this group of mice, time spent investigating
familiar ovariectomized female mice during 8 tests linearly decreased to reach the lowest
levels during the eighth test, but reverted to the initial time during the ninth test with novel
females. This suggests that male mice, reared in groups, have strong ability for social
learning and successfully discriminated between familiar and unfamiliar ovariectomized
female mice. However, in male mice that were housed individually from day 30 until testing
around day 80, there was little reduction in time spent sniffing the same mice during the 8
tests and no significant difference between tests 8 and 9, suggesting that these mice did not
distinguish familiar female from the unfamiliar one (presented in test 9). This is in
agreement with the results by Zhao et al. [16], where similar deficits in social recognition
were reported in male rats housed individually from day 30 until testing in adulthood,
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suggesting that social isolation affects both mice and rats similarly with respect to this
behavior. The current study contains an important additional group; mice that were reared in
isolation from day 30 until day 60 and then were housed in groups of three (same sex) until
testing around day 80 (isolated/social group). Interestingly, in this group of male mice, there
was a social recognition pattern of behavior. The reduction in time sniffing familiar females,
however, was significantly lower than in male mice housed in groups continuously. This
might suggest that social isolation for a transient period caused changes that were evident as
a behavioral deficit in a form of reduced habituation later in adult life, after mice were
resocialized. This reduction was evident even though isolated/social male mice were still
able to distinguish familiar from unfamiliar females as demonstrated by the significant
increase in times spent sniffing stimulus mice between tests 8 and 9.

As expected, social recognition was also observed in female mice, although the reduction in
time during 8 tests was much smaller in comparison to male mice, in agreement with
previously published data for rats [19,20]. Nevertheless, socially housed female mice
showed significant differences in time spent sniffing between tests 8 and 9 suggesting that
they could distinguish familiar from unfamiliar females. Similar to male mice reared in
isolation, female mice reared in isolation from day 30 until testing did not show evidence of
social habituation or recognition. Interestingly, however, the time spent sniffing stimulus
mice did not change between test 8 and 9 also in isolated/social females suggesting that in
female mice, transient isolation was sufficient to cause an effect on their ability to
distinguish familiar and unfamiliar conspecifics even some time after they were resocialized.

The influence of sex hormones on the ability to recognize conspecific animals has been
shown previously [14,15]. Therefore, the finding of a sex difference in the social recognition
in social group of mice in the current study was not surprising. However, all females were
tested in the diestrus phase of the estrous cycle when hormone levels are lowest. Therefore,
this finding does not necessarily mean that social recognition and/or habituation are worse in
female than in male mice at all times. It is quite possible that during estrus phase, when
more estradiol is in the female circulation (perhaps similar in action to males circulating
testosterone), social recognition/habituation would be more comparable to males. Although
a previous study [19] did not find differences in social recognition between proestrus and
estrus female rats, they only looked at two phases (proestrus and estrus).

Social recognition is a form of learning and previous studies have shown that some kinds of
learning behaviors (novel object recognition, fear conditioning) are affected by social
isolation while others like water maze performance are not [7]. This could imply that similar
mechanisms as reported in previous studies could be responsible for reduced social
recognition observed in the current study. However, the learning ability of mice in other
learning paradigms such as novel object recognition, water maze and others were not
addressed in the current study. The social learning process is connected with both short and
long term memory and interestingly, previous studies have shown that social isolation could
induce changes in hippocampal development [11]. Although lesions of central hippocampus
do not produce deficit in social recognition [21], the hippocampus in general plays important
roles in the formation of short term memory [22] that are important for the learning process,
and lesions of areas around the hippocampus produce some deficits in social recognition
[23].

Social recognition is an important behavioral feature that is needed in social groups to
differentiate individuals belonging to the same social group from unknown, potentially
harmful individuals. Many studies have implicated vasopressin and oxytocin in the
regulation of different social behaviors including social recognition (reviewed in [24].
Vasopressin acting through its receptor V1a in lateral septum is thought to be particularly
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important since V1aR knockout mice do not show social recognition, but this deficit could
be rescued by replacing the V1aR gene into the lateral septum alone [25]. Interestingly,
however, vasopressin may be more important for social recognition in males than females,
since a vasopressin antagonist blocked social learning in male but not in female rats [14].
This is probably due to much higher levels of vasopressin peptide in the lateral septum that
is dependent upon exposure to testosterone. Social-learning in females that have much less
vasopressin in the lateral septum may rely more on other neurohormones or neuropeptides,
perhaps oxytocin, which has also been shown to be important in this behavior [26,27].
Several studies have shown that oxytocin influences social recognition in mice [28,29] and
this is most likely regulated by estrogens [28,30,31]. In the present study, all female mice
were therefore tested in the diestrus part of the estrous cycle with the lowest levels of
gonadal estrogens to minimize their possible effects, and importantly minimize confusion
due to changing levels of estrogens at different cycle stages. In a preliminary experiment
using immunocytochemical detection of vasopressin and oxytocin (data not shown) there
were no obvious differences in either immunoreactive vasopressin in the lateral septum or
oxytocin in the paraventricular nucleus of the hypothalamus between groups of mice in
different housing regimes. At the same time, as expected, there was a robust sex difference
in immunoreactive vasopressin in fibers of the lateral septum in all experimental groups. Sex
differences in vasopressin content in the lateral septum might help explain sex differences in
social recognition [32]. However, it may be difficult to relate the differences in behavior to a
simple static immunocytochemical view of the vasopressin system as opposed to
determining the more active measures of peptide release or turnover.

The lasting effect of transient social isolation observed in the current study is particularly
interesting since it suggests that brain circuitry regulating social recognition has been altered
in a lasting fashion. Previous studies have shown that social isolation could induce changes
in hippocampal development [11], but beside structural changes, long lasting effects on
behavior could be due to epigenetic regulation of certain genes, achieved either by histone
modifications and/or DNA methylation [33]. In this context, it might be useful to examine
potential epigenetic regulation of vasopressin/oxytocin systems in future studies.

In conclusion, the current study shows that social isolation strongly influences subsequent
social behavior in mice and that even transient social isolation resulted in lasting effects on
social behavior. Results of this study contribute to our understanding that social isolation,
which is often used in breeding of laboratory mice, causes long-lasting changes in social
behavior and should be taken into account when interpreting results from such studies.
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Figure 1.
A pattern of social habituation was observed in the male social group, where time spent
sniffing stimulus mice decreased significantly from trials 1 to 8 (a). The pattern of social
habituation was also noted with isolated/social males (a) and in female social group and
female isolated/social group (b) while social habituation to the same stimulus mice was not
noted in male (a) and female (b) mice that were isolated from day 30 until testing (isolated
group). Significant difference in sniffing time between three groups of mice was noted in
most trials in both sexes (** p < 0.01).
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Figure 2.
Time spent sniffing stimulus mice differed significantly between tests 1 and 8 and tests 8
and 9 in group housed male mice, group housed females and isolated/social males while
there was no significant difference between tests 1 and 8 and tests 8 and 9 in male and
female mice reared in isolation and in isolated/social females, suggesting that in these three
groups of mice, social isolation affected their ability to differentiate between familiar and
unfamiliar conspecifics (** p < 0.01; *** p < 0.001; all different from test 8 within the same
group).
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