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Abstract

LAY ABSTRACT—Diagnosis of an autism spectrum disorder (ASD) requires a qualitative
assessment of social aptitude: one person judging whether another person interacts in a “typical’
way. Quantitative or computerized assessment of social aptitude cannot substitute for this
subjective judgment. We hypothesized that mice could be used to make a similar judgment if they
prefer ‘typical’ over ‘atypical’ social interactions with mouse models relevant to ASD. We used
typical C57BL/6 (B6) mice as ‘judges’ and evaluated their preference for a chamber containing a
‘typical’ or an ‘atypical’ mouse. For our atypical mice, we chose two strains with well-
documented social phenotypes, as well a mutant line with abnormal social behavior and seizures.
Overall, we observed a characteristic pattern of behavior over the course of 30 minutes, with the
judges preferring the typical mouse chamber to the atypical mouse chamber during the last 10
minutes of the test. When we evaluated the individual stimulus pairings, two of the three showed a
similar pattern as the overall results, and the other stimulus comparison showed a trend for a
preference for the typical mouse chamber across the entire test. We repeated the experiments using
the 129S6 strain of typical mice as judges and found a much less strong preference pattern across
time. These data suggest that a characteristic pattern of exploration in B6 mice can distinguish
some socially atypical animals from controls.

SCIENTIFIC ABSTRACT—Diagnosis of an autism spectrum disorder (ASD) requires a
qualitative assessment of social aptitude: one person judging whether another person interacts in a
‘typical’ way. We hypothesized that mice could be used to make a similar judgment if they prefer
‘typical’ over ‘atypical’ social interactions with mouse models relevant to ASD. We used wildtype
C57BL/6 (B6) mice as ‘judges’ and evaluated their preference for a chamber containing a “typical’
(B6 or 129S6) or an “atypical” mouse. For our atypical mouse stimuli, we chose two inbred strains
with well-documented social phenotypes (BTBR and BALB/c), as well a mutant line with
abnormal social behavior and seizures (Gabrb3 +/-). Overall, we observed a stimulus by time
interaction (P < 0.0001), with B6 mice preferring the typical mouse chamber during the last 10
minutes of the 30-minute test. For two of the individual stimulus pairings, we observed a similar
chamber by time interaction (BALB/c vs. 129S6, P = 0.0007; Gabrb3 +/- vs. 129S6, P = 0.033).
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For the third stimulus pairing, we found a trend for preference of the typical mouse across time
(BTBR vs. B6, P = 0.051). We repeated the experiments using 129S6 mice as judges and found a
significant overall interaction (P = 0.034), but only one stimulus pairing reached significance on
its own (BALB/c vs. 129S6, P = 0.0021). These data suggest that a characteristic pattern of
exploration in B6 mice can distinguish some socially atypical animals from controls.

INTRODUCTION

Diagnosis of an Autism Spectrum Disorder (ASD) requires a qualitative assessment of
impaired social interaction: one human judging whether another human’s social behavior is
‘atypical’ (American Psychiatric Association, 2000). Even the Autism Diagnostic
Observation Schedule (ADOS), which incorporates a standardized series of social
interactions, still relies on the examiner’s qualitative assessment of a child’s behavior (Lord,
et al., 2000). Thus far, computerized assessments, biomarkers, or other quantitative
measures are not used to refine, or even to complement, behaviorally based diagnosis
(Veenstra-VanderWeele & Blakely, 2012; VVolkmar, et al., 2009; Zwaigenbaum, et al.,
2009). This dependence upon human evaluation of human social behavior presents
significant challenges when attempting to evaluate autism-relevant behavior in lower
organisms (Ey, et al., 2011; Moy & Nadler, 2008; Silverman, et al., 2010).

Studies of genetic, prenatal, and perinatal risk have identified a number of ASD
susceptibility factors that can be studied in lower organisms (Betancur, 2011; Devlin &
Scherer, 2012; Gardener, et al., 2009, 2011; Guinchat, et al., 2012; State & Levitt, 2011).
Mouse models of ASD susceptibility are appealing for several reasons, including the
tractability of genetic manipulation in mice, the relatively short reproductive cycle and time
to maturity, and the tendency of mice to live in social groups (Ey, et al., 2011; Moy &
Nadler, 2008; Silverman, et al., 2010). A number of assays have been developed to evaluate
the social behavior of mouse models of autism susceptibility (Bolivar, et al., 2007; Crawley,
2007; Moy & Nadler, 2008; Moy, et al., 2004; Panksepp & Lahvis, 2007; Pobbe, et al.,
2010; Roullet, et al., 2010; Silverman, et al., 2010; Spencer, et al., 2005; Wrenn, et al.,
2003). Some of these assays, such as the resident-intruder test or observations of juvenile
play, require individual behaviors to be hand-scored by a human observer during dyadic
interactions (McFarlane, et al., 2008; Winslow & Miczek, 1983). Although these direct
assays of social behavior might be more sensitive to abnormal social behavior than more
automated tests (Pobbe, et al., 2010; Yang, Bozdagi, et al., 2012), they are very time-
intensive, their methods are difficult to standardize across labs, and observed differences in
individual behaviors can be difficult to interpret.

The most used mouse social assay is a sociability/social approach task that assesses a
mouse’s preference for a social stimulus (another mouse) over a non-social stimulus over 1-
10 minutes (Kwon, et al., 2006; Moy, et al., 2004; Sankoorikal, et al., 2006; Winslow,
2003). Various versions of this assay have been used in the literature, with most groups now
converging on a 10-minute, three-chamber version developed by the Crawley lab (Moy, et
al., 2004). This assay has the advantage of being brief, objective, easily quantified,
replicable across labs, and responsive to drug treatment (Chadman, 2011; Gould, et al.,
2011; Silverman, Oliver, et al., 2012; Silverman, Smith, et al., 2012; Yang, Silverman, et al.,
2011). Despite the simplicity and appeal of this test, lack of preference for social stimuli is
not a cardinal symptom of autism. Instead, lack of social interest is confined to a subgroup
of children described as “‘aloof’ by Lorna Wing and others, comprising 36-40% of ASD
(Beglinger & Smith, 2005; Castelloe & Dawson, 1993; O’Brien, 1996; Wing & Gould,
1979). Further, this task is dependent upon activity level (Moy, et al., 2009; Veenstra-
VanderWeele, et al., 2012; Yang, et al., 2009) and may be sensitive to anxiety-like behavior
(Peca, et al., 2011; Silverman, et al., 2010).
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The core social symptom in ASD is not a deficit in social interest but in social reciprocity or
social aptitude (American Psychiatric Association, 2000). Since we have not been able to
quantify social aptitude in humans or program a computer to recognize social deficits, it is
unreasonable for us to expect that humans will easily recognize impaired social aptitude in
mice. One alternative might be to let a typical mouse judge the social aptitude of a mutant
animal. In theory, a mouse ‘judge’ might be trained to distinguish a mouse with typical or
atypical social behavior in an operant paradigm. We hypothesized, however, that a mouse
would show a natural preference for a typical social interaction vs. an atypical social
interaction. We sought to harness this hypothesized preference in a modification of the
three-chamber social paradigm, the Preference for Typical Social Interaction Test (PTSIT),
where typical mice are given the choice of spending time near a control mouse versus a
mouse that humans have judged to have atypical social behavior.

In evaluating the hypothesis that mice may show a preference for typical social interactions,
we sought to incorporate the elegant simplicity of the three-chamber design as developed by
the Crawley lab. This design is usually applied in a 10-minute test, but we chose to
implement a 30-minute test instead. We reasoned that the initial period of social contact
might be driven by interest in the novel aspect of the social stimuli, but that the animal’s
choices over an extended time would reflect true preference for a typical social interaction.
The Paylor lab’s observation of altered patterns of social exploration over time in the Fmr1
null mouse supported the idea that different lengths of testing may reflect different
motivations (Spencer, et al., 2005).

For stimulus animals, we chose inbred strains that have shown robust and consistent deficits
in social behavior across multiple labs. The BTBR T+tf/J (BTBR) mice are the best-studied
mouse model of autism-like behavior and show abnormalities in sociability, in juvenile play,
and in vocalization across multiple labs (Bolivar, et al., 2007; Gould, et al., 2011,
McFarlane, et al., 2008; Pobbe, et al., 2010). The BALB/c mice similarly show
abnormalities in sociability across multiple labs and also show elevated anxiety-like
behavior (Jacome, et al., 2011; Moy, et al., 2007; Panksepp & Lahvis, 2007; Sankoorikal, et
al., 2006). Finally, we chose to evaluate the PTSIT using another putative model of ASD,
the Gabrb3hemizygous mouse (Gabrb3+/-), which has frequent absence-like seizures that
we would expect would lead to atypical social behavior (DeLorey, et al., 1998; DeLorey, et
al., 2008; Homanics, et al., 1997). Further, while mice with complete absence of Gabrb3
frequently die before adulthood, surviving animals have social deficits and have been
proposed as a model of autism based upon findings in some but not all autism genetic
studies (Buxbaum, et al., 2002; Cook, et al., 1998; Curran, et al., 2005; Delahanty, et al.,
2010; Maestrini, et al., 1999; Martin, et al., 2000; McCauley, et al., 2004; Nurmi, et al.,
2003; Salmon, et al., 1999; Shao, et al., 2003).

For each comparison, we sought to ask ‘typical’ C57BL/6 animals to choose to spend time
in the chamber with either a mouse with atypical social behavior or a typical control mouse.
We then sought to evaluate whether a second ‘typical’ mouse strain, 129S6/SvEvTac would
show a similar pattern of preferences. In both cases, we used modest sample sizes (n = 10) to
prioritize very large effect sizes that would indicate a useful method to differentiate between
typical and atypical social behavior. We chose a repeated measures ANOVA of time in each
chamber as our primary analysis to match the hypothesis that mouse ‘judges’ would spend
more time with a ‘typical’ versus an “atypical’ stimulus animal during the later portions of
the test.

Autism Res. Author manuscript; available in PMC 2014 June 01.
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All animal procedures were in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved by the Vanderbilt University
Institutional Animal Care and Use Committee. C57BL/6 (B6, Harlan Teklad, Indianapolis,
IN), 129S6/SvEvTac (129S6, Taconic Farms, Germantown, NY), BTBR T+tf/J (Jackson
Laboratories, Bar Harbor, ME), and BALB/c (Taconic Farms, Germantown, NY) males
were obtained at 6-8 weeks of age. Gabrb3 +/- breeders (Homanics, et al., 1997) were
acquired from Jackson Laboratories (Bar Harbor, ME) on a mixed C57BL/6-129S6 genetic
background, and male progeny were used after 8 weeks of age. Animals were housed 3-5
mice per cage by strain in the behavioral animal facility; standard rodent chow and water
were available ad libitum. All animals were allowed to acclimate to the colony room for one
week and were at least 8 weeks old before testing.

Preference for Typical Social Interaction Test

Statistics

As a modification of the well-developed three-chamber social tests, preference for typical
social interaction was measured in a three-chamber polycarbonate apparatus with sliding
doors separating each chamber, as previously described (Carter, et al., 2011). Ten B6 and
ten 12956 males were designated as “judge” mice. The remaining 5 B6, 5-129S6, 5 BTBR,
5 BALB/c, and 5 Gabrb3+/- mice were designated as “stimulus” mice.

Prior to experimentation, stimulus mice were allowed to habituate to inverted wire pencil
cups (Organize It, Citrus Heights, CA) placed in the three-chamber box in the testing room
for 45 minutes, twice a day for 3 consecutive days. Between each habituation session, the
chamber and pencil cups were cleaned with MB-10 chlorine dioxide antimicrobial solution
(Quip Labs, Wilmington, DE) and then 70% ethanol. On the day of the experiment,
designated judge mice were allowed to acclimate to the testing room for 30 minutes without
stimulus mice present. To begin the assay, a judge mouse was placed in the center chamber
and allowed to explore the empty 3-chamber box freely for 10 minutes. After this
habituation period, the judge mouse was directed to the center chamber and the doors were
closed. Two stimulus mice of opposing strains (B6 versus BTBR; 129S6 versus BALB/c;
129S6 versus GABAB3R +/-) were introduced to the side chambers in the inverted pencil
cups. A small weight was placed above the pencil cups to discourage climbing by the judge
mouse. The doors were then opened and the judge mouse was allowed to investigate for 30
minutes. Both the habituation and the preference for typical social interaction portion of the
assay were video-recorded and scored for side-bias and strain preference using Any-Maze
tracking of the mouse’s body and nose (Stoelting Co, Wood Dale, IL). “Chamber time” was
defined as the judge mouse’s body being completely within the side chamber. “Sniff time”
was defined as the judge mouse’s nose being within 1 cm of either of the inverted pencil
cups. Upon completion of the assay, the judge and stimulus mice were returned to their
respective home-cages. The 3-chamber box, doors, pencil cups, and weights were cleaned
first with MB-10 and then with 70% ethanol between each judge mouse. All trials of each
individual stimulus pairing (B6 versus BTBR; 129S6 versus BALB/c; 129S6 versus
GABAPB3R +/-) were completed before moving to the next stimulus pairing. The stimulus
strains were alternated between the two side chambers (i.e., left then right in subsequent
tests) in the apparatus and the individual stimulus mice were rotated between each trial.

Two-way, repeated measures ANOVA with Bonferroni multiple comparison test of time in
each side chamber and within 1 ¢cM of each pencil cup was conducted using GraphPad Prism
(La Jolla, CA).
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Neither B6 nor 129S6 ‘judge’ mice showed a significant side preference during the
habituation period of the task. The time B6 ‘judge’ mice spent in each chamber showed the
hypothesized statistical interaction between stimulus strain and time period for two of the
three strain comparisons (P < 0.001 for 129S6 vs. BALB/c and P < 0.05 for 129S6 vs.
Gabrb3 +/-, Figure 1B, C). For the third strain comparison, B6 vs. BTBR, they showed a
trend for overall preference of B6 across all three time periods (P = 0.051, Figure 1A). When
all three typical vs. atypical mouse strain comparisons were pooled, the stimulus strain by
time period interaction was highly significant (P < 0.0001, Figure 1D). The interaction terms
for B6 time spent within 1 cM of the stimulus mouse were not statistically significant for the
individual strain comparisons (Figures 1E-G) but were significant for the pooled typical vs.
atypical analysis (P < 0.05, Figure 1H).

The time 129S6 ‘judge’ mice spent in each chamber showed the hypothesized statistical
interaction between stimulus strain and time period for one of the three stimulus strain
comparisons (P < 0.01 for 129S6 vs. BALB/c, Figure 2B). Neither of the other stimulus
strain comparisons was statistically significant (Figures 2A, C). The pooled typical vs.
atypical strain by time period interaction was statistically significant (P < 0.05, Figure 2D).
None of the interaction terms for 129S6 time spent within 1 ¢cM of the stimulus mouse was
statistically significant, nor was the pooled analysis (Figures 2E-H).

DISCUSSION

As hypothesized, for two of the three strain comparisons and in the pooled analysis, we
observed that B6 mice showed a significant strain by time period statistical interaction in the
time they spent in the same chamber with “typical’ versus ‘atypical’ mice. For the pooled
analysis, Bonferroni post-test suggested that the statistical interaction was driven by a
preference for spending time in the chamber with the ‘typical’ mouse in the last 10-minute
period of the PTSIT. No significant statistical interactions were seen for time spent within 1
cM of the pencil cup in any of the comparisons.

The findings for 129S6 judge mice were not as striking as for B6; however one of the strain
comparisons and the pooled analysis did reveal a significant strain by time period statistical
interaction in the time that they spent in the same chamber with the ‘typical’ versus
‘atypical” mice. Higher variability is also seen for the 129S6 judges, reflecting a tendency
for some of these animals to remain stationary for long periods of time after the initial
period of exploration (Veenstra-VanderWeele, et al., 2012). Again, no significant
interactions were seen for time spent within 1 ¢cM of the pencil cup in any of the
comparisons. This suggests that 129S6 mice do not show as strong a preference for
chambers containing ‘typical’ mice.

The pattern of preference for typical social interaction in both the B6 and the 129S6 mice
suggests that there may be different motivations for different time periods within the PTSIT.
We would hypothesize that the initial 10-minute time period represents social exploration, as
reflected in more sniffing behavior during this time period. This time period may not be as
dependent upon the stimulus mouse’s social behavior as it is dependent upon the presence of
a social odor to investigate. Previous findings are consistent with the interpretation that the
first 5-10 minutes of the three-chamber task are dominated by olfactory social exploration.
Over a 10-minute three-chamber test, the Crawley lab found that B6 mice show no
preference for a mouse in an inverted pencil cup over a nestlet containing social odors
(Ryan, et al., 2008). Further, they found that B6 mice actually prefer a nestlet containing
social odors to a mouse confined in a plexiglass cylinder that is impermeant to odor (Ryan,
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et al., 2008). The Brodkin lab has found that time sniffing an odor-permeant cylinder
containing a mouse is a more sensitive and reliable measure than time spent in the chamber
with the mouse stimulus across a 10-minute three-chamber test (Fairless, et al., 2011). The
significant statistical interaction findings on the PTSIT may indicate that, once the initial
social exploration has been completed, mice prefer to spend time in a chamber with a
‘typical’ over an ‘atypical’ mouse.

The lack of difference observed in time within 1 cM of the two stimulus animals further
suggests that the effects seen for chamber time are not primarily driven by close social
exploration or contact. Alternatively, hand scoring of close social contacts between the
“judge” and “stimulus” animals could reveal subtle differences in social contacts that cannot
be observed by AnyMaze coding of time within 1 cM of the pencil cup. It is possible that the
effects seen for chamber time do not reflect differences in time spent in social interaction at
all; although further data on vocalizations or olfactory communication would be necessary
to assess this more fully. Various interpretations of the chamber time differences are
possible. Late in the test, when considerable time has already been available for exploration
of the social stimuli, mice may prefer the “typical” chamber because their contacts with the
typical mouse have been rewarding in some way, or because they feel safer in the chamber
containing a typical mouse, or because the atypical mouse chamber is aversive in some way.
Ultimately, these data don’t allow a clear distinction between these possibilities, but they do
suggest that C57 animals show a different pattern of behavior that may distinguish between
“typical” and *“atypical” mice.

The Crawley lab has found that B6 mice show preference for multiple inbred mouse strains
(B6, BTBR, A/J, 129Sv/ImJ) over a novel object on the 10-minute three-chamber sociability
test (Nadler, et al., 2004; Yang, Abrams, et al., 2012). Of further relevance to our findings,
they found that B6 mice modulate their contacts with freely moving stimulus animals
depending upon the stimulus strain, showing less nose-to-nose sniffing and frontal approach
with BTBR in comparison to B6 stimulus animals (Yang, Abrams, et al., 2012).

These initial findings suggest that mice may prefer some social interactions to others, with
their preferences following a pattern that other tests differentiate as “typical’ versus
‘atypical’ for mouse social behavior. There are also some important limitations to these
findings. First, we used limited sample sizes that only allow us to detect very large effect
sizes. We reasoned that only substantial effect sizes would drive utility of this paradigm for
future studies. The effect sizes we actually observed were smaller than those seen for the
three-chamber test when comparing a social stimulus to a non-social stimulus. This may
reflect the complexities of differentiating social aptitude from social approach behavior.
Second, we only evaluated three lines of ‘atypical’ mice. Further testing could evaluate
whether these findings would extend to the broader array of mouse lines with atypical social
behavior. Third, we used the same ‘judge’ animals in multiple experiments, reasoning that
this would allow us to evaluate the robustness of the effect across repeated testing. Fourth,
we re-used stimulus animals in the assay, which could lead to changes in their behavior;
although each “judge” mouse only encountered a stimulus animal a single time. Finally, we
did not use littermate comparisons for these experiments, which is not possible for inbred
strains of mice. It is therefore possible that the “atypical’ social behavior present in these
mouse lines is determined by early social experience, rather than genetic background itself
(Yang, Perry, et al., 2011).

These findings also raise interesting questions for future study. We approached the initial
experiments as an opportunity to evaluate whether mice show preference for ‘typical’ versus
‘atypical’ social interactions. Other approaches to this hypothesis would include free
interactions with different strains of mice followed by a conditioned place preference
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approach (Panksepp & Lahvis, 2007). Turning the paradigm on its head, it may also be
possible to evaluate whether particular lines of mice show preference for typical versus
atypical social interactions as judges in this paradigm, which could also indicate social
aptitude. Our initial findings suggest that B6 animals show more robust preference for
‘typical’ social interactions than 129S6; although we did not explicitly evaluate this
possibility. Overall, our observations suggest that the PTSIT may be a useful addition to a
battery of social tests, including the three-chamber sociability test, as well as tests of
activity, anxiety-like, and other autism-relevant behavior. Further work will be necessary to
evaluate the degree to which it correlates with patterns of mouse free interaction or other
potential measures of social aptitude.
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Figure 1. Preference of C57BL/6 (B6) mice for typical social interactions

A) Total time (mean, SEM) spent in the chamber containing Typical (B6, 129S6) vs.
Atypical (BTBR, BALB/c, Gabrb3 +/-) stimulus mice (Two-way, repeated-measures
ANOVA, strain x time interaction F = 10.99, P < 0.0001; n = 30). B) B6 vs. BTBR
(interaction F = 1.75, P = 0.19; Strain F = 4.46, P = 0.051; n = 10). C) 129S6 vs. BALB/c
(interaction F = 9.01, P = 0.0007; n = 10). D) 129S6 vs. Gabrb3 +/- (interaction F = 3.76, P
=0.033; n = 10). E) Time spent within 1 cm of the inverted pencil cup containing Typical
(B6, 129S6) vs. Atypical (BTBR, BALB/c, Gabrb3 +/-) stimulus mice (interaction F = 3.53,
P =0.033; n = 30). F) B6 vs. BTBR (interaction F = 2.48, P = 0.10; n = 10). G) 129S6 vs.
BALB/c (interaction F = 2.37, P = 0.11; n = 10). H) 129S6 vs. Gabrb3+/- (interaction F =
0.77, P = 0.47; n = 10). Bonferroni multiple comparison test run on significant interactions:
*P <0.05, ** P <0.01, *** P <0.001.
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Figure 2. Preference of 129S6/SvEVT ac (129S6) mice for typical social interactions

A) Total time (mean, SEM) spent in the chamber containing Typical (B6, 129S6) vs.
Atypical (BTBR, BALB/c, Gabrb3+/-) stimulus mice (Two-way, repeated-measures
ANOVA, Strain x time interaction F = 3.49, P = 0.034, n = 30). B) B6 vs. BTBR stimulus
mice (interaction F = 0.49, P = 0.62; n = 10). B) 129S6 vs. BALBI/c (interaction F = 7.52, P
=0.0021; n = 10). C) 129S6 vs. Gabrb3+/- (interaction F = 0.80, P = 0.46; n = 10). D)
Pooled Typical (B6, 129S6) vs. Atypical (BTBR, BALB/c, Gabrb3 +/-) (interaction F =
3.49, P =0.034; n = 30). E) Time spent within 1 cm of the inverted pencil cup containing
Typical (B6, 129S6) vs. Atypical (BTBR, BALB/c, Gabrb3 +/-) stimulus mice (interaction
F=0.0072, P =0.99). F) B6 vs. BTBR (interaction F = 1.78, P = 0.18; n = 10). G) 129S6 vs.
BALBY/c (interaction F = 0.83, P = 0.44; n = 10). H) 129S6 vs. Gabrb3 +/- (interaction F =
0.36, P = 0.70; n = 10). Bonferroni multiple comparison test run on significant interactions:
* P <0.05.
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