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Abstract

There is a strong need to better understand the neurobiology of juvenile sociability (tendency to
seek social interaction), a phenotype of central relevance to autism spectrum disorders (ASD).
Although numerous genetic mouse models of ASD showing reduced sociability have been
reported, and certain brain regions, such as the amygdala, have been implicated in sociability, there
has been little emphasis on delineating brain structures and circuits activated during social
interactions in the critical juvenile period of the mouse strain that serves as the most common
genetic background for these models—the highly sociable C57BL/6J (B6) strain. WWe measured
expression of the immediate early genes Fosand Egr-1 to map activation of brain regions
following the Social Approach Test (SAT) in juvenile male B6 mice. We hypothesized that
juvenile B6 mice would show activation of the amygdala during social interactions. The
basoloateral amygdala (BLA) was activated by social exposure in highly sociable, 4-week-old B6
mice. In light of these data, and the many lines of evidence indicating alteration of amygdala
circuits in human ASD, future studies are warranted to assess structural and functional alterations
in the BLA, particularly at BLA synapses, in various mouse models of ASD.
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Introduction

Social interactions enable animals to communicate with and learn from one another, and can
increase the likelihood of survival and reproduction. Markedly reduced sociability, defined
as a decreased tendency to seek out and engage in social interactions, is associated with a
number of neurodevelopmental and psychiatric disorders in humans, and is highly disabling.
Reduced sociability is one of the core symptoms of autism spectrum disorder (ASD), and
impairs social cognition and social skills during the sensitive developmental period of
childhood (Dawson et al., 2002; Jones et al., 2008; Chevallier et al., 2012). The experimental
control afforded by mouse models is useful for elucidating the brain regions and circuits that
mediate social approach behaviors, which can lead to better mechanistic understanding of
sociability development and, ultimately, better treatment of ASD. Various mouse models
relevant to ASD have been developed, many on a C57BL/6J inbred strain genetic
background (Jamain et al., 2008; Bozdagi et al., 2010; Pefiagarikano and Geschwind, 2012;
Won et al., 2012; Yang et al., 2012). However, few studies have attempted to delineate the
brain structures and circuits activated during juvenile social interactions, which are
particularly relevant to ASD, a childhood-onset disorder. Here, we investigate the brain
regions and cell types activated during a widely used assay of mouse social approach
behavior in juvenile C57BL/6J males.

We investigated brain region expression of the immediate early genes (IEG), c-Fos and
Egr-1, in juvenile (4-week-old) B6 mice following exposure to a modified version of the
Social Approach Test (SAT), an assay that has been widely used to assess sociability in
mice, including mouse models relevant to ASD (Brodkin et al., 2004; Moy et al., 2004;
Tabuchi et al., 2007; Fairless et al., 2012; Pefiagarikano and Geschwind, 2012; Won et al.,
2012). Based on previous studies of adult rodent social behaviors (Ferguson et al., 2001;
Petrulis, 2009; Samuelsen and Meredith, 2011; Trezza et al., 2012), as well as human social
behaviors, we hypothesized that juvenile mice would show increased IEG expression in
olfactory and limbic areas of the brain, particularly the amygdala, following exposure to a
social stimulus mouse. We hypothesized that both glutamatergic and GABAergic neurons in
these regions would show increased c-Fos expression.

Experimental Procedures

Subjects

Male C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME) at 3
weeks of age, were allowed to acclimate for 1 week, and were tested for social approach
behavior at 4 weeks of age. Gonadectomized A/J mice were also obtained from JAX
(gonadectomized at JAX at 3—4 weeks of age) and were used at 60-100 days old as stimulus
mice for the Social Approach Test. Mice were housed 4-5 per cage in a temperature and
humidity controlled environment (12-hour light-dark cycle) with ad /ibitum access to food
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(LabDiet 5010, Purina Mills, Richmond, IN) and water. Experiments were conducted in
accordance with the Guide for the Care and Use of Laboratory Animals and were approved
by the University of Pennsylvania Institutional Animal Care and Use Committee. A total of
58 mice completed the modified Social Approach Test after which their brains were
processed for immunochemistry, described below. Mice were randomly placed into one of
three experimental conditions: home cage (HC), nonsocial exposure (NS), or social exposure
(SOC), described below. Thirteen mice were excluded from analysis because of excessive
climbing on cylinders during behavioral testing or due to damage to the tissue during
processing/ inadequate staining. In total samples sizes were as follows: Cohort 1: HC, n=4;
NS, n=5; SOC, n=4; Cohort 2: NS, n=3; SOC, n=4; Cohort 3: NS, n=5; SOC, n=6; Cohort 4:
NS, n=7; SOC, n=7.

Four-week-old B6 mice underwent a modified version of the Social Approach Test (SAT)
(Sankoorikal et al., 2006; Fairless et al., 2008, 2011). Mice were placed in a three-
chambered topless and bottomless box (10 x 20.5 x 9 in) made of black acrylic Plexiglass.
The apparatus was placed on a clear Plexiglass stand covered with a fresh piece of bench
mat paper and was illuminated from beneath with infrared light panels. Testing was
conducted under low light (= 5 lux) and filmed from overhead using a Sony Hard Disk Drive
Handycam DCR-SR85 camcorder set to an infrared-sensing “nightshot” mode. The two end
chambers contained identical clear Plexiglass cylinders which had breathing holes that
allowed for air circulation and olfactory exploration. The test mouse was able to move freely
between the chambers.

The modified SAT consisted of two ten-minute phases. During Phase 1 (habituation), both
cylinders were empty and the test mouse was allowed to freely explore the arena. During
Phase 2, one cylinder contained a non-social stimulus--a novel object (OBJ; a plastic
paperweight). The other cylinder either remained empty (EMP; nonsocial exposure group
(NS)) or contained a social stimulus (SS)--a same-sex gonadectomized adult A/J mouse
(social exposure group (SOC)). The test mouse was again able to freely explore the
apparatus for ten minutes. A group of mice designated the Home Cage (HC) group was not
subjected to the modified SAT but remained in their home cages in the testing room for
approximately 30 min. Nothing new was placed in their home cages, and they were
sacrificed at the same time as the NS and SOC groups of mice.

Time spent sniffing the cylinders was measured using an automated behavioral analysis
system (TopScan, Version 2.00, Clever Sys. Inc., Reston, VA). The primary variable of
interest in the SAT was time spent sniffing the social cylinder in Phase 2, because our
previous work has indicated that that variable is the most reliable and valid measure of
sociability (Fairless et al., 2011).

Immunohistochemistry

One hour after the SAT, mice were trans-cardially perfused with 4% paraformaldehyde
(Sigma Aldrich, St. Louis, MO). The brains were post-fixed for 24 h and cryoprotected in a
30% sucrose solution. Coronal cryosections (40 um) were incubated with a rabbit polyclonal
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anti-c- Fos (1:2000, Santa Cruz Biotechnology, Santa Cruz, CA; Figure 1A) or anti-Egr-1
(1:500, Santa Cruz Biotechnology, Santa Cruz, CA; Figure 4F) antibody for 48 hours at 4°C
and then with secondary biotinylated anti-Rabbit 1gG (1:200, Jackson Immunoresearch,
West Grove, PA) antibody. The c-Fos and Egr-1 immunoreactivity were visualized using
standard ABC method (Vectastain ABC kit, Vector) and diaminobenzidine (DAB)-nickel
solution (Sigma Aldrich, St. Louis, MO). For double immunofluorescence experiments,
cryosections were incubated with a mixture of rabbit polyclonal anti-c-Fos antibody (1:500,
EMD Millipore, Billerica, MA) and either a mouse anti-calcium calmodulin kinase Il
(CaMKIl, 1:250; EMD Millipore) or guinea pig anti-gamma-aminobutyric acid antibody
(GABA, 1:200; EMD Muillipore). A mixture of fluorescent secondary anti-rabbit and anti-
mouse or anti-guinea pig antibodies (Alexa 488 and Alexa 546 or Alexa 647, 1:200; Jackson
Immunoresearch) were used to visualize staining.

Image Analysis

Images were acquired using an Olympus BX41 light microscope with SPOT basic digital
imaging software (Diagnostic Instruments, Sterling Heights, MI), a Leica DM6000 upright
widefield microscope, or a Leica TCS SP5 AOBS confocal microscope (Leica, Wetzlar,
Germany). Images were processed in NIH ImageJ by an experimenter blind to behavioral
group (NS, SOC, or HC) using the binary function to convert to grayscale, after which a
threshold for staining intensity was applied. The watershed function was applied to separate
clustered cells, and a standardized shape based on the Paxinos and Franklin (2001) mouse
brain atlas was placed over each of the 19 brain regions of interest (ROI). Nuclei within each
ROI were counted using the analyze particles function. An example of the threshold and
region of interest used to quantify c-Fos cells in the basolateral amygdala (BLA) is shown in
Figure 1A. For colocalization experiments, the number of c-Fos+, GABA+, and double-
labeled nuclei were counted using the RG2B colocalization plugin of NIH ImageJ and the
percent of co-labeled cells was determined. CaMKII+ and co-labeled cells were counted by
hand due to their abundance and non-nuclear staining.

Table 1 includes the bregma coordinates within which each ROI was analyzed. Numbers of
cells were counted bilaterally in 2—4 separate cryosections containing the same brain area
and were averaged within each animal to give one value per animal. In order to minimize
variability in the tissue analyzed, we used sections within a small range of rostral-caudal
spread as defined by bregma coordinates, excluding the most rostral and caudal areas (see
Table 1). When a brain area spanned 0.4-0.6 mm, the majority (~80%) of the time, 4 evenly
spaced serial sections (every 41 section), were averaged. For smaller brain areas, 2-3 slices
were averaged, and in the case of the olfactory bulb and cingulate cortex, only 1 slice was
used per animal.

Data analysis

Data are presented as mean £ SEM. All graphs presented reflect raw data counts of time,

cell number, or percent colabeled cells; however, because the sample sizes were small, we
could not assume normal distribution and equal variances in our data. Therefore, all data was
log transformed before statistical analysis. Behavioral measures were compared using a two-
way ANOVA with Bonferroni posthoc comparisons. Fos counts for cohort 1 were analyzed
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with a one-way ANOVA. When ANOVA results were p=0.05/19 (0.0026, Bonferroni
correction for multiple comparisons), further analysis was done using Tukey posthoc tests.
Fos counts and double-labeled cells in cohorts 2—4 were analyzed using a two-tailed
Student’s t-test, in which values were considered significant at p=0.05. Statistical tests were
conducted using Prism 6.0 statistical software (GraphPad; San Diego, CA).

In the first cohort of 4-week-old C57BL/6J (B6) mice, there was no significant difference in
time spent sniffing each of two empty (EMP) cylinders during Phase 1 (habituation period)
of the Social Approach Test (SAT). This was true for mice in both the Social exposure group
(SOC, n=4) and the Nonsaocial exposure group (NS, n=5); a two-way ANOVA revealed no
significant main effects of exposure group or cylinder choice, and no significant exposure
groupxcylinder choice interaction in Phase 1 (p=0.253, p=0.591, p=0.130, respectively; data
not shown). In Phase 2 for the nonsocial (NS) exposure group, a novel object (OBJ) was
placed in one cylinder, while the second cylinder remained empty (EMP). In Phase 2 for the
social exposure condition (SOC), a novel OBJ was placed in one cylinder and a novel mouse
(social stimulus; SS) was placed in the other cylinder. Mice in the social exposure group
(SOC, n=4) and mice in the nonsocial exposure group (NS, n=5) were allowed 10 minutes to
explore the arenas and sniff the cylinders in Phase 2 of the SAT. A two-way ANOVA
revealed significant main effects of exposure group (F(1,14)=14.33; p=0.014) and cylinder
choice (F(1,14)=5.866; p=0.030), as well as a significant exposure group x cylinder choice
interaction (F(1,14=7.916; p=0.014). Bonferroni post-hoc tests revealed that B6 mice in the
SOC exposure group spent significantly more time sniffing the SS cylinder than the OBJ
cylinder (p=0.007), while in the B6 mice in the NS group, there was no significant
difference in the time spent sniffing the EMP cylinder vs. the OBJ cylinder in Phase 2
(p>0.999; Figure 1B). There was no significant difference in total distance traveled in the
arena in the NS and SOC groups in Phases 1 or 2 (p=0.817 and p=0.445, respectively; data
not shown). The finding that these juvenile B6 mice showed a high level of approach toward
a social stimulus mouse is consistent with previous studies from various laboratories
(Brodkin et al., 2004; Sankoorikal et al., 2006; Moy et al., 2007; Panksepp et al., 2007,
Fairless et al., 2012).

One hour after the SAT, mice in the SOC (n=4) and NS (n=5) exposure groups, as well as a
home cage group (HC, n=4), which remained in their home cages in the testing room during
the SAT, were sacrificed and their brains were processed for immunohistochemistry, using a
c-Fos antibody as a marker of neuronal activity. For each animal, the number of c-Fos-
positive cells was averaged over 2—4 cryosections (40-pm) containing each brain region of
interest (ROI). In the majority of mice (~80%), four equally spaced serial cryosections,
excluding the most rostral and caudal areas, were averaged when the rostral-caudal extent of
the ROI was 0.4-0.6 mm. In the minority of mice (~20%), random damage to particular
cryosections led us to use 2-3 cryosections for these ROIs. The incidents of damage to
cryosections occurred randomly across mice exposed to different conditions (e.g. social and
nonsocial conditions). For smaller brain areas, 1-3 slices were averaged (see Methods and
Table 1). Nineteen ROIs were assayed, primarily olfactory and limbic regions (Table 1).
Based on human and rodent studies indicating its role in processing social stimuli (Ferguson
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et al., 2001; Adolphs, 2010), we hypothesized that the amygdala would be activated by
social exposure in B6 mice. One-way ANOVAs demonstrated significant differences (after
Bonferroni correction for multiple comparison) in numbers of c-Fos+ cells among the three
exposure groups in 6 brain regions, including the basolateral amygdala (BLA,
F(2,10=22.000; p<0.001; Table 1, Figure 1C), medial amygdala (MeA; F( 10)=12.340;
p=0.002; Table 1, Figure 1D), accessory olfactory bulb (AO; F(; 10)=14.440; p=0.001; Table
1), subiculum, (S; F(2,10)=17.870; p<0.001; Table 1), infralimbic cortex (IL; F(2 10)=17.280;
p<0.001; Table 1), and entorhinal cortex (EC; F(2,10)=12.470; (p=0.002; Table 1). Tukey
post-hoc comparisons revealed that all 6 regions showed increased c-Fos activation in the
NS group compared to the HC group: BLA (p=0.005; Figure 1C), MeA (p=0.004; Figure
1D), AO (p=0.001), S (p<0.001), IL (p<0.001), and EC (p=0.002) and increased c-Fos
labeling in the SOC condition compared to the HC condition: BLA (p<0.001; Figure 1C),
MeA (p=0.004; Figure 1D), AO (p=0.005), S (p=0.003), IL (p=0.004), and EC (p=0.006).
However, only the BLA had increased c-Fos expression in the SOC versus NS group
(p=0.049), which is the comparison that reveals brain region activation specific to exposure
to the social stimulus mouse. Thus, while a number of regions were activated by exposure to
the SAT testing apparatus and procedure, the only brain region of juvenile B6 mice that we
found to be specifically activated in response to a social stimulus was the BLA (Figure 1A
and 1C, Table 1). This finding in the BLA was consistent with our hypothesis; however, no
significant difference in activation of the medial or central nuclei of the amygdala was found
between NS and SOC exposure groups (p>0.999, post hoc for MeA; and p=0.259, main
effect for CeA), Figures 1D and 1E, respectively).

Following the initial set of experiments in Cohort 1 in which many brain areas were
analyzed and multiple comparisons were made, we repeated the modified SAT and
immunohistochemistry in a second cohort of B6 juvenile males, with a focused hypothesis
that c-Fos expression would be significantly increased in the BLA of mice in the SOC
exposure group relative to the NS exposure group. By testing a focused hypothesis about the
BLA in this second cohort, we diminished the possibility that the BLA finding in the first
cohort was a type | statistical error. Figure 2A shows the results of the modified SAT for the
NS (n=3) and SOC (n=4) exposure groups in Cohort 2. Again, a two-way ANOVA of Phase
1 (habituation) revealed no significant main effects of exposure group or cylinder choice,
and no significant exposure group x cylinder choice interaction (p=0.773, p=0.577, p=0.681,
respectively; data not shown). A two-way ANOVA of Phase 2 (Cohort 2) demonstrated
significant main effects of exposure group (F(1,10)=12.180; p=0.006) and cylinder choice
(F@,10=7.363; p=0.022), as well as a significant interaction between the two factors
(F(1,10=16.630; p=0.002). Post-hoc analysis demonstrated that B6 juvenile males in the
SOC exposure group spent significantly more time sniffing the social stimulus (SS) than the
novel object (OBJ) (p<0.001), while there was no significant difference in the amount of
time that B6 juvenile males in the NS exposure group spent sniffing the empty cylinder
(EMP) vs. the cylinder that contained the OBJ (p=0.776). There was no significant
difference between the NS and SOC groups in locomotor activity (distance traveled in the
apparatus) in Phases 1 and 2 (p=0.682 and p=0.749, respectively; data not shown). As in
Cohort 1, quantification of Cohort 2 c-Fos expression in the BLA 60 minutes after the SAT
confirmed that the mice in the SOC group had significantly more c-Fos labeled cells than did
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mice in the NS exposure group (t(5)=5.334; p=0.003; Figure 2B). Thus, in a separate cohort
of mice (Cohort 2), with a focused hypothesis of BLA activation in response to social
exposure, we found a significantly greater level of BLA c-Fos expression in the SOC
exposure group relative to the NS exposure group, which replicated the activated BLA
finding from Cohort 1.

To further understand the population of BLA cells activated in response to social exposure, a
third cohort of juvenile B6 mice was tested in the SAT, and 60 min later BLA cells were
labeled for c-Fos and calcium calmodulin kinase 1l (CaMKII) to determine the proportion of
c-Fos+ neurons that expressed CaMKII, a protein kinase associated with glutamatergic
neurons. This third cohort of B6 juveniles underwent social approach testing, with NS (n=6)
and SOC (n=5) exposure groups. A two-way ANOVA revealed no significant main effects of
exposure group or cylinder choice, and no significant exposure group x cylinder choice
interaction in Phase 1 (habituation; p=0.148, p=0.636, p=0.503, respectively; data not
shown). In Phase 2, there were significant main effects of exposure group (F(1,18)=7.982;
p=0.011), cylinder choice (F(1,18=11.290; p=0.004), and a significant exposure group x
cylinder choice interaction (F(1,18)=44.590; p<0.001; Figure 3A). Post-hoc analysis
demonstrated that SOC exposure group mice spent more time sniffing the SS than the OBJ
(p<0.001) while the NS exposure group mice spent slightly but significantly less time
sniffing the cylinder that contained the OBJ vs. the empty cylinder (EMP) (p=0.048; Figure
3A). There was no significant difference between the NS and SOC groups in total distance
traveled in the arena during Phases 1 and 2 (p=0.743 and p=0.809, respectively; data not
shown).

Using fluorescent confocal microscopy, we again replicated the result that mice in the SOC
group exhibit significantly more c-Fos+ cells in the BLA than those in the NS group
(t(9)=3.314; p=0.009; Figure 3B and 3C). In addition, the number of cells colabeled with c-
Fos and CaMKII was not different between the NS and SOC groups (t(9)=1.204; p=0.259;
Figure 3B and 3D). Similarly, comparison of the percentage of CaMKII+ cells (red) that
were co-labeled with c-Fos (green) in the SOC and NS groups revealed no significant
difference (t(9)=0.857; p=0.414; Figure 3B and 3E).

Finally, a fourth cohort of animals underwent social approach testing followed by
immunohistochemistry labeling for c-Fos and gamma-aminobutyric acid (GABA), the
primary inhibitory neurotransmitter in the brain. In Phase 1 (habituation) of social approach
testing (NS (n=7) and SOC (n=7), a two-way ANOVA revealed no significant main effects
of exposure group or cylinder choice, and no significant exposure group x cylinder choice
interaction (p=0.981, p=0.702, p=0.509, respectively; data not shown). In Phase 2, there
were significant main effects of exposure group (F(1 24y=24.91; p<0.001), cylinder choice
(F(1,24y=10.100; p=0.004), and a significant exposure group x cylinder choice interaction
(F(1,24y=19.790; p<0.001; Figure 4A). Post-hoc tests determined that SOC exposure group
mice spent more time sniffing the SS than the OBJ (p<0.001) while the NS exposure group
mice spent similar amounts of time sniffing the empty cylinder (EMP) vs. the cylinder that
contained the OBJ (p=0.755; Figure 4A). There was no significant difference between the
NS and SOC groups in total distance traveled in the arena during Phases 1 and 2 (p=0.735
and p=0.867, respectively; data not shown). Significantly more c-Fos+ cells were labeled in
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the BLA of mice in the SOC group than those in the NS group (t(12)=2.553; p=0.025;
Figure 4B and 4C). The number of cells co-labeled with c-Fos and GABA was not
significantly different between the SOC and NS groups (t(12)=0.823; p=0.426; Figure 4B
and 4D). The percentage of GABA+ cells that were also Fos+ was not different between the
NS and SOC groups (t(12)=0.262; p=0.798; Figure 4B and 4E).

A second set of sections from this fourth cohort of animals was used to analyze the
expression of another immediate early gene, £gr-1, in order to validate the neural activation
of the BLA in response to social exposure (Figure 4F). Mice from the SOC group had
significantly more Egr-1+ BLA cells than those in the NS group (t(12)=3.308; p=0.006;
Figure 4G).

Therefore, BLA neurons were activated upon exposure to a social stimulus, as evidenced by
an increase in expression of two immediate early genes, demonstrated by the number of c-
Fos+ and Egr-1+ cells, compared to the NS group. The c-Fos+ activated cells included both
CaMKII+ and GABA+ cells; however, the percentage of excitatory and inhibitory cells
active in the BLA was not affected by exposure to a social stimulus.

Discussion

Using c-Fos immunohistochemistry, we have demonstrated that exposure to a social
stimulus in the SAT preferentially activated the BLA of highly sociable, 4-week-old B6
mice. Importantly, we validated the activity of the BLA using markers for two discrete
immediate early genes, ¢-Fos, and Egr-1 (Guzowski et al., 2005; Wheeler et al., 2013). This
study is novel in its focus on neural circuits mediating social approach behavior in juvenile
mice, a developmental stage of particular relevance to maturing social circuits and to
neurodevelopmental disorders such as ASD (Scherf et al., 2013). Our findings have
important implications for studies of social approach in mouse models of ASD, as B6 is the
strain used as the genetic background for most mouse models of ASD (Kazdoba et al.,
2015). Previous studies of brain activation following social behaviors have often utilized
adults in testing conditions other than the SAT, or have involved social stimulus mice that
are likely to induce sexual and/or aggressive interactions (Ferguson et al., 2001; Duncan et
al., 2009; Samuelsen and Meredith, 2009). In adult rodents, social behaviors that may be
influenced by sexual or aggressive drive are mediated, in part, by the medial amygdala
(Petrulis, 2009; Samuelsen and Meredith, 2009; Maras and Petrulis, 2010). In the present
study of juvenile mice that were exposed to gonadectomized, same-sex stimulus mice, the
medial amygdala did not exhibit significant activation during social exposure. B6 mice at
four weeks of age are pre-pubertal and therefore unlikely to exhibit sexual or aggressive
behaviors (Chan et al., 2011) and have different structural and functional amygdala circuitry
(Scherf et al., 2013). For example, inputs to and synaptic responses of the rodent amygdala
change over the course of adolescence (Pan et al., 2009; Pattwell et al., 2012). In addition,
changes in behaviors mediated by the limbic system, including fear conditioning and
depression-like behaviors, are observed during this time in both rodents and humans (Hefner
and Holmes, 2007; Pattwell et al., 2012). Importantly, reduced social approach behavior is
often more severe in the juvenile period than in adulthood in ASD (McGovern and Sigman,
2005).
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Social approach behavior in the SAT also may be influenced by olfactory or reward
pathways. While we found significant changes in c-Fos activation in only the BLA after
exposure to social stimulus, and no increase in other areas of the brain involved in reward,
including the NAc, many of these regions have reciprocal interactions with the BLA (Stuber
etal., 2011). Likewise, BLA-prefrontal cortex (PFC) connections likely play a role in
juvenile social behavior in the SAT. Optogenetic experiments have demonstrated that
increasing excitatory activity in the PFC leads to reduced social approach in adult mice,
whereas increasing inhibitory activity in the PFC ameliorates this deficit (Yizhar et al.,
2011). This is consistent with our data, as the PFC has been shown to inhibit the BLA (Kita
and Kitai, 1990). Finally, previous clinical and animal studies demonstrate a role for the
amygdala and reciprocally connected cortical circuitry, including prefrontal cortex and
cingulate cortex, in mediating both positive and negative social interactions in rodents as
well as humans (Everitt et al., 2003; Mahler and Berridge, 2011). Although we did not find
evidence of increased c-Fos expression in these other regions, the BLA is a central hub of
the circuitry that is reciprocally connected to many other structures. Future studies should
aim to analyze the connectomics of social behavior in further depth (Bilker et al., 2004;
Wheeler et al., 2013). Because amygdala structure and function are fairly conserved across
mammalian evolution, findings in mouse models likely have important relevance to humans
(Adolphs, 2013).

The amygdala has been associated with a myriad of social behaviors in rodents, monkeys,
and humans (Allsop et al., 2014 for review). For example, lesion studies in various species
have resulted in altered social behavior (Rosvold et al., 1954; Emery et al., 2001; Amaral et
al., 2003; Machado and Bachevalier, 2006; Machado et al., 2008; Adolphs, 2010; Bliss-
Moreau et al., 2011, 2013). Likewise, neuroanatomical, fMRI, and electrophysiological
studies have shown that amygdala volume, connectivity, and activity are associated with
social functioning or cognition (Leonard et al., 1985; Vuilleumier et al., 2004; Duncan et al.,
2009; Davis et al., 2010; Bickart et al., 2011; Troiani et al., 2014). Specifically, the BLA has
been identified as an amygdalar nucleus important for social behavior and has been shown to
mediate play behaviors in 4-5 week old rats (Trezza et al., 2012). In addition, optogenetic
manipulation of projections from the BLA to ventral hippocampus regulates juvenile
sociability in the SAT as well as a resident-intruder test (Felix-Ortiz and Tye, 2014). These
data are consistent with our findings that the BLA plays an important role in mediating
juvenile mouse social interactions in the SAT.

The BLA is a salience detector that integrates sensory information, mediates the emotional
and motivational valence of stimuli, emotional memory formation and consolidation, and
modulates reward (Cardinal et al., 2002; Everitt et al., 2003; Mahler and Berridge, 2011).
Histologically, the majority of the neurons in the rodent BLA are glutamatergic pyramidal
cells, which are predominantly projection neurons with outputs to cortical regions and other
amygdala nuclei (Spampanato et al., 2011). Approximately 18% of the BLA is composed of
GABA-producing interneurons, which are important for inhibiting conditioned fear learning
and expression (Spampanato et al., 2011). Enhanced overall activation of the BLA may lead
to an excitatory drive on downstream nuclei, including the nucleus accumbens (NAc),
hippocampus, and hypothalamus, which modulate reward, aversion, and motivated
movement (Kita and Kitai, 1990; Everitt et al., 1999). This circuitry may be involved in
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social approach tendencies in B6 mice. However, while it appears in the present study that
more Fos+ cells were excitatory versus inhibitory, social exposure-induced Fos activation in
CaMKII+ and GABAergic cells was not assessed in the same group of animals, making it
difficult to determine an exact breakdown of specific cell types. Thus, further studies are
needed to determine what proportion of socially responsive neurons are excitatory versus
inhibitory. Finally, it seems likely that the increase in BLA activity in response to a social
stimulus occurs in other types of cells that were not identified in the particular double-
labeling immunohistochemistry experiments reported here. Identifying these cell types will
be an important future direction.

Identifying the role of the largely glutamatergic neuronal population in the BLA involved in
juvenile social behavior can have important implications for neurodevelopmental disabilities
that involve social deficits, namely ASD. Altered amygdala structure and function have been
reported in numerous studies of children and adults with ASD. Researchers have
demonstrated changes in cell number and size (Kemper and Bauman, 1993; Schumann and
Amaral, 2006), volume (Abell et al., 1999; Howard et al., 2000; Sparks et al., 2002; Munson
et al., 2006), gray matter volume (Abell et al., 1999; Waiter et al., 2004), and activity during
social reward or perception tasks (Schultz, 2005; Baron-Cohen et al., 1999; Wang et al.,
2004; Grelotti et al., 2005; Ashwin et al., 2006; Kaiser et al., 2010; Kohls et al., 2013). One
study of children with ASD identified an increase in volume of the BLA in particular (Kim
et al., 2010). Additionally, the amygdala theory of autism indicates that the sociability
deficits of ASD may be attributable, at least in part, to developmental and functional
anomalies of the amygdala and limbic circuits that mediate the salience and emotional/
motivational significance of social stimuli (Bachevalier, 1996; Baron-Cohen et al., 2000;
Schultz et al., 2003; Chevallier et al., 2012). However, progress towards mechanistic
understanding has been hampered by a paucity of animal model studies focused on the
impact of ASD susceptibility gene mutations on the development and function of the circuits
and synapses that specifically mediate juvenile sociability. In this study, we have implicated
the BLA as an important hub in the circuitry mediating social affiliative behaviors in
juvenile mice. Future studies elucidating the function of BLA circuitry in juvenile social
behaviors, particularly in genetic mouse models of ASD, will be important in developing
improved understanding and more effective treatments for social behavior deficits in ASD.

Conclusions

The basoloateral amygdala (BLA) was activated specifically by social approach behavior in
highly sociable, 4-week-old B6 mice. These data implicate the BLA as an important hub in
the circuitry mediating social approach behaviors in juvenile mice. Future studies of genetic
mouse models of ASD should address potential alterations in circuitry involving the BLA
that may mediate social approach phenotypes in juvenile mice.
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Highlights

. Juvenile C57BL/6J male mice exhibit high social approach behavior in
a three-chamber apparatus.

. Social approach preferentially activates the basolateral amygdala
(BLA), indicated by increased c-Fos and Egr-1 expression.

. Our data indicate that the BLA is an important hub in the circuitry
mediating juvenile social approach behavior.

. Future studies of sociability in mouse models of ASD should address
potential alterations in circuitry involving the BLA.
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Cohort 1: B6 mice show high social approach and activation of the BLA during social
approach. A: Amygdala region analyzed for c-Fos immunoreactivity. Left panel: Atlas
illustration based on Paxinos and Franklin, 2007, of the lateral (LA) and basolateral (BLA)
nuclei of the amygdala (-1.34 mm from bregma). OT indicates the optic tract, for reference.
Scale bar = 500 um. Right panel: Representative c-Fos-labeled section containing the BLA.
The dotted line indicates the limits of the LA/BLA and the red circle shows the standardized
region of interest used to count labeled cells in the BLA. Cells in red are those that were
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counted and included in analysis after meeting a standardized intensity threshold set in NIH
ImageJ. Scale bar = 100 um. B: Cylinder sniffing times of B6 juvenile males in Cohort 1
exposed to nonsocial (NS, n=5) or social (SOC, n=4) stimuli in Phase 2 of the Social
Approach Test (SAT). In the NS condition, mice could sniff an empty (EMP, white striped
bar) cylinder or one containing a novel object (OBJ, gray striped bar). In the SOC condition,
mice could sniff a cylinder containing either an OBJ or a social stimulus (SS, black striped
bar; same-sex gonadectomized A/J mouse). ** = p<0.010 SS cylinder vs. OBJ cylinder
sniffing. C—E: Number of c-Fos-positive cells in the basolateral, medial, and central nuclei
of the amygdala (BLA, MeA, and CeA, respectively) of mice from Cohort 1 in the NS and
SOC groups, as well as a home cage (HC, n=4) group that remained in their home cages in
the testing room during the SAT. Mice were sacrificed 60 min after behavioral testing and
brains were collected for immunohistochemistry. * = p<0.050, ** = p<0.010. Raw data is
presented in the graphs, but a log transformation was required for normality to perform data
analysis.
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Figure 2.

Cohort 2: B6 mice show high social approach and activation of the BLA during social
approach. A: Cylinder sniffing times of B6 juveniles in Cohort 2 NS (n=3) or SOC (n=4)
exposure conditions during Phase 2 of the SAT. *** =p<0.0001 SS cylinder vs. OBJ cylinder
sniffing. B: Number of c-Fos-positive cells in the BLA of mice from Cohort 2 in the NS and
SOC groups. ** = p<0.010. Raw data is presented in the graphs, but a log transformation
was required for normality to perform data analysis.
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Figure 3.

Cohort 3: B6 mice show high social approach and glutamatergic activation of the BLA. A:
Cylinder sniffing times for the NS (n=6) and SOC (n=5) B6 mice in Cohort 3 in Phase 2 of
the SAT. **** =p<0.0001 compared to OBJ cylinder. B: Representative double
immunofluorescent staining in the BLA with c-Fos (green), CaMKlla (red) and both
(yellow) in Cohort 3 B6 juvenile males in nonsocial (NS) and social (SOC) exposure groups.
White arrows indicate representative co-labeled cells. Scale bars = 100 um. C: Number of c-
Fos+ cells in the BLA of B6 NS or SOC mice. ** = p<0.010. D: Number of BLA cells
colabeled with c-Fos and CaMKII. E: Percent of CaMKII+ BLA cells that are co-labeled
with c-Fos in the NS or SOC exposure groups. Raw data is presented in the graphs, but a log
transformation was required for normality to perform data analysis.
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Figure 4.
Cohort 4: B6 mice show high social approach and GABAergic activation of the BLA. A:

Cylinder sniffing times for the NS (n=7) and SOC (n=7) B6 mice in Cohort 4 in Phase 2 of
the SAT. **** =p<0.0001 compared to OBJ cylinder. B: Representative double
immunofluorescent staining in the BLA with c-Fos (green), GABA (red) and both (yellow)
in Cohort 4 B6 juvenile males in nonsocial (NS) and social (SOC) exposure groups. White
arrows indicate representative co-labeled cells. Scale bars = 100 um. C: Number of c-Fos+
cells in the BLA of B6 NS or SOC mice. ** = p<0.010. D: Number of BLA cells colabeled
with c-Fos and GABA. E: Percent of GABA+ BLA cells that are co-labeled with c-Fos in
the NS or SOC exposure groups. F: Representative £gr-I-labeled section containing the
BLA. Scale bar = 100 um. G: Quantification of £gr-I+ cells in the BLA of mice from
Cohort 4 in the NS and SOC groups. * = p<0.050. Raw data is presented in the graphs, but a
log transformation was required for normality to perform data analysis.
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