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Abstract

BALB/cJ and C57BL/6J inbred mouse strains have been proposed as useful models of low and
high levels of sociability (tendency to seek social interaction), respectively, based primarily on
behaviors of ~30-day-old mice in the Social Approach Test (SAT). In the SAT, approach and
sniffing behaviors of a test mouse toward an unfamiliar stimulus mouse are measured in a novel
environment. However, it is unclear whether such results generalize to a familiar environment
with a familiar social partner, such as with a littermate in a home cage environment. We
hypothesized that C57BL/6J mice would show higher levels of social behaviors than BALB/cJ
mice in the home cage environment, particularly at 30 days-of-age. We measured active and
passive social behaviors in home cages by pairs of BALB/cJ or C57BL/6J littermates at ages 30,
41, and 69 days. The strains did not differ robustly in their active social behaviors. C57BL/6J mice
were more passively social than BALB/cJ mice at 30 days, and C57BL/6J levels of passive social
behaviors declined to BALB/cJ levels by 69 days. The differences in passive social behaviors at
30 days-of-age were primarily attributable to differences in huddling. These results indicate that
different test conditions (SAT conditions vs. home cage conditions) elicit strain differences in
distinct types of behaviors (approach/sniffing vs. huddling behaviors, respectively). Assessment of
the more naturalistic social interactions in the familiar home cage environment with a familiar
littermate will provide a useful component of a comprehensive assessment of social behaviors in
mouse models relevant to autism.
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1. Introduction

The high sociability of typically developing infants is evident in their preference for visually
investigating faces more than objects, as well as in their development of social smiling,
reciprocal and communicative vocalization, and joint attention [1, 2]. This high sociability
during infancy and childhood enables children to expand their repertoire of social skills and
social cognition as they share their interests, learn social rules of interaction, form
relationships, and develop social reciprocity and judgment [3]. By contrast, children with
autism spectrum disorders (ASD) often show reduced sociability starting in early childhood,
which may hinder the subsequent development of social cognition and social skills [4-6].
Moreover, the profile of social behaviors of individuals with ASD may vary according to the
familiarity of the other person and the environment [7-9]. Thus, understanding the altered
developmental trajectory of social behaviors in ASD requires understanding how
fundamental social interest and behaviors typically develop early in life in multiple
environmental contexts and with both familiar and unfamiliar people.

Because of the experimental control they allow, mouse models are useful for investigating
the biological basis of fundamental social behavior development. They may also be used to
elucidate genetic and environmental influences on these behaviors, and the underlying
molecular mechanisms of social behavior development [10]. The Social Approach Test
provides a way to measure sociability, or the tendency of a mouse to approach and
investigate another mouse [11-14]. In this behavioral assay, which has become perhaps the
most widely used test of sociability for assessing mouse models relevant to ASD [15-46], a
“test” mouse is placed in a novel arena and allowed to sniff and otherwise investigate an
unfamiliar “stimulus™ mouse that is confined to a small part of the arena. Mice of the inbred
strain C57BL/6J near 30 days of age are highly sociable in this test, while BALB/cJ mice of
the same age show relatively low sociability [11, 14, 21, 22, 47].

The Social Approach Test is, by design, a highly controlled test. The test and stimulus mice
are separated by a transparent, air-permeable barrier and the stimulus mouse is restricted
from moving about the arena, both of which limit naturalistic interaction between the two
mice (though in some variants of the Social Approach Test, a period of free interaction is
included at the end of the test). The rationale for this high level of control is that it allows
the investigator to measure the sociability of a specific mouse, the test mouse, while holding
the behavior of the stimulus mouse relatively constant. Furthermore, the test involves
handling the mice to place them into a novel environment and to expose them to an
unfamiliar stimulus mouse. These elements of stress and novelty may alter the social
behaviors of the test mouse relative to a context in which the mouse has not been handled, is
in a more familiar environment, and is interacting with a familiar cagemate. Thus, the kind
of social behaviors measured in the Social Approach Test, while valid and important in their
own right, might be rather different from those that occur in a more familiar environment
with a familiar partner and when more naturalistic behaviors are allowed. To conduct a more
complete profile of social behaviors in mouse models relevant to ASD, varying the degree of
familiarity of both the environment and the stimulus mouse (i.e., the partner, or target,
mouse) may be particularly important, because one of the prominent features of ASD is
sensitivity to the stress of novel environments and people, or changes in familiar routines
[48-50].

Based on previous studies, strain differences in social affiliative behaviors — which excludes
aggressive, reproductive, and maternal behaviors — between C57BL/6J and BALB/cJ mice
evidently manifest in contexts beyond the Social Approach Test. BALB/cJ mice show lower
levels of allogrooming in a novel arena [51], lower social interaction in an assay similar to a
resident-intruder paradigm [52], and lower social reward [53] than C57BL/6J mice. In the

Behav Brain Res. Author manuscript; available in PMC 2014 January 15.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Fairless et al.

Page 3

familiar environment of their home cages with familiar cagemates, BALB/cJ mice
allogroom less and sleep and rest alone more than C57BL/6J mice [54]. In the same
situation, BALB/cJ mice also do not barber each other or other strains [55], whereas C57BL/
6J barber extensively [56] (barbering occurs during formation of dominance hierarchies or
around the time of mating). However, the number of studies that have examined home cage
social behaviors of these strains is relatively small, and nearly all of these studies, including
all of the observations of home cage behaviors, used adult mice. Hence, little is known about
the development of social behaviors of C57BL/6J and BALB/cJ mice in home cage
environments.

To better understand the development of home cage social behaviors, we observed mice at
30, 41, and 69 days of age. We hypothesized that BALB/cJ mice would show less frequent
active and passive social behaviors than C57BL/6J mice and that these strain differences
would be more pronounced at 30 days of age, which would parallel results across
development in the Social Approach Test [14].

2. Methods
2.1. Husbandry

Progenitor C57BL/6J and BALB/cJ mice were obtained from The Jackson Laboratory (Bar
Harbor, ME) and were mated at the University of Pennsylvania to produce C57BL/6J and
BALB/cJ mice. Three separate cohorts of these offspring were observed in their home cages
at the 3 ages (30, 41, and 69 days of age). The first day following a litter’s birth was
considered postnatal day 1 (P1). Litters were culled to 4 pups usually on P2-5 (and rarely on
P6 or P7) to ensure sufficient nutrition for each pup and a more uniform social environment
during development. The original, perinatal litter size and litter composition by sex were
recorded at this time. Litters were culled as closely as possible to 2 females and 2 males.
Mice were ear tagged on P14 — P18 (and on P13, P19, and P20 for one litter each), and
weaned on P23 — P26 (and on P22 and P27 for one litter each). Following weaning, same-
sex littermates were housed together at 2 per cage.

All mice had access to food and water ad libitum, and were maintained in a 12-hour light-
dark cycle (light began at 7:00 a.m.). All animals were treated in strict accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the University of Pennsylvania Institutional Animal Care and Use Committee.

2.2. Home cage observation procedure

Separate cohorts of mice underwent home cage observations at the ages of 30, 41, or 69
days. A minority of mice were tested on the day before or after the planned day for logistical
reasons. The allotment of the 150 mice by strain, age, and sex are reported in Table 1.

Most mice were tested within 1 — 2 hours of the start of the dark cycle, and all were tested
during the first half of the dark cycle. Up to two cages of mice were transported from the
colony housing room and placed on opposite sides of the darkened behavioral testing room.
The experimenter (A.H.F.) then left the room for 30 min. to allow the mice to acclimate to
the behavioral testing room. Upon returning, the experimenter replaced the cage tops and
food/water hopper with a flat, transparent plexiglass top with air holes. The experimenter
wore gloves the entire time to avoid directly transferring odors to the cage parts or tops. The
cameras (Sony DCR-DVD508 Handycam Camcorder, Sony Corporation, Tokyo, Japan)
over the cages emitted and detected infrared light, and so were able to record the mice in
complete darkness. During acclimation and testing, all visible light sources in the room were
switched off. The cameras began recording and the experimenter left the room for about 60
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min. The cameras were then switched off, and the mice were returned to the colony housing
room.

2.3. Social Approach Test procedure

On the day following the home cage observations, mice underwent the Social Approach
Test, the results of which are reported elsewhere [14]. These results are re-presented here
(Figure 4) to facilitate comparisons between the home cage social behaviors and social
behaviors in the Social Approach Test.

The Social Approach Test procedure was slightly modified from that reported previously
[21, 22]. Briefly, each mouse was initially allowed to explore and habituate to a 3-
chambered Plexiglas box under dim lighting (<2 lux) for 10 min. (Phase 1). The two end
chambers, which were separated by a middle chamber, each contained an empty transparent
Plexiglas cylinder in its center. Following Phase 1, an experimenter (A.H.F.) placed a
gonadectomized A/J stimulus mouse into one cylinder (the “social cylinder”) while
simultaneously placing a novel object (a paper weight) into the other, identical cylinder (the
“nonsacial cylinder”). For the next 5 min. (Phase 2), the test mouse could continue to move
freely throughout the box and investigate the cylinders. Both cylinders had many holes (1
cm in diameter) in their walls so that the test mouse could sniff the stimulus mouse or novel
object inside. For both Phases 1 and 2, the experimenter(s) recorded (either live or later from
video) the amount of time the test mouse spent investigating (including sniffing) each
cylinder, the amount of time the test mouse spent in each chamber, and the number of times
the mouse moved from one chamber to another (i.e., “transitions™). The amount of time that
the test mouse sniffed, reared against, and climbed on the social cylinder during Phase 2 was
considered an index of sociability, and the sum of these behaviors is referred to below as
“social cylinder investigation.” Sniffing of the social cylinder was the overwhelmingly
predominant behavior included in social cylinder investigation. Climbing on the walls of the
cylinders occurred very rarely. We used social cylinder investigation as the index of
sociability because we established previously that sociability scores based on cylinder
investigation are more reliable and ecologically valid than those based on how much time
the test mouse spends in each chamber of the box [57, 14].

Following Phase 2, the cylinders were removed so that the two mice could interact freely for
5 min and be observed for aggressive interactions (Phase 3). Of the 289 mice tested for
sociability in the Social Approach Test, 13 appeared to attack the stimulus mouse during
Phase 3 and were eliminated from any further analysis of the Social Approach Test. For the
remaining mice, experimenters scored how much time the test mouse spent engaged in
active social behaviors towards the stimulus mouse (the test mouse’s head and snout
oriented toward, and in close proximity to, the stimulus mouse).[14]

2.4. Home cage behavior analysis

The selection of scored home cage behaviors was a generalization and simplification of a
detailed outline of mouse home cage behaviors from a previous study [58]. For each time
point at which a mouse was assessed (see section 2.5 below), behavior was scored as
belonging to one of several major categories. Broadly, we categorized the behaviors as
either social (i.e., affiliative), aggressive, or nonsocial behaviors. Social (affiliative)
behaviors were further divided into active and passive behaviors.

We defined a mouse’s behavior as an active social behavior when that mouse’s head and
snout were oriented toward, and were in close proximity to, the other mouse. Also, to be
classified as actively social, the mouse had to be moving some part of its body; that is, an
actively social mouse was not resting or asleep. Active social behavior was predominantly
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composed of sniffing and allogrooming, but also subsumed the less frequently observed
“craw! under/over” (crawling under or over other mouse and completely crossing from one
side of the other mouse to the opposite side) and “push under” (pushing snout under other
mouse’s body, followed by resting). Active social behaviors were further subdivided
according to whether the mouse was oriented toward the other mouse’s nose, body, or
anogenital region (Mouse 1 in Fig. 1a-c).

Passive social behaviors were characterized by contact between the two mice and absence of
any orientation of the one mouse toward the other (i.e., contact in the absence of any active
social behavior), and these behaviors were subdivided into “pawing,” “passive while
moving,” and “passive while not moving.” When pawing, a mouse’s forepaws were in
contact with the other mouse but the mouse was not actively sniffing, grooming, or
otherwise oriented toward that mouse (Mouse 1 in Fig. 1d). A mouse could also be passively
social while moving (i.e., walking, running, or otherwise changing its location in the cage).
For example, a mouse that was walking and “bumps” or “brushes past” another mouse
(without orienting its head and snout toward the other mouse) was categorized as passively
social while moving (Mouse 1 in Fig. 1e). Finally, a mouse could be in passive contact with
another mouse while not moving (i.e., in contact while not changing its location in the cage
and not orienting toward the other mouse). For example, when both mice were “huddling”
(or “socially inactive”), or resting or sleeping while in contact with one another, both mice
were passively social while not moving (Mouse 1 and Mouse 2 in Fig. 1f). A passively
social mouse could also be the object of the other mouse’s active social behaviors. For
example, if one mouse were grooming the second mouse and if the second mouse were
oriented away from the first mouse, then the second mouse would be considered passively
social at that moment; Mouse 2 in Fig. 1b and Fig. 1c is passively social while not moving
and while being the object of Mouse 1’s active social behaviors.

Passive social behaviors were subdivided to distinguish among degrees of passivity in social
behaviors. A mouse that was “passive while not moving” was clearly passive. However,
“passive while moving” and “pawing” were more ambiguous; these categories might also be
considered active. Thus, our classification of social behaviors covered a spectrum from
clearly active behaviors (e.g., sniffing, allogrooming) to pawing to “passive while moving”
behaviors to clearly passive behaviors (i.e., “passive while not moving™). This spectrum is
summarized in Fig. 1.

Behaviors that would be scored as aggressive included attack behaviors (biting, vigorous
lunging), tail rattling, or aggressive grooming. Aggressive grooming was defined as
vigorous pushing or pouncing behavior that was not sufficiently vigorous to be considered a
full aggressive attack.

Several nonsocial behaviors of interest were scored. These included “inactive,” when the
mouse was not moving (i.e., changing location) about the cage, and may or may not be
sleeping; “rear,” when the mouse assumed a near-vertical orientation, usually with its two
forepaws in contact with the cage wall; “autogroom,” when the mouse was grooming itself;
“dig,” when the mouse was displacing substantial amounts of bedding with its paws or
snout; and “circle,” when the mouse was moving in a tight circular pattern.

of home cage behaviors

The home cage behaviors were scored from videos of a 30-min. period beginning 20 min.
after the experimenter started the camera and left the room. The behaviors of both mice in
each cage were scored simultaneously once every 30 sec. for a total of 61 data points over
the 30-min. period for each mouse. If a mouse was not engaged in any of the behaviors
described in section 2.4 above at a given scoring time, the mouse was marked as having “no

Behav Brain Res. Author manuscript; available in PMC 2014 January 15.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Fairless et al.

Page 6

behavior” at that time. A mouse could be engaged in a maximum of one social behavior and
one nonsocial behavior at a time.

A total of three raters scored the home cage behaviors. The three raters initially scored 10
videos (10 cages, 20 mice) to establish inter-rater reliability. Inter-rater correlations for each
behavior are reported in Table 2. Because the reliabilities for a few behaviors were lower
than desired, every subsequent video was scored by at least two raters. Notably, the
behaviors with low inter-rater reliabilities (“active (anogenital)” and “passive (pawing)”)
were behaviors that occurred relatively little (see section 3. Results). Thus for these
behaviors, even minimal disagreements in raters’ scores greatly affected the inter-rater
correlations.

2.6. Data analysis

3. Results

The scores from all raters were averaged together into a single score for each behavior of
each mouse. Behaviors were analyzed by treating each individual mouse as a single case.
The exception was active social investigation directed towards the nose of the other mouse
(“active (nose)”), which could occur if and only if the other mouse’s nose was actively
oriented towards the first mouse. Thus, the scores of the two mice for this measurement
were completely dependent, so each pair of mice in a cage was counted as a single case (i.e.,
the sample size was reduced by half for this behavior).

Analyses that treated each mouse as a single case were modeled using linear mixed effects
models where the strain, sex, and age of the mice were categorical fixed factors and the cage
(which contained a pair of same-sex littermates for observation) and litter of the mice were
random effects variables. “Cage” was thus hierarchically nested within “litter.” The behavior
“active (nose)” was modeled similarly, except that each cage (pair of mice) was a separate
case and so “cage” was not a variable.

Analyses were run on the statistical software R [59] with the package ‘Ime4’ [60]. All p
values of mixed effects models were calculated using a Markov Chain Monte Carlo method
supplied by the function ‘pvals.fnc’ and run at 10000 iterations for each analysis. The a
level was set at 0.05, but reduced by a Bonferroni correction for multiple testing, where
appropriate.

The Social Approach Test was analyzed with conventional analyses of variance (ANOVA)
and robust 20% trimmed means ANOVAs using procedures described in Wilcox [61], as
outlined in detail previously [14]. Correlations among social behaviors in the Social
Approach Test and the home cage were calculated by averaging the scores of each pair of
mice that were housed together for the home cage observations. This approach ensured
independence among the data points for the purposes of calculating the correlations. Some
pairs did not have complete data available in the Social Approach Test and had to be
excluded from this analysis. Correlations and corresponding p values were calculated with
the “cor’ and ‘rcorr.adjust’ functions in R with the packages ‘Rcmdr’ and ‘“Hmisc.’

3.1. General distributions of home cage behaviors

The percentages of time that mice from each experimental group spent on recorded social
and nonsocial behaviors are reported in Fig. 2. By the medians of the experimental groups,
mice were engaged in social behaviors for about 19% — 39% of the scored time points, and
they engaged in nonsocial behaviors for about 39% — 66% of the scored time points. For
25% — 52% of the time points, mice were not engaged in any of the scored behaviors. One
of two raters identified a single aggressive behavior, an aggressive groom by a 30-day-old
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BALBY/cJ female, though it did not occur at a designated scoring time point. No other mice
showed any aggressive behaviors.

3.2. Strain differences in social behaviors

To examine strain differences in home cage social behaviors across development, we
analyzed active and passive social behaviors at each age. Linear mixed effects (LME)
models took ‘strain’, ‘sex’, and their interaction as fixed factors and ‘cage’ and ‘litter’ as
random effects variables. Alpha levels were set at 0.017 (0.05 / 3 age groups).

At 30 days, there were no effects of strain or age, nor any interaction between strain and age,
on active social behaviors (all ps > 0.22) (Fig. 3a). At 41 days, BALB/cJ mice were more
actively social than C57BL/6J mice (main effect of strain: p = 0.005), and female mice were
more actively social than male mice (main effect of sex: p=0.007). This effect was not
clearly attributable to any single component (i.e., active social behavior directed toward the
nose, body, or anogenital region) of the active social behaviors (all ps > 0.05, a = 0.017). At
69 days, no significant differences were identified (all ps > 0.09).

At 30 days, C57BL/6J mice showed higher levels of passive social behaviors than BALB/cJ
mice (main effect of strain: p=0.0001, a = 0.017), and the strain differences were larger for
females than for males (strain x sex interaction: p= 0.0006, a = 0.017) (Fig. 3b). Analyses
of the components of passive social behaviors (“passive while not moving,” “passive while
moving,” and “pawing”) showed differences in two of these three behaviors. C57BL/6J
mice were “passive while not moving” more than BALB/cJ mice (main effect of strain: p=
0.0001, a = 0.017), and the strain differences were larger for females than for males (strain
x sex interaction: p=0.0001, a = 0.017). C57BL/6J mice also pawed their cage-mates more
than BALB/cJ mice did (main effect of strain: p=0.003, a = 0.017). No significant
differences in passive social behaviors were identified at 41 or 69 days of age (all ps > 0.34).

3.3. Developmental trajectories of social behaviors

We asked whether the developmental trajectories of active and passive social behaviors
differed between the two strains. An LME model took strain, age, sex, and their interactions
as fixed factors and cage and litter as random effects variables with a levels set to 0.025
(0.05 / 2 kinds of social behavior: active and passive). Active social behaviors showed no
evidence of differing developmental trajectories by strain (= 0.58). For passive social
behaviors, strain and age interacted (p = 0.0006). Examination of the data (Fig. 3b)
suggested that BALB/cJ passive social behaviors were fairly constant with age, while
C57BL/6J passive behaviors, and perhaps especially those of the females, decreased with
age. This observation was verified in an LME model for each strain (fixed: age, sex, age x
sex; random: cage, litter; a = 0.025 (0.05 / 2 kinds of social behavior)): the passive social
behaviors for C57BL/6J mice showed an effect of age (p= 0.0001) and an age by sex
interaction (p = 0.020), while those for BALB/cJ mice did not (main effect of age: p=0.16;
age x sex interaction: p=0.63).

3.4. Differences in huddling account for differences in passive social behaviors

C57BL/6J mice, and especially the females, showed higher levels of passive social
behaviors than did BALB/cJ mice at 30 days of age, and the bulk of this strain difference
was attributable to more C57BL/6J mice being passively social while not moving, as noted
above (section 3.2. Strain differences in social behaviors). When a mouse was passively
social while not moving, the other mouse could have been socially engaged by actively
sniffing the first mouse’s body or anogenital region, or more passively pawing, or otherwise
touching the first mouse while moving or while not moving. This last situation is
“huddling,” in which both mice are maintaining passive contact with each other while not
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moving about the cage. The portions of time that the mice spent huddling and engaged in the
other four subcomponents of “passive while not moving” behaviors are reported in Fig. 3c.
We investigated whether the strain differences and developmental trajectories of passive
social behaviors were attributable not just to “passive while not moving” behaviors in
general, but more specifically to the subcomponent “huddling” versus other subcomponents
(see Table 3 for list of subcomponents).

Huddling and pawing showed a similar pattern of strain differences and developmental
trajectories as was found for all passive social behaviors, but other components of passive
social behaviors did not. An LME model (fixed: strain, sex, strain x sex; random: cage,
litter; same design as for the corresponding analysis for all passive social behaviors)
examined 30-day-old mice with the a level set to 0.0071 (0.05 / 7 subcomponents of passive
social behaviors). C57BL/6J mice huddled more than BALB/cJ mice (main effect of strain:
p=0.0001), and the strain differences were larger for females than for males (strain x sex
interaction: p=0.0001) (Fig. 3c). No other subcomponents of passive social behaviors
showed the same pattern (all ps > 0.02), except for pawing (main effect of strain: p=0.003,
a = 0.0071), as noted previously (3.2. Strain differences in social behaviors).

The developmental trajectories of huddling were examined with an LME model (fixed:
strain, age, sex, and their interactions; random: cage, litter; a = 0.0071). Of the
subcomponents, only huddling and pawing showed a strain by age interaction (both s =
0.0002; all other ps = 0.02), as was found for all passive social behaviors. Additionally, only
huddling showed a decline in C57BL/6J mice with age (o= 0.0001), while the
corresponding decline for pawing did not quite reach statistical significance (p=0.013; all
other ps > 0.15). The only effect of all passive social behaviors that huddling did not
recapitulate was the age by sex interaction in C57BL/6J mice (p= 0.07); no other
subcomponent recapitulated this effect, either (all gs > 0.14).

While both huddling and pawing showed a pattern of effects similar to that of all passive
social behaviors, huddling constituted a much larger portion of these effects. Of the total
difference between C57BL/6J and BALB/cJ mice in passive social behaviors at 30 days,
huddling comprised 84% (females) and 62% (males) while no other subcomponent
comprised more than 12% (either sex) (Table 3). Of the total decline in passive social
behaviors of C57BL/6J mice, huddling comprised 77% (females) and 81% (males) while no
other subcomponent comprised more than 19% (either sex) (Table 3). Moreover, huddling
and all passive social behaviors correlated very strongly (= 0.88) whereas the correlations
between other subcomponents and all passive social behaviors were not nearly as strong (all
15 <0.43) (Table 3).

In summary, the strain difference at 30 days and the developmental trajectory of C57BL/6J
mice in all passive social behaviors were also found in huddling. Huddling comprised the
bulk of these effects in all passive social behaviors and correlated with passive social
behaviors much more strongly than any other subcomponent. Therefore, most of the
differences detected in all passive social behaviors among the mice can be accounted for by
differences in how much the mice huddled together, while pawing also contributed modestly
to these effects.

3.5. Strain differences in nonsocial behaviors

We also examined nonsocial behaviors at each age. Mice were rarely scored as inactive or
circling. We therefore did not inferentially analyze these behaviors. For all experimental
groups, the median number of scored time points that the mice were inactive was zero, and
only 7 mice were inactive for more than 10% of the scored time points. For “circle’, only
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one of two raters scored a single 30-day-old C57BL/6J female as circling once. No other
mouse circled at any time.

The remaining nonsocial behaviors — rearing, autogrooming, and digging — were analyzed
with LME models (fixed: strain, sex, strain x sex; random: cage, litter). Alpha levels were
set at 0.017 (0.05 / 3 age groups). At 30 days, BALB/cJ mice reared (main effect of strain: p
= 0.002; Fig. 3d) and dug (main effect of strain: p=0.010; Fig. 3e) more than C57BL/6J
mice. C57BL/6J mice autogroomed more than BALB/cJ mice (main effect of strain: p=
0.0001), and the strain differences were larger in females than in males (strain x sex
interaction: p=0.013) (Fig. 3f). At 41 days, no significant differences were found (all ps >
0.04). At 69 days, BALB/cJ mice reared more than C57BL/6J mice did (main effect of
strain: p=0.0001), and C57BL/6J mice autogroomed more than BALB/cJ mice did (main
effect of strain: p=0.012). There were no significant differences in digging at 69 days (all
s> 0.33).

3.6. Brain weight, body weight, and litter effects on social behaviors

In each strain, we tested whether litter size, litter sex ratio, brain weight, body weight, and
brain weight as a proportion of body weight may have influenced home cage social
behaviors, as we did for behaviors in the Social Approach Test [14]. Each “litter” or ‘weight’
variable was included as a fixed factor in a separate linear mixed effects model which also
took ‘age’ and ‘sex’ as fixed factors and “‘cage’ and ‘litter’ as random effects variables. The
dependent variable was the sum of active and passive social behaviors. Alpha levels were set
at 0.005 (0.05/ 10 tests across 5 ‘litter” and “weight’ variables and 2 strains). None of the
variables showed statistically significant associations with home cage social behaviors.

3.7. Behaviors in the Social Approach Test vs. behaviors in the home cage

The results of the Social Approach Test were originally reported elsewhere [14]. These
results are re-presented here in order to facilitate comparisons between the home cage social
behaviors and social behaviors in Phase 2 of the Social Approach Test. The numbers of mice
in each group are reported in Table 1.

To investigate how the C57BL/6J and BALB/cJ strains differed in their sociability across
development in the Social Approach Test, we analyzed each age group (Fig. 4). Alpha levels
were corrected to 0.01 for multiple testing. As reported previously [14], at 31 days of age,
BALB/cJ mice were less sociable than C57BL/6J mice, A1, 99) = 8.31, p=0.0048 (Q(1,
99) = 9.57, p=10.004), which was consistent with our prior experiments at this age [11, 21,
22, 47]. No strain differences were found at 42 days, A1, 32) =4.20, p=0.049 (Q(1, 32) =
3.82, p=0.066), nor at 70 days, A1, 41) = 1.44, p=0.24 (Q(1, 41) =0.32, p=0.58).

To compare social behaviors in the Social Approach Test to those in the home cage, we
calculated correlations among these behaviors (Table 4). The only correlation that was
significantly different from zero was between the durations of investigation of the test
mouse towards the stimulus mouse in Phase 2 versus Phase 3 of the Social Approach Test
(Pearson’s r=0.43, p=0.0014, a. = 0.0083 (0.05 / 6 correlations)), i.e., two variables within
the Social Approach Test. Neither active nor passive home cage social behaviors in the
home cage correlated with any other social behaviors.

4. Discussion

As we hypothesized, C57BL/6J mice were more passively social than BALB/cJ mice in the
home cage environment, and the largest (and only statistically significant) strain differences
were at 30 days of age. The levels of C57BL/6J passive social behaviors declined to BALB/
cJ levels by 69 days of age, and both the decline and the strain difference at 30 days were

Behav Brain Res. Author manuscript; available in PMC 2014 January 15.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Fairless et al.

Page 10

mostly attributable to differences in huddling among the mouse groups. Contrary to our
hypothesis, 41-day-old BALB/cJ mice were apparently more actively social than 41-day-old
C57BL/6J mice in the home cage environment, but this apparent difference may be a false
positive, as discussed below.

C57BL/6J mice were more passively social than BALB/cJ mice in home cage environments
at 30 days of age, but their passive social levels declined to BALB/cJ levels by 69 days of
age. Our previous studies also indicate that at ~30 days of age, C57BL/6J mice are more
sociable than BALB/cJ mice in the Social Approach Test, and this strain difference
diminishes or disappears by 70 days of age [14, 21, 47]. Thus, a similar strain-difference
pattern manifests in what are apparently two different kinds of social behavioral repertoires,
which further supports the view that BALB/cJ mice show pervasively low levels of social
affiliation at around 30 days of age.

Yet this strain difference in social interaction was not entirely pervasive: it did not appear in
active social behaviors in the home cage environment. Instead, the strains were actively
social at comparable levels, except at 41 days and principally due to especially high levels of
active sociability among BALB/cJ females. This elevated sociability may be the result of
pro-affiliative factors that occur specifically around 41 days of age. But, importantly, the 41-
day-old BALB/cJ mice were composed of an especially small sample size: 4 females (2
cages) and 6 males (3 cages). Furthermore, most of the elevation appears attributable
specifically to a relatively high level of nose-to-nose sniffing among the 41-day-old BALB/
cJ females (Fig. 3a). Thus, the elevation may be due to a non-representative sample of a
single kind of behavior with only 2 independent cases. Only another, larger sample can
distinguish between these two possibilities (i.e., particularly elevated active social behaviors
among 41-day-old BALB/cJ females vs. a small, non-representative sample), but a more
conservative interpretation is provisionally warranted: C57BL/6J and BALB/cJ mice
probably do not differ in their home cage active social behaviors at any age that was tested
in this study.

Regardless of whether strain differences truly exist in home cage active social behaviors,
active and passive social behaviors clearly showed different patterns of strain differences.
Furthermore, the strain-difference pattern and developmental trajectory of the passive — and
not the active — social behaviors resembled that of sociability in the Social Approach Test.
Initially, this result seems counterintuitive. Cylinder scores of the Social Approach Test
almost entirely consist of sniffing, an active social behavior. Yet the strain difference results
in the Social Approach Test based on an active behavior resemble strain difference results of
passive — not active — behaviors in the home cage environment.

This apparent discrepancy might be resolved by recognizing the very different social
situations and environmental contexts between the two behavioral assays. Test mice in the
Social Approach Test are paired with an unfamiliar stimulus mouse in a relatively unfamiliar
environment. The novelty of this stimulus mouse likely promotes active social sniffing,
whereas the familiar littermate in the home cage does not. Instead, any heightened tendency
toward social affiliation may manifest as passive social behaviors, such as huddling
together, in the home cage. It is possible that genetic variants and neural circuits contribute
to a generally low social interaction phenotype in BALB/cJ mice, but that this low social
interaction phenotype may manifest in different behaviors depending on the social situation
and environment. However, despite the possibility of some mechanisms in common, it is
also likely that mechanisms mediating active social investigation in the Social Approach
Test and passive social behaviors in the home cage test are not identical. For example, it is
notable that we found correlations between sociability in the Social Approach Test and other
variables (i.e., brain size, litter size, litter sex composition) [14] that we did not find between
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home cage social behaviors and these other variables. More importantly, social behaviors in
the Social Approach Test and in the home cage did not directly correlate when examined by
pairs of mice. Thus, the effects of any genetic variants and neural circuits that may influence
active social investigation in the Social Approach Test and passive social behaviors in the
home cage may be detectable only at a group level, where individual differences are not as
important.

The strain-difference patterns of the nonsocial behaviors in the home cage did not resemble
those of social behaviors in either the home cage or the Social Approach Test. In general,
BALB/cJ mice reared more than C57BL/6J did, and C57BL/6J mice groomed themselves
more than BALB/cJ mice did. For both of these behaviors, there were no significant strain
differences at 41 days of age, but this may have been due to the small sample sizes at this
age. BALB/cJ mice at 30 days appeared to dig more than C57BL/6J mice, and this
difference appeared to be primarily due to the females. However, the difference, as well as
the overall levels of digging and autogrooming, was not large. Digging and autogrooming
never exceeded 13% of a mouse’s time, on average, whereas the mice reared substantially
more. These nonsocial behaviors were of particular interest because they might be
considered as repetitive behaviors [62], which are of potential clinical relevance because
ASD patients exhibit restricted and repetitive behaviors [3]. Neither strain exceeded the
other in all of the nonsocial behaviors, but BALB/cJ mice did show higher levels of rearing,
which was the most abundant nonsocial behavior. Additionally, BALB/cJ mice seemed to
increase their levels of rearing with age. We did not have an a priori hypothesis about the
developmental trajectory of rearing, specifically, and therefore we did not statistically test
for such an effect, but this apparent trend may be worth exploring in future studies.

Despite the importance of huddling to the differences between C57BL/6J and BALB/cJ
mice in passive social behaviors, we observed relatively little huddling compared to a
similar study of home cage behaviors in C57BL/6J mice [63]. Curley et al. (2010) observed
that 35- to 45-day-old female and male C57BL/6J mice huddled for about 51% of scored
time points. Our 30- and 41-day-old C57BL6/J mice are approximately comparable but
huddled for only 9% — 19% of the time. Similarly, mice of Curley et al. (2010) rested alone
for 4% — 8% of the time, while our pairs of mice almost never rested separately from each
other. The differences in these two behaviors suggest that our mice exhibited an overall
higher activity level than the mice reported by Curley et al. (2010). Much of the higher
activity in our mice manifested as rearing, which occupied them about 21% — 28% of their
time, while Curley et al.”’s (2010) mice reared for less than 2% of the time. The higher
activity in our mice might be attributable to our observing the mice only during the early
part of the dark cycle, when mice tend to show their highest locomotor and social activity
levels [64—66]. By contrast, Curley et al. (2010) spread their observations through the day.
Additionally, we relocated our mice from the colony room to a separate room for video
recording, which might have aroused the mice to explore the partly new environment (novel
room, but same cage), even though an hour elapsed between relocation and the start of the
observation period.

As noted above, the home cage behaviors might vary when experimental conditions are
altered. For example, Panksepp et al. [66] showed that 30- to 35-day-old C57BL/6J and
BALB/cJ mice varied in their home cage social behaviors across the circadian cycle.
Similarly, different mouse strains might mature at different rates such that differences in
social behaviors are observed only at particular ages. Further experiments will be useful in
determining how robust our current findings are to other experimental conditions.

The classification scheme used in the present study encompasses nearly all of the social
affiliative behaviors included in other studies of home cage behaviors [58]. The most
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common active social behaviors, sniffing and allogrooming, are subsumed under our “active
social” category, along with the less commonly observed behaviors. The primary difference
between our study and others is that our behavioral scheme explicitly includes all contact
between the mice, even if the contact does not conform to a specific, defined behavior. It
does this by including all passive contact while a mouse is moving, rather than being limited
to only passive contact while the mice are huddling, or resting together (i.e., not moving).
These “passive while moving” behaviors include receiving active social behaviors from the
other mouse as well as other, less-defined passive contact, such as “bumping” one another.
The disadvantage of our behavioral scheme is that it is not as detailed as those in some other
studies. We chose to use more general categories for two reasons. First, it reduced the labor
involved in scoring the behaviors, thus making the behavioral scoring procedure potentially
widely applicable to assessment of various mouse models in future studies. Second, some
behaviors, such as sniffing and allogrooming, were difficult to distinguish in our video
recordings. Using more general categories let us avoid especially subjective decisions in
distinguishing these behaviors. This approach probably kept our inter-rater reliability
relatively high and made our results more reproducible in future studies.

In summary, C57BL/6J and BALB/cJ mice show a differential developmental pattern of
passive social behaviors in the home cage similar to their differential developmental pattern
of social behaviors in the Social Approach Test. These results show that the relatively low
sociability of 30-day-old BALB/cJ mice is pervasive across different kinds of social and
environmental contexts. Importantly, the behavioral manifestation of this low sociability can
vary depending on the social context: in the Social Approach test, it appears as relatively
low levels of sniffing of the unfamiliar stimulus mouse — an active social behavior — whereas
in the home cage with a littermate, it appears as relatively low levels of huddling — a passive
social behavior. We did not find significant correlations — when viewed by pairs of mice —
between social behaviors in the Social Approach Test and the home cage. Moreover, we did
not find some of the correlations between home cage social behaviors and brain size, litter
size, and litter sex composition that we reported earlier for Social Approach Test behaviors
[14]. Thus, although there may be some genetic and neural mechanisms that underlie low
BALB/cJ sociability in both the Social Approach Test and the home cage, there are likely to
be non-overlapping sets of mechanisms involved as well, in the different social contexts.
Future studies are needed to identify these mechanisms. In addition to the commonly used
Social Approach Test, an assessment of social interactions in the familiar home cage
environment with a familiar littermate can provide a more complete profile of sociability in
mouse models relevant to autism.
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+ Social active — Mouse 1's head and snout are oriented toward
and near Mouse 2

A) Social active (nose) — Mouse 1 oriented toward Mouse 2's nose

B) Social active (body) — Mouse 1 oriented toward Mouse 2's body

C) Social active (anogenital) — Mouse 1 oriented toward Mouse 2's
anogenital region

+ Social passive — Mouse 1 in contact with Mouse 2, but not
More active showing active behaviors toward Mouse 2

D) Social passive (pawing) — Mouse 1's forepaws in contact with
Mouse 2 (without active social behaviors)

E) Social passive (while moving) — Mouse 1 is in contact with
Mouse 2 while moving (without active social behaviors)

F) Social passive (while not moving) — Mouse 1 is in contact with

Mouse 2 while not moving (without active social behaviors)

More passive

/ < / N
/ \ ‘
f‘ \ f
1)
\ /

ooy

\/
/\ I ;\\

Fig. 1.

Summary of classification of social behaviors. Behaviors may be considered on a gradient
from most active to most passive behaviors. “Social active” are the most active behaviors.
“Social passive (while not moving)” are the most passive behaviors. “Social passive
(pawing)” and “Social passive (while moving)” fall in between the other two categories. (a)
Mouse 1 sniffs the nose of Mouse 2, and vice versa, which is categorized as “social active
(nose).” (b) Mouse 1 sniffs the body of Mouse 2, which is categorized as social active
(body) for Mouse 1. (c) Mouse 1 sniffs the anogenital area of Mouse 2 which is categorized
as social active (anogenital) for Mouse 1. (d) Mouse 1 paws Mouse 2, which is categorized
as social passive (pawing) for Mouse 1. () Mouse 1 “brushes past” or “bumps” Mouse 2,
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which is categorized as social passive (while moving) for Mouse 1. (f) Mouse 1 huddles
with Mouse 2, which is categorized as social passive (while not moving) for both mice.
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Fig. 2.

Portion (%) of scored time points that mice engaged in social, nonsocial, and “no”
behaviors. Boxes enclose the interquartile range (IQR), bold lines through boxes denote
medians, stars denotes means, open circles denote outliers beyond 1.5 x IQR, and whiskers
denote the range of data points within 1.5 x IQR. (a) C57BL/6J. (b) BALB/cJ.
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Fig. 3.

female male
69 days

female male
41 days

male

female
30 days

Portion (%) of scored time points that mice engaged in active or passive social behaviors or
in nonsocial behaviors. Values are means + SE, except for (c) where values are means. *
indicates a difference between strains at p < 0.017. (a) Active social behaviors. Each bar
representing the total active social behaviors is subdivided by whether the active behavior
was directed toward the other mouse’s anogenital region, body, or nose, body. (b) Total
passive social behaviors. Each bar representing the total passive social behaviors is
subdivided by whether the passive behavior occurred while the mouse was not moving,
occurred while the mouse was moving, or was pawing. (c) “Passive while not moving”
social behaviors. While the first mouse is passively social while not moving, the second
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mouse may be sniffing the first mouse’s anogenital region or body, pawing, or otherwise
touching the first mouse while moving or while not moving. Each bar consists of and is
subdivided by the second mouse’s behavior. Huddling occurs when both mice are engaged
in “passive while not moving.” (d) Rearing. (e) Digging. (f) Autogrooming.
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Fig. 4.
Investigation of the social cylinder during Phase 2 of the Social Approach Test. Values are

20% trimmed means + SE of the trimmed means. * indicates a difference between strains at
p<0.01. These results were originally reported elsewhere [14].
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Number of mice in each experimental group for home cage observations. The number of mice in each

Table 1

experimental group for the Social Approach Test is reported in parentheses.

Age

30days 4ldays 69 days

C57BL/6J females
C57BL/6J males
BALB/cJ females
BALB/cJ males

14(17)  8(8)  10(13)
16(19) 10(11)  12(9)
26(35) 409  8(12)
26(32) 6(8)  10(11)
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Page 25

Inter-rater reliability (ICC(A,1), Pearson’s rin parentheses) for each home cage behavior on a subset of 10
cages (20 mice). Some correlations are marked “n/a” because at least one rater marked the frequency of the
behavior as zero for every mouse. One of two raters identified a single aggressive behavior by a single mouse,
though it did not occur at a designated scoring time point. No other mice showed any aggressive behaviors.
Aggressive behaviors are not listed; all their correlations are “NA.” Categories of behaviors are in bold. The
commonly used Pearson’s ris provided for comparison to other studies.

Behavior Rater 1-Rater 2 Rater 1-Rater 3 Rater 2—Rater 3
Social (all) 0.99 (0.99) 0.98 (0.99) 0.98 (0.98)
Social — active (all) 0.93(0.93) 0.95 (0.96) 0.94 (0.95)
Social — active (nose) 0.93 (0.97) 0.94 (0.95) 0.95 (0.96)
Social — active (body) 0.77 (0.81) 0.83 (0.90) 0.90 (0.91)
Social - active (anogenital) 0.21 (0.33) 0.37 (0.43) 0.52 (0.57)
Social — passive (all) 0.93(0.93) 0.94 (0.94) 0.96 (0.96)
Social - passive (pawing) 0.54 (0.57) 0.82(0.81) 0.59 (0.62)
Social — passive (moving) 0.69 (0.73) 0.77 (0.77) 0.91 (0.95)
Social — passive (not moving) 0.89 (0.94) 0.93 (0.93) 0.95 (0.97)
Nonsocial — inactive NA 0.65 (0.69) NA
Nonsocial — rear 0.96 (0.96) 0.95 (0.95) 0.98 (0.98)
Nonsocial — autogroom 0.93 (0.93) 0.87 (0.88) 0.97 (0.97)
Nonsocial — dig 0.74 (0.83) 0.86 (0.94) 0.81 (0.80)
Nonsocial - circle NA NA NA
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Table 4

Correlations (Pearson’s r; Spearman’s p in parentheses) among social behaviors in the Social Approach Test
and the home cage. For the correlation of active and passive social behaviors in the home cage, all 75 pairs of
mice were used. For all other correlations, which included the Social Approach Test, only 57 pairs of mice had
complete data available. “Social Approach Test Phase 2” refers to social cylinder investigation, the amount of
time that the test mouse sniffed, reared against, and climbed on the social cylinder containing the stimulus
mouse during Phase 2 of the Social Approach Test. “Social Approach Test Phase 3” refers to how much time
the test mouse spent engaged in active social behaviors towards the stimulus mouse after the social cylinder
was removed and the stimulus mouse could move freely during Phase 3 of the Social Approach Test. The only
Pearson’s rthat was significantly different from zero was ‘Social Approach Test Phase 2’ vs. ‘Social
Approach Test Phase 3’ (underlined).

Social Social Home cage Home cage
Approach Test Approach Test activesocial passive social
Phase 2 Phase 3 behaviors behaviors
Social Approach Test 1
Phase 2
Social Approach Test 0.43 1
Phase 3 (0.45)
Home cage 0.17 -0.13 1
active social behaviors (0.16) (-0.09)
Home cage -0.16 -0.18 0.10 1
passive social behaviors (-0.04) (-0.28) (0.21)
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