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INTRODUCTION

Several behavioral interventions, based on social enrichment and observational learning
are applied in treatment of neuropsychiatric disorders. However, the mechanism of
such modulatory effect and the safety of applied methods on individuals involved in
social support need further investigation. We took advantage of known differences
between inbred mouse strains to reveal the effect of social enrichment on behavior
and neurobiology of animals with different behavioral phenotypes. C57BL/6 and DBA/2
female mice displaying multiple differences in cognitive, social, and emotional behavior
were group-housed either in same-strain or in mixed-strain conditions. Comprehensive
behavioral phenotyping and analysis of expression of several plasticity- and stress-related
genes were done to measure the reciprocal effects of social interaction between the
strains. Contrary to our expectation, mixed housing did not change the behavior of DBA/2
mice. Nevertheless, the level of serum corticosterone and the expression of glucocorticoid
receptor Nr3c1 in the brain were increased in mixed housed DBA/2 as compared with
those of separately housed DBA/2 mice. In contrast, socially active C57BL/6 animals were
more sensitive to the mixed housing, displaying several signs of stress: alterations in
learning, social, and anxiety-like behavior and anhedonia. These behavioral impairments
were accompanied by the elevated serum corticosterone and the reduced expression of
Nr3c1, as well as the elevated Badnf levels in the cortex and hippocampus. Our results
demonstrate the importance of social factors in modulation of both behavior and the
underlying neurobiological mechanisms in stress response, and draw attention to the
potential negative impact of social interventions for individuals involved in social support.

Keywords: animal model, stress, mixed housing, stress-related genes, behavioral interventions, social enrichment,
social learning

et al.,, 2014). In spite of extensive research exploring the sepa-

Social environment is one of the most powerful factors affecting
both physiology and behavior from early childhood through-
out the lifespan. Routine daily experience of social interactions
slowly shapes psychological and physiological parameters of an
organism and could determine its further development, reac-
tion to stress and sensitivity to disorders. Pathways involved
in regulation of the social and emotional behavior, cognitive
functions, stress response, and activation of the immune sys-
tem are behind the effects of social factors on physiology and
psychology (Devries, 2002; Karelina et al., 2009; Karelina and
Devries, 2011). Permanent social stress results in prolonged acti-
vation of the hypothalamic—pituitary—adrenal (HPA) axis and
subsequently in glucocorticoid desensitization. Another potential
neuroendocrine mechanism may involve oxytocin, a hypothala-
mic hormone that has been shown to modulate both affective
behaviors and stress response (Benarroch, 2013). Besides, brain-
derived neurotropic factor (BDNF) plays an important role in
adult brain plasticity. Functional polymorphism in BDNF gene
was recently shown to moderate social stress sensitivity (Perkovic

rate signaling pathways in mood regulation, social and cognitive
behaviors, and stress response, the overall picture of neurobiolog-
ical events taking place in behavioral and brain pathologies needs
still further investigation.

Alterations in lifestyle and social environment could be an
effective and simple way to improve behavior in pathological
conditions. People suffering from dementia and loss of declara-
tive memory can learn new motor skills for everyday household
activity by observation (van Tilborg et al., 2011). Social support
and collaboration with familiar healthy communicational partner
improve the learning of new tasks in patients with hippocampal
amnesia and Alzheimer’s disease (Duff et al., 2013). Moreover,
cognitive training, family support, and observational learning
also improve some symptoms in patients with schizophrenia
(Kern et al., 2009). Peer-mediated social engagement, observa-
tional learning and training of social skills are especially promis-
ing for treatment of abnormal social behaviors and communi-
cations in children with autism (Reichow and Volkmar, 2010;
Kaplan and McCracken, 2012).
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While there are a lot of investigations on the effectiveness
of social intervention in ameliorating behavioral pathologies,
the safety of the applied intervention for healthy subject(s)
involved in social enrichment has been rarely evaluated in
human and animal studies. Nevertheless, long-term interaction
with affected subjects could provide a negative social experience
and affect the welfare and behavior of healthy family mem-
bers and caregivers (Steele et al., 2010; Sadowsky and Galvin,
2012; Wittenberg et al., 2013). It was found that healthy sib-
lings of children with chronic disease are at risk of developing
mood disorders, such as depression or anxiety and psychosis
(Sharpe and Rossiter, 2002; Arajarvi et al., 2006; O’Brien et al.,
2009).

Animal models as a translational tool provide good oppor-
tunities for well-controlled multifaceted studies to evaluate the
mechanisms of human behavioral abnormalities and to validate
different behavioral interventions or therapies. The most popu-
lar animal models to explore the role of social factors in behavior
and pathology include crowding, social isolation, social instabil-
ity, social defeat due to exposure to aggressive conspecific and
communal nesting (Haller et al., 2004; Voikar et al., 2005; Branchi
et al., 2010; Golden et al., 2011; Kulesskaya et al., 2011; Razzoli
etal., 2011; Slattery et al., 2012). However, normal social interac-
tion of animals housed together could also affect the behavior of
each other and has been used as an animal model of behavioral
intervention based on social enrichment. BTBR T+tf/] (BTBR)
is an inbred strain validated as a model of autism-like behav-
ior (McFarlane et al.,, 2008) and Yang with colleagues tried to
apply peer- and parents-mediated interventions in BTBR mice.
Paired housing with socially active C57BL/6] as cage-mates, but
not cross-fostering with C57BL/6], was effective in improvement
of social functions of BTBR adolescent mice (Yang et al., 2007,
2011). Re-socialization (group-housing with normally developed
peers) rescued the prosocial deficit induced by post-weaning
social isolation in rats (Tulogdi et al., 2014). The effectiveness of
group-learning and social enrichment in facilitation of learning
and memory was also validated in an animal model of Alzheimer’s
disease (Kiryk et al., 2011) and in BTBR mice (Lipina and Roder,
2013).

Our work aimed at exploring reciprocal effects of co-housing
animals with contrasting behavioral phenotypes on their behav-
ior and neurobiological pathways. DBA/2 and C57BL/6 mice were
selected since they are the most extensively studied inbred strains.
They show different phenotypes in many behavioral categories—
learning and memory (Upchurch and Wehner, 1988; Holmes
et al., 2002), anxiety-like behavior (Holmes et al., 2002; Voikar
et al., 2005), sensorimotor gating (Olivier et al., 2001; Singer
et al., 2009), addiction and reward-related behavior (Tolliver and
Carney, 1994; Fish et al., 2010), attention and impulsivity (Pattij
et al., 2007; Pinkston and Lamb, 2011), as well as reaction to
stressful manipulations (Cabib et al., 2002; Voikar et al., 2005;
Mozhui et al., 2010). DBA/2 mice demonstrate deficits in spatial
memory, emotional and social behavior (Bouwknecht and Paylor,
2002; Moy et al., 2008; Singer et al., 2009), in comparison with
C57BL/6 mice. Therefore, we performed a comprehensive phe-
notyping of social, emotional, and cognitive behaviors, and gene
expression analysis in female mice of these two strains, which were
housed in a separated (only one strain in a cage) or mixed group

(both strains together in a cage). A combination of home-cage
monitoring in an IntelliCage system with the classical individual
tests allowed us to explore different aspects of mouse behavior and
to get an insight in the underlying modulatory processes. Based
on the above mentioned works demonstrating the effectiveness of
social enrichment and observational learning, we expected to find
some positive effects of mixed housing on behaviors of DBA/2
mice. Furthermore, since behavior of “normal” animals involved
in such social interaction has been rarely explored, we aimed to
study whether mixed housing had any effect, positive or negative,
on C57BL/6 mice.

MATERIALS AND METHODS

ANIMALS

Altogether, 28 DBA/2JRccHsd (DBA/2) and 28 C57BL/6NHsd
(BL6) female mice from commercial breeder (Harlan, The
Netherlands) were used. The mice arrived at the age of 7
weeks and were randomly assigned to the groups of 4-5 mice
to adapt for 3 weeks in standard Type III cages (with aspen
chips bedding and nesting material, food and water available
ad libitum). Animals were maintained at standard controlled
conditions (room temperature 21 £ 1°C, related humidity 50—
60%) on a 12h light/dark cycle (lights on at 6 a.m.). RFID
transponder (T-IS 8010 FDX-B, DATAMARS, Switzerland) was
implanted subcutaneously on the nape of each mouse one week
before the experiment started. The experiment was designed
as two-factorial—strain (BL6, DBA/2) and housing condition
(mixed, separate)—as between-subjects factor. At the age of 10
weeks the mice were rearranged into experimental groups: 2 or 3
animals from 4 original cages were jointing into one IntelliCage
to form new separate (8 mice/IntelliCage) or mixed group (12
mice/IntelliCage, 6 BL6 + 6 DBA/2), respectively. For each con-
dition (BL6 separate, DBA/2 separate, BL6+DBA/2 mixed), two
IntelliCages as two independent replicates were used. Altogether,
the number of animals in different subgroups was as follows:
BL6-separate n = 16, DBA/2-separate n = 16, BL6-mixed n =
12, DBA/2-mixed n = 12. Immediately after regrouping, ani-
mals were placed into IntelliCages where they spent the next
45 days. Detailed description of IntelliCage (NewBehavior AG,
Zurich, Switzerland) can be found elsewhere (Krackow et al.,
2010; Kulesskaya et al., 2013). Briefly, four triangular operant
chambers located in each corner of the cage had automatically
controlled doors (2 per corner) to provide access to the nipples
of drinking bottles through the round opening (13 mm diame-
ter). The chambers provide space for one mouse at a time and
every individual mouse was identified by antennas and pres-
ence sensors located in operant chambers. The IntelliCage system
detected the number and duration of visits to every operant
chamber, as well as the number of lickings at each bottle. During
testing in the IntelliCage, the animals were handled by experi-
menter only after the 1st and 3rd week for cage cleaning and body
weight measuring. All animal experiments were approved by the
County Administrative Board of Southern Finland (ESAVI-2010-
09011/Ym-23).

IntelliCage PROTOCOLS
The monitoring in IntelliCage consisted of the adaptation
sessions and learning protocols (corner preference, serial
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FIGURE 1 | Timeline of protocols in IntelliCage. Gray arrows mark the adaptation sessions, black arrows—memory tests, white arrows—assessment of
saccharin preference.

reversal and patrolling) (Kobayashi et al., 2013; Kulesskaya
et al., 2013) applied in the order presented below and in
Figure 1.

Free adaptation

During free adaptation, water was available in all corners ad libi-
tum, doors to water were open. Duration and number of corner
visits as well as number of licks were recorded for 2 days.

Extended adaptation

During the next two days, both doors in the chamber were opened
for 7's from the beginning of a visit. In order to get access to water
again, animals had to re-enter the corner.

Saccharin preference

Spontaneous preference to sweet taste was applied for measuring
anhedonia. In every corner, one bottle was filled with 0.5% sac-
charin (in two corners on left and in two corners on right side)
and another bottle with water. Both doors in the corner were
opened for 7s from the beginning of visit, allowing the choice
between two bottles. The number of licks from each bottle was
recorded and preference for saccharin was calculated as a per-
centage from total number of licks. Anhedonia was measured
twice: during days 5-8 and days 32-35 after beginning of the
experiment.

Nosepoke adaptation

The first nosepoke of the visit opened the respective door for
7s. In order to open the door again, animals had to re-enter the
corner.

Drinking sessions (5 days, 10 sessions)
The mice were adapted to a fixed drinking schedule with doors
opening in response to nosepokes (as in previous protocol) only
between 8-10 p.m. and 4-6 a.m. The following learning tasks
were carried out in drinking sessions.

Corner preference (5 days, 10 sessions)

The mice within the cage were divided into subgroups of 2-3 sub-
jects and water was available only in one corner during drinking
sessions. Assignment of the corner to individual mice was based
on the visiting preference during the previous phase and the most
and least preferred corners were excluded (average preference to
the assigned corner was close to 25%, i.e., chance level).

Serial reversal (2 days, 4 sessions)

In a serial reversal task a “correct” (rewarded) corner was changed
for the subgroup of 2-3 animals for every subsequent drinking
session. In the first session, the corner was opposite to the pre-
viously learned one, then changed to the adjacent, opposite and
adjacent again (e.g., if corner preference was carried out in corner
1, then the sequence for serial reversal was 3-4-2-1).

Patrolling (8 days, 16 sessions)

In patrolling protocol, the animals had to move from one corner
to the next in a clockwise or anticlockwise direction in order to
get access to water. The next rewarded corner was always adjacent
to the corner most recently rewarded.

In all learning protocols, the visits with nosepokes were
counted and the results were assessed as a percentage of the num-
ber of visits to the “correct” corner from the total number of visits
to all corners.

INDIVIDUAL BEHAVIORAL TESTS

Classical behavioral tests were performed after the IntelliCage
experiment. Animals were moved to the standard cages while
being kept in the same social groups. The tests were done between
9 a.m. and 2 p.m. (during the light phase) with the interval of 2-3
days in the order presented below.

Light-dark test

Experimental arena (30 x 30 cm, MedAssiociates, St. Albans, VT)
was divided by dark insert (non-transparent for visible light)
into two equal parts: white open zone (illuminated at ~1000
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lux) and dark zone. Light and dark areas were connected by
opening at floor level (5.5 x 7 cm). The test was started by plac-
ing a mouse into the dark area and the animal was allowed to
explore the experimental chamber freely for 10 min. The num-
ber of entries and the time spent in either zone as well as the
number of rearing were detected by infrared sensors and col-
lected by an activity monitor system (Version 5, MedAssiociates,
St. Albans, VT).

Forced swim test

The mouse was placed in the glass cylinder (diameter 18 cm,
height 25cm) filled with tap water at room temperature
(22 £ 1°C). The trials were recorded by video-tracking sys-
tem (EthoVision XT 8.0, Noldus, The Netherlands) and time of
immobility (passive floating) was measured during 6 min of the
test.

Tube test

Tube test was used for assessment of social dominance/avoidance.
Two unfamiliar animals were released simultaneously from the
opposite ends of a transparent plastic tube (30 cm length, 3 cm
inner diameter). The test ended when one of the animals was
retreated from the tube. The test was not scored if both animals
stayed in the tube for more than 2 min or crossed over each other.
Every mouse was tested against all suitable unfamiliar mice from
the opposed group. The percentage of the wins was calculated for
every mouse. Test was done on two days. On the first day, social
dominance was compared between the animals of different strains
in the same housing condition: mixed BL6 vs. mixed DBA/2, sep-
arate BL6 vs. separate DBA/2. On the second day, the animals of
the same strain from different housing conditions competed with
each other: mixed BL6 vs. separate BL6, mixed DBA/2 vs. separate
DBA/2.

MESSENGER RNA ANALYSIS

A few days after the last behavior experiment, animals were
killed by carbon dioxide, the hypothalamus, hippocampus and
cortex were dissected, immediately frozen on liquid nitrogen

and kept at —80°C. Total RNA was extracted using QIAzol
Lysis reagent (Qiagen Nordic, Sweden) according to the man-
ufacturer’s instructions. 1 g of total RNA was treated with
DNAse I (Thermo Scientific, Finland) and reverse transcribed
using oligo(dT) primer and a RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific, Finland). The amount of tran-
scripts was quantified using Maxima SYBR Green real-time
PCR mix (Thermo Scientific, Finland) with primers specified
in Tablel. DNA amplification reactions were run in tripli-
cate. Ct values from each sample were obtained using the
LightCycler 480 software. Relative quantification of template was
performed using AACt method. Three “housekeeping” genes
were considered for normalization of cDNA data (Gapdh, Hprt
and Rni8s) and the analysis of the raw Ct values detected
the effects of strain and/or housing on their expression. For
Hprt and Rnli8s, these effects were tissue- and/or housing-
dependent whereas the Gapdh levels were affected only by
the strain factor (higher in BL6 females) equally throughout
all three tissues (Table1). Thus, because the present study is
focused on the analysis of the effect of housing, the cDNA data
were normalized to the Gapdh level not affected by this fac-
tor. Control reactions without reverse transcriptase were also
performed.

SERUM CORTICOSTERONE MEASUREMENT

Blood was taken from the heart and placed at +4°C overnight.
Blood serum was retrieved by centrifugation at 5000 rpm for
25 min. Corticosterone level was measured by a corticosterone
enzyme immunoassay kit (Arbor Assays, US) according to the
manufacturer’s instructions.

STATISTICAL ANALYSES

Nonparametric Mann-Whitney test was used for analyses of data
in tube test. Other data were analyzed by factorial ANOVA with
strain (BL6 and DBA/2) and housing condition (separate and
mixed) as independent variables followed by post-hoc Tukey test
for detection of group differences. Data are presented as means
and standard errors on all figures.

Table 1| Primers used to amplify specific cDNA regions of the transcripts.

Gene Forward Reverse

Nr3c1 CTGCCACAGCTTACCCCTAC ATCCTGGTATCGCCTTTGCC

Bdnf total GAAGGCTGCAGGGGCATAGACAAA TACACAGGAAGTGTCTATCCTTATG
Bdnf1 CAAGACACATTACCTTCCTGCATCT ACCGAAGTATGAAATAACCATAGTAAG
Bdnf4 TGTTTACTTTGACAAGTAGTGACTGAA ACCGAAGTATGAAATAACCATAGTAAG
Oxtr CTTCTTCGTGCAGATGTG GAGCAGAGCAGCAGAGGAAG

Avria CATCCTCTGCTGGACACCTT TTCAAGGAAGCCAGTAACGC

Gapdh? GGTGAAGGTCGGTGTGAACGG CATGTAGTTGAGGTCAATGAAGGG
Hprtb GGAAAGAATGTCTTGATTGTTGAAG GTCCTTTTCACCAGCAAGCTTG
Rn18s¢ CATGGCCGTTCTTAGTTGGT GAACGCCACTTGTCCCTCTA

a.b.cTywo-Way ANOVA analysis of the levels of housekeeping genes (based on the raw Ct values):

aStrain effect: cortex F1, 24 = 81.29, p < 0.0001; hippocampus F;, 249 = 50.75, p < 0.0001, hypothalamus F;, 24 = 33.06, p < 0.0001.

bCortex strain effect Fi1, 249 = 13.13, p < 0.07 and strain x housing interaction F;, o4y = 4.43, p < 0.05.

¢Cortex strain effect F(; 249 = 32.15, p < 0.0001, hippocampus housing effect Fi;, 24) = 4.30, p < 0.05 and strain x housing interaction F;, 249 = 4.91, p < 0.05.
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RESULTS

All results of behavioral tests are summarized in Table 2. During
the whole experiment, DBA/2 mice had higher body weight
without dependence on social grouping.

HOUSING IN A MIXED GROUP DIFFERENTLY AFFECTS SPONTANEOUS
BEHAVIOR OF BL6 AND DBA/2 MICE IN IntelliCage

Spontaneous behavior in IntelliCage was measured during the
first two days of free adaptation period. After the first 8h
of adaptation to new environment, mixed housing signifi-
cantly increased the number of visits to operant chambers

in BL6 mice but did not affect DBA/2 animals (strain x
housing interaction p < 0.05, Figure2A). During the next 2
days, DBA/2 animals displayed lower number of corner vis-
its (p < 0.0001, Figure2D) and licks (p < 0.0001 for light
period, p < 0.0001 for dark period, Figure2B), whereas the
duration of corner visits was longer than in BL6 mice (p <
0.01 light period, p < 0.0001 dark period, Figure2C). Some
of the DBA/2 mice in separated cages were observed as sleep-
ing in operant chambers during the light period. Therefore,
the visits longer than 1000s were excluded from the analysis
of visit duration. The effect of housing on visit duration and

Table 2 | Behavior in IntelliCage and individual tests.

Parameters Strain (BL6 vs. DBA/2)

Housing (mixed vs. separate) Strain x housing interaction

F(1' 52)r p-value

F“'sz), p-value F(1,52), p-value

BODY WEIGHT, g

Body weight, day 0

Body weight, day 38

IntelliCage, FREE ADAPTATION
Visits in first 10 min, no

Visits in first 30 min, no

Visits in first 60 min, no

Visits in first 8h, no

Visits in light, no

Visits in dark, no

Visit duration in light, s

Visit duration in dark, s

Licks in light, no

Licks in dark, no

IntelliCage, CORNER PREFERENCE
Correct corners visits, aver %

Coner visits, n

SERIAL REVERSAL IN IntelliCage
Correct corners visits, aver %
Corner visits, n

IntelliCage, PATROLLING

Correct corners visits, aver %
Corner visits, n

IntelliCage, SACCHARIN PREFERENCE
Saccharin preference (day 5-8), %
Saccharin preference (day 35-38), %

37619; <0.0001 ~
35.118; <0.0001 7

ns
ns
ns
9.484; <0.01 &
152.279; <0.0001 7
ns
7.376; <0.01 N,
30.358; <0.0001
136.475; <0.0001 #
61.168; <0.0001 7

28.089; <0.0001
52.369; <0.0001

12.829; <0.001
20.139; <0.0001 ~

5.772; <0.05 /
26.568; <0.0001 7

ns
ns

ns ns

ns ns

ns ns

ns ns

ns ns

ns 4.249; <0.05

ns ns

ns ns
11.706; <0.01 \, 7.798; <0.01

ns ns
5.757; <0.05 \, 6.747; <0.05

ns ns

ns ns

ns ns

ns ns

ns ns
8.883; <0.01 \( ns

ns ns

ns ns

11.128; <0.01 N\ 11.238; <0.01

LIGHT-DARK TEST

Time in light, s

Distance in light, %

Distance, cm

Latency to first light entry, s
Number of zone transitions, n
Number of rearings, n
FORCED SWIM TEST
Immobility time, s

F(1, 24), p-value

40.125; <0.0001
30.709; <0.0001 ~
42.921; <0.0001 ~
ns
ns
18.575; <0.001

30.349; <0.0001

F(1, 24), p-value F(1, 24), p-value

7.788; <0.05 N\ ns
ns ns
12.096; <0.01 \ ns
ns ns
ns ns
4.969; <0.05 N\ ns
ns ns

Data were analyzed by Two-Way ANOVA. Arrows indicate comparisons (higher or lower value) of measured parameters in BL6 mice vs. DBA/2 or in mixed group vs.

separate.
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FIGURE 2 | Spontaneous behavior of mice in IntelliCage during decreases the duration of visits in DBA/2 mice during light period. (D) The
adaptation period. (A) The cumulative number of visits to operant chambers number of visits to corner chambers during light period is higher in BL6 mice
during first 8 h of adaptation to IntelliCage and new social group is than in DBA/2 and does not depend on housing conditions. *p < 0.05 in
significantly higher in BL6 mixed mice than in other groups. (B) BL6 mice of Tukey post-hoc test for comparison of BL6 with DBA/2 mice from the same
both housing groups perform an increased number of licks than DBA/2 mice. housing group; #p < 0.05 in Tukey post-hoc test for comparison of mixed
Mixed housing increases the number of licks in BL6 mice but not in DBA/2 with separated animals of the same strain; &p < 0.05 Two-Way ANOVA test
mice during light period. (C) The average duration of visits to corner chamber for interaction of “strain” x “housing” factors (B6-separate n = 16,
is higher in DBA/2 mice than BL6 mice. Mixed housing dramatically D2-separate n = 16, B6-mixed n = 12, D2-mixed n = 12).

lick number during the light period was revealed by signifi-
cant interaction between the strain and housing condition (lick
number p < 0.05, visit duration p < 0.05). Post-hoc compari-
son showed that mixed housing shortened the visit duration
in DBA/2 mice and reduced the number of licks in BL6 mice
(Figures 2B,C).

HOUSING IN A MIXED GROUP IMPAIRS LEARNING ABILITIES OF BL6
MICE AND DOES NOT AFFECT DBA/2 MICE IN IntelliCage

Several studies have demonstrated the difference in cogni-
tive functions of DBA/2 and BL6 mouse strains (Crawley
et al., 1997; Voikar et al., 2005). Therefore, we were inter-
ested in possible effect of social conditions on learning in
the home cages. Predictably, BL6 mice were more -effec-
tive in corner preference (p < 0.0001), serial reversal (p <
0.001) and patrolling tasks (p < 0.05) (Figure3A, Table2).
However, post-hoc comparisons showed that the BL6 mice
from the mixed group had less “correct” visits in patrolling
task than BL6 mice from the separate group. Thus, hous-
ing in a mixed group significantly impaired patrolling task

performance in BL6 animals and did not affect behavior of DBA/2
mice.

DBA/2 MICE DEMONSTRATE SOCIAL WITHDRAWAL AND AFFECT
SOCIAL BEHAVIOR OF BL6 MICE

Our preliminary experiments have revealed deficient nest build-
ing in the DBA/2 mice as compared to BL6 (data not shown).
Nesting behavior has been proposed as an indicator of social com-
munication (Crawley, 2004) and nest formation is used to mea-
sure autism-like behaviors in mice (Satoh et al., 2011). Therefore,
we performed a tube test to measure social dominance/ avoidance
between the animals of different strains and housing groups. The
tube test was done in two versions: competition between DBA/2
and BL6 mice of the same housing group and between mixed and
separate animals of the same strain. In the inter-strain compe-
tition, BL6 mice won more trials than DBA/2 mice (p < 0.0001
mixed group, p < 0.001 separate group). However, comparison
of the housing groups revealed that mixed housing reduced sig-
nificantly the percentage of wins in BL6 (p < 0.01), but had not
effect in DBA/2 (Figure 3B).
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FIGURE 3 | Cognitive and social behavior. (A) DBA/2 mice demonstrate
cognitive deficit in all three learning paradigms applied in the IntelliCage
(shown as a reduction in the percentage of correct visits). Mixed housing
results in a decline of learning ability of BL6 mice in patrolling task, while the
learning efficiency of DBA/2 animals does not depend on housing factor. (B)
DBA/2 mice display social withdrawal demonstrating a lower percentage of
wins in competition between strains in the tube test of social dominance.
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Mixed BL6 animals winless trials in competition with BL6 from a separate
group, while housing factor is not effective in DBA/2 animals. *p < 0.05 in
Tukey post-hoc test for comparison of BI6 with DBA2 mice from the same
housing group; #p < 0.05 in Tukey post-hoc test for comparison of mixed
with separated animals of the same strain, ©p < 0.05 in Mann-Whitney test
(B6-separate n = 16, D2-separate n = 16, B6-mixed n = 12, D2-mixed
n=12).

MIXED HOUSING INCREASES ANHEDONIA AND ANXIETY-LIKE
BEHAVIOR IN BL6 MICE BUT DOES NOT AFFECT DESPAIR-LIKE
BEHAVIOR

To explore the emotional condition of the mice housed in the
mixed group, we assessed anhedonia, anxiety-like behavior and
behavioral despair. Anhedonia, or loss of interest to pleasure, is
one of the symptoms of several neuropsychiatric disorders includ-
ing schizophrenia and depression (Der-Avakian and Markou,
2012). Measurement of preference to sweet taste is a method
of assessing anhedonia in animals. Saccharin consumption was
similar for all groups on days 5-8 after the beginning of the
experiment and was decreased significantly in BL6 mice in mixed
housing as compared to the other groups on days 32—35 (strain x
housing interaction p < 0.01, Figure 4A).

Light-dark test is widely used to assess anxiety in mice. The
BL6 animals demonstrated reduced anxiety-like behavior com-
pared to DBA/2 mice as suggested by increased number of rear-
ing (p < 0.001), increased proportion of distance (p < 0.0001)
and time (p < 0.0001) in the light compartment (Figure 4B).
Mixed housing significantly altered the anxiety level only in
BL6 mice and did not affect DBA/2 mice (Figure 4B): the time
spent and the percent of distance traveled in the light zone were

reduced in BL6 mixed mice in comparison with BL6 separate
animals.

The behavioral despair in inescapable situations was mea-
sured as an immobility time in a forced swim test. The BL6 mice
demonstrated longer immobility time (p < 0.0001) in compari-
son with DBA/2 mice without any effect of housing (Table 2).

Altogether, housing conditions did not affect DBA/2 mice,
but resulted in increased anxiety and anhedonia in BL6 mice
co-housed with DBA/2 animals.

MIXED HOUSING INCREASES SERUM CORTICOSTERONE IN BOTH
STRAINS

The mixed housing increased significantly the serum levels of cor-
ticosterone in both mouse strains in comparison with the separate
housing (p < 0.0001, Figure 5A). This result suggests that hous-
ing in a mixed group might represent a stressful environment for
females of both BL6 and DBA/2 strains.

MIXED HOUSING INDUCES OPPOSITE CHANGES IN GLUCOCORTICOID
RECEPTOR EXPRESSION IN BL6 AND DBA/2 MICE

We next investigated whether the expression of the glucocorti-
coid receptor encoded by the gene Nr3cl (Boyle et al., 2005;
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FIGURE 4 | Emotional behavior. (A) There is no difference in saccharin
preference during the experimental days 5-8; on the days 32-35, the
percentage of saccharin consumption is significantly reduced in BL6 mixed
animals in comparison with separate animals from the same strain and
DBA/2 mice. (B) During a light-dark test BL6 mice spend more time in the
light zone than DBA/2 mice; mixed housing had a significant effect on
behavior of BL6 mice reducing the period they spend in the light
compartment. *p < 0.05 in Tukey post-hoc test for comparison of BL6 with
DBA/2 mice from the same housing group; *p < 0.05 in Tukey post-hoc
test for comparison of mixed with separated animals of the same strain;
&p < 0.05 Two-Way ANOVA test for interaction of “strain” x “housing”
factors (B6-separate n = 8, D2-separate n = 8, B6-mixed n = 6, D2-mixed
n=~6).

McGowan et al., 2009) was affected by the mixed housing. The
effect of housing was determined by the strain factor in both
the hippocampus and the cortex (strain x housing interac-
tion: hippocampus p < 0.0001; cortex p < 0.0001). We found
that the hippocampal and cortical Nr3cl expression was sig-
nificantly down-regulated by the mixed housing in BL6 mice,
with a similar trend in the hypothalamus (Table 3, Figure 5B).
Unexpectedly, DBA/2 mice in the mixed cages showed enhanced
Nr3cl expression in the cortex in comparison with the separated
mice.

DIFFERENTIAL EFFECTS OF HOUSING ON Bdnf EXPRESSION IN BL6
AND DBA/2 MICE

A key neuronal plasticity-related gene, brain-derived neu-
rotrophic factor, Bdnf, is known to be actively regulated by stress
(Nestler et al., 2002; Aid et al., 2007; Kundakovic et al., 2013;
Karpova, 2014). We were particularly interested in whether dif-
ferent housings had an effect on the total level of Bdnf mRNA

>
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FIGURE 5 | Corticosterone content and expression of glucocorticoid
receptor Nr3c1. (A) Mixed housing results in an increase of serum
corticosterone level in mice of both strains in comparison with
separate-housed groups. (B) The strain difference in glucocorticoid receptor
expression is determined by the effects of mixed housing on the
hippocampus and cortex. *p < 0.05 in Tukey post-hoc test for comparison
of BL6 with DBA/2 mice from the same housing group; *p < 0.05 in Tukey
post-hoc test for comparison of mixed with separated animals of the same
strain; &p < 0.05 Two-Way ANOVA test for interaction of “strain” x
“housing” factors (B6-separate n = 8, D2-separate n = 8, B6-mixed n = 6,
D2-mixed n = 6).

and on the activity-dependent Bdnf transcripts 1 and 4. We found
that the housing factor affected both hippocampal and cortical
Bdnf levels, showing opposite changes in BL6 and DBA/2 mice
(Figures 6A—C, Table 3) (strain x housing interaction: hippocam-
pal total Bdnf p < 0.05, Bdnfl p < 0.001, Bdnf4 p < 0.0001;
cortical total Bdnf p < 0.001, Bdnfl p < 0.0001, Bdnf4p < 0.05):
while the mixed housing increased the expression of Bdnf tran-
scripts in BL6 mice, it decreased the Bdnf levels in DBA/2 mice. In
the hypothalamus, housing conditions did not affect Bdnf levels
(Figures 6A—C, Table 3).

EXPRESSIONS OF ARGININE VASOPRESSIN RECEPTOR AND OXYTOCIN
RECEPTOR IN THE CORTEX ARE STRAIN- AND HOUSING-DEPENDENT

Arginine vasopressin and oxytocin are neuropeptides that con-
tribute to both social behaviors and stress reactivity in mam-
malians (Jezova et al., 1995; Insel, 2010; Ebstein et al., 2012;
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Table 3 | Corticosterone content and expression of several stress-related genes.

Parameters

Strain (BL6 vs. DBA/2)

Housing (mixed vs. separate) Strain x housing interaction

Corticosterons in serum, pg/mi

ns

23.201; <0.0001 ~ ns

Hippocampus

F(1, 24), p-value

F(1’24), p-value F(1'24), p-value

BDNF1, % gapdh

BDNF4, % gapdh

BDNF total, % gapdh

Glucocorticoid receptor 1, % gapdh
Arginine vasopressine RAT mRNA, % gapdh
Oxytocine R mRNA, % gapdh

8.416; <0.01 \,
ns
7505; <0.05 N\,
160.583; <0.0001 \,
ns
13.065; <0.01

CORTEX

BDNF1, % gapdh 4.949; <0.05 /
BDNF4, % gapdh ns

BDNF total, % gapdh ns
Glucocorticoid receptor 1, % gapdh 71.687; <0.0001\,
Arginine vasopressine RAT mRNA, % gapdh Ns
Oxytocine R mRNA, % gapdh Ns

HYPOTHALAMUS

BDNF1, % gapdh

BDNF4, % gapdh

BDNF total, % gapdh

Glucocorticoid receptor 1, % gapdh
Arginine vasopressine RAT mRNA, % gapdh
Oxytocine R mRNA, % gapdh

21.524; <0.0001 N\
7.351; <0.05 N\
34.907; <0.0001 N\
46.044; <0.0001 N\
6.680; <0.05 N\
17.093; <0.001 N\

10.747;, <0.01 7 16.871; <0.001

ns 20.829; <0.0001
ns 4.934; <0.05
ns 24.051; <0.0001
ns ns

ns ns

ns 32.003; <0.0001
ns 6.039; <0.05
ns 16.168; <0.001
ns 33.693; <0.0001
ns 10.132, <0.01
ns 7.091; <0.05
ns ns

ns ns

ns ns

ns ns

ns ns

ns ns

The data were analyzed by Two-Way ANOVA. Arrows indicate comparisons (higher or lower value) of measured parameters in BL6 mice vs. DBA/2 or in mixed group

VS. separate.

Benarroch, 2013; Lukas and Neumann, 2013). We measured
the expressions of the receptors for these hormones in mixed
and separated BL6 and DBA/2 mice. The regulatory effect of
housing condition on either the arginine vasopressin receptor
1 (Avrla) (strain x housing interaction p < 0.01) or the oxy-
tocin receptor (Oxtr) (strain x housing interaction p < 0.05) was
strain-dependent in the cortex (Figures 7A,B, Table 3). Housing
condition did not affect the expression of these receptors in the
hypothalamus and hippocampus, however.

DISCUSSION

In the present work we were interested in the modulatory effect
of social context on home-cage behavior, learning abilities, emo-
tional conditions, and social activity in group-housed female
mice. Depending on the context, consequences of social expe-
rience could have negative or positive effect resulting in the
development of stress or providing an enriched environment and
social protection. Social stress seems to be critical for the develop-
ment of several neuropsychiatric disorders such as schizophrenia,
depression, and posttraumatic stress disorders (Kessler et al.,
1985; Van Os and Mcguffin, 2003; Cantor-Graae, 2007; Pulkki-
Raback et al., 2012). On the other hand, social support and social
learning can improve or even prevent the development of some
behavioral pathologies. Animal models are widely used to investi-
gate the mechanisms of neuropsychiatric disorders and to validate
the strategies for their treatment. Mixing of mice with different

genotypes and phenotypes could be used as a model of behavioral
intervention based on social enrichment for the correction of var-
ious behavioral abnormalities. For instance, co-housing of BL6
and BTBR [a mouse model of autism-like behavior (Moy et al.,
2007)] strains has been effective in rescuing the social deficits in
the BTBR strain (Yang et al., 2011). Another study has shown a
beneficial effect of co-housing the wild type and transgenic mice
on learning performance in a model of Alzheimer’s disease (Kiryk
et al., 2011). Social learning is involved in the transmission of
social behaviors, which has been described not only for humans
but also for animals. In rodents, the effectiveness of observa-
tional learning has been shown in multiple learning paradigms.
For instance, Lipina and Roder have recently demonstrated that
paired co-learning (simultaneous involvement to the same activ-
ity) with a familiar BL6 mouse rescued the deficit in episodic
memory in BTBR mice. Co-learning reduced the anxiety level,
increased the exploratory behavior and mediated the learning-
facilitation in a novel environment (Lipina and Roder, 2013).
Therefore, our expectation of the positive effect would be reduced
anxiety-like behavior and improved learning in DBA/2 mice when
BL6 and DBA/2 strains were mixed.

CO-HOUSING WITH BL6 MICE DOES NOT IMPROVE COGNITIVE
FUNCTION AND SOCIAL BEHAVIOR IN DBA/2 MICE

In concordance with our expectations and literature (Crawley
et al., 1997; Bouwknecht and Paylor, 2002; Voikar et al., 2005;
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FIGURE 6 | Expression of Bdnf transcripts. The effect of housing
condition to total amount of Bdnf transcripts (A) and activity-dependent
individual transcripts Bdnf1 (B) and Bdnf4 (C) is significantly affected by the
strain factor in the hippocampus and cortex: mixed housing increases the
expressions of these transcripts in BL6 and decreases them in DBA/2 mice.
*p < 0.05 in Tukey post-hoc test for comparison of BL6 with DBA/2 mice
from the same housing group; *p < 0.05 in Tukey post-hoc test for
comparison of mixed with separated animals of the same strain; &p < 0.05
Two-Way ANOVA test for interaction of “strain” x “housing” factors
(B6-separate n = 8, D2-separate n = 8, B6-mixed n = 6, D2-mixed n = 6).

Moy et al., 2007), we found increased anxiety level and decreased
learning abilities in DBA/2 mice as compared to BL6 mice.
Surprisingly, very few comparative studies on social behavior
in these strains exist. It has been shown that BL6 and DBA/2
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FIGURE 7 | Expression of arginine vasopressin receptor A1 and
oxytocin receptor. The effect of housing condition on expressions of Avria
(A) and Oxtr (B) is modulated by the strain factor in the cortex. *p < 0.05 in
Tukey post-hoc test for comparison of BL6 with DBA/2 mice from the same
housing group; #¥p < 0.05 in Tukey post-hoc test for comparison of mixed
with separated animals of the same strain; ¥p < 0.05 Two-Way ANOVA test
for interaction of “strain” x “housing” factors (B6-separate n =8,
D2-separate n = 8, B6-mixed n = 6, D2-mixed n = 6).

mice differ in maternal behavior (Brown et al., 1999) and
DBA/2 male mice display decreased sociability in the conven-
tional 3-chamber test (Moy et al., 2008). On the other hand,
other papers have reported the absence of difference in 3-
compartment test (Moy et al., 2007) and in the social transmis-
sion of food preference (Holmes et al., 2002). In addition, female
DBA/2 mice showed reduced nest building (our unpublished
data).

Based on previous works, we proposed that socially active BL6
mice could engage their cage-mates to a more active interac-
tion and provide an opportunity for observational learning in
cognitive tasks. However, our results did not reveal any positive
alteration in cognitive functions or social behavior in tube test
in the mixed DBA/2 mice as compared to the separate ones. It is
important to consider the age of the animals at the time of manip-
ulations with social environment. Most likely, adolescent, and
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adult mice, as well as male and female mice react differently on
the applied social interventions. The social instability paradigm
has been well validated with the adolescent mice (Schmidt et al.,
2007, 2010). Moreover, postnatal environment can have a pro-
found effect on later response to social stress (Branchi et al,
2010, 2013). Yang with colleagues demonstrated that a peer-
enrichment strategy started immediately after weaning improved
significantly social deficit in BTBR adolescent mice (Yang et al.,
2011). Our experiment was carried out in adult female mice
and the only finding that could be described as an improve-
ment of social behavior was a decrease of time that DBA/2 mice
spent in corner chambers of an IntelliCage (duration of corner
visit) during the light period. Mice and rats are nocturnal ani-
mals and the inactive period they spend mostly in sleeping in
huddle with cage-mates (Tulogdi et al., 2014). The tendency of
DBA/2 mice to occupy operant chambers and sleep there alone
during the light period can be interpreted as social avoidance
and escape to isolated shelters. Indeed, the mixed housing with
BL6 mice resulted in a significant reduction of the duration of
corner visit in DBA/2 mice. However, the design of this study
did not allow us to recognize whether this reduction was vol-
untary or forced by BL6 animals or whether it reflected some
improvement of social function. To answer this question, fur-
ther validation of mixed housing paradigm in an IntelliCage
with additional extensions (such as separate social boxes) and
more detailed exploring of huddling behavior during sleeping are
needed.

Theoretically the number of individuals in the cage could have
an effect on the behavioral phenotype. This has been consistently
demonstrated in the studies assessing the effects of crowding, iso-
lation, or social instability. However, our aim was to keep the mice
in stable social groups without applying any of the aforemen-
tioned stressful changes in social conditions. In order to control
the effect of the number of individuals housed together, further
experiments involving groups differing only in the strain and not
in the number of individuals should be performed.

MIXED HOUSING WITH DBA/2 MICE NEGATIVELY AFFECTS MULTIPLE
ASPECTS OF BEHAVIORS IN BL6 FEMALES

The most interesting result of our experiments was that BL6
animals were more sensitive to the applied behavioral imple-
mentation than DBA/2 mice. BL6 mice showed distinct signs of
anhedonia (reduced saccharin preference), learning impairment
(patrolling in the IntelliCage), and increased anxiety (light-dark
test) and social avoidance (tube test). Altered anxiety level and
social behavior as well as disturbance of reward system and
impairment of cognitive functions are often described as behav-
ioral consequences of stress exposure (Blanchard et al., 2001;
Haller et al., 2004; Buwalda et al., 2005; Campeau et al., 2011;
Hill et al., 2012). BL6 and DBA/2 mice have been shown to
react differently to stressful manipulations of different nature,
which could be explained by different coping styles (active vs.
passive) exhibited by these strains. For instance, DBA/2 mice
displayed increased anxiety-like behavior after chronic immobi-
lization (Mozhui et al., 2010) and long-term individual housing
(Voikar et al., 2005). In addition, DBA/2 mice were more sus-
ceptible to stress in social defeat paradigm (Sokolowska et al.,

2013). On the other hand, DBA/2 mice performed better than
BL6 mice in the one-way avoidance task (Weinberger et al., 1992),
suggesting the exploitation of active coping style. Moreover,
BL6 mice showed enhanced immobility in a forced swim test
suggesting the use of passive coping style and susceptibility to
stress-induced behavioral despair and depression-like behavior
(Cabib et al., 2002, 2012; Voikar et al., 2005). Findings from
the learned helplessness paradigm provide further support for
such susceptibility in the BL6 mice (Shanks and Anisman, 1988).
Therefore, behavioral manifestation of stress in BL6 and DBA/2
mice depends on the nature and duration of the stress and
involves different genes (Cabib et al., 2002; Mozhui et al., 2010).
Interestingly, a recent study suggested co-housing of BL6 and
DBA/2 mice for facilitated individual identification (Walker et al.,
2013) without any change in their behavior. However, another
comparison of mixed housing of 129 (an “anxious” strain) and
C57BL/6 mice has shown changes in anxiety-like behavior in both
strains (Curley et al., 2010). Similar to our results, co-housing
with 129 mice resulted in a trend to increased anxiety in BL6
mice.

In psychological literature, growing amount of evidence high-
lights a beneficial effect of family- and sibling-relationships in
treatment of mental illnesses, but only a few studies investigated
the impact of psychotic episodes, autism or mental retardation
of affected persons on their healthy siblings (O’Brien et al., 2009;
Bowman et al., 2014). Some groups have found a higher risk for
social and cognitive deficits in siblings of children with autism
(Shaked et al., 2006; Gamliel et al., 2009) and increased occur-
rence of psychotic diseases among previously healthy siblings of
the patients with schizophrenia in comparison with siblings of
typically developing children (Arajarvi et al., 2006). Noticeably,
caregivers and spouses of patients with bipolar disorders and
dementia often report depressive symptoms and use of mental
service by themselves (Steele et al., 2010; Sadowsky and Galvin,
2012). Long-term interaction with affected subjects could result
in distress and behavioral alterations in their “healthy” relatives
and caretakers. Such kind of negative social experiences, as well as
genetic influences, provide directions for further investigation of
etiology of psychopathologies. The coping style could be one of
the mediating mechanisms responsible for stress resilience both
in humans (Steele et al., 2010) and animals. Active (problem-
focused) coping style, including seeking social support, adopting
a fighting spirit, reframing stressors in a positive light is effec-
tive in improvement of well-being and reduction of psycholog-
ical symptoms in humans dealing with stressful life situation
(Southwick et al., 2005). On the other hand, passive (emotion-
focused) coping style has been associated with subjective burden
and depression symptoms in family members and caregivers of
patients with subarachnoid hemorrhage (Boerboom et al., 2014)
and schizophrenia (Magliano et al., 2000), and older relatives
(Del-Pino-Casado et al., 2011).

SOCIAL CONTEXT AFFECTS DIFFERENTLY THE NEUROBIOLOGY OF
C57BL/6 AND DBA/2 MICE

Our biochemical analysis suggests that DBA/2 and BL6 animals
recruit different mechanisms for stress response. Firstly, we found
that the corticosterone level was increased by the mixed housing
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in both strains, however, the expression of the glucocorticoid
receptor showed opposite changes in mixed BL6 and DBA/2
mice. Glucocorticoid receptors provide a main inhibitory feed-
back in the HPA axis to reduce stress response and to decrease
production of glucocorticoids (Sapolsky et al., 1985; Boyle et al.,
2005). Reduced expression of glucocorticoid receptors is often
associated with negative life experience, especially during child-
hood, and with increased stress susceptibility and risk of develop-
ing different psychopathologies (Sapolsky et al., 1985; Chourbaji
et al., 2008; McGowan et al., 2009). Thus, an increased expres-
sion of glucocorticoid receptor induced by the mixed housing in
DBA/2 mice could have a potential beneficial effect by normaliz-
ing their HPA function (Zhang et al., 2013b), and, consequently,
their behavioral performance. Indeed, in contrast to BL6 mice,
mixed housing of DBA/2 mice did not exacerbate their social
and emotional behaviors, even though improvement was neither
observed.

Secondly, Bdnf is another major regulator of the HPA axis and
a key mediator of neuronal activity (Nestler et al., 2002; Castren
et al., 2007; Karpova et al., 2009; Naert et al., 2011; Kundakovic
et al., 2013; Karpova, 2014). Although chronic Bdnf deficiency
was shown to impair learning and memory, Bdnf overexpression
could mediate abnormal stress response (Soliman et al., 2010;
Zhang et al., 2013a). Upregulated neuronal activity-dependent
Bdnf transcripts were implicated in psychopathology of anxiety
and vulnerability to addiction (Lubin et al., 2008; Wang et al.,
2013). Consistent with these findings, we showed that the increase
of Bdnf in BL6 mixed mice was accompanied by multiple stress—
related behavioral impairments (increased anxiety, anhedonia,
reduced cognitive and social functions). In agreement, impaired
working memory and increased anxiety-like traits were revealed
in females of Bdnf overexpressing mice (Papaleo et al., 2011).

Finally, we found modulatory effects of the mixed housing on
the expression of receptors for oxytocin and arginine vasopressin
in the cortex, in a similar pattern as observed for Bdnf expression.
The role of these hormones in stress response, social behavior, and
cognition (Benarroch, 2013; Lukas and Neumann, 2013) makes
them interesting targets for a further exploration of their regula-
tory potential in social-related dysfunctions under our paradigm
in the future.

CONCLUSIONS

Our findings clearly highlight the importance of social factors
in modulating the behavioral phenotypes of mice and call for
cautious interpretations of behavioral changes incurred by this
factor. Housing of animals with different behavioral phenotypes
in a mixed group can severely affect the cognitive abilities, social
functions, and emotional conditions. Mixed housing has been
suggested to be applied as an animal model of behavioral inter-
vention based on social enrichment in treatment of behavioral
abnormalities. The results of our study draw attention on the
possible negative impact of such interventions on individuals
providing social enrichment and social learning.
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