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Abstract 

 Autism is a common neurodevelopmental disorder with an unknown cause or 

cure.  Impairments in social behavior constitute a diagnostic symptom of autism along 

with communication deficits and repetitive behaviors.  There are no biomarkers for 

autism, meaning that there are no indicators in blood tests, lumbar punctures or body 

scans that can assist in diagnosis of the disorder.  Factors contributing to the emergence 

of autistic behaviors have been identified; however, effective treatment strategies remain 

elusive.  Therefore, diverse research approaches are necessary to reveal mechanisms 

underlying this highly prevalent disorder.   

 Mouse models, while unable to replicate human conditions, provide distinct 

advantages in testing causal hypotheses of disorders.  Ideal mouse models for autism 

display social impairments, communication deficits and repetitive behaviors; however, 

designing tasks to measure such behaviors presents a unique challenge.  A major strength 

of this laboratory has been in identifying and characterizing behavioral phenomena in 

rodents.  Using knowledge of the natural environment and behavior of the mouse, this 

laboratory established and adapted several tests to measure behaviors relevant to autism.  

From these tests, this laboratory and others have found that the BTBR T+tf/J (BTBR) 

mouse strain displays behaviors that are consistent with those observed in autism.   

 This dissertation demonstrates that BTBR mice show social avoidance, as well as 

a pattern of behavior analogous to gaze aversion observed in autism, when in closely 

confined conditions.  BTBR mice also display a normal-to-low anxiety profile, 

suggesting that anxiety is not a primary contributing factor in the social deficits of this 

strain.  In addition, this dissertation shows that immune activation in pregnant mouse 
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dams from a high sociability strain produces autism-relevant behavioral deficits in 

offspring.  Finally, the dissertation shows that the placental gene expression of an 

immune pathway is altered in BTBR mice, which is suggestive of impaired prenatal 

regulation of immune signaling in this mouse model of autism.   
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1.1. Autism Spectrum Disorders 

Autism spectrum disorders (ASD) form a group of behaviorally defined 

neurodevelopmental disorders characterized by three core symptom clusters: impaired 

reciprocal social interactions, communication deficits, and ritualistic-repetitive behaviors 

(Lord, 1991; American Psychiatric Association, 2000; Folstein and Rosen-Sheidley, 

2001; Baird et al., 2003).  Behavioral indicators of the disorder are generally observed 

within the first three years of life (Lord et al., 1989; Filipek et al., 1999) and symptoms 

persist through adulthood (Henninger and Taylor, 2012).  Prevalence of the disorder has 

rapidly increased in the past decade with 2011-2012 reports estimating that 1 in 50 

children in the United States has been diagnosed as having an ASD (Blumberg et al., 

2013); which is up from 1 in 88, reported for 2007 (Centers for Disease Control and 

Prevention, 2012); and 1 in 110 reported for 2006 (Centers for Disease Control and 

Prevention, 2009).  The challenges associated with caring for a child with autism can be 

difficult for family members.  Parents of autistic children fared worse than parents of 

children with Down syndrome or Fragile X syndrome in measures of well being 

(Abbeduto et al., 2004).  The higher incidence of divorce in one sample of parents of 

autistic children as compared to parents of disability free children (23.5% vs. 13.8%) also 

illustrates the familial strain associated with the disorder (Hartley et al., 2010).  

Furthermore, the heritable nature of autism can complicate the situation as parents may 

be caring for multiple children with disabilities (Orsmond et al., 2007) and may 

themselves show subtle autism-relevant behaviors (Hughes et al., 1997; Gokcen et al., 

2009).  In addition to personal hardships endured by patients and their families, the 

societal costs of autism indicate an urgent need to identify effective approaches to the 

disorder.  The lifetime societal cost of treating a person with autism has been estimated at 

$3.2 million (Ganz, 2007).  Medical expenditures alone have been reported to be 

approximately five times greater for children with ASD when compared to children 

without ASD (Shimabukuro et al., 2008).   

The cause of ASD remains unclear, with multiple factors likely contributing to the 

behavioral phenotype. A strong influence of genetic factors is evident in the 60-90% 

concordance in monozygotic twins and 4-30% concordance in dizygotic twins (Muhle et 

al., 2004; Hallmayer et al., 2011).  In addition, ASD is more often diagnosed in boys, 
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with a sex ratio of 4:1 for classic autism (Newschaffer et al., 2007) and as high as 11:1 in 

Asperger Syndrome (Gillberg et al., 2006), further implicating genetic influence in the 

disorders .  While approximately 10-15% of ASD cases are associated with monogenic 

disorders such as Rett syndrome, or Fragile X syndrome (Zoghbi, 2005; Hagerman et al., 

2011; Chévere-Torres et al., 2012), the majority of cases are labeled as idiopathic.  ASD 

appears to be polygenic with hundreds of contributing loci (Betancur, 2011; Geschwind, 

2011). In addition, complex interactions between multiple genetic and environmental 

factors may underlie the disorders.   

A number of physiological abnormalities have been identified in autism.  Cortical 

gray matter overgrowth and impaired migration of neurons during early development, as 

well as thinning of the corpus callosum and malformations of the ventricular system 

(Vidal et al., 2008; Wegiel et al., 2010; Courchesne et al., 2011; Ecker et al., 2012) have 

been found in patients with autism.   The relatively low penetration of these changes in 

the population of ASD patients is not sufficient to consider them major causes of the 

behavioral phenotype of ASD. Other suggested impairments include: imbalance in 

excitatory and inhibitory neurotransmission, abnormal formation of dendritic spines, 

disrupted secondary messenger systems, extracellular matrix and synaptic protein 

malfunction, neuroinflamation during fetal development and later in life (Persico and 

Bourgeron, 2006). Approximately one-third of autistic individuals also suffer from other 

conditions such as epilepsy (Tuchman and Rapin, 2002), anxiety disorders (Van Steensel 

et al., 2011), obsessive compulsive disorder (Leyfer et al., 2006) or Attention Deficit 

Hyperactivity Disorder (Leyfer et al., 2006).  Gastro-intestinal and metabolic problems 

have also been reported in autistic patients (Adams et al., 2011; Maenner et al., 2011). 

However, none of these features constitutes a strong and reliable biomarker for ASD. 

With the prevalence for the disorder on the rise, the need for early diagnosis and effective 

treatment strategies continues to grow.   

 

1.2. Immune Involvement in Autism 

Immune dysfunction has been proposed as a contributing mechanism in autism.  

Elevated concentrations of several markers of immune activation, such as pro-
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inflammatory cytokines, have been found in the blood, cerebreal spinal fluid and brain 

tissue of individuals with autism (Croonenberghs et al., 2002; Vargas et al., 2005; Li et 

al., 2009; Wei et al., 2011).  In addition, prenatal viral infection has been suggested as a 

primary contributing factor in the manifestation of autistic symptoms (Ciaranello and 

Ciaranello, 1995).   Clinical data from over 10,000 cases shows that maternal viral 

infection in the first trimester and maternal bacterial infection in the second trimester are 

risk factors for autism in offspring (Atladóttir et al., 2010). Prenatal maternal stress from 

disruptive life events during pregnancy has also been correlated with the disorder (Ronald 

et al., 2010).    Furthermore, parents of autistic children have an elevated rate of 

autoimmune conditions (Comi et al., 1999), providing further support for a role of the 

immune system in autism.   

 

1.3. Modeling Human Disorders in Mice 

Mouse models are critical to understanding underlying mechanisms of human 

disorders (Crawley, 2004; Nestler and Hyman, 2010).  Obvious ethical and practical 

difficulties are associated with examining aspects of neurodevelopment in living patients.  

Therefore, mouse models are used to provide translational systems for testing and 

refining hypotheses of human diseases (Crawley, 2007).  In addition, mouse models can 

serve as valuable preclinical systems for evaluating treatment efficacy.  Previous findings 

from mouse models have been successfully translated to effective research strategies for 

neurodevelopmental disorders in humans.  For example, studies on the FMR1 mutant 

mouse model for Fragile X syndrome showed that the antibiotic, minocycline, improved 

cellular and behavioral changes associated with the disorder (Bilousova et al., 2009).  

Based on these findings, subsequent clinical studies were performed and showed that 

minocycline was also effective in producing similar improvements in humans (Paribello 

et al., 2010; Utari et al., 2010). Such encouraging findings demonstrate the value of 

modeling human disorders in mice and suggest the potential for promising findings 

brought about by mouse models for autism.  Therefore, developing mouse models with 

strong autism relevant behavioral phenotypes is crucial to understanding the etiology of 

autism. 
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1.4. The BTBR T+tf/J Mouse 

The BTBR T+tf/J (BTBR) inbred mouse strain has been identified as a mouse 

model for autism as it displays behaviors analogous to the diagnostic symptoms of the 

disorder (McFarlane et al., 2008).  BTBR mice were developed originally at Columbia 

University by crossing mice carrying the wildtype T (brachyury) gene (Dobrovolskaya-

Zavadskaya, 1928) with the stock carrying tufted (tf) mutation (Lyon, 1956). Afterwards, 

the strain was outcrossed to c129 mice and then maintained by inbreeding. Currently the 

BTBR strain is commercially available from The Jackson Laboratory (Bar Harbor, ME) 

and is a part of Mouse Phenome Project.  

 

1.4.1. BTBR Social Behavior 

Three-chamber Test 

The three-chamber test is commonly used to assess social approach by measuring 

the amount of time the test mouse spends in a chamber containing a live stimulus mouse 

(the social chamber) compared to the amount of time spent in a chamber not containing a 

social stimulus (the non social chamber).  This high-throughput test is often conducted as 

a binary assay that determines the presence or absence of a social preference, but does not 

compare the magnitude of social approach behavior between strains.  In the three-

chamber test for social approach, BTBR males failed to show a preference for the social 

chamber (Moy et al., 2007; Yang et al., 2007a, 2007b, 2009, 2012; McFarlane et al., 

2008; Pobbe et al., 2010; Silverman et al., 2010; Defensor et al., 2011).  This is in 

contrast to C57BL/6J (B6) mice, often used as a comparison strain, and other strains 

which spent significantly more time in the social chamber when compared to the non-

social chamber (Moy et al., 2007).  There are conflicting reports on the social approach 

behavior of BTBR females.  In the three-chamber test, BTBR females have been reported 

as both displaying a preference for the social chamber (Defensor et al., 2011) and not 

displaying a social preference (Yang et al., 2009; Silverman et al., 2010).  These 

conflicting results may be due to use of different types of stimulus mice, suggesting that 

the social behavior of female BTBR mice is more sensitive to the partner strain.   

 

Free Interaction Test 
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Free interaction tests place two animals together in an area, such as a clean 

housing cage, with measurement of interactive and non-interactive behaviors.  In free 

interaction, adult BTBR mice showed reductions in sniffing and following behaviors 

(Bolivar et al., 2007; McFarlane et al., 2008), regardless of the stimulus animal (Yang et 

al., 2012).  Free interaction testing of juvenile mice showed similar results: BTBR mice 

showed reduced amounts of nose-to-nose sniffing, allogrooming and play behavior, while 

showing normal amounts of nose-to-anogenital sniffing and high amounts of self 

grooming (McFarlane et al., 2008).   

 

Visible Burrow System 

The Visible Burrow System (VBS) Test places subjects in an apparatus 

containing features that are present in the natural environment of the mouse (Arakawa et 

al., 2007).   An arrangement of burrows is connected to an open “surface” area by 

tunnels, allowing many behaviors to occur as they would in the wild.  In the VBS, BTBR 

mice showed reductions in all interactive behaviors including approach, follow, flight, 

grooming another mouse, and huddling; and increases in non-dyadic behaviors such as 

self-grooming and being alone (Pobbe et al., 2010).  

 

Social Conditioned Place Preference 

The social conditioned place preference test is used to determine if mice display a 

preference for an area that has been associated with social interaction. The multi-phase 

test is run in the same three-chamber apparatus used for social approach testing, with 

additional spatial cues added to each outer chamber (such as vertical and horizontal 

stripes). During the conditioning phase, subjects are placed in the outer chamber 

containing the stimulus mouse (the social chamber), with doors closed, and allowed to 

interact freely.  Subjects are then immediately placed into the opposite outer chamber 

which does not contain a stimulus mouse (the non-social chamber), with doors closed.  

During the test phase, stimulus mice are not used and subjects are allowed to freely 

explore the apparatus with all doors open.  Duration of time spent in the chamber 

conditioned as the social chamber, and the chamber conditioned as the non-social 

chamber is measured.  In this test, BTBR mice conditioned for 10 days failed to show a 
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preference for the social chamber during testing; while a preference for this chamber was 

displayed by B6 mice, suggesting that BTBR mice lack social motivation (Pearson et al., 

In press).  It is possible that reduced social interaction during conditioning may have 

influenced the absence of preference for the social chamber during testing; however, the 

authors report that BTBR mice spent a normal proportion of time near the stimulus 

animal.   

 

Cross-fostering and Cross-rearing 

Studies which altered the environment of the BTBR have demonstrated the 

importance of juvenile sociability.  Cross-fostering of BTBR pups to B6 dams (Yang et 

al., 2007b) did not improve social or grooming behaviors of BTBR mice, suggesting that 

the postnatal maternal environment is not primarily involved in the  manifestation of 

abnormal behaviors displayed by this strain.  In contrast, manipulation of the BTBR 

rearing environment produced changes in sociability.  BTBR mice housed at weaning 

with highly social B6 mice for 20 days showed increased social approach behavior (Yang 

et al., 2011).  This interesting result indicated that continuous juvenile exposure to social 

peers improved or prevented the characteristic social deficits of BTBR mice.     

 

1.4.2. BTBR Communication 
Ultrasonic Vocalizations and Scent Marking 

Auditory and olfactory stimuli provide mice with meaningful environmental and 

social information (Scattoni et al., 2009; Cheetham et al., 2007; Hurst, 2009) with 

ultrasonic vocalizations (USVs) and urinary scent marking serving as two primary modes 

of communication in mice (Arakawa et al., 2008; Scattoni et al., 2009).  Rodent pups 

emit USVs when separated from their lactating dam, prompting the dam to retrieve the 

pup and return it to the nest (D’Amato et al., 2005).  When mouse pups were removed 

from the homecage and tested for maternal separation-induced vocalizations, BTBR mice 

emitted an unusual pattern of vocalizations.  These were more frequent with high 

amplitude harmonics (Scattoni et al., 2008).  When tested as adults, BTBR mice emitted a 

reduced number of USVs in male-to-male, male-to-female, and female-to-female 
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encounters (Scattoni et al., 2011), as well as in males presented with female urine (Wöhr 

et al., 2011). The pattern of vocalizations in adult BTBR mice of both sexes was different 

from the one observed in B6 mice, with an over expression of unstructured calls in male 

and short calls in female BTBR mice (Scattoni et al., 2011). BTBR male mice also 

deposited few scent marks in the presence of female urine (Roullet et al., 2011; Wöhr et 

al., 2011). The reduction in scent marking to female urine does not appear to be due to an 

overall olfactory deficit as BTBR mice are capable of discriminating different odors 

(Moy et al., 2007; Yang et al., 2012).  The authors suggested that elevated USVs in 

BTBR pups may provide parallels to high levels of inconsolable crying in infants that are 

later diagnosed with autism (Scattoni et al., 2008); while, reduced USVs and scent 

marking in BTBR adults are relevant to communication impairments in autistic children 

(Roullet et al., 2011; Scattoni et al., 2011; Wöhr et al., 2011).   

 

1.4.3. BTBR Repeated Behaviors and Resistance to Change 
 Repeated and Stereotyped Behaviors 

Several studies have shown that BTBR mice display elevated levels of overall 

self-grooming (McFarlane et al., 2008; Silverman et al., 2010; Pearson et al., 2011; 

Amodeo et al., 2012) as well as elevated levels of several  grooming components: paw 

lick, head wash, body groom, leg lick and tail/genital groom (Pearson et al., 2011).  

BTBR mice are tufted mutants (hence the “tf” symbol in BTBR T+tf/J), which are 

characterized by repeated patterned hair loss (Lyon, 1956).  If such a condition is 

associated with itching sensations, then this may account for elevated levels of grooming.  

Investigation into this possibility showed that the number of hairs lost during self-

grooming was not correlated with any of the grooming variables measured (Pearson et 

al., 2011), suggesting that itching does not underlie the high amounts of grooming 

behaviors in BTBR mice.  A microanalysis of grooming structure showed that BTBR 

mice performed a higher percentage of area-specific rostral to caudal grooming 

transitions than B6 mice, indicating a more stereotyped pattern of grooming behavior 

(Pearson et al., 2011).  BTBR mice also displayed high levels of bar biting (Pearson et 

al., 2011), and marble burying (Amodeo et al., 2012), two additional measures of 

stereotyped motor behavior in laboratory rodents (Londei et al., 1998; Nevison et al., 
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1999).   In a hole board test, BTBR mice displayed a preference for a particular corner 

hole (Moy et al., 2008).  A novel object contact test revealed similar findings.  In a 

chamber containing four novel objects in each corner, BTBR mice showed a greater 

preference for individual objects manifested by significantly greater contact time to the 

first and second most investigated objects and reduced time with the least preferred 

object compared to controls.  BTBR mice also displayed more episodes of visiting the 

objects in particular orders, even though they made no more visits than did B6 mice 

(Pearson et al., 2011).  For example, BTBR mice might have repeatedly performed the 

sequence of visiting object 1, object 3, object 4, and then object 2.  These results indicate 

that BTBR mice not only show more repeated behaviors, but they tend to do so in 

stereotyped patterns as well.    

 

Cognitive Inflexibility and Insistence on Sameness 

Cognitive inflexibility, characterized by resistance to change, has been correlated 

with stereotypies (Tanimura et al., 2008); although reports of its manifestation in autism 

vary (Zandt et al., 2007; Geurts et al., 2009).  Tests for resistance to change require mice 

to first learn an established routine and then to deviate from that to learn a new routine.  

The Morris water maze tests for spatial learning by measuring the time required to find a 

hidden, submerged platform first during an acquisition phase, then in a new location in a 

reversal phase.  In this test, BTBR mice performed normally in the acquisition phase, but 

showed impaired performance in finding the platform (Yang et al., 2012) and did not 

show a preference for the quadrant containing the platform (Moy et al., 2007) in the 

reversal phase.  Another test of acquisition and reversal allowed mice to choose between 

two compartments, one of which was baited with food 80% of the time, with the other 

bated 20% of the time for the acquisition phase (Amodeo et al., 2012).  During the 

reversal phase, the probability of baiting for each compartment was switched. In this test, 

BTBR mice showed normal acquisition, but deficits in reversal; however, BTBR 

performed normally in both phases when one arm was baited 100% of the time (Moy et 

al., 2007; Amodeo et al., 2012).  These findings indicate impaired reversal learning and 

cognitive inflexibility in BTBR mice, which are dependent on the type of reinforcer and 

the percentage of reinforcement. 
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1.5. Dissertation Overview 

After testing the behaviors of several mutant mouse strains, our lab and others 

have identified the BTBR strain as the leading mouse model for autism.  This dissertation 

documents a progression of research beginning with clarifying social aspects of the 

model and leading to investigations of potential mechanisms underlying the behavioral 

abnormalities of this strain.   

Chapter 2 introduces a novel social proximity test as a tool for behavioral testing.  

Whereas most behavioral assays use the distance between animals to measure sociability, 

the social proximity test places subjects together in a confined area and measures 

behaviors of mice when forced to interact.  In the social proximity test, BTBR mice show 

social avoidance as well as a pattern of behavior that resembles gaze aversion, an early 

indicator of autism.  These findings provide further validation of the BTBR as a model 

for autism and expand the range of social deficits displayed by this strain.   

BTBR mice showed clear social impairments and aversion for specific contact 

behaviors in Chapter 2.  Therefore, Chapter 3 investigates whether overall anxiety 

contributes to the abnormal behaviors displayed by this strain.  I use a series of 

behavioral assays to test for general anxiety, predator-induced anxiety, and social anxiety.  

The patterns of behaviors displayed by BTBR mice in these tests are inconsistent with the 

view that overall anxiety underlies the reduced sociability of BTBR mice.  Furthermore, 

administration of an anti-anxiety drug reduced specific behaviors displayed at high 

frequency in BTBR mice, suggesting that these behaviors are associated with social 

anxiety.   

Chapter 4 continues to investigate potential mechanisms underlying the abnormal 

behavior of BTBR mice.  Previous studies have suggested that challenges to the maternal 

immune environment are involved in autism-relevant behaviors, such as those displayed 

by BTBR mice.  Therefore, the maternal immune environment was disrupted in C57 

BL/6J (B6) mice, a highly social control strain, to determine if the mechanisms involved 

in this manipulation alter behavior.  Offspring of maternal immune activation (MIA) 

pregnancies showed behaviors similar to BTBR mice, albeit less consistent with the full 



11 
 

autism-like phenotype.  In addition, MIA offspring displayed a differential expression of 

social behavior in male and female mice, consistent with the higher prevalence of autism 

in males.  This study suggests the potential that immune disruption during development 

contributes to autism relevant behaviors. 

Chapter 5 builds on the findings of Chapter 4 and aims to determine if immune 

alterations during development are present in BTBR mice.  Expression of placental IL-6 

pathway genes, involved in immune and inflammation response, was compared in BTBR 

and B6 mice.  BTBR showed differential expression of several IL-6 pathway genes in a 

pattern suggesting impaired negative feedback regulation of the IL-6 pathway in the 

prenatal period.  In addition, temporal patterns of expression of the IL-6 pathway genes 

highlight midgestation as a period of interest for immune function in the BTBR.   

 

  



12 
 

 

 

 

 

 

CHAPTER 2 
 

A NOVEL SOCIAL PROXIMITY TEST SUGGESTS PATTERNS  

OF SOCIAL AVOIDANCE AND GAZE AVERSION-LIKE  

BEHAVIOR IN BTBR T+tf/J MICE 
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2.1. Rationale 

While mouse models provide an alternative solution to the difficulties associated 

with human testing, researchers are faced with additional challenges in designing mouse 

behavioral tasks relevant to autism.  Previous testing of BTBR mice used the distance 

between animals to determine the sociability of this strain.  This chapter introduces a 

novel paradigm which places BTBR mice together in a confined space to assess social 

behaviors when interaction is difficult to avoid.   

 

2.2. Abstract 

The BTBR T+tf/J (BTBR) inbred mouse strain displays a low sociability 

phenotype relevant to the first diagnostic symptom of autism, deficits in reciprocal social 

interactions. Previous studies have shown that BTBR mice exhibit reduced social 

approach, juvenile play, and interactive behaviors. The present study evaluated the 

behavior of the BTBR and C57BL/6J (B6) strains in social proximity. Subjects were 

closely confined and tested in three experimental conditions: same strain male pairs 

(Experiment 1); different strain male pairs (Experiment 2); same strain male pairs and 

female pairs (Experiment 3). Results showed that BTBR mice displayed decreased nose 

tip-to-nose tip, nose-to-head and upright behaviors and increased nose-to-anogenital, 

crawl under and crawl over behaviors. These results demonstrated avoidance of 

reciprocal frontal orientations in the BTBR, providing a parallel to gaze aversion, a 

fundamental predictor of autism. For comparative purposes, Experiment 3 assessed male 

and female mice in a three-chamber social approach test and in the social proximity test. 

Results from the three-chamber test showed that male B6 and female BTBR displayed a 

preference for the sex and strain matched conspecific stimulus, while female B6 and male 

BTBR did not. Although there was no significant interaction between sex and strain in 

the social proximity test, a significant main effect of sex indicated that female mice 

displayed higher levels of nose tip-to-nose tip contacts and lower levels of anogenital 

investigation (nose-to-anogenital) in comparison to male mice, all together suggesting 

different motivations for sociability in males and females. 
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2.3. Introduction 

Autism is a lifelong neurodevelopmental disorder that is diagnosed by observable 

behaviors rather than specific biomarkers (Kanner, 1968; American Psychiatric 

Association, 2000). The diagnostic symptoms of autism form a triad of behavioral 

deficits consisting of abnormal social interactions, impaired communication and 

repetitive and stereotyped patterns of behavior (American Psychiatric Association, 2000). 

A strong genetic component for the disorder (Bailey et al., 1995; Andres, 2002; Gupta 

and State, 2007) is evident in the high (70–90%) concordance rates for autism in 

monozygotic twins (Steffenburg et al., 1989; Folstein and Rosen-Sheidley, 2001; 

Lichtenstein et al., 2010) and the markedly high heritability of the individual diagnostic 

symptoms (Ronald et al., 2006a, 2006b). Neuropathologies such as increased gross brain 

volume (Piven et al., 1995; Hardan et al., 2001; Courchesne et al., 2003; Bauman and 

Kemper, 2005; Redcay and Courchesne, 2005) and reduction in size of the corpus 

callosum (Egaas et al., 1995; Piven et al., 1997; Manes et al., 1999; Casanova et al., 

2009; Frazier and Hardan, 2009) are also frequently associated with the disorder. 

Because the etiology of autism may involve complex and heterogenous genetic 

and experiential interactions, mouse models are critical to isolating the underlying 

mechanisms (Insel, 2001; Andres, 2002; DiCicco-Bloom et al., 2006; Moy et al., 2006; 

Moy and Nadler, 2008). Current animal models of autism include both inbred mouse 

strains that exhibit relevant behavioral characteristics (Moy et al., 2004, 2007), and 

mouse lines engineered with targeted mutations of candidate genes (Moy and Nadler, 

2008; Moy et al., 2009). Inbred mouse strains are particularly useful in relating existing 

phenotypes to potential genetic or physiological abnormalities. However, the complexity 

of mouse social behavior presents a challenge to designing tasks to assess social 

interactions relevant to autism. A combination of social interaction tests have been used 

to identify low social responsiveness in inbred candidate strains (Brodkin et al., 2004; 

Crawley, 2004, 2008; Moy et al., 2004, 2007, 2009; Arakawa et al., 2007; Bolivar et al., 

2007; Yang et al., 2007b; McFarlane et al., 2008; Pobbe et al., 2010). Such tests quantify 

social tendencies in mice by measuring the duration of proximity with another animal and 

the frequency of behaviors which characterize the nature of interactions. Results from 

previous social interaction tests have indicated that the inbred BTBR T+tf/J (BTBR) 
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mouse strain displays several social deficits congruent with the diagnostic criteria of 

autism including reduced social approach (Yang et al., 2007a; McFarlane et al., 2008), 

huddling, social investigation (Bolivar et al., 2007; Pobbe et al., 2010) and juvenile play 

(Yang et al., 2007b; McFarlane et al., 2008). In comparison to the C57BL/6J (B6) mouse 

strain, BTBR mice additionally displayed restricted interest in objects(Pearson et al., 

2011), repetitive grooming(Silverman et al., 2010; Pearson et al., 2011), abnormal 

patterns of scent marking and unusual vocalizations (Scattoni et al., 2008; Roullet et al., 

2011; Wöhr et al., 2011), offering face validity to the core symptoms of autism. 

The Social Proximity Test places two animals together in a small chamber where 

contact with one another is virtually unavoidable.  While other tests use the distance 

between animals as an index of sociability, the social proximity test provides a 

microanalysis of behavior in a situation where the focus is not whether animals will avoid 

social contact, but instead concentrates on how mice will react when forced to interact.  

Specific avoidance behaviors, such as facial avoidance, are difficult to detect in contexts 

that permit substantial social distance, as mice are able to avoid contact with specific 

body parts by maintaining a comfortable distance from others. Assessment in social 

proximity conditions enables clearer analysis of specific components of avoidance 

behaviors. Potential investigatory, orientation, escape and avoidance behaviors are 

exposed by restricting social distancing of subjects.  The aim of the present study was to 

characterize BTBR behavior in a novel social proximity test. 

 

2.4. Materials and Methods 

2.4.1. Subjects 

Subjects were 12–14 week old B6 and BTBR mice (n=14/group/experiment). All 

subjects were male except for Experiment 3, where both males and females were used. 

Naïve animals were used in each experiment, and except for Experiment 3 where males 

and females were initially run in the social approach test and later paired in the social 

proximity test, only a single test was run per animal. Animals were bred in-house from 

stock received from The Jackson Laboratory (Bar Harbor, ME, USA). Animals were 

housed with same sex partners in groups of 4–5 in polycarbonate cages (26.5 × 17 × 11.5 

h cm) fitted with microisolator tops. Ear tags were used for identification. Food and water 
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were available ad libitum. Mouse colonies were contained within the animal facilities at 

the University of Hawaii in a room with controlled lighting (12:12 light/dark cycle with 

lights on at 0600), temperature (21 ± 3 °C), and humidity (52–58%). 

All procedures were approved by the Institutional Use and Care Committee at the 

University of Hawaii and were in compliance with the National Institutes of Health 

Guidelines for the Care and Use of Laboratory Animals. 

 

2.4.2. Apparatus 

Social Proximity 

Social proximity testing was conducted in a clear rectangular chamber (7 × 14 × 

30 cm H) constructed of acrylic plastic.  Video from two black and white CCTV cameras 

(PC164CEX-2, Supercircuits) providing front and side views was transferred to a video 

merge processor (Pix/2 dsp, Microimage Video Systems), which combined both channels 

into a single side-by-side output. The availability of both views aided in the 

discrimination of behaviors by reducing occlusion of one animal from view by the other. 

The output from the video processor displaying both the front and side view was 

transmitted to a DVD recorder (DMR EZ28K, Panasonic) for storage and subsequent 

analysis. 

Three-chamber  

Social approach testing was conducted in a 3-chambered arena (41 cm L × 70 cm 

W × 28 cm H). The arena was constructed of black acrylic plastic except for a 6.35 cm 

high panel of clear acrylic plastic built into the front wall of all chambers. The center 

chamber was connected to the outer chambers by manually operated sliding doors. An 

inverted wire cup (Galaxy Cup, Kitchen Plus) was placed in each of the outer chambers.  

Overhead video was captured by black and white CCTV cameras (BP-330, Panasonic) 

and transferred to DVD recorders for storage (DMR EZ28K, Panasonic).   

2.4.3. Procedure 

Social Proximity  

Subjects were transported from the animal housing room to the experimental 

room at least 20 minutes before testing.  For testing, two non-cagemate subjects were 
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simultaneously placed in the testing chamber for a 10 minute trial. Conditions for each 

experiment were as follows: 

 Experiment 1- To examine within strain interactions, either 2 B6 males or 2 

BTBR males were placed in the testing chamber. 

 Experiment 2- To examine between strain interactions, 1 B6 male and 1 BTBR 

male were placed together in the testing chamber. 

 Experiment 3- To examine sex and strain interactions, pairs consisting of 2 B6 

males, 2 B6 females, 2 BTBR males or 2 BTBR females were placed into 

the testing chamber. 

After each trial, subjects were removed from the apparatus and placed in a holding cage 

separate from naïve cagemates until all animals in the homecage were tested (30 minutes 

maximum), preventing transmission of the odor from the novel animal encountered in 

testing.  The apparatus was cleaned with 20% ethanol between trials. Testing was 

conducted under dim red light during the light phase of the light/dark cycle. The 

following behaviors were manually quantified and are illustrated in Figure 2.1: 

Nose tip-to-nose tip:  Subject’s nose tip and/or vibrissae contact the nose tip 

and/or vibrissae of the other mouse. 

Nose-to-head: Subject’s nose or vibrissae contacts the dorsal, lateral, or 

ventral surface of other mouse’s head. 

Nose-to-anogenital:  Subject’s nose or vibrissae contacts the base of the tail or 

anus of the other mouse. 

Crawl Over:  Subject’s forelimbs cross the midline of the dorsal surface 

of the ther mouse. 

Crawl Under: Subject’s head goes under the ventral surface of the other 

mouse to a depth of at least the ears of the subject animal 

crossing the midline of the other mouse’s body. 



Upright:  Subject displays a reared posture oriented towards the other 

mouse with head and/or vibrissae contact. 

Jump Escape:  Subject makes a vertical leap with all feet leaving the 

ground. 

 

Figure 2.1.  Selected behaviors displayed in the social proximity test. 

 

Three-chamber  

The three-chamber social approach test was conducted for subjects in Experiment 

3 to provide comparative data for the social proximity test. Social approach testing was 

conducted 7 days prior to the social proximity test. The procedure for social approach 

testing was as previously described by Moy et al. (Moy et al., 2007, 2008, 2009). Briefly, 

subjects were placed into the 3-chambered arena for a ten minute habituation period. At 

the end of the habituation period, subjects were placed into the center chamber while a 

sex, strain and age matched conspecific stimulus (not used in later testing) was placed in 

one of the stimulus cups. The social approach phase began when the doors were raised 

allowing free access to the entire arena for ten additional minutes. Time spent in each 

chamber was manually quantified for both the habituation and social approach phases of 

the test. 
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2.4.4. Statistical Analyses 

Data from the social proximity test of Experiments 1 and 2 and the social 

approach test of Experiment 3 were analyzed using a two-tailed Student’s t-test. Data 

from the social proximity test of Experiments 3 was analyzed by 2-way analysis of 

variance (ANOVA) with sex and strain as between group factors. Post hoc comparisons 

were made using the Newman-Keuls test. Comparisons of social approach and social 

proximity scores used Pearson’s correlation coefficient. A probability level of p < 0.05 

was adopted as the level of statistical significance. 

2.5. Results 

2.5.1. Experiment 1- Same strain male pairs in social proximity 

Confining subjects within the social proximity apparatus (Figure 2.2) elicited 

markedly different behaviors in the BTBR and B6 strains (Figure 2.3). BTBR males 

showed significantly less nose tip-to-nose tip contact [t(26) = 5.688, p < 0.0001] while 

displaying reliably higher nose-to-anogenital contact [t(26) = 3.011, p < 0.01] than B6 

males. Upright behaviors, which often accompany contact with the mystacial vibrissae of 

the other animal, were displayed by only 3 of 14 BTBR mice, and were significantly 

decreased [t(26) = 3.100, p < 0.005] in comparison to B6 mice. BTBRs also showed 

significantly more crawl over [t(26) = 2.688, p < 0.05] and crawl under [t(26) = 5.871, p 

< 0.001] behaviors. Notably, in contrast to the crawl over and under behaviors of the 

BTBR strain, B6 mice oriented towards and locomoted around one another. 

 

 

Figure 2.2.   
BTBR mice confined in the 
social proximity test.  The side 
walls of the clear colorless 
testing chamber are tinted a 
false gray to emphasize the area 
of confinement. 
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Figure 2.3.   
Male B6 and BTBR mice were 
confined with a same strain 
partner in the social proximity 
test.  Behavioral frequencies are 
expressed as mean (± S.E.M.). 
Behaviors measured were nose-
to-nose contact (NN), nose-to-
anogenital contact (NA), crawl 
over (CO), crawl under (CU), 
nose-to-head contact (NH), 
upright (U) and jump escape 
(JE).  Significant differences are 
indicated by *, p < 0.01 and **, 
p < 0.001.   

 

2.5.2. Experiment 2- Mixed strain male pairs in social proximity 

When BTBR and B6 mice were paired and confined in the social proximity test 

(Figure 2.4), nose tip-to-nose tip contact failed to differentiate the two groups [t(26) = 

0.171, p > 0.05]. This appears to reflect that B6 mice initiated nose tip-to-nose tip contact 

with BTBR mice; however, such contact often elicited rapid head withdrawal by BTBR 

mice. Nose-to-head contact was decreased in BTBR mice [t(26) = 5.242, p < 0.001], 

while nose-to-anogenital contact [t(26) = 5.051, p < 0.001] and crawl under [t(26) = 

4.417, p < 0.001] were increased. BTBR mice would often crawl under B6 mice and 

remain there, eliciting crawl over behavior from the B6, providing a likely explanation 

for the lack of difference between the strains for crawl over behavior. Table 2.1 presents 

individual scores for each subject in the 14 BTBR-B6 pairs, to illustrate the marked 

behavioral discrimination between the strains. BTBR mice consistently displayed higher 

frequencies of crawl under and anogenital contact than their B6 partner with only 1 tie for 

crawl under. BTBR mice displayed lower frequencies of head contact in all but 2 BTBR-

B6 pairs, for which head contact scores were ties. 
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Figure 2.4. 
Male B6 and BTBR mice were 
paired together in the social 
proximity test.  Behavioral 
frequencies are expressed as 
mean (± S.E.M.).  Behaviors 
measured were nose-to-nose 
contact (NN), nose-to-
anogenital contact (NA), crawl 
over (CO), crawl under (CU), 
nose-to-head contact (NH), 
upright (U) and jump escape 
(JE).  Significant differences are 
indicated by *, p < 0.001. 
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Table 2.1.  Behavioral frequency comparison in mixed strain pairs tested in social 

proximity 

 
BTBR and B6 mice were paired together in the social proximity test.  Individual scores 
for each subject in the 14 BTBR-B6 pairs tested in Experiment 2 are presented to 
illustrate the marked behavioral discrimination between the strains.  BTBR mice 
consistently displayed higher frequencies of crawl under and anogenital contact than their 
B6 partner with only 1 tie for crawl under.  BTBR mice displayed lower frequencies of 
head contact in all but 2 BTBR-B6 pairs, which were ties.  BTBR mice displayed more 
crawl over behaviors than their B6 partner in 8 of 14 pairs; although, comparison of 
means for this behavior by ANOVA was not significant. 

Pair ID

B6 BTBR B6 BTBR B6 BTBR B6 BTBR
1 3 3 2 7 4 4 0
2 5 2 1 7 1 11 0
3 10 3 3 5 7 3 0 6
4 6 1 3 13 7 9 2 12
5 4 1 1 4 4 4 0
6 5 4 0 10 2 3 0 6
7 3 2 0 7 1 1 0
8 8 2 5 10 2 6 1 3
9 3 3 0 2 1 1 1
10 8 2 2 4 2 7 1 6
11 5 2 0 4 0 5 0 2
12 5 1 1 9 2 2 0 2
13 4 0 1 4 0 3 0 6
14 10 0 1 2 1 3 0

Subjects  
with high 
scores

12 0 0 14 1 8 0 13

Nose‐to‐head
Nose‐to‐
anogenital

Crawl Over Crawl Under

2
13

4

0

2

4

 

2.5.3. Experiment 3- Same strain male and female pairs in social proximity 

ANOVA showed a significant main effect of sex in 2 of the 7 behaviors measured 

(Figure 2.5). Females showed more nose tip-to-nose tip contacts [F(1,52) = 50.161, p < 

0.05], but fewer nose-to-anogenital contacts [F(1,52) = 6.515, p < 0.05] than males. Post 

hoc analysis on a significant interaction between sex and strain [F(1,52) = 4.400, p < 

0.05] indicated that BTBR males performed more nose-to-anogenital contacts than any 

other group. 
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In addition, the behaviors showing a significant difference between BTBR and B6 

mice in Experiment 3, using both males and females, exactly matched those in 

Experiment 1 using only males. ANOVA showed a significant effect of strain for several 

behaviors. BTBR mice displayed reduced nose tip to-nose tip contact [F(1,52) = 79.280, 

p < 0.001] as well as upright posture [F(1,52) = 52.000, p < 0.001] when compared with 

B6 mice. Nose-to-head contact, which can be made from a side or rear approach, did not 

significantly differ between the strains [F(1,52) = 0.0014, p > 0.05]. BTBR mice 

displayed elevated nose-to-anogenital contact [F(1,52) = 14.179, p < 0.001]; crawl over 

[F(1,52) = 18.535, p < 0.001]; and crawl under [F(1,52) = 27.817, p < 0.001] behaviors, 

compared to B6 mice. 

 

 
 

Figure 2.5. 
Male and Female B6 and BTBR mice were confined with a same sex and same strain 
partner in the social proximity test.  Behavioral frequencies are expressed as mean (± 
S.E.M.).  Behaviors measured were nose-to-nose contact (NN), nose-to-anogenital 
contact (NA), crawl over (CO), crawl under (CU), nose-to-head contact (NH), upright 
(U) and jump escape (JE).  *, indicates a significant difference between BTBR and B6 
mice, p < 0.001.  #, indicates a significant difference between males and females, p < 
0.05. $, indicates a significant difference from BTBR females, p < 0.05.   
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2.5.4. Experiment 3- Three-chamber test 

B6 males spent significantly more time with the conspecific than with the empty 

cup [t(26) = 3.844, p < 0.001]; however, B6 females failed to show a significant 

preference for either stimulus [t(26) = 1.873, p > 0.05] (Figure 2.6).  BTBR mice showed 

an opposite pattern of gender effects: females spent more time with the conspecfic than 

with the empty cup [t(26) = 2.820, p < 0.01], while males showed no preference for either 

[t(26) = 0.227, p > 0.05].  The duration of time spent in the chamber containing the 

conspecific stimulus did not significantly correlate with any of the behaviors measured in 

the social proximity test. 

 

 

Figure 2.6.   
Male and female B6 and BTBR 
mice were assessed in the three-
chamber test for social approach.  
Duration of time spent in each 
chamber is expressed as mean (± 
S.E.M.).  Significant differences 
in duration of time spent in the 
chamber containing the 
conspecific stimulus are 
indicated by *, p < 0.01 and **, 
p < 0.001. 

 

 

2.6. Discussion 

The overarching goal of the present study was to determine how BTBR and B6 

mice differ in response to enforced social proximity. Deficiencies in social behavior have 

been consistently reported for BTBR mice. In a three-chamber social approach test, 

BTBR mice failed to spend more time in the chamber containing a mouse within a cup 

compared to the chamber containing an empty cup (Moy et al., 2007; Yang et al., 2007a, 

2007b, 2009; McFarlane et al., 2008; Silverman et al., 2010; Pobbe et al., 2011).  BTBR 

mice also spent less time engaged in social interactions compared to B6 mice and other 
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strains in neutral arena tests (Bolivar et al., 2007; McFarlane et al., 2008). In a semi-

natural visible burrow system, BTBR mice showed decreased front approach, rear 

approach, allogrooming and huddling behaviors; and increased self-grooming and alone 

behaviors (Pobbe et al., 2010). Reductions in BTBR juvenile play have also been 

reported (Yang et al., 2007b, 2009; McFarlane et al., 2008). Collectively, these findings 

make BTBR mice the most extensively documented mouse line in terms of autism-like 

deficiencies in social approach and social behavior. In contrast, the current study used a 

novel social proximity test, in which mice were constrained in a space so small that 

virtually any form of body displacing movement would bring the subject mouse into 

contact with another mouse. As subjects confined in social proximity could hardly avoid 

touching the other animal, the question was not whether BTBR would avoid contact, as is 

typically a core variable in situations that permit avoidance, but how they would contact 

the other mouse, and how the other mouse might react to this contact. 

The BTBR-B6 differences in contact behaviors across this series of studies was 

extremely consistent: Experiments 1 and 3, utilizing within-strain male pairs, both 

reported significant BTBR reductions in nose tip-to-nose tip frequencies, and upright 

behaviors, with significant increases in crawl under, crawl over, and nose-to-anogenital 

contacts. Experiments 1 used test-naïve mice, whereas the mice of Experiment 3 had 

previously been run in the social approach test, providing a clear consistency of results 

indicating that previous (noncontact) experience with an unfamiliar male mouse has little 

effect on the microstructure of social contacts for BTBR vs. B6 mice.   

The differences in test situation may be crucial to an understanding of the fit 

between the present results and previous studies of social behaviors in BTBR mice. In 

contrast to the present results, previous studies have reported decreased push/crawl over 

behaviors in 21-day old BTBR as compared to B6 mice (Yang et al., 2007b; McFarlane 

et al., 2008). While the use of juvenile mice in those studies, as compared to the adults 

used here, might suggest a developmental difference in the direction of BTBR/B6 

differences, it is notable that these tests were run in a much larger arena affording 

opportunity for avoidance, and that the young BTBR mice showed reductions in 

behaviors such as allogrooming and face sniffs that are not only similar to those obtained 

here, but that are also highly compatible with a view that the BTBR mice were simply 
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avoiding contact with each other. Crawl over/under reductions for the juveniles are 

compatible with this interpretation. 

It is interesting, however, to note that the present results indicate increases in 

crawl under, crawl over, and nose-to-anogenital contacts for BTBR males, with the first 

of these being particularly consistent, appearing in mixed-strain as well as same-strain 

pairs. One factor that these have in common is orientation away from the direct frontal 

contact that is often seen in B6 mice, but much less often in BTBR (e.g. “nose sniffing” 

higher in B6 than BTBR (McFarlane et al., 2008; (Yang, Zhodzishsky, & Crawley, 

2007). In fact, present findings suggest that the orientation that BTBR are avoiding may 

be quite specific: facing and nose tip-to-nose tip contact was virtually absent in BTBR in 

either of the present studies utilizing same-strain pairs of males. The findings of severely 

reduced nose tip-to-nose tip contact in BTBR-BTBR pairs, but not in BTBR-B6 pairs  

appears to reflect initiation of nose tip-to-nose tip contact by B6 mice and withdrawal by 

BTBR mice in the mixed strain pairs. This view that BTBR are actively avoiding the nose 

tip-to-nose tip orientation is strengthened by our observations that BTBR often jerked 

away from an oncoming approach in this orientation from a B6 animal. In addition, the 

present decrements in frontal approaches are consonant with previous findings for 

juvenile (Yang et al., 2007b) and adult (Pobbe et al., 2010) BTBR mice. 

Eye gaze serves as a nonverbal cue used to regulate several aspects of social 

interaction (Ruffman et al., 2001) and reduced direct eye contact (gaze aversion) is 

associated with autism (Richer and Coss, 1976; Mirenda et al., 1983; Volkmar and 

Mayes, 1990) to the extent that it may serve as an important predictor for early detection 

of the disorder (Baron-Cohen et al., 1996; Clifford et al., 2007). The present clear and 

consistent BTBR avoidance of reciprocal frontal orientations with other mice may 

present a potential parallel to such gaze aversion. That this deficit specifically involves 

reciprocal frontal orientation is additionally supported by the consistent finding that 

upright behaviors, which almost always involve frontal vibrissae-to-vibrissae contact 

(Blanchard et al., 1977) are also significantly reduced in BTBR same-strain pairs. The 

consistently higher frequencies of crawl under behavior seen in BTBR mice may also be 

related to this phenomenon, possibly representing additional BTBR attempts to evade 

front-facing encounters. 
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The present findings of avoidance of nose tip-to-nose tip contact in BTBR mice, 

in conjunction with enhanced crawl under, as well as a nonsignificant tendency to show 

jump escapes from the social proximity situation, all suggest that social stimuli may 

produce higher levels of anxiety in these animals. Previous studies of anxiety in BTBR 

mice have been somewhat inconsistent, in aggregate failing to indicate a strong 

difference between these, and B6 mice. While low levels of anxiety-like behaviors for 

BTBR have been reported in a variety of tests: Elevated plus-maze (EPM) (Moy et al., 

2007); light-dark test (Yang et al., 2009); open field (Yang et al., 2007b; McFarlane et 

al., 2008; Silverman et al., 2010); and elevated zero maze (McFarlane et al., 2008), 

(Pobbe et al., 2011) reported decreased open arm durations and increased risk assessment 

in BTBR mice, suggesting increased anxiety in the EPM. Neither Benno et al. (Benno et 

al., 2009), nor Yang et al. (Yang et al., 2009) found open arm differences in the EPM 

between BTBR and B6 mice that had not been stressed. However, Benno et al. reported a 

decrease in open arm duration following tail suspension stress, raising the possibility that 

BTBR mice are more reactive to stress, potentially impacting their scores on tests such as 

the EPM. 

Finally, the social approach test was run in order to provide a comparison to the 

social proximity test. BTBR showed reduced social approach in the three-chamber test, 

and avoidance of specific aspects of contact with a conspecific in the social proximity 

test. However, no significant correlations were obtained between variables of the two 

tests, even though the male BTBR-B6 differences were in agreement. Sex differences in 

the three-chamber test were striking: B6 males and BTBR females displayed a social 

approach preference; however, B6 females and BTBR males did not. The BTBR data are 

interesting, considering the sexual dimorphic aspect of autism, in which the male:female 

ratio ranges from 2:1 to 4:1 (Cialdella and Mamelle, 1989; Ritvo et al., 1989; Volkmar et 

al., 1993; Yeargin-Allsopp et al., 2003). However, while these social approach data for 

males of both strains are consistent with previous findings (Brodkin et al., 2004; Moy et 

al., 2007; McFarlane et al., 2008) the female data differed from previous studies (Yang et 

al., 2009; Silverman et al., 2010) reporting no sex differences in the social approach 

behaviors of these strains. This may possibly reflect differences in the stimuli used: the 

current study used a same sex conspecific of the same strain as the social stimulus, 
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whereas previous studies used a different stimulus strain (129Sv/ImJ). Individuals of 

inbred strains, such as B6 and BTBR, are not readily discriminable by scent (Hurst et al., 

2001; Cheetham et al., 2007; Arakawa et al., 2008; Pearson et al., 2010). For example, a 

habituation/dishabituation task, which exposes the subject to the same stimulus animal 

over consecutive trials followed by a trial exposing a novel stimulus animal, showed that 

when B6 mice are used as stimuli, presentation of a novel B6 fails to elicit a change in 

scent marking by the subject (Arakawa et al., 2008). Thus, a stimulus of the same strain 

for these (group-housed) animals may have been perceived as a familiar cage-mate, 

resulting in a behavioral response different from that to a perceptibly unfamiliar mouse. 

In summary, the current study provided a microanalysis of social behaviors in a 

situation in which mice are constrained to close contact with each other. BTBR mice 

showed a consistent pattern of avoidance of nose-to-nose contact, and also reductions in 

upright behaviors in which mice face each other with contact between their mystacial 

vibrissae. They also showed high levels of crawl under behaviors that may have 

functioned to reduce contact with the nose/face of the other mouse. These findings may 

provide a specific parallel to the gaze aversion responses that are commonly reported in 

autistic individuals, contributing to a view that these mice constitute excellent models for 

the analysis of autistic-like behaviors. The current results also suggest that the social 

proximity paradigm, which is simple, easy to score, and highly effective at discriminating 

BTBR and B6 mice, is a useful tool for assessment of particular social behaviors in mice. 
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CHAPTER 3 
 

THE ANXIETY-RELEVANT PROFILE OF 

 BTBR T+tf/J MICE 
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3.1. Rationale 

 In Chapter 2, BTBR mice displayed an aversion for facial contact and reduced 

social interaction in the social proximity test.  Because anxiety is known to reduce 

sociability in rodents, this chapter uses a variety of behavioral paradigms to determine if 

BTBR mice show a high overall anxiety profile.    

 

3.2. Abstract 

The BTBR T+ tf/J (BTBR) strain of mouse displays reduced social interaction, 

impaired communication and elevated repetitive behaviors, a phenotype consistent with 

the three diagnostic clusters for autism.  Previous studies of BTBR anxiety have yielded 

mixed findings.  The current study attempted to clarify anxiety-relevant behaviors of the 

BTBR mouse and determine if an anxiogenic phenotype contributes to the social deficits 

displayed by this strain.  Subjects were tested in a elevated zero maze (EZM) to assess 

general anxiety, in a mouse defense test battery (MDTB) to assess predator induced 

anxiety, and in a social proximity test following anxiolytic administration to assess social 

anxiety.  Results from this study showed that, when compared to the C57 BL/6J strain 

commonly used as a control, BTBR mice spent more time in the open segment of the 

maze, suggesting lower general anxiety.  In the MDTB, BTBR mice displayed a mixed 

pattern of behavior indicating both enhanced and reduced defensive behavior and/or 

predator induced anxiety.  In the social proximity test, systemic administration of the 

anxiolytic, diazepam, at a nonsedative dose decreased the frequency of upright and jump 

escape, two behaviors associated with anxiety and defensiveness, as well as crawl under 

behavior.  The aversiveness of social proximity elicits high frequencies of BTBR crawl 

under behavior which may function in the avoidance of reciprocal frontal orientations 

with other mice.  Therefore, the anxiolytic induced decrease in crawl under behavior 

indicates that at least this aspect of social impairment is improved by reducing anxiety.  

Taken together, these data indicate that a broad high anxiety phenotype is not a primary 

contributing factor for the abnormal social behavior displayed by BTBR mice, and 

suggest the potential specifically for social anxiety in this strain.   
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3.3. Introduction 

Autism is a heterogeneous neurodevelopmental disorder with unknown cause or 

cure.  The disorder is defined solely by the presence of three behavioral clusters: 

impaired reciprocal social interaction, altered communication and increased repetitive 

behaviors (American Psychiatric Association, 2000).  The complexity and increasing 

prevalence of the disorder illustrates the importance of multiple approaches to identify 

contributing mechanisms.  One such approach, reverse genetics, involves using animals 

that express relevant behaviors to model autism (Crawley, 2004).   

Thus far, the BTBR inbred strain is the strongest mouse model for autism, as it 

displays behaviors consistent with all three diagnostic symptoms as well as others 

behaviors associated with the disorder (Bolivar et al., 2007; McFarlane et al., 2008; 

Scattoni et al., 2008, 2011; Pobbe et al., 2010; Defensor et al., 2011; Pearson et al., 2011; 

Yang et al., 2012).  The BTBR strain has shown reduced social approach behavior in a 

three-chamber apparatus and in an open field environment as well as decreases in all 

socially interactive behaviors measured in a semi-natural visible burrow system (Bolivar 

et al., 2007; McFarlane et al., 2008; Pobbe et al., 2010).  When placed in social 

proximity, BTBR mice show socially avoidant behaviors including aversion of “face-to-

face” orientations (Defensor et al., 2011) which may serve as an analogue of gaze-

aversion, a common occurrence in autistic children and used as an early indicator of 

autism in infants (Richer and Coss, 1976; Mirenda et al., 1983; Kleinke, 1986; Clifford et 

al., 2007).  BTBR mice also show communicative deficits characterized by alterations in 

juvenile and adult ultrasonic vocalizations as well as reductions in scent marking 

behavior (Scattoni et al., 2008, 2011; Roullet et al., 2011; Wöhr et al., 2011).  

Stereotyped and repeated behaviors are increased in BTBR mice and are characterized by 

elevations in the frequency of overall grooming, individual grooming components and 

patterns of grooming (Silverman et al., 2010a; Pearson et al., 2011).    

Previous studies have attempted to determine the anxiety-related phenotype of 

BTBR mice; however, results have been inconsistent across studies.  The elevated plus 

maze (EPM) is a commonly used test of general anxiety that measures the number of 

entries and duration of time spent in an open arm compared to a closed arm, with more 

open arm activity generally indicating less anxiety. In the EPM, studies report that BTBR 
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mice show normal (Moy et al., 2007), high (Yang et al., 2009), and low (Pobbe et al., 

2011) number of entries into the open arms; as well as normal (Moy et al., 2007; Benno 

et al., 2009; Yang et al., 2009), and low (Pobbe et al., 2011) open arm durations.   

Anxiety is capable of modulating the nature and frequency of social interactions 

in rodents (File et al., 1982; Crawley, 1985).  To clarify the anxiety-related phenotype of 

BTBR mice and to determine if an anxiogenic phenotype contributes to the social deficits 

displayed by this strain, subjects were tested in an elevated zero maze, a mouse defense 

test battery and a social proximity test following systemic administration of an anxiolytic.   

The Elevated Zero Maze (EZM) is a test of general anxiety that measures the 

number of entries and duration of time spent in an open arm compared to a closed arm, 

with more open arm activity generally indicating less anxiety.  The EZM is conducted in 

a similar manner as the more commonly used elevated plus maze, but is designed to 

simplify the comparison between the open and closed arms by omitting the complication 

of a center square (Shepherd et al., 1994).   

The Mouse Defense Test Battery (MDTB) is used to assess predator induced 

defensive and anxiety-related behaviors.   Subjects are exposed to an ethologically 

relevant predator stimulus, an anesthetized hand-held animate rat, in various contexts.  

This test has been validated using numerous pharmacological compounds showing that 

the behaviors in the MDTB are differentially sensitive to anxiolytics and panicolytics 

(Blanchard et al., 2003a).   

The Social Proximity Test places two animals together in a small chamber where 

contact with one another is virtually unavoidable.  This test provides a microanalysis of 

behavior in a situation where the focus is not whether animals will avoid social contact, 

but instead concentrates on how mice will react when forced to interact.  Specific 

avoidance behaviors, such as facial avoidance, are difficult to detect in contexts that 

permit substantial social distance, as mice are able to avoid contact with specific body 

parts by maintaining a large distances from others. Assessment in social proximity 

conditions enables clearer analysis of specific components of avoidance behaviors. 

Potential investigatory, orientation, escape and avoidance behaviors are exposed by 

restricting social distancing of subjects.  Administration of an anxiolytic prior to 
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confinement in social proximity provides conditions for assessing the role of anxiety in 

the abnormal behaviors displayed by BTBR mice in this test (Defensor et al., 2011).   

 

3.4. Materials and methods 

3.4.1. Subjects 

Subjects were 12–14-week-old BTBR T+ tf/J (BTBR) mice and C57 BL/6J (B6) 

mice, an inbred strain commonly used for comparison with BTBR mice (n= 12/group in 

Experiment 1, n=11/group in Experiment 2, and n=8 or 10/group in Experiment 3).   

Animals were bred in-house from stock received from The Jackson Laboratory (Bar 

Harbor, ME, USA).  Animals were housed with same sex partners in groups of 4–5 in 

polycarbonate cages (26.5 cm L × 17 cm W × 11.5 cm H) fitted with microisolator tops. 

Ear tags were used for identification. Food and water were available ad libitum. Mouse 

colonies were contained within the animal facilities at the University of Hawaii in a room 

with controlled lighting (12:12 light/dark cycle with lights on at 0600), temperature (21 ± 

3 °C), and humidity (52–58%).  All procedures were approved by the Institutional Use 

and Care Committee at the University of Hawaii and were in compliance with the 

National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. 

 

3.4.2. Apparatus 

Elevated Zero Maze 

The elevated zero maze was conducted in circular runway (6 cm wide) consisting 

of alternating open and closed segments with equal area.  The walls of the open segments 

were 0.25 cm H and the walls of the closed segments were 20 cm H.  The acrylic plastic 

apparatus was raised 50 cm above floor level.   

 

Mouse Defense Test Battery 

The MDTB was conducted in an oval runway (480 cm total L x 40 cm lane W x 

30 cm H) constructed of black acrylic plastic.  Straight segments 200 cm were joined by 

40 cm curved segments and separated by a median wall.  The runway was raised 80 cm 

above the floor.  Video from two overhead cameras (BP-330, Panasonic) was transferred 

to a video merge processor (Pix/2 dsp, Microimage Video Systems) to allow 
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uninterrupted visualization of the entire apparatus on one viewing screen.  Output from 

the merge processor was transferred to a DVD recorder (DMR EZ28K, Panasonic) for 

storage and subsequent analysis. 

 

Social Proximity  

  The social proximity test was conducted in a clear rectangular chamber (7 × 14 × 

30 cm H) constructed of acrylic plastic.  Video from two black and white CCTV cameras 

(PC164CEX-2, Supercircuits) providing front and side views was transferred to a video 

merge processor (Pix/2 dsp, Microimage Video Systems), which combined both channels 

into a single side-by-side output. The availability of both views aided in the 

discrimination of behaviors by reducing occlusion of one animal from view by the other. 

The output from the video processor displaying both the front and side view was 

transmitted to a DVD recorder (DMR EZ28K, Panasonic) for storage and subsequent 

analysis. 

 

3.4.3. Procedure 

Elevated Zero Maze 

To conduct the elevated zero maze, subjects were transported from the animal 

housing room to the experimental room at least 20 minutes before testing.  Subjects were 

placed at the threshold of the open and closed arms/segement to begin the 5 min trial.  

Tests were conducted under dim red light.  The apparatus was cleaned with 20% alcohol 

between animals.  Duration of time in the open and closed arms was measured as well as 

the following behaviors:  

Stretch attend:  Stretching forward, elongating the torso, and then retracting 

to the original position. 

Head dip:  Protruding the head over the edge of an open arm and down 

towards the floor. 

Head out:  Protruding the head outside the cover of the closed arm and 

into the open arm. 

 

Mouse Defense Test Battery 
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To conduct the MDTB, subjects were transported from the animal housing room 

to the experimental room at least 20 minutes before testing.  Male mice were used in this 

study.  The test consisted of six sub-tests conducted consecutively in the following order: 

Pre-test:  Subjects were placed in the apparatus for 3 min.  Distance 

travelled and wall rears were measured. 

Predator avoidance: When the subjects was travelling down a straight segment, 

a hand-held anesthetized rat approached the front of the 

subject at a speed of 50 cm/sec.  Avoidance distance, the 

distance between the rat and mouse when the mouse ceases 

forward movement, and escape distance, the distance the 

mouse flees after ceasing forward movement, were 

measured.  This sub-test was conducted for five 

consecutive trials. 

Chase/flight: When the subject was at a standstill, the hand-held 

anesthetized rat approached from the front at a speed of 20 

cm/sec, eliciting flight by the mouse and beginning the 

trial.  The trial was run until the mouse had travelled 

approximately 1440 cm around the runway.  The number of 

stops, upright orientations (rearing on hind legs), and 

reversals of direction were measured. 

Straight alley: An 80 cm long straight alley was configured in the 

apparatus. When the subject was at one end of the alley, the 

hand-held anesthetized rat was placed at the opposite end.  

The number of approach/withdrawals (movement 20 cm 

toward the rat and then retreat), contact, freezing 

(immobility) and uprights were measured. 

Forced contact: A 40 cm long alley was configured in the apparatus.  The 

hand-held anesthetized rat made five sudden and direct 

contacts with the subject with one second in-between each 

contact.  The number of vocalizations, uprights, jump 
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attacks (towards the rat) jump escapes (away from the rat) 

and bites were measured.   

Post-test: The barriers forming the 40 cm alley for the forced contact 

tests were removed to allow the subject free access to the 

entire apparatus for 3 min.  Distance travelled and wall 

rears were measured.  

 

Social Proximity Test 

To conduct the social proximity test following administration of an anxiolytic, 

diazepam (RBI, USA) was prepared in a suspension in sterile saline containing 2% of 

Tween-80.  Male B6 and BTBR subjects were administered 2 mg/kg diazepam or the 

vehicle solution intraperitoneally at 20 ml/kg, 30 min before behavioral testing.  For 

testing, two non-cagemate subjects of the same strain and treatment were simultaneously 

placed in the testing chamber for a 10 minute trial.  After each trial, subjects were 

removed from the apparatus and placed in a holding cage separate from naïve cagemates 

until all animals in the homecage were tested (30 minutes maximum), preventing 

transmission of the odor from the novel animal encountered in testing.  The apparatus 

was cleaned with 20% ethanol between trials. Testing was conducted under dim red light 

during the light phase of the light/dark cycle. The following behaviors were manually 

quantified: 

 

Nose tip-to-nose tip:  Subject’s nose tip and/or vibrissae contact the nose tip 

and/or vibrissae of the other mouse. 

Nose-to-head:  Subject’s nose or vibrissae contacts the dorsal, lateral, or 

ventral surface of other mouse’s head. 

Nose-to-anogenital:  Subject’s nose or vibrissae contacts the base of the tail or 

anus of the other mouse. 

Crawl Over:  Subject’s forelimbs cross the midline of the dorsal surface 

of the ther mouse. 
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Crawl Under:  Subject’s head goes under the ventral surface of the other 

mouse to a depth of at least the ears of the subject animal 

crossing the midline of the other mouse’s body. 

Upright:  Subject displays a reared posture oriented towards the other 

mouse with head and/or vibrissae contact. 

Jump Escape:  Subject makes a vertical leap with all feet leaving the 

ground. 

 

3.4.4. Statistical Analysis 

Data from experiments 1 and 2 were analyzed by Student’s t-test to compare the 

behaviors of BTBR and B6 mice.  Data from experiment 3 was analyzed by two-way 

analysis of variance (ANOVA) with treatment and strain as between group factors.   

 

3.5. Results 

3.5.1. Elevated Zero Maze 
To assess general anxiety of BTBR mice, subjects were tested in the elevated zero maze.  

BTBR mice spent more time in the open segment when compared to B6 mice (Figure 

3.1), as indicated by the ratio of open segment/total duration [t(14)= 2.21, p < 0.05].  

BTBR mice also showed a higher frequency of entries into the open [t(14)= 2.31, p < 

0.05] and closed arms [t(14)= 2.45, p < 0.05].  Head out [t(14)= 1.51, p > 0.05], stretch 

attend [t(14)= 0.06, p > 0.05], and head dip [t(14)= 0.39, p > 0.05] behaviors were not 

different between the strains. 

 

 



Figure 3.1. 
Percent open arm time in the elevated 
zero maze.  *, indicates significant 
difference between BTBR and B6 
mice, p < 0.05. 

 

3.5.2. Mouse Defense Test Battery  
To assess the predator induced anxiety behavior of BTBR mice, subjects were tested in 

the MDTB.  The summary of statistical results is presented in Table 3.1.  Several 

significant strain differences were observed.  BTBR mice showed decreased line 

crossings and rears in the pretest when compared to B6 mice; however, BTBR mice 

showed increased line crossings and also decreased rears in the post test.  In the predator 

avoidance sub-test, BTBR mice displayed a shorter escape distance. In the forced 

contract sub-test, BTBR mice emitted more vocalizations, but displayed less upright 

postures than B6 mice. No strain differences were found in the chase/flight or straight 

alley test. 
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Table 3.1.  Statistical summary of the MDTB 

  B6 BTBR   

Pre-test activity 

     Line crossings 152.17 ± 8.46 109.83 ± 15.00 *

     Rears 8.83 ± 1.15 1.83 ± 0.65 *

Predator avoidance test 

     Avoidance distance (cm) 54.65 ± 13.23 61.39 ± 8.75 

     Avoidance frequency 2.00 ± 0.44 2.66 ± 0.26 

     Escape distance (cm) 103.86 ± 12.35 62.30 ± 8.82 *

     Escape frequency 4.33 ± 0.28 3.83 ± 0.32 

Chase/flight test 

     Flight speed (m/s) 0.39 ± 0.03 0.30 ± 0.04 

     Stops 8.83 ± 1.06 10.16 ± 0.76 

     Orientations 3.58 ± 0.56 3.16 ± 0.55 

     Reversals 1.00 ± 0.28 1.91 ± 0.60 

Straight alley test 

     Approaches/withdrawals 1.25 ± 0.22 1.75 ± 0.37 

     Contacts 0.58 ± 0.23 0.16 ± 0.11 

     Freezing 1.92 ± 0.60 2.83 ± 0.68 

     Uprights 4.17 ± 0.71 3.33 ± 0.40 

Forced contact test 

     Vocalizations 1.50 ± 0.44 5.00 ± 1.31 *

     Uprights 7.17 ± 0.82 3.42 ± 1.05 *

     Jump attacks 0.00 ± 0.00 1.00 ± 0.75 

     Jump escapes 2.92 ± 0.56 3.00 ± 1.27 

     Bites 0.08 ± 0.08 0.42 ± 0.29 

Post-test 

     Line crossings 123.75 ± 4.45 176.08 ± 12.77 *

     Rears 20.25 ± 1.41 12.50 ± 1.79 *

Data are presented as mean ± S.E.M. *, indicates indicates a significant difference 
between BTBR and B6 mice, p < 0.05. 
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3.5.3. Social Proximity Test with anxiolytic administration  

To assess how anxiety influences the social behavior of BTBR mice, subjects 

were administered diazepam and tested in the social proximity test (Figure 3.2). A 

significant main effect of treatment showed that subjects administered diazepam 

displayed decreased crawl under [F(1,34) = 5.741, p < 0.05], upright [F(1,34) = 4.928, p 

< 0.05] and jump escape [F(1, 34) = 4.308, p < 0.05] behaviors. Following a significant 

interaction between strain and treatment [F(1,34) = 4.212, p < 0.05], post hoc analysis 

indicated that the B6 vehicle group made more uprights than any other group. 

A significant main effect of strain showed that BTBR mice displayed elevated 

levels of nose-to-anogenital [F(1,34) = 4.199, p < 0.048], crawl over [F(1,34) = 9.573, p 

< 0.005] and crawl under [F(1,34) = 24.135, p < 0.001]; and fewer nose tip-to-nose tip 

contacts [F(1,34) = 26.808, p < 0.001], nose-to-head contacts [F(1,34) = 20.407, p < 

0.001] and uprights [F(1,34) = 16.507, p < 0.001] than B6 mice, showing a pattern that is 

virtually identical to the previous performance of these mice in the proximity test 

(Chapter 2). 

  



Figure 3.2. 
Male B6 and BTBR mice were 
administered vehicle or 
diazepam and assessed in the 
social proximity test.  Behavioral 
frequencies are expressed as 
mean (± S.E.M.).  Behaviors 
measured were nose-to-nose 
contact (NN), nose-to-anogenital 
contact (NA), crawl over (CO), 
crawl under (CU), nose-to-head 
contact (NH), upright (U) and 
jump escape (JE).  *, indicates a 
significant difference between 
BTBR and B6 mice, p < 0.05.  #, 
indicates a significant difference 
between vehicle and diazepam 
treatment, p < 0.05. $, indicates a 
significant difference from B6 
vehicle, p < 0.05. 

 

3.6. Discussion 

The goals of the present study were to clarify the anxiety-related phenotype of the 

BTBR mouse model for autism and to determine if the social behavior of these mice is 

improved by administration of an anxiolytic.   Different aspects of anxiety were assessed 

in three behavioral tests: an elevated plus maze, a social proximity test and a mouse 

defense test battery.  Findings from this study suggest that increased overall anxiety is not 

a primary contributing factor to the abnormal behaviors displayed by BTBR mice. 

In the elevated plus maze, the current results showed that BTBR mice spent more 

time in the open segments and also performed more entries into the open arms, indicating 

a lower anxiety-related profile in BTBR mice.  This finding is consistent with previous 

BTBR studies using the elevated zero maze (McFarlane et al., 2008) and a similar test, 

the elevated plus maze (EPM) (Pobbe et al., 2011).  However, that the current finding 

differs from other EPM studies which showed that BTBR mice spent normal (Moy et al., 

2007; Benno et al., 2009; Yang et al., 2009), and low (Pobbe et al., 2011) amounts of 
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time in the open arms; as well as performed a normal (Moy et al., 2007) number of 

entries into the open arms. The light/dark exploration test also assesses anxiety-related 

behaviors and is based on the aversion of mice to brightly lighted areas.  In this test, the 

BTBR mice did not differ from B6 mice in the number of transitions between the light 

and dark compartments, the time spent in the dark chamber, or in the latency to enter the 

dark chamber, suggesting a normal anxiety-related profile in the BTBR (Silverman et al., 

2010b).   

The stress-reactive behaviors of BTBR mice also appear to vary with the stressor.  

BTBR mice show normal reactivity to an acoustic startle stimulus and tail flick; along 

with normal prepulse inhibition and low reactivity to a hot plate stimulus (Silverman et 

al., 2010b).  When the EPM was preceded by tail suspension, BTBR showed enhanced 

anxiety-like behavior (Benno et al., 2009).  In tests of depression-like behaviors, BTBR 

mice displayed low levels of immobility in the forced swim test and the tail suspension 

test, suggesting a reduced tendency to depression-like behavior (Silverman et al., 2010b).  

While the current EPM data as well as other previous tests of general anxiety-related 

behaviors show mixed findings, these studies taken together suggest that BTBR mice 

show a profile of normal-to-low general anxiety. 

Previous findings in the social proximity test (Chapter 2) were consistent in 

showing that BTBR mice performed fewer nose-to-nose contacts, fewer uprights, and 

enhanced crawl unders, suggesting that these mice find such contact aversive or stressful.  

Therefore, the current study examined the role of anxiety in these social proximity 

measures.   Administration of the anxiolytic, diazepam, reduced uprights, due almost 

exclusively to changes in the B6 mice, as BTBRs showed minimal upright frequencies 

under any condition; demonstrating the ability of the anxiolytic to reduce a defensive 

behavior often seen in the context of agonistic behavior between mice (Krsiak, 1979; 

Kudryavtseva and Bondar’, 2002).  Diazepam also reduced crawl under displays, seen at 

consistently higher levels in BTBR mice and consonant with an interpretation that crawl 

unders reflect a stressful response to frontal contact.  Jump escapes, which tended, albeit 

nonsignificantly, to be more frequent in the BTBR mice also declined with diazepam 

administration. This effect of diazepam is in agreement with previous studies showing 

that high frequencies of jump escape reflect elevated contextual anxiety (Griebel et al., 
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1995; Blanchard et al., 2003b). More specifically, diazepam was previously reported to 

reduce both jump escape and upright behaviors in BALB/c and Swiss mice tested in  

previous MDTB studies (Griebel et al., 1998, 2005).  Although diazepam is capable of 

inducing mild sedation at higher doses (Ennaceur et al., 2008), sedative effects appear 

unlikely in the present study given the similar levels of investigation and orientation 

behaviors observed in treated and untreated mice.  The reduction in crawl under displays 

in diazepam treated mice tested in social proximity implies that anxiety or defensiveness 

underlies this behavior, warranting further investigation. 

The MDTB is different from other conventional anxiety tests in providing a 

discrete and highly stressful animate stimulus, a predator.  In the MDTB, BTBR mice 

displayed increased vocalizations when confronted with the anesthetized predator, 

suggesting increased defensiveness, but failed to show the immobility typically 

associated with the predator context.  This difference between reduced line crossings in 

an aversive context and enhanced vocal responsivity to the actual presence of the 

predator may suggest an enhanced anxiety or defensiveness of BTBR mice to a present, 

animate, threat. In this context, the present findings that BTBR mice showed consistent 

enhancement in several anxiety-related measures are consistent with a view that animate 

stimuli, and perhaps social stimuli in particular, elicit anxiety-like behaviors in these 

mice.  In addition, a previous study adds to this view in demonstrating that diazepam can 

rescue deficits in social approach by BTBR mice in the three-chamber social approach 

test (Pobbe et al., 2011). 

In summary, the BTBR inbred mouse strain displays behaviors consistent with the 

three diagnostic clusters of autism.  While several studies show mixed findings on the 

anxiety-relevant phenotype of the BTBR, this study, as well as most others, provides 

support for the view that an overall increase in anxiety is not a primary contributing 

factor in the reduced social behavior of this strain.  In addition, administration of the 

anxiolytic, diazepam, reduced crawl under behavior across both strains; suggesting that 

social anxiety underlies the characteristically high frequency of this behavior in BTBR 

mice.   
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CHAPTER 4 
 

SOCIAL, COMMUNICATIVE, AND REPETITIVE BEHAVIORS  

OF MICE EXPOSED TO MATERNAL IMMUNE ACTIVATION 
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4.1. Rationale 

 The previous chapters showed that BTBR mice display autism-like behaviors; and 

that such behaviors are not due to a high anxiety phenotype.  Chapter 4 investigates 

another factor, maternal immune activation, as a potential mechanism underlying autism-

like behaviors in mice.  C57BL/6J mice, a control strain for the BTBR, were used here to 

determine if activation of the immune system during pregnancy produces offspring with 

behaviors similar to BTBR mice.   

 

4.2. Abstract 

Deficits in reciprocal social interactions, impaired communication and increased 

repeated and stereotyped behaviors serve as the core symptoms of autism.  The current 

study assessed the autism-relevant behaviors of mouse offspring exposed to maternal 

immune activation (MIA).  Pregnant dams were administered 20 mg/kg of polyinosinic-

polycytidylic acid (poly(I:C)), to induce immune activation and adult offspring of these 

pregnancies were tested for a range of behaviors.  Social behavior was assessed in a 

three-chamber test, in a social proximity test and in a semi-natural visible burrow system 

(VBS).  To test for communication, ultrasonic vocalizations (USVs) were assessed in 

social proximity and scent marking behavior was assessed in the presence of a 

conspecific.  Repeated and stereotyped behaviors were assessed in an autogrooming task.  

Results showed that the male poly(I:C) group displayed large social deficits in the three-

chamber and VBS tests when compared to the PBS control group; whereas the female 

poly(I:C) group showed a mild reduction in social behavior in the VBS and did not show 

impairments in the three-chamber test.  No differences in communication were detected 

between poly(I:C) and PBS males in this study; however, poly(I:C) females showed 

altered scent marking and a trend towards decreased USVs in comparison to PBS 

females.  Poly(I:C) groups showed higher durations of grooming for males in the VBS 

and for females in the autogrooming test.  Poly(I:C) males also displayed a more 

stereotyped pattern of grooming.  Taken together, these data suggest that prenatal MIA 

differentially alters the expression of autism-relevant behaviors in male and female mice.   
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4.3. Introduction 

Autism is a widespread neurodevelopmental disorder with a prevalence reported 

as high as 1 in 88 children in the United States (CDC, 2012).  Behavioral indicators of the 

disorder are generally observed within the first three years of life (Filipek et al., 1999; 

Zwaigenbaum et al., 2005; Barbaro and Dissanayake, 2009) and symptoms persist 

through adulthood.  Diagnosis of autism relies solely on the presence of three behavioral 

clusters: (1) impaired reciprocal social interaction, (2) deficits in communication and (3) 

elevated repeated and stereotyped patterns of behavior (American Psychiatric 

Association, 2000).  Other behaviors associated with autism include irritability, 

aggression, altered activity patterns and gaze aversion (McClintock et al., 2003; Clifford 

et al., 2007; Murray, 2010).  Several treatment options for autism have been proposed 

including cognitive therapy, behavioral modification and medication; however, none 

have proven to be consistently effective, reflecting the heterogenous nature and unknown 

etiology of the disorder (Folstein and Rosen-Sheidley, 2001). 

There is currently no consistent biological marker for autism.  However, a strong 

genetic component is implied by the high concordance rate for monozygotic twins 

(Lichtenstein et al., 2010; Hallmayer et al., 2011), the high heritability of individual 

symptoms (Ronald et al., 2006), and the 4:1 male to female prevalence for the disorder 

(Yeargin-Allsopp et al., 2003; CDC, 2012).  In addition, linkage and association studies 

have identified a number of potential candidate genes for susceptibility to autism 

(Szatmari et al., 2007; Weiss et al., 2009; Ionita-Laza et al., 2012).  Given that the 

concordance rate for autism in monozygotic twins is less than 100%, it is suggested that 

there are nongenetic causal mechanisms for the disorder (Happé et al., 2006).  Prenatal 

viral infection, in particular, has been postulated as a primary contributing factor in 

autism (Ciaranello and Ciaranello, 1995; Howerton and Bale, 2012).  This claim is 

supported by clinical data from more than 10,000 cases showing that maternal infection is 

a risk factor for autism in offspring (Atladóttir et al., 2010).  Prenatal maternal stress in 

the form of disruptive life events during pregnancy has also been correlated with the 

disorder (Ronald et al., 2010).  Furthermore, elevated concentrations of several markers 

of immune activation have been found in the blood, cerebral spinal fluid and brain tissue 

of individuals with autism (Croonenberghs et al., 2002; Vargas et al., 2005; Li et al., 
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2009; Wei et al., 2011).  Collectively, these data implicate maternal immune activation 

(MIA) in the etiology of autism. 

Mouse offspring of maternal immune activation (MIA) pregnancies have been 

suggested as animal models of developmental disorders (Patterson, 2009, 2011; Meyer et 

al., 2011; Malkova et al., 2012).  The aim of the current study was to investigate the 

effects of MIA on offspring behaviors, particularly those relevant to the core symptoms 

of autism.  To achieve this aim, pregnant mouse dams were administered polyinosinic-

polycytidylic acid (poly(I:C)), a synthetic double-stranded RNA that interacts with Toll-

like receptor (TLR) 3, thereby mimicking viral infection and inducing immune activation 

(Alexopoulou et al., 2001).  Offspring of MIA pregnancies were thoroughly assessed as 

adults in several behavioral testing paradigms sensitive to changes in sociability, 

communication and/or stereotypy.  The Three-chamber Test was used to assess social 

approach behavior and was run to provide comparative data, as this test is often used as a 

standardized measure of sociability. The Visible Burrow System was used to observe 

various interaction and grooming behaviors in a seminatural environment.  The Social 

Proximity Test was used to assess detailed orientation and social behaviors as well as 

ultrasonic vocalizations (USVs) in an environment where social contact is difficult to 

avoid.  Scent marking was measured in the presence of a social stimulus as this behavior, 

as well as USVs, constitute the two primary forms of communication in mice (Hurst and 

Beynon, 2004; Arakawa et al., 2008; Scattoni et al., 2009).  A test for stereotyped and 

repeated grooming patterns was also used.  In addition, the elevated plus maze was used 

to assess general anxiety to determine the contribution of this factor to potential deficits 

in sociability.  The tests used in the current study provided detailed information on the 

effects of MIA on specific individual behaviors relevant to autism. 

 

4.4. Materials and Methods 

4.4.1. Animals 
C57 BL/6J mice bred in house from stock obtained from The Jackson Laboratory 

(Bar Harbor, ME, USA) were used in this study. Mice were housed in polycarbonate 

cages with food and water freely available.  Mouse colonies were maintained with 

controlled lighting (12:12, light:dark cycle), temperature (21 ± 3 °C) and humidity (51-
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55%) within the animal facilities at the University of Hawaii.  All procedures were 

approved by the Institutional Use and Care Committee at the University of Hawaii and 

were in compliance with the National Institutes of Health Guidelines for the Care and 

Use of Laboratory Animals. 

 

4.4.2. Dose Administration and Generation of Subjects 

Poly(I:C) at 20 mg/kg or phosphate-buffered saline (PBS) was intraperitoneally 

administered to pregnant dams on day 12.5 of gestation.  Poly(I:C) is a double stranded 

RNA that mimics, but does not cause, viral infection.  Poly(I:C) acts as an agonist of 

TLR3, eliciting several changes associated with immune response including interferon 

and cytokine production (Matsumoto and Seya, 2008).  PBS was used as a vehicle 

control.  Poly(I:C) (P9582, Sigma) was dissolved in 0.9% sterile PBS at a volume taking 

into account that the poly(I:C) content is 10% of the manufacturer supplied product.  

Dosing solutions were prepared fresh on the day of administration.  Selection of the 

poly(I:C) immunogen, timing of immune activation and selection of dose concentration 

are based on previous studies which have used these parameters to observe autism-

relevant changes (Shi et al., 2009; Smith et al., 2007; Hsiao and Patterson, 2011). 

To generate the subjects for this study, sexually naïve male and female mice were 

placed together overnight to form mating pairs.  Females were inspected for a vaginal 

plug early the next morning and that day was designated as embryonic day (E) 0 if a plug 

was present.   On E12.5, pregnant dams were administered either poly(I:C) or PBS.  

There were no statistical differences in the number of males [t(7) = 0.550], females [t(7) 

= 0.092] or total litter size [t(7) = 0.406] delivered between females administered 

poly(I:C) and females administered PBS.  Pups were left with their dams until weaning at 

post natal day (PND) 21.  At weaning, mice were housed with same-sex littermates until 

the start of behavioral testing.  For most tests, n=11/group for males; n=10 for the PBS 

female group and n=12 for the poly(I:C) female group.  Exceptions to these numbers 

were in the social proximity test where n=10/group for males and in the visible burrow 

system where n=9 for all groups.   
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4.4.3. Apparatus 

The three-chamber test was conducted in an arena (41 cm L x 70 cm W x 28 cm 

H) constructed of black acrylic plastic.  A clear acrylic window was built into the front 

wall of all chambers to observe interactions occurring between the subject and the 

stimulus animals.   Manual sliding doors connected the center chamber to each outer 

chamber.  An inverted wire cup (Galaxy Cup, Kitchen Plus) was placed in each outer 

chamber.   

Social proximity and autogrooming tests were conducted in a clear rectangular 

chamber (7 cm L x 14 cm W x 30 cm H) constructed of clear acrylic plastic.  

Scent marking was conducted in an apparatus (38 cm L x 62 cm W x 33 cm H) 

constructed of clear acrylic plastic.  An inverted wire cup was placed in one of the 

corners.  A paper substrate (340-318, Strathmore) to collect scent marks lined the floor of 

the apparatus. 

The elevated plus maze test was conducted in an apparatus consisting of two open 

arms (30 cm L x 7 cm W x 0.25 cm H) and two closed arms (30 cm L x 7 cm W x 19 cm 

H).  The maze, constructed of acrylic and wood, was raised to 40 cm above floor level.    

The visible burrow system was conducted in a galvanized metal bin.  An open 

“surface” area (30 cm L x 61 cm W x 26 cm H) was separated from three chambers by a 

black acrylic plastic barrier.  Each chamber (12 cm L x 7 cm W x 6 cm H) was also 

constructed of acrylic plastic; black for the walls and clear for the top.  Each chamber 

was joined to the surface by clear acrylic plastic tubes fitted into a cutout in the barrier to 

the surface.  In addition, two adjacent chambers were connected by a plastic tube, while 

the third chamber was connected only to the surface.  Food and water were freely 

available to all mice.  Mouse bedding covered the floor of the apparatus.   

 

4.4.4. Procedure 

Behavioral testing of subjects began between PND70 and PND75.  Subjects were 

tested in the three-chamber test, the scent marking test, the autogrooming test, the social 

proximity test, the elevated plus maze, and then the visible burrow system test.  Each test 

was separated by 7 days.  Apparatus were cleaned between animals with 20% ethanol and 

were dried with paper towels.  Video from the trials was captured with black and white 
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CCTV cameras and footage was transferred to DVD recorders for data storage and 

subsequent scoring.  Multiple camera/angle configurations were often used to facilitate 

the identification and differentiation of behaviors.    

 

Three-chamber 

Testing for social approach behavior was conducted as previously described (Moy 

et al., 2009).  Subjects were first placed into the apparatus and were allowed to explore 

all chambers for a 10 min habituation phase. Subjects were then moved to the center 

chamber and contained there briefly with doors closed, while a stimulus mouse was 

placed into the cup in one of the outer chambers, alternating between left and right. The 

doors to the outer chambers were raised to begin the 10 min approach phase of the test.  

Frequency of entries and duration of time in the chambers were measured.  

 

Scent Marking  

Testing for scent marking behavior was conducted similar to that previously 

described (Arakawa et al., 2007).  A stimulus mouse contained within an inverted wire 

cup was placed in a randomly varied corner of the apparatus.  The subject was then 

immediately placed into the apparatus for a 30 min trial to freely explore and deposit 

scent marks within the arena.  At the end of the trial, the paper substrate lining the floor 

of the apparatus was removed and allowed to dry for at least one hour.  Sheets were then 

sprayed with ninhydrin solution (S93313, Fisher; 3 g in 500 ml methanol) to allow 

visualization and quantification of the scent marks.  The ninhydrin was allowed to dry for 

at least 12 h before quantification.  A grid with 1 cm squares was used to quantify scent 

marks.  The number of squares containing scent marks were counted for the half of the 

chamber containing the stimulus mouse (near) as well as for the other half of the chamber 

(far).  Locomotor activity was also assessed in scent marking trials.  The arena was 

divided into six zones in the video recordings and the number of entries into each zone 

was scored.   

 

Autogrooming 
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Testing for grooming behavior was conducted as previously described (Pearson et 

al., 2011).  Subjects were placed in the autogrooming apparatus for a 30 min trial.  

Grooming of the paw, head, body, leg and tail/genital were scored.  Variables for patterns 

of grooming were also analyzed: 

 

Bout- Uninterrupted occurrence of grooming.  Bouts were separated by at least six 

seconds of non-grooming. 

 

Interrupted bout- A grooming bout that is interrupted by at least six seconds. 

 

% Interrupted bouts- The number of interrupted bouts divided by the total number of 

bouts.  

 

Transition- Transfer between different types of grooming. 

 

Incorrect transition- Transfer that does not follow the characteristic rostral to caudal 

rodent grooming sequence: paw to head to body to leg to tail/genital.   

 

% Incorrect transitions- The number of incorrect transitions divided by the total number 

of transitions. 

  

Social Proximity 

Testing for behaviors in social proximity was conducted as previously described 

(Defensor et al., 2011).  Two mice from the same sex and treatment group were placed 

together in the social proximity apparatus for a 10 min trial.  The behaviors measured 

were nose-to-nose, nose-to-head, nose-to-anus, crawl over, crawl under, upright, self 

groom and allogroom.  USVs were also measured in the social proximity test 

(UltraSoundGate, Avisoft). 

 

Elevated Plus Maze 
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Subjects were placed at the threshold of the open and closed arms to begin the 5 

min trial.  Tests were conducted under dim red light.  Duration of time in the open and 

closed arms was measured.     

 

Visible Burrow System 

Testing for behaviors in the visible burrow system was conducted as previously 

described (Pobbe et al., 2010).  Identifying marks were made on all animals three days 

prior to testing by gently restraining the mice and trimming a small section of hair with 

an electric shaver.  Colonies were formed in the VBS by placing three non-littermate 

mice from the same sex and treatment group into the apparatus. Mice were placed in the 

VBS at 18:00 hours at the beginning of dark phase 1 and colonies were maintained 

throughout 3 dark and 3 light phases.  Behaviors were scored from video taken at the first 

4 hours of each phase (18:00-22:00 hours and 06:00-10:00 hours) by time sampling for 

30 seconds, every 10 minutes.  The behaviors measured in the VBS were approaches to 

the front and back, huddle, alone, chase, flight, follow, vigorous contact, self groom and 

allogroom (grooming another mouse). 

 

4.4.5. Statistical Analysis 

Data from the social approach test was analyzed by two-tailed Student’s t-test, 

comparing the duration of time spent in the chamber containing the stimulus mouse with 

the duration of time spent in the chamber not containing the stimulus mouse to determine 

if a social preference was shown.  The t-test was also used to compare body weights as 

well as behaviors of the poly(I:C) and PBS groups in the three-chambered, social 

proximity, scent marking, autogrooming and elevated plus maze tests.  Non-parametric 

analysis was used on non-homogeneous data.  The Mann-Whitney U test was used to 

compare behaviors of the poly(I:C) and PBS groups in the VBS and USVs in the social 

proximity test.  Separate comparisons were made for males and females in this study due 

to the known sex differences in the behaviors of mice (Terranova et al., 1993; Võikar et 

al., 2001; Cox and Rissman, 2011).   
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4.5. Results 

4.5.1. Weights 
The weights of the male poly(I:C) group were significantly lower than the male 

PBS group at weaning on PND21 [t(20) = 4.57, p < 0.001].  When weighed again at 10, 

11, 12, 13 and 14 weeks of age, there were no differences between the male groups.  The 

female poly(I:C) and female PBS groups did not show differences in weight at weaning 

or at 10, 11, 12, 13 or 14 weeks.  

 

4.5.2. Three-chamber 

Male PBS mice displayed a preference for the side containing a social stimulus 

[t(20) = 5.22, p < 0.0001], while male poly(I:C) mice failed to show a preference for 

either side [t(20) = 1.57, p > 0.05] (Figure 4.1A). Females displayed the opposite pattern: 

the poly(I:C) group showed a preference for the social side [t(22)= 2.35, p < 0.05], while 

the PBS females failed to show a preference for either side; although a trend indicating a 

social preference was observed [t(18) = 1.85, p = 0.08] (Figure 4.1B).  The PBS and 

poly(I:C) groups did not show differences in frequencies of entries into the chambers for 

males [t(20) = 1.07, p > 0.05, habituation phase; t(19)= 0.870, p > 0.05, approach test 

phase] or for females [t(20)= 0.129, p > 0.05, habituation phase; t(20) = 0.510, p > 0.05, 

approach test phase].  Equipment failure led to the loss of frequency of entries data in the 

approach test phase for one male in the PBS group; this is reflected in the degrees of 

freedom reported above.   

  



 

 

Figure 4.1. Duration of time in each chamber of the three-chamber test for males (A) and 
females (B).  Data are presented as mean ± S.E.M.  *, indicates that more time was spent 
in the social chamber in comparison to the non-social chamber, p < 0.05.   
 

 

4.5.3. Scent Marking 

PBS and poly(I:C) males did not show differences in total scent marks deposited 

[t(20) = 0.14, p > 0.05] (Figure 4.2A) or in the percentage of scent marks deposited near 

the stimulus mouse [t(20) = 0.56, p > 0.05] (Figure 4.2B).  While the total scent marks 

deposited were not different between poly(I:C) females and PBS females [t(20) = 1.29, p 

> 0.05] (Figure 4.2C), poly(I:C) females deposited a lower percentage of total scent 

marks near the stimulus mouse [t(20) = 2.28, p < 0.05] (Figure 4.2D).  The total number 

of zone entries was not different between the poly(I:C) and PBS groups for males [t(20) = 

0.03, p > 0.05] or for females [t(20) = 0.87, p > 0.05]. 
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Figure 4.2. Area of total scent marking and percentage of scent marks deposited near a 
live mouse for males (A & B) and females (C & D) in the scent marking test.  Data are 
presented as mean ± S.E.M.  *, indicates a significant difference between the PBS and 
Poly(I:C) groups, p < 0.05. 
 

 

4.5.4. Autogrooming 

There was no difference in the duration of grooming [t(20) = 1.06, p > 0.05] 

between the male groups (Figure 4.3A).  Male poly(I:C) mice showed a lower percentage 

of incorrect transitions when compared to male PBS mice [t(20) = 4.80, p < 0.001] 

(Figure 4.3B).  Poly(I:C) females showed a higher duration of grooming when compared 

to PBS females [t(20) = 2.32, p < 0.03] (Figure 4.3C); however, percentage of incorrect 

transitions [t(20) = 0.22, p > 0.05] was not different between these groups (Figure 4.3D).  

The percentage of interrupted bouts was not different between poly(I:C) and PBS mice 

for males [t(20) = 0.43, p > 0.05] or for females [t(20) = 1.52, p > 0.05]. 
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Figure 4.3.  Duration of grooming and percentage of incorrect transitions for males (A & 
B) and females (C & D) in the autogrooming test.  Data are presented as mean ± S.E.M.  
*, indicates a significant difference between the PBS and Poly(I:C) groups, p < 0.05. 
 

4.5.5. Social proximity with USV measurement 

The PBS and poly(I:C) groups did not show differences in behaviors measured in 

the social proximity test for males or for females. 

Male PBS and poly(I:C) pairs did not show a difference in number of USVs 

measured as both groups emitted a very low number of calls (Figure 4.4A).  A trend 

between the female groups was observed: female poly(I:C) pairs emitted fewer USVs 

than female PBS pairs, [U = 4.50, Z= 1.92, p = 0.05 ]; although this difference did not 

reach statistical significance (Figure 4.4B).   
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Figure 4.4.  Number of USVs emitted by males (A) and females (B) in the social 
proximity test.    Data are presented as mean ± S.E.M.   
 

4.5.6. Elevated Plus Maze 

The PBS and poly(I:C) groups did not show differences in the percentage of time 

spent in the open arms for males [t(20) = 0.27, p > 0.05] or for females [t(20) = 0.92, p > 

0.05]. 

 

4.5.7. Visible Burrow System 

PBS and poly(I:C) males showed several differences in behaviors displayed in the 

VBS when analyzed by Mann-Whitney U test (n = 9 mice per group, Figure 4.5).  When 

compared to PBS males, poly(I:C) males showed decreased approach front in the dark 1 

phase (U = 15.5, Z = 2.12, p < 0.05) and increased approach front in the light 1 phase (U 

= 13.00, Z = 2.52 , p < 0.05); as well as decreased follow in the dark phases 1 and 2 (U = 

18.00, Z = 2.02, p < 0.05, dark 1; U = 19, Z = 1.99, p < 0.05, dark 2).  Poly(I:C) males 

also showed decreased huddle in the light 1 phase (U = 6.00, Z = 3.05, p < 0.01); 

increased self groom in all light phases (U = 4.00, Z = 3.27 , p < 0.01, light 1; U = 8.00, Z 

= 2.88, p < 0.01, light 2; U = 2.00, Z = 3.09, p < 0.01, light 3) and the dark 3 phase (U = 

17.00, Z = 2.09, p < 0.05); and decreased allogroom in the dark 2 and 3 phases (U = 19, Z 

=1.97 , p < 0.05, dark 2; U = 16.5, Z =2.14 , p < 0.05, dark 3).  There were no significant 

differences in approach back, flight, chase, or vigorous behaviors between the male 

groups (p > 0.05). 
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PBS and poly(I:C) females showed differences in huddle, alone and self groom 

behaviors in the VBS when analyzed by Mann-Whitney U test (n = 9 mice per group, 

Figure 4.6).  When compared to PBS females, poly(I:C) females showed decreased 

huddle behavior in dark phase 3, and in all light phases (U = 3.50, Z = 3.27 , p < 0.01, 

light 1; U = 10.00, Z = 2.71, p < 0.01, light 2; U = 0.00, Z = 3.58, p < 0.001, light 3).  

Poly(I:C) females also displayed more alone behavior in light phase 3 (U = 7.00, Z = 

3.10, p < 0.01) and more self grooming in light phase 2 (U = 16.5, Z = 2.14, p < 0.05). 

There were no differences in approaches, flight, chase, follow, allogroom, or vigorous 

behaviors between the female groups (p > 0.05). 

 

  



 

Figure 4.5.  Behaviors displayed by males in the VBS.  Data are presented as mean ± 
S.E.M.  *, indicates a significant difference between the PBS and Poly(I:C) groups, p < 
0.05.  
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Figure 4.6.  Behaviors displayed by females in the VBS.  Data are presented as mean ± 
S.E.M.  *, indicates a significant difference between the PBS and Poly(I:C) groups, p < 
0.05.  
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4.6. Discussion 

Prenatal exposure to maternal immune activation (MIA) has been associated with 

the diagnosis of autism.  Thus, mouse offspring of MIA pregnancies have been suggested 

as animal models to better understand mechanisms contributing to the disorder.  The 

current study was designed to determine if MIA offspring show autism-relevant changes 

in behaviors providing parallels to those described in the diagnostic criteria for autism, or 

disproportionately associated with autism.  

  MIA produced strong social impairments in males and mild social impairments in 

females.  In the VBS, males showed reductions in approach front and follow, in the active 

(dark) periods, and in huddle during the inactive (light) periods.  MIA males also failed to 

show a social preference in the three-chamber test. Of the sociality measures, females 

showed a reduction only in huddle during the VBS inactive (light) period. These findings 

are consistent with previously reported social approach deficits in MIA males (Shi et al., 

2003; Smith et al., 2007; Malkova et al., 2012) and expand the scope of such findings to 

the seminatural VBS, and to include a greater range of social impairments.  

The current study did not find differences between the MIA and control groups in 

the social proximity test, a task which has previously differentiated the behaviors of 

higher and lower sociability mice (Defensor et al., 2011; Pearson et al., 2012; Pobbe et 

al., 2012).  Whereas most tests of social behavior allow the subjects to manipulate the 

social distance, avoiding the conspecific stimulus, the social proximity test places pairs of 

mice into a chamber where contact with one another is extremely difficult to avoid, 

providing a condition of forced interaction.  When two mice from the same treatment 

group were placed together in social proximity, PBS and poly(I:C) animals displayed 

similar frequencies of behaviors, suggesting that poly(I:C) induced MIA does not alter 

behaviors in forced social proximity.  

MIA altered communication in female mice, but not in male mice, as evaluated by 

scent marking and USVs to a social stimulus. Females exposed to MIA showed a 

reduction in the proportion of scent marks made close to the live stimulus mouse, albeit 

in the context of no change in the total number of marks made; as well as a nonsignificant 

trend towards reduced USVs. These measures in males were not different between the 

MIA and control groups.  The finding of no group scent marking differences for males 
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was similar to previous data showing that MIA failed to alter male scent marking 

behavior in response to male urine (Malkova et al., 2012). However, the very low 

numbers of USVs emitted by both the poly(I:C) and control groups in the current study 

do introduce some uncertainty about the interpretation of these data, based on a potential 

floor effect that may have masked any MIA-based reduction in USVs. Notably, a 

previous study showed that MIA males emitted fewer USVs and deposited fewer scent 

marks in the presence of a female stimulus (Malkova et al., 2012). Thus the present 

findings, although negative for MIA males with regard to communication, do not 

contradict previous findings indicating that MIA may impair male communication to 

particular (female) social stimuli.  

Here, MIA increased self-grooming behaviors of both male and female mice. In 

addition to higher levels of self-grooming in the VBS, males exposed to MIA showed a 

more stereotyped pattern of grooming in the autogrooming test, indicated by a higher 

percentage of area-specific rostral to caudal grooming transitions (lower percentage of 

incorrect transitions, Figure 4.3B). This pattern of a reduced proportion of incorrect 

grooming transitions against the background of an increase in self-grooming, is also 

characteristic of the BTBR T+tf/J mouse, a widely used animal model of autism (Pearson 

et al., 2011). These findings are also in agreement with previous data showing increased 

self grooming as well as marble burying, another measure of repetitive behavior, by MIA 

males (Malkova et al., 2012).  MIA females showed elevated self-grooming in both the 

VBS and in the autogrooming task. However, there was no indication of elevated 

stereotypy of grooming behavior (reduced percentage of incorrect transitions) in females 

exposed to MIA.   

The autism-relevant behaviors of MIA female and, especially, male, mice do not 

appear to be artifacts of activity changes as the frequency of zone/chamber entries in the 

three-chamber and scent marking tasks was not different between the groups here, or as 

previously reported (Schwendener et al., 2009) for activity measures in an open field 

exploration test. In addition, the present findings that both male and female mice exposed 

to prenatal MIA showed normal anxiety-like behavior in the EPM are consistent with 

Schwendener et al., (2009) and suggest that increases in general anxiety are not 

responsible for the autism-relevant behavioral phenotype displayed by these animals. 
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These data are consonant, however, with a view that the behaviors of MIA males may 

reflect heightened social anxiety.   

It is notable that control animal behaviors, such as Follow and Approach Front, 

were at very high levels during the initial (dark 1) period in the VBS, in which 

measurements were taken just after the animals had been introduced to the apparatus and 

to the previously-novel conspecifics of the group. These behaviors declined over 

successive days, suggesting that they are part of a pattern of responsivity to novel 

conspecifics that habituated over those days. In this context, the much lower initial (and 

continuing) levels of approach front and follow for MIA males suggest a disruption of 

this pattern, potentially attributable to either lack of social motivation, or to fear/anxiety 

to conspecifics. Conversely, self- and allogrooming were not different for MIA and 

control males during Dark 1, but rose over successive dark periods. As self-grooming, 

particularly, appears to be a highly motivated behavior for MIA males, the very low level 

during Dark 1 strongly suggests a suppressive effect.  As this cannot easily be attributed 

to lack of social motivation, it –taken together with the patterns of approach front and 

follow - suggests a suppression of behavior that may reflect social anxiety. In this 

context, it would be interesting to determine if anti-anxiety medications normalize the 

social-avoidance deficiencies of MIA males, as they do with some, but not all, social 

changes in BTBR T+tf/J mice (Pobbe et al., 2010; Defensor et al., 2011) 

The MIA model also displays non-behavioral markers that have been observed in 

autism.  MIA produces a variety of morphological changes in offspring (reviewed by 

Boksa, 2010) including a reduction in cerebellar purkinje cells (Shi et al., 2009), a finding 

that is consistently reported in autism regardless of patient background (Ritvo et al., 

1986; Courchesne, 1991; Bailey et al., 1998; Fatemi et al., 2002).  In addition, changes in 

cytokine concentrations that occur following MIA have also been described in autistic 

patients (Vargas et al., 2005; Li et al., 2009; Boksa, 2010; Wei et al., 2011).  The 

proinflammatory cytokine IL-6 draws particular interest: elevated IL-6 levels have been 

consistently reported in the brains of autistic subjects (Vargas et al., 2005; Li et al., 2009; 

Wei et al., 2011) as well as in the mouse fetal compartment following MIA (Golan et al., 

2005; Liverman et al., 2006; Meyer et al., 2006; Hsiao and Patterson, 2011).   
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In conclusion, poly(I:C) induced MIA appears to produce a selective differential 

pattern of autism-relevant behaviors in male and female mice. This finding is interesting 

given the sexual dimorphism in the expression of autistic traits (CDC, 2009, 2012) and 

implicates sex-specific interactions between genes and the environment in the 

manifestation of autistic symptoms.  These data provide face validity for use of these 

animals as models for the disorder and also provide further support for a role of MIA in 

the manifestation of altered social, communicative and stereotyped behaviors. 
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CHAPTER 5 
 

IL-6 PLACENTAL GENE EXPRESSION IN THE BTBR T+tf/J 

 MOUSE MODEL OF AUTISM 
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5.1. Rationale 

Chapter 4 showed that an increase in immune activity during pregnancy produces 

offspring that show autism relevant behaviors similar to those displayed by the BTBR 

strain.  This chapter investigates whether the same mechanisms involved in maternal 

immune activation are disrupted during gestation in BTBR mice.   

 

5.2. Abstract 

The BTBR T+tf/J (BTBR) inbred strain of mouse displays behaviors consistent 

with the three diagnostic clusters of autism; however, the mechanisms underlying these 

behaviors are unknown.  Changes during gestation may account for the abnormal 

behavioral and physiological abnormalities of BTBR mice.  The placenta is crucial to the 

optimal growth and development of potential offspring, particularly as it provides 

immune protection to the fetus.  Therefore, the current study examined the differential 

gene expression of the IL-6 signaling pathway in the placental tissue of BTBR mice, 

when compared to B6 mice, at three time-points in gestation.  Results indicated 

significant differences between the two strains in the expression of several genes of the 

IL-6 signaling pathway at gestational day (GD) 12.5.  These data suggest the possibility 

of impaired regulation of the IL-6 pathway, involved in immune response and 

inflammation, before birth in BTBR mice and provide support for GD 12.5 as a sensitive 

time-point for environmental insults.   

 

5.3. Introduction 

Autism is a widespread neurodevelopment disorder that currently has no known 

cause or cure. The incidence of autism has risen in the past decade with recent rates 

reported as high as 1 in 50 children in the United States (Blumberg et al., 2013).  The 

complex disorder has no known biomarkers and is therefore defined solely by an aberrant 

behavioral phenotype.  Diagnosis of autism relies on a triad of behavioral clusters 

involving deficient sociability, impaired communication and increased repetitive 

behaviors (American Psychiatric Association, 2000).   

Despite the difficulties associated with modeling human neuropsychiatric diseases 

in rodents (Crawley, 2004, 2007), researchers have identified mouse models that display 
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behaviors relevant to the core symptoms of autism (Brodkin et al., 2004; McFarlane et 

al., 2008; Malkova et al., 2012) Among these models is the BTBR T+tf/J (BTBR) inbred 

mouse strain, which is arguably the strongest mouse model to consistently display a 

robust autism-relevant behavioral phenotype (Meyza et al., In press.; Blanchard et al., 

2011).  The BTBR showed reduced sociability in a social approach test, an open field 

test, a visible burrow system and a social proximity test (Bolivar et al., 2007; Yang et al., 

2007; McFarlane et al., 2008; Pobbe et al., 2010; Defensor et al., 2011).  The BTBR also 

showed altered aspects of scent marking and ultrasonic vocalizations, two primary forms 

of mouse communication (Scattoni et al., 2008; Wöhr et al., 2010).  In addition, BTBR 

mice displayed elevated repetitive grooming behaviors as well as increased stereotyped 

patterns of grooming (Silverman et al., 2010; Pearson et al., 2011) 

Aside from behavior, BTBR mice show physiological abnormalities analogous to 

those present in certain subpopulations of autistic patients.  BTBR lack a corpus callosum 

(CC) (Wahlsten et al., 2003) and, while a complete absence of the CC is rare in human 

autistic patients, volumetric studies consistently show reduced size of the CC in ASD 

(Casanova et al., 2009, 2011; Hardan et al., 2009).  The immune response of the BTBR 

also appears to be disturbed.  BTBR mice show elevated expression of cytokines in the 

brain as well as higher IgE and IgG antibodies deposited in the brain (Heo et al., 2011).  

These immune findings are similar in autism, where elevated cytokine levels are 

consistently reported (Vargas et al., 2005; Molloy et al., 2006; Li et al., 2009).  In 

addition, disrupted components of the extracellular matrix in the BTBR (Meyza et al., 

2012) have also been observed in post-mortem tissue of autistic patients (Pearson et al., 

2013).   

The mechanisms involved in the manifestation of autism-like behaviors in the 

BTBR remain unclear.   Given the importance of the gestational period in 

neurodevelopment, investigation into this aspect of the BTBR may provide clues to 

which factors are contributing to the behavioral and physiological abnormalities of this 

strain.  The placenta, in particular, has been promoted as an organ of focus for identifying 

critical predictive biomarkers for neurodevelopmental disorders (O’Donnell et al., 2009; 

Bale, 2011; Buehler, 2011; Stolp et al., 2012).  The placenta plays an active role in 
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facilitating the interaction between the maternal and fetal environments, functioning in 

the transport of oxygen, nutrients and waste (Gude et al., 2004).   

The maternal immune system is not only vital to maintaining pregnancy (Munoz-

Suano et al., 2011), but also appears to influence the behavior and physiology of 

offspring (Smith et al., 2007; Hsiao and Patterson, 2011; Garay et al., 2012; Malkova et 

al., 2012).  Activation of the maternal immune system (maternal immune activation, 

MIA) in pregnant mouse dams induced elevated immune response in the placenta 

(Elovitz et al., 2011; Hsiao and Patterson, 2011).  Furthermore, offspring from MIA 

pregnancies showed autism-relevant immune dysregulation (Garay et al., 2012; Hsiao et 

al., 2012) as well as behaviors congruent to the core symptoms of autism (Chapter 4; 

Malkova et al., 2012).   

The goal of the current study is to examine gene expression in the placental tissue 

of BTBR mice.  To achieve this goal, whole-genome BeadChip microarray analysis will 

be used to compare the placental gene expression profiles of BTBR mice and B6 mice, a 

strain commonly used as a control, at different time points throughout gestation.  Based 

on evidence suggesting that elevated inflammatory processes in the placenta (Hsiao and 

Patterson, 2011) is associated with reduced social behavior (Smith et al., 2007; Malkova 

et al., 2012), it is predicted that the BTBR will show altered expression of genes 

associated with immune functioning.  In addition, given that challenges to the murine 

maternal immune environment at embryonic day (E)12.5 have resulted in offspring with 

physiological and behavioral abnormalities (Smith et al., 2007; Garay et al., 2012; 

Malkova et al., 2012);  suggesting this as an influential period for neurodevelopment, it is  

predicted that the BTBR will show the greatest differential gene expression at E12.5, 

when compared to B6 mice.   

 

5.4. Materials and methods 

5.4.1. Animals and tissue collection 

BTBR and B6 mice bred in-house from stock obtained from The Jackson 

Laboratory (Bar Harbor, ME, USA) were be used in this study. Mouse colonies were 

contained within the animal facilities at the University of Hawaii in a room with 

controlled lighting (12:12 light/dark cycle with lights on at 0600), temperature (22 ± 3 
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°C), and humidity (55–63%).  Male and female mice (70-90 days old) were mated 

overnight and females were inspected in the morning for a vaginal plug.  The presence of 

a plug designated that day as gestational day E0.  Dams were killed at E9.5, E12.5, or 

E15.5.  The uterine horns were dissected and placentas were washed in cold PBS and 

flash-frozen.  Tissue samples were stored at -80 °C until the RNA extraction procedure.   

 

5.4.2. RNA extraction 

RNA was extracted from placental tissue using TRIzol Reagent (Life 

Technologies, Carlsbad, CA) as directed by the manufacturer.  RNA was purified using 

the Purelink RNA Mini Kit (Life Technologies).   DNA was removed from the samples 

by treatment with Turbo DNAse (Applied Biosystems, Carlsbad, CA).   

 

5.4.3. RNA quality control 

RNA quality was assessed by capillary electrophoresis using the Agilent 

Bioanalyzer (Agilent Technologies, Santa Clara, CA).  A RNA integrity number (RIN) of 

7 was used as the threshold value for samples used in this study (Schroeder et al., 2006).  

RNA concentration was measured by Nanodrop spectrophotometer (NanoDrop 

Technologies,Wilmington, DE).  A minimum RNA concentration of 50ng/μL was 

necessary for each sample as required by the Illumina BeadArray platform. 

 

5.4.4. Microarray analysis  

Microarray analysis was used to determine differential gene expression (up-

regulation or down-regulation) between BTBR and B6 mice.  Simply put, microarrays are 

collections of gene-specific sequences, also called probes, attached to a substrate, such as 

a glass microscope slide.  To run a microarray (Freeman et al., 2000; Lockhart and 

Winzeler, 2000), RNA is extracted from tissue samples and is labeled with a fluorescent 

dye.  The labeled RNA is then transferred to the slide containing the probes.  In a process 

called hybridization, RNA attaches to its complementary probes.  The slide is then read 

on a high resolution scanner.  The higher the light intensity for each probe, the more 

corresponding RNA is present in that sample.  Low light intensity from a probe indicates 
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that little or no labeled RNA is bound to that probe and is likely not present in the 

sample. 

Analysis of gene expression in the current study was conducted using the Illumina 

BeadArray Platform, Whole Genome Expression BeadChip Array Slide (MouseWG-6 

v1.1, Illumina Inc., San Diego, CA).  The Illumina platform was selected due to its 

accuracy and reproducibility (Barnes et al., 2005) at its price point.  The MouseWG-6 

v1.1 contains six whole-genome arrays, thereby accommodating profiling of six samples 

on a single beadchip.  In this platform, the manufacturer indicates that 3-micron silica 

beads are coated with thousands of copies of an oligonucleotide.  Over 45,000 bead 

probes, containing unique oligonucleotides, are fixed into 3-micron wells etched on the 

surface of a silica slide.   

Sample hybridization and scanning was conducted at the University of Hawaii 

Cancer Center, Genomics Shared Resource.  Total RNA from samples was processed 

using the Illumina TotalPrep RNA Amplification Kit (Life Technologies) and hybridized 

to the bead array slide.  Array signals were developed by staining the slide with 

streptavidin-derivatized Cyanine 3, a synthetic fluorescent dye, and then scanned on a 

high-resolution Illumina BeadArray Reader.   

 

5.4.5. Data analysis 

The analysis of microarray data was led by Dr. Dongmei Li at The University of 

Hawaii Office of Public Health Studies.  Arrays were corrected with background 

subtraction and normalized using quantile normalization.  Differential expression was 

analyzed using the False Discovery Rate correction for multiple testing and Bonferonni 

procedure for multiple comparisons (Li, 2011).  DAVID software (Huang et al., 2009a, 

2009b) was used for functional annotation of differentially expressed gene lists.  

Complete microarray data will be submitted to the NCBI Gene Expression Omnibus 

(www.ncbi.nlm.nih.gov/geo).    

 

http://www.ncbi.nlm.nih.gov/geo
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5.5. Results 

5.5.1 RNA quality control 

 Table 5.1 shows a summary of quality control data for samples used in the study.  

All samples used had a minimum RIN of 7, with the exception of 2 samples, which were 

not assigned an RIN; however, inspection of the electropherograms (Figure 5.1) for these 

samples indicated high quality for both.   

 

Table 5.1.  Summary of quality control data 

 
Strain 

Gestational 
Day 

RNA 
Integrity 
Number 

RNA 
Concentraion 

(ng/μL) 

B6 9.5 8.10 231

B6 9.5 9.20 57

B6 9.5 9.80 276

BTBR 9.5 7.90 78

BTBR 9.5 9.30 222

BTBR 9.5 9.20 143

B6 12.5 9.30 994

B6 12.5 9.30 571

B6 12.5 9.30 495

BTBR 12.5 NA 274

BTBR 12.5 NA 304

BTBR 12.5 9.00 228

B6 15.5 7.10 292

B6 15.5 8.60 225

B6 15.5 7.70 394

BTBR 15.5 8.50 193

BTBR 15.5 9.00 440

  BTBR 15.5   9.00  374   
 

NA, RNA Integrity Number was not available for sample. 

 



 
 

Figure 5.1.  Electropherograms of study samples.  RIN: NA, RIN was unavailable for 

these samples; comparison with high quality (grey, study samples) and low quality (red, 

bottom row examples) electropherograms indicates high quality.   
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5.5.2. Differential IL-6 gene expression of BTBR and B6 mice 
 Table 5.2 shows the differential expression of IL-6 pathway genes between the 

two strains at each time-point.  The largest percentage of differentially expressed IL-6 

pathway genes (Figure 5.2) was obtained on E12.5 with 43%, followed by E15.5 with 

29% and E9.5 with 14%.  Notably, the earliest components of the IL-6 pathway were 

differentially expressed at E12.5.   

 

Table 5.2.  Differential IL-6 pathway gene expression between BTBR and B6 mice 

GENE E9.5 E12.5 E15.5 
IL6 NS -1.30371 NS 
IL6RA NS -0.49332 NS 
GP130 NS -0.48524 NS 
STAT1 NS 0.41441 0.31655 
STAT3 NS 0.33290 -0.06828 
JAK1 NS -0.60455 -0.75761 
PTPN11 0.22502 NS NS 
SHC1 NS NS NS 
SOS1 NS NS NS 
GRB2 NS NS NS 
SOCS3 -0.75096 NS NS 
HRAS1 NS NS NS 
RAF1 NS NS 0.16537 
MAP2K1 2.03910 0.94381 NS 
MAP2K2 NS NS NS 
MAPK3 NS NS 0.22999 
MAPK1 NS NS NS 
ELK1 NS NS NS 
CEBPB NS -0.23449 NS 
SRF NS NS 0.21961 
JUN NS -0.61797 NS 

 
Green = downregulated in BTBR with respect to B6, Red = upregulated in BTBR with 
respect to B6  



Figure 5.2 
Percentage of differentially 
expressed IL-6 pathway genes 
when comparing BTBR and B6 
mice 

 

5.5.3. Temporal gene expression of the IL-6 pathway 

Tables 5.3 and 5.4 show the patterns of differential gene expression of the IL-6 

pathway across time-points in B6 and BTBR mice, respectively.  From E9.5 to 12.5, B6 

and BTBR mice both showed 8 differentially expressed genes.  From E12.5 to E15.5, B6 

showed 6 differentially expressed genes; whereas, BTBR showed 13.  From E9.5 to 

E15.5, B6 showed 12 differentially expressed genes while BTBR showed 14.  

Additionally, the patterns of expression from E9.5 to E15.5 were identical in both strains 

with the exception of two genes, IL6RA and RAF1.   
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Table 5.3  Temporal gene expression of the IL-6 
pathway in B6 mice 

Table 5.4  Temporal gene expression of the IL-6 
pathway in BTBR mice 

Gene 9.5→12.5 12.5→15.5 9.5→15.5 
IL6 NS NS NS 
IL6RA NS NS NS 
GP130 NS NS 0.50216 
STAT1 NS -0.48554 -0.63522 
STAT3 NS 0.24089 -0.91015 
JAK1 NS NS NS 
PTPN11 0.17502 NS 0.24108 
SHC1 -1.57428 NS -1.67627 
SOS1 2.68349 NS 2.82108 
GRB2 NS NS NS 
SOCS3 -0.86615 -0.27599 -1.14214 
HRAS1 -0.71583 NS -0.55652 
RAF1 NS NS NS 
MAP2K1 NS NS NS 
MAP2K2 -0.87471 NS -0.99473 
MAPK3 NS NS NS 
MAPK1 NS -0.35372 NS 
ELK1 NS NS NS 
CEBPB 1.32961 NS 1.39758 
SRF -0.63245 -0.21288 -0.84533 
JUN NS 0.46643 0.79789 

 

Gene 9.5→12.5 12.5→15.5 9.5→15.5 
IL6 NS NS NS 
IL6RA -1.76172 0.60959 -1.15214 
GP130 NS 0.47691 0.38288 
STAT1 NS -0.58340 -0.78741 
STAT3 NS -0.16029 -0.93317 
JAK1 NS NS NS 
PTPN11 NS NS 0.19222 
SHC1 -0.90385 NS -0.92060 
SOS1 3.11192 NS 3.23992 
GRB2 NS -0.45028 NS 
SOCS3 NS -0.50760 -0.44728 
HRAS1 -0.72202 0.26801 -0.45401 
RAF1 NS 0.09070 0.23009 
MAP2K1 NS -0.68240 NS 
MAP2K2 -0.81331 NS -0.93433 
MAPK3 -0.54483 0.29144 NS 
MAPK1 NS NS NS 
ELK1 NS -0.43346 NS 
CEBPB 0.67814 0.39027 1.06841 
SRF -0.61327 NS -0.73790 
JUN NS 0.74606 0.69122 

 

Time-points are represented in embryonic 
days.  TimeA→TimeB, Green = 
downregulated at TimeB with respect to 
TimeA, Red = upregulated at TimeB with 
respect to TimeA. 

 

Time-points are represented in embryonic 
days.  TimeA→TimeB, Green = 
downregulated at TimeB, Red = 
upregulated at TimeB with respect to 
TimeA. 
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5.6. Discussion 

 While the BTBR mouse has emerged as a leading animal model of autism, the 

mechanisms underlying the aberrant behaviors of this strain remain unclear.  There is a 

strong genetic component to autism as indicated by high heritability for the disorder 

(Ronald et al., 2006; Lichtenstein et al., 2010; Hallmayer et al., 2011).  However, 

disturbances of the maternal environment, particularly those affecting immune function, 

have also been associated with autism (Atladóttir et al., 2010; Zerbo et al., 2012).  

Therefore, it stands to reason that immune susceptibility during development may 

contribute to the manifestation of autistic symptoms in offspring.  The correct functioning 

of the IL-6 JAK/STAT pathway components is critical to proper signaling and regulation 

of immune response and inflammation (Taga and Kishimoto, 1997; Heinrich et al., 2003).   

Present findings indicated differences in the placental gene expression of the IL-6 

pathway in BTBR mice, particularly at midgestation.   

Differential gene expression of the IL-6 pathway in the placental tissue of BTBR 

mice occurred to some degree at all three timepoints.  IL-6 has many critical functions 

during normal gestation and is therefore present in various maternal and embryonic 

tissues (Jauniaux et al., 1996). The placenta produces several cytokines which are 

involved in establishing and maintaining pregnancy as well as successful birth (Bowen et 

al., 2002).  IL-6 in particular, serves a primary, rather than merely a redundant, function 

in gestation.  Mice deficient in IL-6, while fertile (Kopf et al., 1994), displayed elevated 

fetal resorption and delayed parturition (Robertson et al., 2010).  Decreased placental IL-

6 is also associated with preeclampsia (Kauma et al., 1995), a potentially fatal gestational 

disorder characterized by hypertension, proteinuria, and edema (Redman, 2011).  In 

addition, reduced IL-6 mRNA in the endometrium of fertile women has been associated 

with recurrent miscarriage (Jasper et al., 2007).   

The earliest components of the IL-6 pathway, including IL-6 itself as well as the 

receptor and signal tranducer for the cytokine, were differentially expressed at E12.5 in 

BTBR mice.  IL-6R and GP130, both downregulated in the BTBR, are critical in 

inducing negative cytokine regulation via suppressor of cytokine signaling (SOCS)3 

(Tamiya et al., 2011; Babon and Nicola, 2012), which was downregulated in BTBR mice 

at E9.5.  SOCS3 is critical to regulation of IL-6 dependent inflammatory response.  
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Immune challenge was lethal to mice deficient in SOCS3, while less severe outcomes 

resulted from immune challenge to mice deficient in both IL-6 and SOCS3 (Croker et al., 

2012).  In addition, IL-6R and SOCS3 immunostaining as well as protein expression 

were reduced in placental tissue of women with preeclampsia, a condition which the 

authors suggest resulted from decreased inhibition of cytokine activity (Zhao et al., 2008; 

Wang et al., 2011).  GP130 deficiency also produces embryonic lethality at E12.5 

(Yoshida et al., 1996), while conditional knockouts displayed IL-6 related immune 

defects (Betz et al., 1998).   Additionally, expression of CD14, the gene coding for a 

protein which facilitates inflammatory response to danger-associated molecular patterns 

(Chun and Seong, 2010), was upregulated in BTBR at E9.5 and downregulated at E12.5 

(data not shown).  CD14 deficiency results in impaired signaling leading to decreased 

immune regulation by SOCS3, especially in response to immune insults (Sahay et al., 

2009).  Taken together, these data suggest the possibility for insufficient negative 

feedback regulation of IL-6 signaling in BTBR mice in the prenatal period.  The current 

interpretation is consistent with the hypothesis of Meyer, Feldon, and Dammann (Meyer 

et al., 2011) which posits that a genetic background influencing failed negative feedback 

control of immune activation leads to inflammation in the prenatal period persisting into 

the postnatal period; and that such chronic inflammation underlies the etiology of autism.  

In addition to the altered prenatal IL-6 pathway gene expression in the present study, 

previous studies showed that BTBR mice displayed indicators of neuroinflammation at 

postnatal day (PND)21 (Heo et al., 2011) as well as PND 86 (Schwartzer et al., 2013), 

providing support for a role of chronic inflammation in autism-relevant behaviors.     

The greatest difference in IL-6 pathway genes between BTBR and B6 mice 

occurred on E12.5 with 43% of these genes differentially expressed.  Furthermore, the 

patterns of expression across the timepoints for each strain highlight midgestation as a 

period of interest for placental immune functioning in BTBR mice.  Although several 

genes were differentially expressed from E9.5 to E15.5 in both strains, the pattern of 

expression of the IL-6 pathway when comparing these timepoints was nearly identical in 

BTBR and B6 mice (compare right columns of tables 5.3 and 5.4).  In contrast, 

comparison of the patterns at E9.5 to E12.5 showed several differences in gene 

expression between the strains, while even more differences were detected when 
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comparing E12.5 to E15.5.  Present data align with previous results which suggest that 

midgestation, specifically E12.5, is a particularly susceptible period for immune insults in 

mice.  Exposure to maternal immune activation (MIA) at E12.5 resulted in offspring that 

displayed autism relevant behaviors such as reduced social approach (Smith et al., 2007; 

Hsiao and Patterson, 2011) and increased stereotypy (Hsiao et al., 2012).  MIA at E12.5 

also produced cerebellar abnormalities (Shi et al., 2009) as well as immune dysregulation 

persisting into adulthood (Hsiao et al., 2012).  The critical functioning of IL-6 at E12.5 is 

evident in results showing that MIA induced deficits and gene expression changes are 

blocked by co-adminstration of anti-IL-6 antibody at this timepoint.  In BTBR mice, 

E12.5 MIA exposure exacerbated the characteristically aberrant communication and 

stereotyped behaviors displayed by this strain (Schwartzer et al., 2013).  Social approach 

was no different in BTBR mice exposed to MIA versus control, likely due to a floor 

effect from the extremely low social behavior of these mice.   

In conclusion, the placenta serves as the interface between the maternal and fetal 

environments, providing nourishment and protection (Robbins and Bakardjiev, 2012).  

Therefore, the placenta provides useful information on fetal susceptibility to immune 

insults.  In the present study, BTBR mice, often employed as a model of autism, showed 

altered placental IL-6 pathway gene expression that suggested the potential for impaired 

regulation of this pathway.  Given that IL-6 alterations during the prenatal period produce 

autism-relevant behaviors in offspring, current findings contribute to a platform for 

subsequent investigations into the association between impaired prenatal immune 

regulation, chronic inflammation, and abnormal behaviors in BTBR mice.   
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6.1. General summary 

 Collectively, the studies within this dissertation describe contributions of genetic 

background and environment to behaviors of mice.  The data further implicate an 

interaction between immune susceptibility and environmental insults during development 

in the manifestation of autism relevant behaviors in offspring.  Additionally, the 

dissertation showed that two competing, and at times conflicting, animal models of 

autism, the BTBR mouse and Maternal Immune Activation, have complementary aspects. 

  

Table 6.1.  Summary of objectives and findings 

Objective Finding 
 
Determine whether BTBR mice display 
reduced social behavior. 
 

 
Social behavior is reduced in BTBR  
 

Determine whether increased overall anxiety 
might contribute to aberrant behaviors of 
BTBR mice. 
 

BTBR do not show a high anxiety-like profile  
 

Determine whether exposure to maternal 
immune activation produces autism-relevant 
behaviors in offspring. 
 

MIA produces autism relevant behaviors in 
offspring  
 

Determine whether BTBR show altered 
immune profile in the prenatal period. 
 

BTBR show altered expression of IL-6 genes in 
the placenta  

 

 The current set of studies began by validating an animal model of autism and 

progressed to uncovering a mechanism which may underlie the aberrant behavior 

displayed by this model (Table 6.1).   The present research clarified the social 

abnormalities of the BTBR mouse, expanding the range of documented deficits.  More 

specifically, in closely confined social conditions, BTBR mice displayed social avoidance 

and particular aversion for facing orientations, providing a mouse analog to gaze 

aversion, an early indicator for autism (Chapter 2).  Additionally, the present research 

showed that social aversion in the BTBR is likely not a result of overall increases in 

anxiety (Chapter 3).   
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Finally, the present research identified a role for immune activation during pregnancy in 

deficits of social behavior in mouse (B6) offspring (Chapter 4) and showed that placental 

gene expression of the IL-6 pathway, involved in immune signaling, is altered in BTBR 

mice during development (Chapter 5).     

 

6.2. Study limitations and improvements 

 While the results described in this dissertation contributed to the understanding of 

mechanisms controlling social behavior, limitations were also present in these studies.  A 

certain degree of caution should be noted when using rodent behavior to parallel human 

disorders; although, an equal amount of caution should be taken so not as to completely 

disregard the potential translational value of the research.  The BTBR mouse shows 

behavioral analogues to each of the core symptom clusters of autism; however, the 

complete agenesis of the corpus callosum displayed by this strain is rarely noted in 

autistic patients.  In addition, while not yet published in the literature, other investigators 

have found that the BTBR strain displays reduced general motivation which may account 

for decreased sociability, and therefore may not reflect autistic deficits (Martin et al., 

2013).   

 The MIA manipulation of Chapter 4 exposed the Poly(I:C) immunogen using 

only one dose level (20 mg/kg) and only at a single (E12.5) timepoint.  While such a dose 

and timepoint were justified by previous findings, it would be interesting to assess the 

interacting effects of multiple single dose concentrations administered at multiple 

gestational days on the behavioral phenotype of resulting offspring.  The use of this 

manipulation on an additional strain would also be helpful in clarifying the 

generalizability of prenatal immune activation exposure on reduced social behavior.   

The BTBR strain is commonly compared to the B6 strain; although, B6 mice do 

not provide the perfect contrast for control.  In single gene knockouts, wild type mice are 

often compared to mice which are genetically identical in all but the targeted gene.  In 

such cases, researchers are able to determine the contribution of the manipulated genes to 

behaviors.  In the B6-BTBR comparison, the two strains are genetically dissimilar and 

have several physiological differences.  Therefore, it is difficult to attribute any single 

difference, immune-related or otherwise, between the strains to the aberrant behavior of 
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the BTBR without intensive experimental manipulation.  Nonetheless, current results 

provide a highly suggestive platform for future investigations into mechanisms 

underlying BTBR behaviors.   

  

6.3. Social proximity assessment as a behavioral analysis paradigm  

 Designing animal behavioral tasks to parallel human conditions is a difficult 

process with much to consider.  At the top of these considerations is structuring the 

apparatus and task to allow the animal to behave as it would when encountering a similar 

situation in its natural environment.  Chapter 2 introduced the social proximity test as a 

novel procedure to measure interactions and orientations of two mice confined together in 

an apparatus with limited space, a context that mice would encounter in burrows of a 

natural habitat.  Most tests use the distance between subjects as a measure of sociability, 

shorter distances indicating higher sociability and longer distances indicating lower 

sociability.  In contrast, the social proximity test purposely eliminates social distance as a 

variable and instead focuses on detailed behaviors when interaction is difficult to avoid.  

While the concept of the paradigm was clear, the true value lay in the ability of the test to 

discriminate high and low sociability strains.   

The present study showed that the social proximity test was successful in 

discriminating same strain pairs as well as mixed strain pairs of BTBR and B6 mice.  

Moreover, the test clearly highlighted a specific pattern of behavior in BTBR mice: 

avoidance of reciprocal facing orientations as indicated by decreased nose-tip-to-nose tip 

and upright behaviors.  BTBR mice also increased crawl under behavior, possibly as a 

means to avoid facing orientations.  The concept of “gaze” is yet to be clarified in mice; 

however, at face value, the avoidance of specific behaviors in BTBR mice suggests 

aversion of gaze-like orientations.  Such a finding contributes to the validity of the BTBR 

as a model of autism, as gaze-avoidance is often observed at infancy in children who are 

later diagnosed with the disorder.  Furthermore, the ability of the social proximity test to 

distinguish high and low sociability strains has since extended beyond BTBR and B6 

mice.  Comparison of oxytocin knockout and wild-type mice in the social proximity test 

showed reduced social behavior in knockout mice as indicated by reduced nose-to-nose 

and nose-to-anogential behaviors (Pobbe et al., 2012).  Mice with target mutation of the 
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MECP2 gene showed increased social behavior in the social proximity test as indicated 

by increased nose-to-face behavior (Pearson et al., 2012). Furthermore, findings from the 

social proximity test were corroborated by the frequently used three chamber apparatus, 

as well as the semi-natural visible burrow system (Pobbe et al., 2010, 2012; Defensor et 

al., 2011; Pearson et al., 2012), providing further validity for use of this paradigm to 

assess sociability. 

 

6.4. Genes, environment, and risk factors for autism 

 Findings presented in this dissertation illustrate the importance of both genes and 

environment in autism-relevant behaviors of offspring.   

 

6.4.1. Genetic background  

  Autism has a robust genetic basis as indicated by the high heritability for the 

disorder described in twin studies (Ronald and Hoekstra, 2011) and the increased (4:1) 

prevalence for the disorder in males (Blumberg et al., 2013; Werling and Geschwind, 

2013).  In addition, a variety of candidate genes (Casey et al., 2012) as well as several 

common genetic variants (Klei et al., 2012), and coding mutations (Sanders et al., 2012) 

have been identified in autism.  While there is a need for genetic specificity and 

convergence to better understand the etiology of autism (Berg and Geschwind, 2012), a 

genetic component clearly underlies the disorder. 

The BTBR mouse has consistently displayed impaired social behavior in various 

behavioral paradigms conducted across several independent laboratories.  Given the 

experimentally controlled conditions of testing, it is suggested that the genetic 

background of the BTBR underlies the behaviors of this strain.  The most prominent 

physiological deficit of the BTBR is the complete agenesis of the corpus callosum 

(Wahlsten et al., 2003); however, surgical lesion of the corpus callosum in B6 control 

mice failed to produce social deficits (Yang et al., 2009), implying that agenesis of the 

corpus callosum does not underlie reduced social behavior such as that in the BTBR.   
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6.4.2. Environmental contributions 

 Despite a large body of evidence indicating a substantial role for genetic factors in 

autism, environmental factors have also been associated with the disorder (Chaste and 

Leboyer, 2012; Grabrucker, 2012).   Such risk factors include zinc deficiency (Yasuda et 

al., 2011, 2013), toxin exposure (Mutter et al., 2005; Garrecht and Austin, 2011; Lakshmi 

Priya and Geetha, 2011), paternal age (Frans et al., 2013; Lampi et al., 2013), prenatal 

maternal medication use (Croen et al., 2011; Christensen et al., 2013)  and prenatal 

maternal stress (Ronald et al., 2010; Class et al., 2013).  In addition, the environmental 

risk factor for autism featured in this dissertation has been maternal immune activation.  

Using mice to model behavioral symptoms, Chapter 4 showed that administration of an 

immunogen which mimicked viral infection during pregnancy, produced offspring with 

autism relevant behaviors, albeit not to the intensity of the BTBR mouse.   

 

6.4.3. Interaction between genes and environment 

 While epidemiological evidence supports that activation of the maternal immune 

system is associated with the diagnosis of neurodevelopmental disorders (Brown, 2004, 

2006; Atladóttir et al., 2010), the majority of maternal infection cases do not result in 

diagnosis of autism in offspring (Atladóttir et al., 2012; Langridge et al., 2013).  

Additionally, unaffected siblings of autistic children showed more prenatal complications 

than controls, but less than autistic cases (Glasson et al., 2004); suggesting that both 

siblings have a genetic background of susceptibility to environmental insults, but that the 

type and severity of insult may produce different effects.  Therefore, the combination of 

genetic susceptibility to immune disturbances with environmental insults during gestation 

provide a likely mechanism for the development of social and communication 

impairments as well as increased stereotyped behaviors in offspring.   

 During the gestational period, the placental tissue of BTBR mice showed altered 

gene expression of the IL-6 JAK/STAT pathway involved in immune response.  The 

changes discovered suggested that a reduced or failed mechanism regulating immune 

activation may be present in the BTBR.  Such changes during the prenatal period may 

have long term consequences including chronic immune dysregulation and inflammation 

lasting into adulthood, which have been reported in the BTBR (Heo et al., 2011; 
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Schwartzer et al., 2013; Zhang et al., 2013).  Furthermore, environmental insults during 

gestation worsened the, already present, autism-like behaviors of BTBR mice 

(Schwartzer et al., 2013).   

 Interestingly, while external environmental insults have been shown to influence 

the outcome of offspring, the innate maternal environment also appears to contribute to 

future deficits.  B6 embryos transferred to BTBR dams produced offspring with 

behavioral deficits, while BTBR embryos transferred to B6 dams showed improvements 

in social behavior (Zhang et al., 2013).  However, F1 mice from both breeding strategies 

produced a behavioral phenotype intermediate to BTBR and B6 mice.  One possibility is 

that the genetic background of the developing BTBR interacts with the maternal 

environment of the pregnant BTBR to produce autism-relevant deficits in offspring.  The 

present work suggested that the developing BTBR may have impaired regulation of 

immune activity; while other studies have suggested that the adult BTBR shows elevated 

indicators of immune activation and inflammation on the periphery (Heo et al., 2011; 

Schwartzer et al., 2013; Zhang et al., 2013), which may conceivably challenge the 

immune system of the fetus. Taken together, these studies highlight two possible 

mechanisms, genetic background and (maternal) environment, which may contribute to 

abnormal behaviors and/or interact to produce autism-relevant deficits in BTBR mice.  

Further research targeting specific immune regulation pathways in the placenta and fetus 

during development, in the maternal environment of the pregnant dam, as well as in adult 

offspring is necessary to clarify whether impaired immune regulation is the major 

mechanism underlying the abnormal behavior of BTBR mice.   

  



86 
 

References 

Abbeduto L, Seltzer MM, Shattuck P, Krauss MW, Orsmond G, Murphy MM (2004) 
Psychological well-being and coping in mothers of youths with autism, Down 
syndrome, or fragile X syndrome. Am J Ment Retard 109:237–254. 

Adams JB, Audhya T, McDonough-Means S, Rubin RA, Quig D, Geis E, Gehn E, 
Loresto M, Mitchell J, Atwood S, Barnhouse S, Lee W (2011) Nutritional and 
metabolic status of children with autism vs. neurotypical children, and the 
association with autism severity. Nutr Metab (Lond) 8:34. 

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA (2001) Recognition of double-
stranded RNA and activation of NF-kappaB by Toll-like receptor 3. Nature 
413:732–738. 

American Psychiatric Association (2000) Diagnostic and Statistical Manual of Mental 
Disorders DSM-IV-TR Fourth Edition, 4th ed. Amer Psychiatric Pub. 

Amodeo DA, Jones JH, Sweeney JA, Ragozzino ME (2012) Differences in BTBR T+ tf/J 
and C57BL/6J mice on probabilistic reversal learning and stereotyped behaviors. 
Behav Brain Res 227:64–72. 

Andres C (2002) Molecular genetics and animal models in autistic disorder. Brain 
Research Bulletin 57:109–119. 

Arakawa H, Arakawa K, Blanchard DC, Blanchard RJ (2007a) Scent marking behavior 
in male C57BL/6J mice: sexual and developmental determination. Behav Brain 
Res 182:73–79. 

Arakawa H, Arakawa K, Blanchard DC, Blanchard RJ (2008a) A new test paradigm for 
social recognition evidenced by urinary scent marking behavior in C57BL/6J 
mice. Behavioural Brain Research 190:97–104. 

Arakawa H, Blanchard DC, Arakawa K, Dunlap C, Blanchard RJ (2008b) Scent marking 
behavior as an odorant communication in mice. Neurosci Biobehav Rev 32:1236–
1248. 

Arakawa H, Blanchard DC, Blanchard RJ (2007b) Colony formation of C57BL/6J mice 
in visible burrow system: identification of eusocial behaviors in a background 
strain for genetic animal models of autism. Behav Brain Res 176:27–39. 

Atladóttir HÓ, Henriksen TB, Schendel DE, Parner ET (2012) Autism after infection, 
febrile episodes, and antibiotic use during pregnancy: an exploratory study. 
Pediatrics 130:e1447–1454. 

Atladóttir HO, Thorsen P, Østergaard L, Schendel DE, Lemcke S, Abdallah M, Parner 
ET (2010) Maternal infection requiring hospitalization during pregnancy and 
autism spectrum disorders. J Autism Dev Disord 40:1423–1430. 



87 
 

Babon JJ, Nicola NA (2012) The biology and mechanism of action of suppressor of 
cytokine signaling 3. Growth Factors 30:207–219. 

Bailey A, Le Couteur A, Gottesman I, Bolton P, Simonoff E, Yuzda E, Rutter M (1995) 
Autism as a strongly genetic disorder: evidence from a British twin study. 
Psychological Medicine 25:63–77. 

Bailey A, Luthert P, Dean A, Harding B, Janota I, Montgomery M, Rutter M, Lantos P 
(1998) A Clinicopathological Study of Autism. Brain 121:889–905. 

Baird G, Cass H, Slonims V (2003) Diagnosis of autism. BMJ 327:488–493. 

Bale TL (2011) Sex differences in prenatal epigenetic programming of stress pathways. 
Stress 14:348–356. 

Barbaro J, Dissanayake C (2009) Autism spectrum disorders in infancy and toddlerhood: 
a review of the evidence on early signs, early identification tools, and early 
diagnosis. J Dev Behav Pediatr 30:447–459. 

Barnes M, Freudenberg J, Thompson S, Aronow B, Pavlidis P (2005) Experimental 
comparison and cross-validation of the Affymetrix and Illumina gene expression 
analysis platforms. Nucleic Acids Res 33:5914–5923. 

Baron-Cohen S, Cox A, Baird G, Swettenham J, Nightingale N, Morgan K, Drew A, 
Charman T (1996) Psychological markers in the detection of autism in infancy in 
a large population. BJP 168:158–163. 

Bauman ML, Kemper TL (2005) Neuroanatomic observations of the brain in autism: a 
review and future directions. International Journal of Developmental 
Neuroscience 23:183–187. 

Benno R, Smirnova Y, Vera S, Liggett A, Schanz N (2009) Exaggerated responses to 
stress in the BTBR T+tf/J mouse: an unusual behavioral phenotype. Behav Brain 
Res 197:462–465. 

Berg JM, Geschwind DH (2012) Autism genetics: searching for specificity and 
convergence. Genome Biol 13:247. 

Betancur C (2011) Etiological heterogeneity in autism spectrum disorders: more than 100 
genetic and genomic disorders and still counting. Brain Res 1380:42–77. 

Betz UA, Bloch W, van den Broek M, Yoshida K, Taga T, Kishimoto T, Addicks K, 
Rajewsky K, Müller W (1998) Postnatally induced inactivation of gp130 in mice 
results in neurological, cardiac, hematopoietic, immunological, hepatic, and 
pulmonary defects. J Exp Med 188:1955–1965. 



88 
 

Bilousova TV, Dansie L, Ngo M, Aye J, Charles JR, Ethell DW, Ethell IM (2009) 
Minocycline promotes dendritic spine maturation and improves behavioural 
performance in the fragile X mouse model. J Med Genet 46:94–102. 

Blanchard DC, Defensor EB, Meyza KZ, Pobbe RLH, Pearson BL, Bolivar VJ, 
Blanchard RJ (2011) BTBR T+tf/J mice: Autism-relevant behaviors and reduced 
fractone-associated heparan sulfate. Neurosci Biobehav Rev Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/21741402 [Accessed July 21, 2011]. 

Blanchard DC, Griebel G, Blanchard RJ (2003) The Mouse Defense Test Battery: 
pharmacological and behavioral assays for anxiety and panic. Eur J Pharmacol 
463:97–116. 

Blanchard RJ, Takahashi LK, Fukunaga KK, Blanchard DC (1977) Functions of the 
vibrissae in the defensive and aggressive behavior of the rat. Aggressive Behavior 
3:231–240. 

Blumberg SJ, Bramlett MD, Kogan MD, Schieve LA, Jones JR, Lu MC (2013) Changes 
in Prevalence of Parent-reported Autism Spectrum Disorder in School-aged U.S. 
Children: 2007 to 2011–2012. National Center for Health Statistics Available at: 
http://www.cdc.gov/nchs/data/nhsr/nhsr065.pdf. 

Boksa P (2010) Effects of prenatal infection on brain development and behavior: a 
review of findings from animal models. Brain Behav Immun 24:881–897. 

Bolivar VJ, Walters SR, Phoenix JL (2007) Assessing autism-like behavior in mice: 
variations in social interactions among inbred strains. Behav Brain Res 176:21–
26. 

Bowen JM, Chamley L, Mitchell MD, Keelan JA (2002) Cytokines of the placenta and 
extra-placental membranes: biosynthesis, secretion and roles in establishment of 
pregnancy in women. Placenta 23:239–256. 

Brodkin ES, Hagemann A, Nemetski SM, Silver LM (2004) Social approach-avoidance 
behavior of inbred mouse strains towards DBA/2 mice. Brain Research 
1002:151–157. 

Brown AS (2004) Elevated Maternal Interleukin-8 Levels and Risk of Schizophrenia in 
Adult Offspring. American Journal of Psychiatry 161:889–895. 

Brown AS (2006) Prenatal infection as a risk factor for schizophrenia. Schizophr Bull 
32:200–202. 

Buehler MR (2011) A proposed mechanism for autism: an aberrant neuroimmune 
response manifested as a psychiatric disorder. Med Hypotheses 76:863–870. 



89 
 

Casanova M, El-Baz A, Mott M, Mannheim G, Hassan H, Fahmi R, Giedd J, Rumsey J, 
Switala A, Farag A (2009) Reduced Gyral Window and Corpus Callosum Size in 
Autism: Possible Macroscopic Correlates of a Minicolumnopathy. Journal of 
Autism and Developmental Disorders 39:751–764. 

Casanova MF, El-Baz A, Elnakib A, Switala AE, Williams EL, Williams DL, Minshew 
NJ, Conturo TE (2011) Quantitative analysis of the shape of the corpus callosum 
in patients with autism and comparison individuals. Autism 15:223–238. 

Casey JP et al. (2012) A novel approach of homozygous haplotype sharing identifies 
candidate genes in autism spectrum disorder. Hum Genet 131:565–579. 

Centers for Disease Control and Prevention (2009) Prevalence of autism spectrum 
disorders - Autism and Developmental Disabilities Monitoring Network, United 
States, 2006. MMWR Surveill Summ 58:1–20. 

Centers for Disease Control and Prevention (2012) Prevalence of autism spectrum 
disorders--Autism and Developmental Disabilities Monitoring Network, 14 sites, 
United States, 2008. MMWR Surveill Summ 61:1–19. 

Chaste P, Leboyer M (2012) Autism risk factors: genes, environment, and gene-
environment interactions. Dialogues Clin Neurosci 14:281–292. 

Cheetham SA, Thom MD, Jury F, Ollier WER, Beynon RJ, Hurst JL (2007) The genetic 
basis of individual-recognition signals in the mouse. Curr Biol 17:1771–1777. 

Chévere-Torres I, Maki JM, Santini E, Klann E (2012) Impaired social interactions and 
motor learning skills in tuberous sclerosis complex model mice expressing a 
dominant/negative form of tuberin. Neurobiol Dis 45:156–164. 

Christensen J, Grønborg TK, Sørensen MJ, Schendel D, Parner ET, Pedersen LH, 
Vestergaard M (2013) Prenatal valproate exposure and risk of autism spectrum 
disorders and childhood autism. JAMA 309:1696–1703. 

Chun K-H, Seong S-Y (2010) CD14 but not MD2 transmit signals from DAMP. Int 
Immunopharmacol 10:98–106. 

Cialdella P, Mamelle N (1989) An Epidemiological Study of Infantile Autism in a French 
Department (Rhône): Research Note. Journal of Child Psychology and Psychiatry 
30:165–175. 

Ciaranello AL, Ciaranello RD (1995) The neurobiology of infantile autism. Annu Rev 
Neurosci 18:101–128. 

Class QA, Abel KM, Khashan AS, Rickert ME, Dalman C, Larsson H, Hultman CM, 
Långström N, Lichtenstein P, D’Onofrio BM (2013) Offspring psychopathology 



90 
 

following preconception, prenatal and postnatal maternal bereavement stress. 
Psychol Med:1–14. 

Clifford S, Young R, Williamson P (2007) Assessing the Early Characteristics of Autistic 
Disorder using Video Analysis. Journal of Autism and Developmental Disorders 
37:301–313. 

Comi AM, Zimmerman AW, Frye VH, Law PA, Peeden JN (1999) Familial clustering of 
autoimmune disorders and evaluation of medical risk factors in autism. J Child 
Neurol 14:388–394. 

Courchesne E (1991) Neuroanatomic imaging in autism. Pediatrics 87:781–790. 

Courchesne E, Campbell K, Solso S (2011) Brain growth across the life span in autism: 
age-specific changes in anatomical pathology. Brain Res 1380:138–145. 

Courchesne E, Carper R, Akshoomoff N (2003) Evidence of brain overgrowth in the first 
year of life in autism. JAMA 290:337–344. 

Cox KH, Rissman EF (2011) Sex differences in juvenile mouse social behavior are 
influenced by sex chromosomes and social context. Genes Brain Behav 10:465–
472. 

Crawley JN (1985) Exploratory behavior models of anxiety in mice. Neuroscience & 
Biobehavioral Reviews 9:37–44. 

Crawley JN (2004) Designing mouse behavioral tasks relevant to autistic-like behaviors. 
Ment Retard Dev Disabil Res Rev 10:248–258. 

Crawley JN (2007) Mouse Behavioral Assays Relevant to the Symptoms of Autism. 
Brain Pathology 17:448–459. 

Crawley JN (2008) Behavioral phenotyping strategies for mutant mice. Neuron 57:809–
818. 

Croen LA, Grether JK, Yoshida CK, Odouli R, Hendrick V (2011) Antidepressant use 
during pregnancy and childhood autism spectrum disorders. Arch Gen Psychiatry 
68:1104–1112. 

Croker BA, Kiu H, Pellegrini M, Toe J, Preston S, Metcalf D, O’Donnell JA, Cengia LH, 
McArthur K, Nicola NA, Alexander WS, Roberts AW (2012) IL-6 promotes 
acute and chronic inflammatory disease in the absence of SOCS3. Immunol Cell 
Biol 90:124–129. 

Croonenberghs J, Bosmans E, Deboutte D, Kenis G, Maes M (2002) Activation of the 
inflammatory response system in autism. Neuropsychobiology 45:1–6. 



91 
 

D’Amato FR, Scalera E, Sarli C, Moles A (2005) Pups call, mothers rush: does maternal 
responsiveness affect the amount of ultrasonic vocalizations in mouse pups? 
Behav Genet 35:103–112. 

Defensor EB, Pearson BL, Pobbe RLH, Bolivar VJ, Blanchard DC, Blanchard RJ (2011) 
A novel social proximity test suggests patterns of social avoidance and gaze 
aversion-like behavior in BTBR T+ tf/J mice. Behav Brain Res 217:302–308. 

DiCicco-Bloom E, Lord C, Zwaigenbaum L, Courchesne E, Dager SR, Schmitz C, 
Schultz RT, Crawley J, Young LJ (2006) The Developmental Neurobiology of 
Autism Spectrum Disorder. J Neurosci 26:6897–6906. 

Dobrovolskaya-Zavadskaya N (1928) L’irradiation des testicules et heredite chez la 
souris. Archives De Biologie 38:457–501. 

Ecker C, Suckling J, Deoni SC, Lombardo MV, Bullmore ET, Baron-Cohen S, Catani M, 
Jezzard P, Barnes A, Bailey AJ, Williams SC, Murphy DGM (2012) Brain 
anatomy and its relationship to behavior in adults with autism spectrum disorder: 
a multicenter magnetic resonance imaging study. Arch Gen Psychiatry 69:195–
209. 

Egaas B, Courchesne E, Saitoh O (1995) Reduced Size of Corpus Callosum in Autism. 
Archives of Neurology 52:794–801. 

Elovitz MA, Brown AG, Breen K, Anton L, Maubert M, Burd I (2011) Intrauterine 
inflammation, insufficient to induce parturition, still evokes fetal and neonatal 
brain injury. Int J Dev Neurosci 29:663–671. 

Ennaceur A, Michalikova S, van Rensburg R, Chazot PL (2008) Are benzodiazepines 
really anxiolytic?: Evidence from a 3D maze spatial navigation task. Behavioural 
Brain Research 188:136–153. 

Fatemi SH, Halt AR, Realmuto G, Earle J, Kist DA, Thuras P, Merz A (2002) Purkinje 
cell size is reduced in cerebellum of patients with autism. Cell Mol Neurobiol 
22:171–175. 

File SE, Lister RG, Nutt DJ (1982) The anxiogenic action of benzodiazepine antagonists. 
Neuropharmacology 21:1033–1037. 

Filipek PA, Accardo PJ, Baranek GT, Cook EH Jr, Dawson G, Gordon B, Gravel JS, 
Johnson CP, Kallen RJ, Levy SE, Minshew NJ, Ozonoff S, Prizant BM, Rapin I, 
Rogers SJ, Stone WL, Teplin S, Tuchman RF, Volkmar FR (1999) The screening 
and diagnosis of autistic spectrum disorders. J Autism Dev Disord 29:439–484. 

Folstein SE, Rosen-Sheidley B (2001) Genetics of autism: complex aetiology for a 
heterogeneous disorder. Nat Rev Genet 2:943–955. 



92 
 

Frans EM, Sandin S, Reichenberg A, Långström N, Lichtenstein P, McGrath JJ, Hultman 
CM (2013) Autism risk across generations: a population-based study of advancing 
grandpaternal and paternal age. JAMA Psychiatry 70:516–521. 

Frazier TW, Hardan AY (2009) A Meta-Analysis of the Corpus Callosum in Autism. 
Biological Psychiatry 66:935–941. 

Freeman WM, Robertson DJ, Vrana KE (2000) Fundamentals of DNA hybridization 
arrays for gene expression analysis. BioTechniques 29:1042–1046, 1048–1055. 

Ganz ML (2007) The lifetime distribution of the incremental societal costs of autism. 
Arch Pediatr Adolesc Med 161:343–349. 

Garay PA, Hsiao EY, Patterson PH, McAllister AK (2012) Maternal immune activation 
causes age- and region-specific changes in brain cytokines in offspring throughout 
development. Brain Behav Immun Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/22841693 [Accessed September 4, 2012]. 

Garrecht M, Austin DW (2011) The plausibility of a role for mercury in the etiology of 
autism: a cellular perspective. Toxicol Environ Chem 93:1251–1273. 

Geschwind DH (2011) Genetics of autism spectrum disorders. Trends Cogn Sci (Regul 
Ed) 15:409–416. 

Geurts HM, Corbett B, Solomon M (2009) The paradox of cognitive flexibility in autism. 
Trends Cogn Sci (Regul Ed) 13:74–82. 

Gillberg C, Cederlund M, Lamberg K, Zeijlon L (2006) Brief report: “the autism 
epidemic”. The registered prevalence of autism in a Swedish urban area. J Autism 
Dev Disord 36:429–435. 

Glasson EJ, Bower C, Petterson B, de Klerk N, Chaney G, Hallmayer JF (2004) Perinatal 
factors and the development of autism: a population study. Arch Gen Psychiatry 
61:618–627. 

Gokcen S, Bora E, Erermis S, Kesikci H, Aydin C (2009) Theory of mind and verbal 
working memory deficits in parents of autistic children. Psychiatry Res 166:46–
53. 

Golan HM, Lev V, Hallak M, Sorokin Y, Huleihel M (2005) Specific 
neurodevelopmental damage in mice offspring following maternal inflammation 
during pregnancy. Neuropharmacology 48:903–917. 

Grabrucker AM (2012) Environmental factors in autism. Front Psychiatry 3:118. 

Griebel G, Blanchard DC, Jung A, Lee JC, Masuda CK, Blanchard RJ (1995) Further 
evidence that the mouse defense test battery is useful for screening anxiolytic and 



93 
 

panicolytic drugs: Effects of acute and chronic treatment with alprazolam. 
Neuropharmacology 34:1625–1633. 

Griebel G, Perrault G, Sanger DJ (1998) Characterization of the behavioral profile of the 
non-peptide CRF receptor antagonist CP-154,526 in anxiety models in rodents. 
Comparison with diazepam and buspirone. Psychopharmacology (Berl) 138:55–
66. 

Griebel G, Stemmelin J, Scatton B (2005) Effects of the cannabinoid CB1 receptor 
antagonist rimonabant in models of emotional reactivity in rodents. Biological 
Psychiatry 57:261–267. 

Gude NM, Roberts CT, Kalionis B, King RG (2004) Growth and function of the normal 
human placenta. Thromb Res 114:397–407. 

Gupta AR, State MW (2007) Recent Advances in the Genetics of Autism. Biological 
Psychiatry 61:429–437. 

Hagerman R, Au J, Hagerman P (2011) FMR1 premutation and full mutation molecular 
mechanisms related to autism. J Neurodev Disord 3:211–224. 

Hallmayer J, Cleveland S, Torres A, Phillips J, Cohen B, Torigoe T, Miller J, Fedele A, 
Collins J, Smith K, Lotspeich L, Croen LA, Ozonoff S, Lajonchere C, Grether JK, 
Risch N (2011) Genetic Heritability and Shared Environmental Factors Among 
Twin Pairs With Autism. Arch Gen Psychiatry 68:1095–1102. 

Happé F, Ronald A, Plomin R (2006) Time to give up on a single explanation for autism. 
Nat Neurosci 9:1218–1220. 

Hardan AY, Minshew NJ, Mallikarjuhn M, Keshavan MS (2001) Brain Volume in 
Autism. J Child Neurol 16:421–424. 

Hardan AY, Pabalan M, Gupta N, Bansal R, Melhem NM, Fedorov S, Keshavan MS, 
Minshew NJ (2009) Corpus callosum volume in children with autism. Psychiatry 
Res 174:57–61. 

Hartley SL, Barker ET, Seltzer MM, Floyd F, Greenberg J, Orsmond G, Bolt D (2010) 
The relative risk and timing of divorce in families of children with an autism 
spectrum disorder. J Fam Psychol 24:449–457. 

Heinrich PC, Behrmann I, Haan S, Hermanns HM, Müller-Newen G, Schaper F (2003) 
Principles of interleukin (IL)-6-type cytokine signalling and its regulation. 
Biochem J 374:1–20. 

Henninger NA, Taylor JL (2012) Outcomes in adults with autism spectrum disorders: a 
historical perspective. Autism Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/22914775 [Accessed September 6, 2012]. 



94 
 

Heo Y, Zhang Y, Gao D, Miller VM, Lawrence DA (2011) Aberrant immune responses 
in a mouse with behavioral disorders. PLoS ONE 6:e20912. 

Howerton CL, Bale TL (2012) Prenatal programing: At the intersection of maternal stress 
and immune activation. Hormones and Behavior Available at: 
http://www.sciencedirect.com/science/article/pii/S0018506X12000864 [Accessed 
May 16, 2012]. 

Hsiao EY, McBride SW, Chow J, Mazmanian SK, Patterson PH (2012) Modeling an 
autism risk factor in mice leads to permanent immune dysregulation. Proc Natl 
Acad Sci USA 109:12776–12781. 

Hsiao EY, Patterson PH (2011) Activation of the maternal immune system induces 
endocrine changes in the placenta via IL-6. Brain Behav Immun 25:604–615. 

Huang DW, Sherman BT, Lempicki RA (2009a) Systematic and integrative analysis of 
large gene lists using DAVID bioinformatics resources. Nat Protoc 4:44–57. 

Huang DW, Sherman BT, Lempicki RA (2009b) Bioinformatics enrichment tools: paths 
toward the comprehensive functional analysis of large gene lists. Nucleic Acids 
Res 37:1–13. 

Hughes C, Leboyer M, Bouvard M (1997) Executive function in parents of children with 
autism. Psychol Med 27:209–220. 

Hurst JL (2009) Female recognition and assessment of males through scent. Behav Brain 
Res 200:295–303. 

Hurst JL, Beynon RJ (2004) Scent wars: the chemobiology of competitive signalling in 
mice. Bioessays 26:1288–1298. 

Hurst JL, Payne CE, Nevison CM, Marie AD, Humphries RE, Robertson DHL, 
Cavaggioni A, Beynon RJ (2001) Individual recognition in mice mediated by 
major urinary proteins. Nature 414:631–634. 

Insel TR (2001) Mouse models for autism: report from a meeting. Mammalian Genome 
12:755–757. 

Ionita-Laza I, Makarov V, Buxbaum JD (2012) Scan-Statistic Approach Identifies 
Clusters of Rare Disease Variants in LRP2, a Gene Linked and Associated with 
Autism Spectrum Disorders, in Three Datasets. American journal of human 
genetics Available at: http://www.ncbi.nlm.nih.gov/pubmed/22578327 [Accessed 
May 16, 2012]. 

Jasper MJ, Tremellen KP, Robertson SA (2007) Reduced expression of IL-6 and IL-
1alpha mRNAs in secretory phase endometrium of women with recurrent 
miscarriage. J Reprod Immunol 73:74–84. 



95 
 

Jauniaux E, Gulbis B, Schandene L, Collette J, Hustin J (1996) Distribution of 
interleukin-6 in maternal and embryonic tissues during the first trimester. Mol 
Hum Reprod 2:239–243. 

Kanner L (1968) Autistic disturbances of affective contact. Acta Paedopsychiatr 35:100–
136. 

Kauma SW, Wang Y, Walsh SW (1995) Preeclampsia is associated with decreased 
placental interleukin-6 production. J Soc Gynecol Investig 2:614–617. 

Klei L et al. (2012) Common genetic variants, acting additively, are a major source of 
risk for autism. Mol Autism 3:9. 

Kleinke CL (1986) Gaze and eye contact: A research review. Psychological Bulletin 
100:78–100. 

Kopf M, Baumann H, Freer G, Freudenberg M, Lamers M, Kishimoto T, Zinkernagel R, 
Bluethmann H, Köhler G (1994) Impaired immune and acute-phase responses in 
interleukin-6-deficient mice. Nature 368:339–342. 

Krsiak M (1979) Effects of drugs on behaviour of aggressive mice. Br J Pharmacol 
65:525–533. 

Kudryavtseva NN, Bondar’ NP (2002) Anxiolytic and Anxiogenic Effects of Diazepam 
in Male Mice with Different Experience of Aggression. Bulletin of Experimental 
Biology and Medicine 133:372–376. 

Lakshmi Priya MD, Geetha A (2011) Level of trace elements (copper, zinc, magnesium 
and selenium) and toxic elements (lead and mercury) in the hair and nail of 
children with autism. Biol Trace Elem Res 142:148–158. 

Lampi KM, Hinkka-Yli-Salomäki S, Lehti V, Helenius H, Gissler M, Brown AS, 
Sourander A (2013) Parental Age and Risk of Autism Spectrum Disorders in a 
Finnish National Birth Cohort. J Autism Dev Disord. 

Langridge AT, Glasson EJ, Nassar N, Jacoby P, Pennell C, Hagan R, Bourke J, Leonard 
H, Stanley FJ (2013) Maternal conditions and perinatal characteristics associated 
with autism spectrum disorder and intellectual disability. PLoS ONE 8:e50963. 

Leyfer OT, Folstein SE, Bacalman S, Davis NO, Dinh E, Morgan J, Tager-Flusberg H, 
Lainhart JE (2006) Comorbid psychiatric disorders in children with autism: 
interview development and rates of disorders. J Autism Dev Disord 36:849–861. 

Li D (2011) An adaptive Bonferroni procedure with control of the mean number of false 
discoveries with applications to microarray data analysis. Biostatistics, 
Bioinformatics and Biomathematics 2:201–218. 



96 
 

Li X, Chauhan A, Sheikh AM, Patil S, Chauhan V, Li X-M, Ji L, Brown T, Malik M 
(2009) Elevated immune response in the brain of autistic patients. Journal of 
Neuroimmunology 207:111–116. 

Lichtenstein P, Carlström E, Råstam M, Gillberg C, Anckarsäter H (2010) The genetics 
of autism spectrum disorders and related neuropsychiatric disorders in childhood. 
Am J Psychiatry 167:1357–1363. 

Liverman CS, Kaftan HA, Cui L, Hersperger SG, Taboada E, Klein RM, Berman NEJ 
(2006) Altered expression of pro-inflammatory and developmental genes in the 
fetal brain in a mouse model of maternal infection. Neurosci Lett 399:220–225. 

Lockhart DJ, Winzeler EA (2000) Genomics, gene expression and DNA arrays. Nature 
405:827–836. 

Londei T, Valentini AM, Leone VG (1998) Investigative burying by laboratory mice may 
involve non-functional, compulsive, behaviour. Behav Brain Res 94:249–254. 

Lord C (1991) Methods and measures of behavior in the diagnosis of autism and related 
disorders. Psychiatr Clin North Am 14:69–80. 

Lord C, Rutter M, Goode S, Heemsbergen J, Jordan H, Mawhood L, Schopler E (1989) 
Autism diagnostic observation schedule: a standardized observation of 
communicative and social behavior. J Autism Dev Disord 19:185–212. 

Lyon MF (1956) Hereditary Hair Loss in the Tufted Mutant of the House Mouse. J Hered 
47:101–103. 

Maenner MJ, Arneson CL, Levy SE, Kirby RS, Nicholas JS, Durkin MS (2011) Brief 
Report: Association Between Behavioral Features and Gastrointestinal Problems 
Among Children with Autism Spectrum Disorder. J Autism Dev Disord Available 
at: http://www.ncbi.nlm.nih.gov/pubmed/22012246 [Accessed March 27, 2012]. 

Malkova NV, Yu CZ, Hsiao EY, Moore MJ, Patterson PH (2012) Maternal immune 
activation yields offspring displaying mouse versions of the three core symptoms 
of autism. Brain Behav Immun 26:607–616. 

Manes F, Piven J, Vrancic D, Nanclares V, Plebst C, Starkstein SE (1999) An MRI study 
of the corpus callosum and cerebellum in mentally retarded autistic individuals. J 
Neuropsychiatry Clin Neurosci 11:470–474. 

Martin L, Wood C, Beilstein E, Sample H, Gregg M. Quantitative Assessment of Social  
Motivation in Mouse Models Relevant to Autism. 2013 International Meeting for 
Autism Research. San Sebastián, Spain: International Society for Autism 
Research, 2013. 



97 
 

McClintock K, Hall S, Oliver C (2003) Risk markers associated with challenging 
behaviours in people with intellectual disabilities: a meta‐analytic study. Journal 
of Intellectual Disability Research 47:405–416. 

McFarlane HG, Kusek GK, Yang M, Phoenix JL, Bolivar VJ, Crawley JN (2008) 
Autism-like behavioral phenotypes in BTBR T+tf/J mice. Genes Brain Behav 
7:152–163. 

Meyer U, Feldon J, Dammann O (2011) Schizophrenia and autism: both shared and 
disorder-specific pathogenesis via perinatal inflammation? Pediatr Res 69:26R–
33R. 

Meyer U, Nyffeler M, Engler A, Urwyler A, Schedlowski M, Knuesel I, Yee BK, Feldon 
J (2006) The time of prenatal immune challenge determines the specificity of 
inflammation-mediated brain and behavioral pathology. J Neurosci 26:4752–
4762. 

Meyza KZ, Blanchard DC, Pearson BL, Pobbe RLH, Blanchard RJ (2012) Fractone-
associated N-sulfated heparan sulfate shows reduced quantity in BTBR T+tf/J 
mice: a strong model of autism. Behav Brain Res 228:247–253. 

Meyza KZ, Defensor EB, Jensen AL, Corley MJ, Pearson BL, Pobbe RLH, Bolivar VJ, 
Blanchard DC, Blanchard RJ (in press) The BTBR T+tf/J mouse model for autism 
spectrum disorders–in search of biomarkers. Behavioural Brain Research 
Available at: 
http://attach.sciencedirect.com/science/article/pii/S0166432812004779 [Accessed 
September 4, 2012]. 

Mirenda PL, Donnellan AM, Yoder DE (1983) Gaze behavior: a new look at an old 
problem. J Autism Dev Disord 13:397–409. 

Molloy CA, Morrow AL, Meinzen-Derr J, Schleifer K, Dienger K, Manning-Courtney P, 
Altaye M, Wills-Karp M (2006) Elevated cytokine levels in children with autism 
spectrum disorder. J Neuroimmunol 172:198–205. 

Moy SS, Nadler JJ (2008) Advances in behavioral genetics: mouse models of autism. 
Mol Psychiatry 13:4–26. 

Moy SS, Nadler JJ, Magnuson TR, Crawley JN (2006) Mouse models of autism spectrum 
disorders: the challenge for behavioral genetics. Am J Med Genet C Semin Med 
Genet 142C:40–51. 

Moy SS, Nadler JJ, Perez A, Barbaro RP, Johns JM, Magnuson TR, Piven J, Crawley JN 
(2004) Sociability and preference for social novelty in five inbred strains: an 
approach to assess autistic-like behavior in mice. Genes Brain Behav 3:287–302. 



98 
 

Moy SS, Nadler JJ, Poe MD, Nonneman RJ, Young NB, Koller BH, Crawley JN, Duncan 
GE, Bodfish JW (2008a) Development of a mouse test for repetitive, restricted 
behaviors: relevance to autism. Behav Brain Res 188:178–194. 

Moy SS, Nadler JJ, Young NB, Nonneman RJ, Grossman AW, Murphy DL, D’Ercole 
AJ, Crawley JN, Magnuson TR, Lauder JM (2009) Social approach in genetically 
engineered mouse lines relevant to autism. Genes Brain Behav 8:129–142. 

Moy SS, Nadler JJ, Young NB, Nonneman RJ, Segall SK, Andrade GM, Crawley JN, 
Magnuson TR (2008b) Social approach and repetitive behavior in eleven inbred 
mouse strains. Behav Brain Res 191:118–129. 

Moy SS, Nadler JJ, Young NB, Perez A, Holloway LP, Barbaro RP, Barbaro JR, Wilson 
LM, Threadgill DW, Lauder JM, Magnuson TR, Crawley JN (2007) Mouse 
behavioral tasks relevant to autism: phenotypes of 10 inbred strains. Behav Brain 
Res 176:4–20. 

Muhle R, Trentacoste SV, Rapin I (2004) The genetics of autism. Pediatrics 113:e472–
486. 

Munoz-Suano A, Hamilton AB, Betz AG (2011) Gimme shelter: the immune system 
during pregnancy. Immunol Rev 241:20–38. 

Murray MJ (2010) Attention-deficit/Hyperactivity Disorder in the context of Autism 
spectrum disorders. Curr Psychiatry Rep 12:382–388. 

Mutter J, Naumann J, Schneider R, Walach H, Haley B (2005) Mercury and autism: 
accelerating evidence? Neuro Endocrinol Lett 26:439–446. 

Nestler EJ, Hyman SE (2010) Animal models of neuropsychiatric disorders. Nat 
Neurosci 13:1161–1169. 

Nevison C., Hurst J., Barnard C. (1999) Why do male ICR(CD-1) mice perform bar-
related (stereotypic) behaviour? Behavioural Processes 47:95–111. 

Newschaffer CJ, Croen LA, Daniels J, Giarelli E, Grether JK, Levy SE, Mandell DS, 
Miller LA, Pinto-Martin J, Reaven J, Reynolds AM, Rice CE, Schendel D, 
Windham GC (2007) The epidemiology of autism spectrum disorders. Annu Rev 
Public Health 28:235–258. 

O’Donnell K, O’Connor TG, Glover V (2009) Prenatal stress and neurodevelopment of 
the child: focus on the HPA axis and role of the placenta. Dev Neurosci 31:285–
292. 

Orsmond GI, Lin L-Y, Seltzer MM (2007) Mothers of adolescents and adults with 
autism: parenting multiple children with disabilities. Intellect Dev Disabil 
45:257–270. 



99 
 

Paribello C, Tao L, Folino A, Berry-Kravis E, Tranfaglia M, Ethell IM, Ethell DW 
(2010) Open-label add-on treatment trial of minocycline in fragile X syndrome. 
BMC Neurol 10:91. 

Patterson PH (2009) Immune involvement in schizophrenia and autism: etiology, 
pathology and animal models. Behav Brain Res 204:313–321. 

Patterson PH (2011) Maternal infection and immune involvement in autism. Trends Mol 
Med 17:389–394. 

Pearson BL, Bettis JK, Meyza KZ, Yamamoto LH, Blanchard DC, Blanchard RJ (In 
press) Absence of social conditioned place preference in BTBR T+tf/J mice: 
relevance for social motivation testing in rodent models of autism. Behavioral 
Brain Research. 

Pearson BL, Corley MJ, Vasconcellos A, Blanchard DC, Blanchard RJ (2013) Heparan 
sulfate deficiency in autistic postmortem brain tissue from the subventricular zone 
of the lateral ventricles. Behav Brain Res 243:138–145. 

Pearson BL, Defensor EB, Blanchard DC, Blanchard RJ (2010) C57BL/6J mice fail to 
exhibit preference for social novelty in the three-chamber apparatus. Behavioural 
Brain Research 213:189–194. 

Pearson BL, Defensor EB, Pobbe RLH, Yamamoto LHL, Bolivar VJ, Blanchard DC, 
Blanchard RJ (2012) Mecp2 truncation in male mice promotes affiliative social 
behavior. Behav Genet 42:299–312. 

Pearson BL, Pobbe RLH, Defensor EB, Oasay L, Bolivar VJ, Blanchard DC, Blanchard 
RJ (2011) Motor and cognitive stereotypies in the BTBR T+tf/J mouse model of 
autism. Genes Brain Behav 10:228–235. 

Persico AM, Bourgeron T (2006) Searching for ways out of the autism maze: genetic, 
epigenetic and environmental clues. Trends Neurosci 29:349–358. 

Piven J, Arndt S, Bailey J, Havercamp S, Andreasen NC, Palmer P (1995) An MRI study 
of brain size in autism. Am J Psychiatry 152:1145–1149. 

Piven J, Bailey J, Ranson BJ, Arndt S (1997) An MRI study of the corpus callosum in 
autism. Am J Psychiatry 154:1051–1056. 

Pobbe RLH, Defensor EB, Pearson BL, Bolivar VJ, Blanchard DC, Blanchard RJ (2011) 
General and social anxiety in the BTBR T+ tf/J mouse strain. Behav Brain Res 
216:446–451. 

Pobbe RLH, Pearson BL, Defensor EB, Bolivar VJ, Blanchard DC, Blanchard RJ (2010) 
Expression of social behaviors of C57BL/6J versus BTBR inbred mouse strains in 
the visible burrow system. Behav Brain Res 214:443–449. 



100 
 

Pobbe RLH, Pearson BL, Defensor EB, Bolivar VJ, Young WS 3rd, Lee H-J, Blanchard 
DC, Blanchard RJ (2012) Oxytocin receptor knockout mice display deficits in the 
expression of autism-related behaviors. Horm Behav 61:436–444. 

Redcay E, Courchesne E (2005) When Is the Brain Enlarged in Autism? A Meta-
Analysis of All Brain Size Reports. Biological Psychiatry 58:1–9. 

Redman CWG (2011) Preeclampsia: a multi-stress disorder. Rev Med Interne 32 Suppl 
1:S41–44. 

Richer JM, Coss RG (1976) Gaze aversion in autistic and normal children. Acta Psychiatr 
Scand 53:193–210. 

Ritvo ER, Freeman BJ, Pingree C, Mason-Brothers A, Jorde L, Jenson WR, McMahon 
WM, Petersen PB, Mo A, Ritvo A (1989) The UCLA-University of Utah 
epidemiologic survey of autism: prevalence. Am J Psychiatry 146:194–199. 

Ritvo ER, Freeman BJ, Scheibel AB, Duong T, Robinson H, Guthrie D, Ritvo A (1986) 
Lower Purkinje cell counts in the cerebella of four autistic subjects: initial 
findings of the UCLA-NSAC Autopsy Research Report. Am J Psychiatry 
143:862–866. 

Robbins JR, Bakardjiev AI (2012) Pathogens and the placental fortress. Curr Opin 
Microbiol 15:36–43. 

Robertson SA, Christiaens I, Dorian CL, Zaragoza DB, Care AS, Banks AM, Olson DM 
(2010) Interleukin-6 Is an Essential Determinant of On-Time Parturition in the 
Mouse. Endocrinology 151:3996–4006. 

Ronald A, Happé F, Bolton P, Butcher LM, Price TS, Wheelwright S, Baron-Cohen S, 
Plomin R (2006a) Genetic heterogeneity between the three components of the 
autism spectrum: a twin study. J Am Acad Child Adolesc Psychiatry 45:691–699. 

Ronald A, Happé F, Price TS, Baron-Cohen S, Plomin R (2006b) Phenotypic and genetic 
overlap between autistic traits at the extremes of the general population. J Am 
Acad Child Adolesc Psychiatry 45:1206–1214. 

Ronald A, Hoekstra RA (2011) Autism spectrum disorders and autistic traits: a decade of 
new twin studies. Am J Med Genet B Neuropsychiatr Genet 156B:255–274. 

Ronald A, Pennell CE, Whitehouse AJO (2010) Prenatal Maternal Stress Associated with 
ADHD and Autistic Traits in early Childhood. Front Psychol 1:223. 

Roullet FI, Wöhr M, Crawley JN (2011) Female urine-induced male mice ultrasonic 
vocalizations, but not scent-marking, is modulated by social experience. Behav 
Brain Res 216:19–28. 



101 
 

Ruffman T, Garnham W, Rideout P (2001) Social understanding in autism: eye gaze as a 
measure of core insights. J Child Psychol Psychiatry 42:1083–1094. 

Sahay B, Patsey RL, Eggers CH, Salazar JC, Radolf JD, Sellati TJ (2009) CD14 
signaling restrains chronic inflammation through induction of p38-MAPK/SOCS-
dependent tolerance. PLoS Pathog 5:e1000687. 

Sanders SJ et al. (2012) De novo mutations revealed by whole-exome sequencing are 
strongly associated with autism. Nature 485:237–241. 

Scattoni ML, Crawley J, Ricceri L (2009) Ultrasonic vocalizations: a tool for behavioural 
phenotyping of mouse models of neurodevelopmental disorders. Neurosci 
Biobehav Rev 33:508–515. 

Scattoni ML, Gandhy SU, Ricceri L, Crawley JN (2008) Unusual repertoire of 
vocalizations in the BTBR T+tf/J mouse model of autism. PLoS ONE 3:e3067. 

Scattoni ML, Ricceri L, Crawley JN (2011) Unusual repertoire of vocalizations in adult 
BTBR T+tf/J mice during three types of social encounters. Genes Brain Behav 
10:44–56. 

Schroeder A, Mueller O, Stocker S, Salowsky R, Leiber M, Gassmann M, Lightfoot S, 
Menzel W, Granzow M, Ragg T (2006) The RIN: an RNA integrity number for 
assigning integrity values to RNA measurements. BMC Mol Biol 7:3. 

Schwartzer JJ, Careaga M, Onore CE, Rushakoff JA, Berman RF, Ashwood P (2013) 
Maternal immune activation and strain specific interactions in the development of 
autism-like behaviors in mice. Transl Psychiatry 3:e240. 

Schwendener S, Meyer U, Feldon J (2009) Deficient maternal care resulting from 
immunological stress during pregnancy is associated with a sex-dependent 
enhancement of conditioned fear in the offspring. J Neurodev Disord 1:15–32. 

Shepherd J, Grewal S, Fletcher A, Bill D, Dourish C (1994) Behavioural and 
pharmacological characterisation of the elevated “zero-maze” as an animal model 
of anxiety. Psychopharmacology 116:56–64. 

Shi L, Fatemi SH, Sidwell RW, Patterson PH (2003) Maternal influenza infection causes 
marked behavioral and pharmacological changes in the offspring. J Neurosci 
23:297–302. 

Shi L, Smith SEP, Malkova N, Tse D, Su Y, Patterson PH (2009) Activation of the 
maternal immune system alters cerebellar development in the offspring. Brain 
Behav Immun 23:116–123. 



102 
 

Shimabukuro TT, Grosse SD, Rice C (2008) Medical expenditures for children with an 
autism spectrum disorder in a privately insured population. J Autism Dev Disord 
38:546–552. 

Silverman JL, Tolu SS, Barkan CL, Crawley JN (2010) Repetitive self-grooming 
behavior in the BTBR mouse model of autism is blocked by the mGluR5 
antagonist MPEP. Neuropsychopharmacology 35:976–989. 

Silverman JL, Yang M, Turner SM, Katz AM, Bell DB, Koenig JI, Crawley JN (2010c) 
Low stress reactivity and neuroendocrine factors in the BTBR T+tf/J mouse 
model of autism. Neuroscience 171:1197–1208. 

Smith SEP, Li J, Garbett K, Mirnics K, Patterson PH (2007) Maternal immune activation 
alters fetal brain development through interleukin-6. J Neurosci 27:10695–10702. 

Steffenburg S, Gillberg C, Hellgren L, Andersson L, Gillberg IC, Jakobsson G, Bohman 
M (1989) A Twin Study of Autism in Denmark, Finland, Iceland, Norway and 
Sweden. Journal of Child Psychology and Psychiatry 30:405–416. 

Stolp H, Neuhaus A, Sundramoorthi R, Molnár Z (2012) The Long and the Short of it: 
Gene and Environment Interactions During Early Cortical Development and 
Consequences for Long-Term Neurological Disease. Front Psychiatry 3:50. 

Szatmari P et al. (2007) Mapping autism risk loci using genetic linkage and chromosomal 
rearrangements. Nat Genet 39:319–328. 

Taga T, Kishimoto T (1997) Gp130 and the interleukin-6 family of cytokines. Annu Rev 
Immunol 15:797–819. 

Tamiya T, Kashiwagi I, Takahashi R, Yasukawa H, Yoshimura A (2011) Suppressors of 
cytokine signaling (SOCS) proteins and JAK/STAT pathways: regulation of T-
cell inflammation by SOCS1 and SOCS3. Arterioscler Thromb Vasc Biol 
31:980–985. 

Tanimura Y, Yang MC, Lewis MH (2008) Procedural learning and cognitive flexibility 
in a mouse model of restricted, repetitive behaviour. Behav Brain Res 189:250–
256. 

Terranova ML, Laviola G, Alleva E (1993) Ontogeny of amicable social behavior in the 
mouse: gender differences and ongoing isolation outcomes. Dev Psychobiol 
26:467–481. 

Tuchman R, Rapin I (2002) Epilepsy in autism. Lancet Neurol 1:352–358. 

Utari A, Chonchaiya W, Rivera SM, Schneider A, Hagerman RJ, Faradz SMH, Ethell 
IM, Nguyen DV (2010) Side effects of minocycline treatment in patients with 



103 
 

fragile X syndrome and exploration of outcome measures. Am J Intellect Dev 
Disabil 115:433–443. 

Van Steensel FJA, Bögels SM, Perrin S (2011) Anxiety Disorders in Children and 
Adolescents with Autistic Spectrum Disorders: A Meta-Analysis. Clin Child Fam 
Psychol Rev 14:302–317. 

Vargas DL, Nascimbene C, Krishnan C, Zimmerman AW, Pardo CA (2005) Neuroglial 
activation and neuroinflammation in the brain of patients with autism. Ann Neurol 
57:67–81. 

Vidal CN, Nicolson R, Boire J-Y, Barra V, DeVito TJ, Hayashi KM, Geaga JA, Drost 
DJ, Williamson PC, Rajakumar N, Toga AW, Thompson PM (2008) Three-
dimensional mapping of the lateral ventricles in autism. Psychiatry Res 163:106–
115. 

Võikar V, Kõks S, Vasar E, Rauvala H (2001) Strain and gender differences in the 
behavior of mouse lines commonly used in transgenic studies. Physiol Behav 
72:271–281. 

Volkmar FR, Mayes LC (1990) Gaze behavior in autism. Development and 
Psychopathology 2:61–69. 

Volkmar FR, Szatmari P, Sparrow SS (1993) Sex differences in pervasive developmental 
disorders. J Autism Dev Disord 23:579–591. 

Wahlsten D, Metten P, Crabbe JC (2003) Survey of 21 inbred mouse strains in two 
laboratories reveals that BTBR T/+ tf/tf has severely reduced hippocampal 
commissure and absent corpus callosum. Brain Res 971:47–54. 

Wang Y, Lewis DF, Gu Y, Zhao S, Groome LJ (2011) Elevated maternal soluble Gp130 
and IL-6 levels and reduced Gp130 and SOCS-3 expressions in women 
complicated with preeclampsia. Hypertension 57:336–342. 

Wegiel J, Kuchna I, Nowicki K, Imaki H, Wegiel J, Marchi E, Ma SY, Chauhan A, 
Chauhan V, Bobrowicz TW, de Leon M, Louis LAS, Cohen IL, London E, 
Brown WT, Wisniewski T (2010) The neuropathology of autism: defects of 
neurogenesis and neuronal migration, and dysplastic changes. Acta Neuropathol 
119:755–770. 

Wei H, Zou H, Sheikh AM, Malik M, Dobkin C, Brown WT, Li X (2011) IL-6 is 
increased in the cerebellum of autistic brain and alters neural cell adhesion, 
migration and synaptic formation. J Neuroinflammation 8:52. 

Weiss LA, Arking DE, Daly MJ, Chakravarti A (2009) A genome-wide linkage and 
association scan reveals novel loci for autism. Nature 461:802–808. 



104 
 

Werling DM, Geschwind DH (2013) Sex differences in autism spectrum disorders. Curr 
Opin Neurol 26:146–153. 

Wöhr M, Roullet FI, Crawley JN (2011) Reduced scent marking and ultrasonic 
vocalizations in the BTBR T+tf/J mouse model of autism. Genes Brain Behav 
10:35–43. 

Yang M, Abrams DN, Zhang JY, Weber MD, Katz AM, Clarke AM, Silverman JL, 
Crawley JN (2012) Low sociability in BTBR T+tf/J mice is independent of 
partner strain. Physiology & Behavior Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/22245067 [Accessed March 27, 2012]. 

Yang M, Clarke AM, Crawley JN (2009) Postnatal lesion evidence against a primary role 
for the corpus callosum in mouse sociability. Eur J Neurosci 29:1663–1677. 

Yang M, Perry K, Weber MD, Katz AM, Crawley JN (2011) Social peers rescue autism-
relevant sociability deficits in adolescent mice. Autism Res 4:17–27. 

Yang M, Scattoni ML, Zhodzishsky V, Chen T, Caldwell H, Young WS, McFarlane HG, 
Crawley JN (2007) Social approach behaviors are similar on conventional versus 
reverse lighting cycles, and in replications across cohorts, in BTBR T+ tf/J, 
C57BL/6J, and vasopressin receptor 1B mutant mice. Front Behav Neurosci 1:1. 

Yang M, Zhodzishsky V, Crawley JN (2007) Social deficits in BTBR T+tf/J mice are 
unchanged by cross-fostering with C57BL/6J mothers. Int J Dev Neurosci 
25:515–521. 

Yasuda H, Kobayashi M, Yasuda Y, Tsutsui T (2013) Estimation of autistic children by 
metallomics analysis. Sci Rep 3:1199. 

Yasuda H, Yoshida K, Yasuda Y, Tsutsui T (2011) Infantile zinc deficiency: association 
with autism spectrum disorders. Sci Rep 1:129. 

Yeargin-Allsopp M, Rice C, Karapurkar T, Doernberg N, Boyle C, Murphy C (2003) 
Prevalence of autism in a US metropolitan area. JAMA 289:49–55. 

Yoshida K, Taga T, Saito M, Suematsu S, Kumanogoh A, Tanaka T, Fujiwara H, Hirata 
M, Yamagami T, Nakahata T, Hirabayashi T, Yoneda Y, Tanaka K, Wang WZ, 
Mori C, Shiota K, Yoshida N, Kishimoto T (1996) Targeted disruption of gp130, 
a common signal transducer for the interleukin 6 family of cytokines, leads to 
myocardial and hematological disorders. Proc Natl Acad Sci USA 93:407–411. 

Zandt F, Prior M, Kyrios M (2007) Repetitive behaviour in children with high 
functioning autism and obsessive compulsive disorder. J Autism Dev Disord 
37:251–259. 



105 
 

Zerbo O, Iosif A-M, Walker C, Ozonoff S, Hansen RL, Hertz-Picciotto I (2012) Is 
Maternal Influenza or Fever During Pregnancy Associated with Autism or 
Developmental Delays? Results from the CHARGE (CHildhood Autism Risks 
from Genetics and Environment) Study. Journal of autism and developmental 
disorders Available at: http://www.ncbi.nlm.nih.gov/pubmed/22562209 
[Accessed August 13, 2012]. 

Zhang Y, Gao D, Kluetzman K, Mendoza A, Bolivar VJ, Reilly A, Jolly JK, Lawrence 
DA (2013) The maternal autoimmune environment affects the social behavior of 
offspring. J Neuroimmunol 258:51–60. 

Zhao S, Gu Y, Dong Q, Fan R, Wang Y (2008) Altered interleukin-6 receptor, IL-6R and 
gp130, production and expression and decreased SOCS-3 expression in placentas 
from women with pre-eclampsia. Placenta 29:1024–1028. 

Zoghbi HY (2005) MeCP2 dysfunction in humans and mice. J Child Neurol 20:736–740. 

Zwaigenbaum L, Bryson S, Rogers T, Roberts W, Brian J, Szatmari P (2005) Behavioral 
manifestations of autism in the first year of life. Int J Dev Neurosci 23:143–152. 

 

 

 

 

 

 


	Acknowledgements
	Abstract
	List of Tables
	List of Figures
	Preface
	CHAPTER 1
	1.1. Autism Spectrum Disorders
	1.2. Immune Involvement in Autism
	1.3. Modeling Human Disorders in Mice
	1.4. The BTBR T+tf/J Mouse
	1.4.1. BTBR Social Behavior
	1.4.2. BTBR Communication
	1.4.3. BTBR Repeated Behaviors and Resistance to Change

	1.5. Dissertation Overview

	CHAPTER 2
	2.1. Rationale
	2.2. Abstract
	2.3. Introduction
	2.4. Materials and Methods
	2.4.1. Subjects
	2.4.2. Apparatus
	2.4.3. Procedure
	2.4.4. Statistical Analyses

	2.5. Results
	2.5.1. Experiment 1- Same strain male pairs in social proximity
	2.5.2. Experiment 2- Mixed strain male pairs in social proximity
	2.5.3. Experiment 3- Same strain male and female pairs in social proximity
	2.5.4. Experiment 3- Three-chamber test

	2.6. Discussion

	CHAPTER 3
	3.1. Rationale
	3.2. Abstract
	3.3. Introduction
	3.4. Materials and methods
	3.4.1. Subjects
	3.4.2. Apparatus
	3.4.3. Procedure
	3.4.4. Statistical Analysis

	3.5. Results
	3.5.1. Elevated Zero Maze
	3.5.2. Mouse Defense Test Battery 
	3.5.3. Social Proximity Test with anxiolytic administration 

	3.6. Discussion

	CHAPTER 4
	4.1. Rationale
	4.2. Abstract
	4.3. Introduction
	4.4. Materials and Methods
	4.4.1. Animals
	4.4.2. Dose Administration and Generation of Subjects
	4.4.3. Apparatus
	4.4.4. Procedure
	4.4.5. Statistical Analysis

	4.5. Results
	4.5.1. Weights
	4.5.2. Three-chamber
	4.5.3. Scent Marking
	4.5.4. Autogrooming
	4.5.5. Social proximity with USV measurement
	4.5.6. Elevated Plus Maze
	4.5.7. Visible Burrow System

	4.6. Discussion

	CHAPTER 5
	5.1. Rationale
	5.2. Abstract
	5.3. Introduction
	5.4. Materials and methods
	5.4.1. Animals and tissue collection
	5.4.2. RNA extraction
	5.4.3. RNA quality control
	5.4.4. Microarray analysis 
	5.4.5. Data analysis

	5.5. Results
	5.5.1 RNA quality control
	5.5.2. Differential IL-6 gene expression of BTBR and B6 mice
	5.5.3. Temporal gene expression of the IL-6 pathway

	5.6. Discussion

	CHAPTER 6
	6.1. General summary
	6.3. Social proximity assessment as a behavioral analysis paradigm 
	6.4. Genes, environment, and risk factors for autism
	6.4.1. Genetic background 
	6.4.2. Environmental contributions
	6.4.3. Interaction between genes and environment


	References

