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Abstract

Autism is a pervasive developmental disorder, with characteristics including impairments in
reciprocal social interaction, impaired communication, and repetitive/stereotyped behaviors. Despite
decades of research, the etiology of autism remains elusive. Thus, it is important that we pursue all
avenues, in attempting to understand this complicated disorder. One such avenue is the development
of animal models. While autism may be uniquely human, there are behavioral characteristics of the
disorder that can be established in animal models. Evidence supports a genetic component for this
disorder, and over the past few decades the mouse has been a highly valuable tool for the elucidation
of pathways involved in many human disorders (e.g., Huntington’s disease). As a first step toward
establishing a mouse model of autism, we studied same-sex social behavior in a number of inbred
mouse strains. In Study 1, we examined intra-strain social behavior of male pairs after one mouse
had 15 minutes prior exposure to the testing chamber. In Study 2, we evaluated intra-strain and inter-
strain social behavior when both mice were naive to the testing chamber. The amount and type of
social behavior seen differed between these studies, but overall there were general inbred strain
differences in social behavior. Some strains were highly social (e.g., FVB/NJ, while others displayed
low levels of social behavior (e.g., A/J, BTBR T+ tf/J). These strains may be useful in future genetic
studies to determine specific genes involved in mouse social behavior, the findings of which should
in turn help us to determine some of the genes involved in human social behavior and its disorders
(e.g., autism).
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1. Introduction

At least one child out of every 1,000 born in the United States will at a later developmental
time point be diagnosed with autism spectrum disorder [22]. This estimate may be very
conservative; in fact, some recent estimates are as high as 7 per 1,000 [26,55]. Autism spectrum
disorders have recently been equated to Alzheimer’s disease in terms of the cost in “patient
years” that they represent to our society [27]. First identified and described in the 1940s [3,
30], autism is classified as one of the pervasive developmental disorders in the Diagnostic and
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Statistical Manual of Mental Disorders, with clinical symptoms including impairments in
reciprocal social interaction, restlessness and distraction, difficulty with language, and
repetitive and stereotyped motor behaviors [1]. The clinical phenotype of autism is complex
and variable, making a simple therapy or solution problematic. Instead, a combination of
therapeutic approaches may be the best solution for such a diverse phenotype. A humber of
brain regions are thought to be involved in this disorder, including the cerebellum,
hippocampus, amygdala, basal ganglia, corpus callosum, and brainstem [4,15,44,53], and both
the serotonergic and glutaminergic systems may play roles [14,16]. Unfortunately, the etiology
of the disorder is still far from clear.

Autism is a complex disorder, likely to be influenced by a combination of genetic and
environmental factors. Elucidation of autism-related genes is important for potential
therapeutic interventions and, eventually, a cure. The first evidence for a genetic role in autism
came from an epidemiological study of affected twins [24]. More recently attention has been
focused on attempting to define the genetic component of autism [2,25,31,33,36]. A better
understanding of the relationship between phenotype and genotype will provide new insights
into the mechanisms involved. The use of non-human models of autism will be of great
importance for elucidating the genotype-phenotype relationship, and for therapeutic testing.
Advanced transgenic and recombinant technologies, and the recent sequencing of the mouse
genome, have made the mouse the model of choice for many geneticists. While not all human
behaviors can be easily translated to the mouse, we can, through careful operational definitions
of the behavior being studied, use the mouse model to elucidate some of the fundamental
elements of complex behaviors in humans. These components may not be disorder-specific
(i.e., there may not be a perfect mouse model for disorders such as autism); however, we can
use specific genetic findings in the mouse to search for candidate loci for human disorders
[13,51]. With careful dissection of behavior, and with a thorough understanding of the
components of the behavioral assay being utilized, we can enhance our potential to produce
mouse models of social behavioral abnormalities such as autism [40]. In fact, most of the core
symptoms of autism spectrum disorder can be evaluated in the mouse through an intensive
battery of tests [20].

On December 4, 2000, experts from the fields of autism, mouse genetics, and mouse behavior
met at the Jackson Laboratory, Bar Harbor, ME, to discuss the utility of mouse models of
autism. The consensus from that meeting was that mouse models of autism can make a
significant contribution to our understanding of this complex disorder, although if we are to
maximize the effectiveness of mouse models, we need to know more about the genetics
involved [29]. Thus far, the effects of ablation or mutation of a number of genes have been
examined in mouse models of autism, with mixed phenotypic results [23,34,35,39,49].
However, there is a great need for additional mouse models, especially those that are based on
naturally occurring differences among groups of mice, i.e., differences among inbred strains.
Crawley and colleagues have recently developed a social novelty/sociability automated assay
that they are using to examine autism-like behaviors in inbred strains of mice [43]. Their studies
illustrate that variability in social responsiveness exists among some of the most common
inbred strains, with A/J, BALBcBYJ, and BTBR T+ tf/J strains being less socially responsive
[41,42]. Brodkin and colleagues also describe the BALB/cBY strain as displaying low levels
of sociability, in contrast to strains such as C57BL/6J [12,50]. Our laboratory has been
examining inbred strain behavior variability with a number of assays, including open field,
fear conditioning, food preference, rotorod, and zero maze [6,8,10,17,37]. Since inbred mouse
strain differences have been established for many behaviors, we decided to examine social
behavior across a set of common inbred strains. This inbred strain survey is a first step in
determining which of these strains will be the subject of future genetics research.
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2. Materials and Methods

2.1. Mice

Male and female breeding pairs from seven inbred strains, 129S1/SvimJ (129S1), A/J (A),
BALBcBy/J (CBy), C57BL/6J (B6), BTBR T+ tf/J (BTBR), DBA/2J (D2), and FVB/NJ
(FVB), were purchased from the Jackson Laboratory (Bar Harbor, ME) and maintained in our
colony at the Wadsworth Center. Male offspring of these breeders were used in all studies and
were socially naive to one other before the onset of testing. At weaning, mice were housed in
same-sex groups of 2—4 per cage, at a temperature of 21 + 2 °C, with a 12:12 hour light-dark
cycle with lights on at 0700. Food and water were freely available. At the start of testing, mice
were 60-90 days of age. All testing took place between 1230 and 1600. All procedures had
prior approval by the Wadsworth Institutional Animal Care and Use Committee. In Study 1,
mice from the following groups were tested in a 20-minute intra-strain test (6 male pairs per
strain): 129S1, BTBR, B6, D2 and FVB. In Study 2, male mice (12 pairs per strain) from the
following groups were tested in a 30-minute intra-strain test: 129, A, B6, BTBR, CBy, D2, and
FVB. An additional 12 FVB and 12 BTBR males, which were used to examine inter-strain
social behavior, were also tested in Study 2.

2.2. Apparatus

The chamber used for testing was a clear polypropylene cage (27.5 x 15.5 x 13.0 cm) with
bedding covering the bottom. The cage was identical to the standard housing cages. All
behavior during the sessions was videotaped with a Panasonic VHS camera. Videotapes were
played back with a Panasonic VCR and monitor.

2.3. Procedure

In Study 1, designed to elicit all types of social interactions, one male mouse of a pair was
placed in the cage and allowed to explore freely for 15 minutes. At the end of the 15-minute
session, a second male mouse of the same strain was added to the cage, and the behavior of
the pair of animals was recorded on videotape for 20 minutes. Thus, one mouse was the resident
of the cage and the other an intruder. At the end of the session, both mice were removed from
the chamber, and the chamber was cleaned and new bedding added. In Study 2, designed to
reduce the number of aggressive behaviors and allow more positive social interactions, both
mice (males of the same strain) were added to the chamber at the same time and the session
was increased to 30 minutes so as to allow more time for social exchanges to occur. In addition,
two strains known to display low levels of social behavior — A and CBYy — were tested, so that
we could compare our findings with those of recent inbred strain comparisons [12,41,50]. In
Study 2, inter-strain social behavior during the 30-minute session was also studied in pairs
comprised of one BTBR mouse and one FVB mouse (BTBR-FVB). The amount of time during
which the mice engaged in social interactions (e.g., sniffing, following, allogrooming, biting,
chasing, mounting, wrestling) was recorded from videotapes for each pair of mice, by a naive
observer. These behaviors have been routinely used to evaluate social behavior in rodents [5,
9,45,47] and were coded according to established definitions [19].

2.4, Statistical Analysis

In all cases, the time engaged in social behavior was analyzed by one-way analysis of variance
(ANOVA), with strain as the independent variable. The amount of time spent in specific
categories of social behavior (e.g., sniffing, positive social behavior, negative social behavior,
mounting/sexual behaviors) was analyzed by one-way ANOVA, with inbred strain as the
independent variable. Fisher’s post-hoc tests were then used to make pairwise comparisons.
All statistical analyses were completed with STATVIEW 5.0.
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3. Results and Discussion

3.1. Study 1

3.2. Study 2

There were significant differences in the amount of time spent engaged in social interactions
(F(4,25) = 8.441, p=0.0002; see Figure 1), with BTBR mice spending the least and FVB
spending the most time engaged in social behavior, among the five strains (all comparisons
p<0.05; except the comparison between B6 and BTBR, where p<.12). When we examined
specific types of social behavior, it was clear that some behaviors were more common than
others and were seen in all strains tested, whereas for other behaviors strain differences existed
(see Table 1). For instance, sniffing behavior was seen in all male pairs, regardless of strain.
Allogrooming and huddling were never seen in male pairs of any strain during this 20-minute
session. Mounting occurred in 12951, D2, and FVB, but not in B6 and BTBR strains. Wrestling
was only seen in B6 and FVB strains and then only for a few pairs, whereas following was
seen for all strains except BTBR. The high level of social behavior observed in FVB mice was
consistent with the sociability and preference for social novelty levels typically seen in this
strain [41]. The level of social behavior in the BTBR strain observed in our study is similar to
that observed by Crawley and colleagues for both adult and juvenile age groups of this strain
[38,42]. Thus, BTBR and FVB represent opposite ends of the social behavior spectrum and
may be good choices for future genetic studies.

To focus on non-aggressive social behaviors, we modified our procedure so that both mice of
the pair were added to the chamber simultaneously. In this situation we found significant inbred
strain differences in the amount of time spent engaged in social interactions (F(6,77) = 11.307,
p<0.0001; see Figure 2), with FVB mice spending more time engaged in social activity than
any other strain (all p<0.01). The D2 strain displayed the second-highest length of time engaged
in social behavior (all comparisons p<0.5).

In general, the time spent in social interactions was low in this study for most of the inbred
strains tested, although the general trends are similar to that obtained in other studies [41,42].
Furthermore, the time spent engaged in social interactions is lower in Study 2 than it was in
Study 1. The lower overall values seen in Study 2 may be due, at least in part, to the testing
situation, as experimental manipulations can influence the social behavior of some strains more
than others [21]. The new cage and clean bedding may have provided a conflict between cage
exploration and social exploration. Perhaps the low level of social interaction was the result of
increased exploratory activity, as it was noted that the mice spent a large percentage of their
time running around the cage, rearing, and digging in the bedding. In contrast, one member of
each pair had prior exposure to the chamber in Study 1, which might have increased the time
spent in social interactions initiated by the “resident” mouse.

However, since the overall social behavior analysis included all types of social behavior, it
does not differentiate those types of behavior most appropriate to autism spectrum disorders.
To address this issue, we next calculating the time spent engaged in each type of social behavior.
We divided the social behaviors into four main categories: sniffing; positive behaviors such as
huddling or allogrooming; negative behaviors such as wrestling and biting; and mounting
behavior [19]. Surprisingly, although we modified our procedure to encourage positive social
interactions and discourage negative ones, this did not happen. There was no decrease in
negative behaviors between the two sessions and the levels of positive behaviors remained
low. We did find that some behaviors occurred more frequently than others. For instance,
sniffing behavior was seen in all male pairs regardless of strain. However, there were inbred
strain differences in the amount of time that males spent engaged in sniffing behavior (F(6,77)
=21.617, p<0.0001; see Figure 3). FVB spent more time engaged in this type of social behavior
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than any other strain (all p<0.0001). With the exception of D2, which engaged in this behavior
significantly longer than A or BTBR (all p<.05), there were no differences among the other
inbred strains. However, as can be seen in Figure 3, other differences may have emerged, if
strains had been examined on a pairwise basis. This is especially true for the two strains — A
and BTBR- that displayed this type of social behavior least often. Negative social behaviors
such as wrestling and biting were not common and were only seen in B6 (mean time (sec) =
8.3 £5.4) and FVB (29.8+13.1) strains. However, even in those cases, they were observed in
four pairs (33%) of FVB mice and in three pairs (25%) of B6. For positive social behaviors
such as allogrooming and huddling, inbred strain differences were evident (F(6,77) = 2.497,
p=0.0292; see Figure 4). D2 was the only strain that differed from the other strains (all p<0.05),
and it displayed the most variability in performance of positive behaviors. Examination of the
raw data revealed that some D2 mice displayed a lot of these behaviors, while others displayed
them only rarely. It is unknown at this time why there was so much variation in the D2 strain;
the variation was not related to litter or age factors. Finally, mounting behavior was rare and
was only observed in one 129S1 male pair (8%).

We next examined the effect of placing highly social FVB and less social BTBR males together
in pairs. These strains were selected for several reasons. First, FVB was consistently the most
socially active of all the strains in intra-strains studies and BTBR displayed a low level of social
interaction. In contrast to some of the strains also displaying low levels of social behavior (e.g.,
A), the activity levels of BTBR and FVB mice are both high [7,42]. Thus, in BTBR-FVB
pairings, social behavior differences should not merely be a consequence of low activity levels,
and the two mice should be well matched in terms of exploratory behavior ability. The inter-
strain BTBR-FVB pairs were compared to the FVB and BTBR intra-strain pairs. As can be
seen in Figure 2, there were significant differences in time spent engaged in social interactions
among the groups (BTBR-BTBR, FVB-FVB, and BTBR-FVB; F(2,33) = 18.498, p<0.0001).
The BTBR-FVB pairs displayed significantly more social behavior than did the BTBR-BTBR
pairs (p<0.0001), and there was a tendency for the inter-strain pairs to be even more social than
FVB-FVB pairs (p=0.0741).

The three types of pairings, BTBR-BTBR, BTBR-FVB, and FVB-FVB, differed in the amount
of time spent engaged in sniffing behavior (F(2,33) = 22.407, p<0.0001; see Figure 3). The
BTBR-BTBR combination displayed significantly less of this type of social behavior than did
the FVB-FVB and BTBR-FVB pairs (all p<0.0001); the latter two types of pairings did not
differ from one another. There was no difference in the amount of time engaged in positive
social behaviors among BTBR-FVB, BTBR-BTBR and FVB-FVB pairs (see Figure 4). In
terms of negative social interactions, there were differences among the combinations (F(2,33)
=11.068, p=0.0002; see Figure 5). Pairs of BTBR-FVB mice displayed significantly more
wrestling and biting than did pairs of BTBR-BTBR and FVB-FVB mice (p<.0.01).
Observations of the videotapes often revealed an interesting sequence of events, withthe BTBR
mouse initiating the negative social behavior. During the first few minutes, little social behavior
occurred, as both males explored the cage. Then, the FVB mouse approached the BTBR mouse.
Most of this behavior consisted of sniffing. Little aggressive behavior was observed during
this time. At this point the BTBR mouse moved away from the FVB, started digging, or simply
remained relatively unresponsive to the social attention. After 8-10 minutes of this forced
social interaction, the BTBR suddenly displayed aggressive behavior. The FVB mouse
eventually responded by fighting; however, it is often clear from the videotapes that the BTBR
mouse was the actual initiator of the aggression. It is noteworthy that this negative social
behavior did not occur until after the F\VB mouse’s continual attempts to initiate social contact
with the BTBR mouse. This sequence was seen in over 50% of the BTBR-FVB pairs. Although
aggression is not one of the core symptoms of autism, it has been reported to occur in response
to sensory overload [46]. Perhaps, the persistent attempts at social contact by the FVB causes
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a sensory overload for the BTBR mouse, and aggression resulted. Further studies are needed
to dissect the complex set of interactions seen between these two mouse strains.

4. General Discussion

It is clear from these studies that inbred mouse strains can differ markedly in their levels of
social behavior. This conclusion is in agreement with findings of previous studies [41,50].
Some strains (e.g., FVB) are very social, whereas others (e.g., A, BTBR) are not. Furthermore,
some social behaviors, like sniffing, are common in all strains, although the time spent engaged
in this behavior varies across strains. Other social behaviors (e.g., mounting of same-sex
mouse) are relatively rare, at least in the strains that we tested. Thus, there do exist differences
insocial behavior that may be useful in the search for the genetic components of social behavior.

Of particular interest in these studies is the low level of social behavior of the BTBR mouse.
Crawley and colleagues have also reported low levels of social behavior in both adult and
juvenile BTBR mice [38,42]. This low level of social behavior does not correlate with low
locomotor activity levels or high levels of anxiety [7,38,42], which may play a role in the low
social activity in strains such as A/J [6,18,42]. Until recently the BTBR strain has been one of
the least studied inbred strains. Originally, Mary Lyon crossed mice bearing the tufted mutation
to mice from a stock carrying the T gene; the result was BTBR [48]. BTBR is most similar
genetically to the various 129 substrains [48], but this may be the result of crossing the stock
with one of the 129 strains for hardiness. Until a few years ago, BTBR was best known in its
role as the parental strain for the mutant BTBR-Pah€"!2 mouse, a model of phenylketonuria
developed by germline ethylnitrosourea [52]. It wasn’t until the Mouse Phenome Project (MPP;
http://jax.org/phenome), a coordinated effort of over a dozen laboratories to examine 40 inbred
strains maintained by The Jackson Laboratory, that the behavioral genetics community took
note of the BTBR strain. Initially, it was placed among the inbred strains in the category with
top priority for testing, but was later dropped to lowest priority. Fortunately, some researchers
had already started their studies with this mouse and had become intrigued with BTBR. The
performance of BTBR mice on the accelerating rotorod is superior to many strains [48]. They
display poor social learning in the transmission of food preference assay [38]; this learning
deficit may be related to low levels of sniffing behavior. These mice also have noticeable
abnormalities in brain structure. There is a virtual absence of the corpus callosum, and severe
reduction of the hippocampal commissure [48]. Since a number of studies have reported corpus
callosum deficits in autistics [11,15,28,54], this corpus callosum deficit in the BTBR strain
makes it even more fascinating for further study as a possible mouse model of autism. We have
recently mapped the corpus callosum deficiency seen in the BTBR mouse to two quantitative
trait loci on the X Chromosome [32]. It is not yet known whether the genes on the X
Chromosome that underlie these loci are related to autism, however, ongoing research in our
laboratory is addressing that issue.
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Figure 1.

Intra-strain social interaction, when one mouse of the pair had prior experience in the testing
chamber. Mean (+ SEM) time spent engaged in any type of social interaction (12 pairs per
strain of 129S1, B6, BTBR, D2, and FVB) during the 20-minute session.
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Figure 2.

Intra-strain and inter-strain social interaction, when both mice of a pair were naive to the testing
chamber. Mean (+ SEM) time spent engaged in any type of social interaction (12 pairs per
strain of 129S1, A, B6, BTBR, CBy, D2, and FVB, and 12 BTBR-FVB pairs) during the 30-
minute session.
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Figure 3.

Mean (£ SEM) time spent engaged in sniffing behavior (12 pairs per strain of 12951, A, B6,
BTBR, CBy, D2, and FVB, and 12 BTBR-FVB pairs) when both mice of a pair were naive to
the testing chamber during the 30-minute session.
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Figure 4.

Intra-strain and inter-strain social interaction, when both mice of a pair were naive to the testing
chamber. Mean (x SEM) time spent engaged in positive social behaviors (e.g., huddling,
allogrooming) (12 pairs per strain, 12951, A, B6, BTBR, CBy, D2, and FVB, and 12 BTBR-
FVB pairs) during the 30-minute session.
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Figure 5.

Effects of pairing male mice from inbred strains with high and low levels of social interaction
behavior (12 pairs BTBR-BTBR, BTBR-FVB, FVB-FVB). Mean (+ SEM) time spent engaged
in negative social behavior (e.g., wrestling and biting) during the 30-minute session.
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Study 1: Percentage (number of pairs) of mice of each inbred strain displaying various types of social behaviors

during the 20-minute test session.

Strain Type of Social Behavior

Mountin Wrestlin Followin Allogrooming Sniffing Huddlin
12951 50%(3) 0%(0) 100%(6) 0%(0) 100%(6)] 0%(0)
B6 0%(0) 17%(1) 100%(6) 0%(0) 100%(6)] 0%(0)
BTBR 0%(0) 0%(0) 0%(0) 0%(0) 100%(6)] 0%(0)
D2 17%(1) 0%(0) 100%(6) 0%(0) 100%(6)] 0%(0)
FVB 50%(3) 50%(3) 100%(6) 0%(0) 100%(6)] 0%(0)
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