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Abstract

Autism spectrum disorders (ASD) are a group of disorders characterized by core behavioral
features including stereotyped interests, repetitive behaviors and impairments in communication
and social interaction. In addition, widespread changes in the immune systems of individuals with
ASD have been identified, in particular increased evidence of inflammation in the periphery and
central nervous system. While the etiology of these disorders remains unclear, it appears that
multiple gene and environmental factors are involved. The need for animal models paralleling the
behavioral and immunological features of ASD is paramount to better understand the link between
immune system dysregulation and behavioral deficits observed in these disorders. As such, the
asocial BTBR mouse strain displays both ASD relevant behaviors and persistent immune
dysregulation, providing a model system that has and continues to be instructive in understanding
the complex nature of ASD.
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1. Introduction

Autism spectrum disorders are a group of neurodevelopmental disorders characterized by
restricted interests, repetitive behaviors and impairments in communication and social
interaction. Currently 1 in 88 children have been identified as having ASD (CDC, 2012).
Despite the high incidence of ASD, the etiology and pathogenesis remain poorly understood.
Numerous published findings have identified widespread changes in the immune systems of
individuals with ASD both at the systemic and cellular levels (Ashwood et al., 2006). These
immune dysfunctions are associated with impairments in core features of ASD as well as
aberrant behaviors, decreased adaptability and impaired cognition (Ashwood et al., 2011a,b;
Onore et al., 2012).
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In individuals with ASD, several lines of evidence point to ongoing inflammation both
within the brain (Li et al., 2009; Morgan et al., 2010; Vargas et al., 2005) and in the
periphery (Ashwood et al., 2011a; Hashimoto et al., 2011). Work by Vargas et al.
demonstrated that in postmortem brains from subjects with ASD there were signs of
increased pro-inflammatory cytokines including interleukin (IL)-1p, IL-6, IL-12(p40) and
TNFa (Vargas et al., 2005). Moreover, microglia from subjects with ASD display a more
activated phenotype in postmortem brain (Morgan et al., 2010) and by PET scan (Suzuki et
al., 2013). In addition to immune activation within CNS, circulating levels of cytokines
exhibit a profile reminiscent of a proinflammatory immune profile with increased IL-1f,
IL-6 and IL-12(p40) production (Ashwood et al., 2011a; Hashimoto et al., 2011; Ricci et al.,
2013; Singh, 1996). Increased activation of circulating monocyte cells in the periphery
following stimulation with Toll-like receptor (TLR) ligands has also been observed,
including changes in gene expression, increased HLA-DR cell surface expression and the
release of pro-inflammatory cytokines IL-1p and IL-6 (Enstrom et al., 2010; Jyonouchi et
al., 2008, 2011, 2001). Both the circulating levels of these pro-inflammatory cytokines and
the degree of monocyte activation are associated with more impaired behaviors in children
with ASD (Ashwood et al., 2011a; Enstrom et al., 2010; Onore et al., 2012). These findings
notwithstanding, many of the links between ASD and immune system dysregulation are
drawn from associative studies that pose compelling correlations between
neurodevelopmental disorders and immune dysfunction. However, limitations in
experimental design and the myriad of uncontrolled variability, as a result of ethical
boundaries placed on human research, requires the use of animal models to effectively link
causality to these patterns of association.

Rodent models of human conditions enable scientists to directly test hypotheses generated
from evidence drawn from clinical populations. The development of an effective animal
model requires extensive investigation into the biological and behavioral pathologies that
contribute to the face, construct, and predictive validity of a translational model. These
validity measures are crucial for evaluating the relevance of a model for understanding the
human condition. For the study of ASD and its associations with immune system
dysregulation, researchers have identified a mouse strain, the BTBR mouse, that has strong
validity for evaluating the neuro-immunological contributions to ASD-like behaviors.

BTBR mice were derived from an inbred strain carrying the at (nonagouti; black and tan)
and wildtype T (brachyury) mutations that were crossed with mice with the tufted (Itpr3t)
allele (http://jaxmice.jax.org/strain/002282.html). As part of the Mouse Phenome Project
(MPP), BTBR mice were characterized and found to have neuroanatomical abnormalities
such as a hereditary loss of corpus callosum (Wahisten et al., 2003). However, it was not
until work by Moy et al., who characterized the BTBR mice as exhibiting behaviors that had
strong face validity to ASD, that the BTBR mouse was brought to the attention of the
neurodevelopmental research community (Moy et al., 2007). More recent work by Heo et al.
described the immune system of the BTBR mouse as having a number of immunological
abnormalities consistent with increased immune activation (Heo et al., 2011). In light of the
mounting evidence of immune dysfunction in ASD coupled to the behavioral abnormalities,
the BTBR mouse makes for an interesting target to research mechanisms of asocial
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behaviors as they relate to immune dysfunction (Reviewed in Onore et al., 2012) and may
help to better understand the complex nature of ASD.

2. Behavioral phenotype

The BTBR mouse has strong face validity for a range of behavioral deficits that are
analogous to those observed in individuals with ASD. Most notably, this mouse is
characterized by reductions in sociability and increased repetitive/compulsive behaviors.
The low sociability level of the BTBR mouse is most apparent in the three-chamber social
approach task. These mice spend equal time approaching and investigating a novel object
compared to a novel social stimulus (i.e. novel mouse) (McFarlane et al., 2008), a behavioral
response well replicated across numerous laboratories. These reductions in social approach
are accompanied by reductions in social motivational processes as BTBR mice fail to form a
conditioned place preference for contexts associated with social stimuli (Pearson et al.,
2012). While this study suggests that motivation may be a factor contributing to low
sociability, the extent to which BTBR mice respond to non-social rewards (e.g.
amphetamines, food) remains unknown. Moreover, these deficits in social motivation may
reflect dysfunction in the acquisition or retention of social-specific memory cues.

In addition to reduced social approach, the BTBR mouse is characterized by a reduction in
the display of a range of species-typical social behaviors. At a juvenile age, BTBR mice
spend significantly less time engaging in social interactions including reductions in sniffing
and following behaviors compared to the ‘typical’ C57BL/6J mouse (McFarlane et al.,
2008). These reductions in social investigation persist throughout adolescence (Scattoni et
al., 2013) and into adulthood (Defensor et al., 2011; Pobbe et al., 2010). Interestingly, when
juvenile BTBR mice are reared with more social C57BL/6J mice, the characteristic social
deficits are significantly diminished (Yang et al., 2011), highlighting the importance of
social peer interactions as a potent influence on social behavior development.

The recently published DSM-5 reformulated the core behavioral domains of ASD by
integrating language and communication impairments as a component of social competency,
redefining the deficits as social communication impairments (APA, 2013). This
restructuring compels researchers to scrutinize the translational value of mouse behavior as
they relate to ASD-like behaviors. For the BTBR mouse, variations in the type and
frequency of ultrasonic vocalizations were previously proposed as a model for the language
and communication deficits observed in humans (Scattoni et al., 2008; Wohr et al., 2011).
However, little is known about the functional significance of mouse vocalizations,
particularly in adults, or whether these calls have communicative value. By redefining
language deficits in the context of social communication, mouse behaviorists are better
suited to explore communication deficits that are more ethologically valid and species
specific. For example, although BTBR mice elicit fewer vocalizations, these mice produce
calls in response to the presence and/or absence of a female similar to the responses
observed in the social C57BL/6J mouse (Yang et al., 2013). Moreover, female BTBR mice
are noted to display typical maternal care behaviors (Yang et al., 2007) despite differences
in call patterns and number of calls elicited from pups (Scattoni et al., 2008). By examining
differences in ultrasonic vocalizations in the context of social behavioral responses, as
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established by the DSM-5, the translational validity of these differences in vocalization
patterns in the BTBR mouse as an analogous model for the communication deficits in
humans remains under question. Perhaps more relevant though, are differences in species-
typical scent marking behavior in BTBR mice in response to social stimuli. Given that
olfactory cues are the predominant sensory modality used for exploring social and
environmental stimuli in mice, scent-marking behavior may provide a more robust
behavioral measure for identifying deficits in social communication. Interestingly, the
BTBR mouse displays fewer scent marking behaviors in response to a social stimulus
compared to the more social C57BL/6J mouse, and these reductions are accompanied by
fewer vocalizations emitted in response to the scent of female-urine (Roullet et al., 2011,
Wohr et al., 2011). Together, reductions in social motivation and social approach along with
reduced scent marking and altered vocalizations highlight the strong face validity the BTBR
mouse holds for modeling the social communication deficits that are at the core of the ASD
diagnosis.

Another core feature of ASD is the presence of repetitive patterns of behavior, restricted
interests, and insistence on sameness. The BTBR mouse possesses a range of behavioral
traits that model both the repetitive motor patterns and inflexible adherence to routines. The
most widely noted motor stereotypy in the BTBR mouse is the excessive time spent
engaging in self-grooming behaviors compared to other inbred strains (McFarlane et al.,
2008; Pearson et al., 2011; Pobbe et al., 2010). An in-depth analysis of the microstructural
components of grooming behavior revealed that the BTBR mouse engages in more frequent
and longer durations of all grooming behaviors. Moreover, grooming bouts do not occur in
the species-typical cephalo-caudal sequence, underscoring the atypical nature of these
stereotypies (Pearson et al., 2011). Another motor stereotypy noted in the BTBR mouse is
the increasing frequency of compulsive marble burying observed across several laboratories
(Amodeo et al., 2012; Schwartzer et al., 2013). Marble burying behavior is used as an index
for perseverative behaviors analogous to the restricted patterns of behavior in ASD (Thomas
et al., 2009). Importantly, these motor stereotypies in the BTBR mouse are met with deficits
in reversal learning and perseverative behaviors across several cognitive tasks. In the Morris
Water Maze, BTBR mice show intact spatial learning similar to the C57BL/6J mouse but
fail to show quadrant preference during later reversal learning phases (Moy et al., 2007).
Similarly, BTBR mice make significantly more perseverative errors in a modified T-maze
task (Guariglia and Chadman, 2013). This lack of reversal learning was further characterized
in probabilistic learning tasks when correct choices were only reinforced during 80% of the
trials (Amodeo et al., 2012). This more ecologically relevant paradigm closely models the
cognitive inflexibility observed in individuals with ASD (Solomon et al., 2011).

Despite the mounting evidence supporting an ASD-like phenotype in the BTBR mouse, it is
important to consider what other neurobehavioral processes may be contributing to the
marked reductions in sociability and increased repetitive and perseverative behaviors. One
potential confound to consider is the role anxiety may contribute to the social behavior
deficits and perseverative behaviors in the BTBR mouse. To date, there are numerous
conflicting reports using a range of behavioral assays stating both elevated anxiety-like
responses (Benno et al., 2009; Pobbe et al., 2011) and low stress responses (Silverman et al.,
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2010) as well as no observable difference in anxiety-like behaviors compared to the
C57BL/6J mouse (Karvat and Kimchi, 2012; McFarlane et al., 2008; Moy et al., 2007).

In addition to anxiety, individuals with ASD often have comorbid cognitive impairments
and intellectual disabilities, although these deficits are not necessary for the ASD diagnosis.
Recent advances in the development of operant touchscreen technology has afforded
researchers the ability to explore differences in complex cognitive processes including
executive function, pattern separation, and memory formation (Bussey et al., 1994, 2008;
Horner et al., 2013). By pairing computer assisted-touchscreens to classic operant
conditioning chambers, researchers have developed a host of paradigms that are analogous
to tasks used in measuring cognition in human and non-human primate studies. This fully-
automated and standardized approach to measuring cognitive function enables researchers to
identify specific processing deficits that may otherwise be ambiguous in traditional rodent
mazes. In the BTBR mouse, touchscreen operant paradigms have revealed impairments in
task-switching paradigms that require cognitive flexibility between multiple sets of rules
(Rutz and Rothblat, 2012). Specifically, while BTBR mice are able to inhibit prepotent
responding during an automatic rule-switching task, they exhibit deficits in reversal task
performance that is dependent on the active use of contextual information. In addition,
Silverman et al. developed a transitive inference paradigm and identified deficits in higher
order discrimination thinking in the BTBR mouse that closely parallels the transitive
inference deficits observed in individuals with ASD (Silverman et al., 2013; Solomon et al.,
2011). In this task, mice are trained to discriminate between a series of hierarchical visual
stimulus pairs and later tested on their ability to transfer these learned relationships to novel
pairs. While the BTBR mice successfully discriminate between novel pairs in close
proximity on the hierarchy, they exhibit marked deficits in inferences when stimulus pairs
were farther apart on the hierarchy (Silverman et al., 2013). Interestingly, differences in
cognitive performance between the BTBR and C57BL/6J mouse are accompanied by
impairments in attention tasks as well. In the 5-choice serial time task, BTBR mice show
deficits in impulse control and decreased motivation similar to the characteristic phenotype
of attention deficit/hyperactivity disorder (APA, 2013; McTighe et al., 2013), a
neurodevelopmental disorder often comorbid with ASD. Given this range of behavioral
deficits reported in the BTBR mouse, including the core ASD-like features of social
impairments and stereotypical repetitive behaviors as well as anxiety, cognitive and
attentional deficits, the characteristic phenotype of this mouse model presents a useful
translational tool for identifying plausible biological markers and endophenotypes that
contribute to the etiology and pathologies associated with ASD.

3. Immune findings in BTBR mice

Among the numerous immunological findings in ASD discovered to date, reports of
increased levels of pro-inflammatory markers remain the most consistently observed. These
include increases in pro-inflammatory cytokines such as IL-1f, TNFa and IL-6, and
chemokines such as MCP-1 in plasma/sera, cerebral spinal fluid (CSF) and post mortem
brain tissue (Ashwood et al., 2011a; Emanuele et al., 2010; Li et al., 2009; Suzuki et al.,
2011; Vargas et al., 2005). As noted, many of these studies highlight a connection between
increased immune dysregulation or activation with more impaired behaviors (Onore et al.,
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2012). These findings suggest a pro-inflammatory immune profile is prevalent in the ASD
population or at the very least there is a subgroup of the ASD population where ongoing
immune activation may be linked to more impaired behavioral symptomatology.

BTBR mice have shown a number of immune abnormalities many of which are also
observed in children with ASD. These include alterations in both the innate and adaptive
arms of the immune system. Similar to observations made in postmortem brains of subjects
with ASD (Li et al., 2009; Vargas et al., 2005), BTBR mice show elevated expression of
cytokines in the brain (Heo et al., 2011). These include increases in IL-1f (as well as other
IL-1 family members such as IL-18 and 1L-33), IL-6, and IL-12. These changes vary in
different regions of the brain. However, increases in the IL-1 family of cytokines were
observed in most regions sampled. IL-1f as well as its family members have been found to
be elevated in ASD in a number of studies and associated with more impaired behaviors
(Ashwood et al., 2011a; Croonenberghs et al., 2002a; Enstrom et al., 2010; Jyonouchi et al.,
2001; Li et al., 2009; Ricci et al., 2013). This suggests that the IL-1 family may contribute to
either the pathology of ASD or to a particular behavioral phenotype. In BTBR mice a
similar finding was observed, with the level of IL-33 in the brain correlating with more
impaired behaviors (Heo et al., 2011). Moreover, BTBR mice show signs of increased
microglia activation as measured by MHC-11 expression (Heo et al., 2011) as well as
increased numbers of microglia (Zhang et al., 2013). This parallels findings in ASD showing
increased activation markers for microglia (ibal and HLA-DR) in postmortem brains (Li et
al., 2009; Morgan et al., 2010; Vargas et al., 2005) and by PET scan (Suzuki et al., 2013).
Thus activation or proliferation of microglia might play an important role in behaviors
relevant to ASD. However, given the current techniques used to measure microglia markers,
it remains unclear whether these neuroimmune alterations result from dysregulation of
preexisting microglia or due to infiltration of macrophages from the periphery.

Macrophages and microglia are capable of polarizing into two major subtypes, categorized
as M1 or M2 (Sica and Mantovani, 2012). The “classical” or M1 subtype typically releases
large quantities of pro-inflammatory cytokines and promotes cell-mediated immunity
characterized by production of high levels of 1L-12, and low levels of IL-10. “Alternatively
activated” or M2 macrophages function to resolve inflammation in wound healing and to
clear cellular debris following an inflammatory event. M2 macrophages produce very low
levels of IL-12 and high amounts of anti-inflammatory molecules including IL-10 and TGF§
(Sica and Mantovani, 2012). A prominent M1 skewing is evident in BTBR mice, with
macrophages from BTBR mice producing significantly more IL-12 and less IL-10 than
C57BL/6J mice (Onore et al., 2013). In addition, production of IL-18 by macrophages
stimulated under M1 skewing conditions (IFN-y and LPS) are associated with more
impaired social behaviors; increased production of IL-12 in unstimulated cultures was also
associated with more severe grooming behaviors, whereas increased production of IL-10 in
response to LPS was correlated with less grooming (Onore et al., 2013). Similarly, M1
macrophage skewing and increased production of IL-12 was found in offspring born to dams
exposed to maternal immune activation (MIA) induced by the viral mimic Polyinosinic—
polycytidylic acid [poly(l:C)] (Onore et al., 2014). This and other MIA models also
underscore the neurodevelopmental links between the immune and central nervous system
as offspring of MIA dams exhibit both ASD-like behavioral deficits and dysregulated
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immune responses similar to those observed in BTBR mice (Hsiao et al., 2012; Schwartzer
et al., 2013). In addition, these models suggest a role for epigenetic changes as causative
factors for the ASD-associated behaviors as these immune findings are evident in bone
marrow progenitors in both the BTBR mouse and mice from the MIA model (Hsiao et al.,
2012; Onore et al., 2013; Onore et al., 2014).

An M1 polarization is consistent with increased IL-12 observed in plasma and brain
specimens observed in individuals with ASD, and may play a role in the pathophysiology
(Ashwood et al., 2011a; Singh, 1996; Vargas et al., 2005). IL-12 is a potent activator of T-
and natural killer cells, which in turn produce IFN-y. The aberrant production of IFN-y is
associated with a number of autoinflammatory and autoimmune diseases. In ASD, the
increased production of IFN-v in the supernatants of peripheral blood mono-nuclear cells
(PBMC) (Croonenberghs et al., 2002b), natural killer cells (Enstrom et al., 2009), and
increased plasma levels (Singh, 1996) has been observed in some children. This increased
IFN-vy production by PBMC has been associated with increased ADOS and ADI-R severity
scores (Ashwood et al., 2011a). In addition, increased levels of IFN-y but not IL-4 have been
observed in postmortem brain specimens from individuals with ASD (Li et al., 2009). There
is also evidence from archived sera taken from mothers during the second trimester of their
pregnancy that IFN-vy is significantly increased during this period and its increase is
associated with increased risk of ASD (Goines et al., 2011). Taken together these data on
increased IFN-y would suggest that an environment exists in children with ASD that
preferentially promotes M1 cells and may be linked to phenotypic severity.

Interestingly, when pregnant BTBR dams undergo maternal immune activation, their
offspring show more severe behavioral impairments as well as more persistent immune
alterations that may reflect elevated maternal immune responses in the treated dams due to
genetic and environmental effects. In the offspring of BTBR dams treated with MIA there
were increased signs of ex vivo inflammation. This was observed in cultured splenocytes
that produced increased levels of IL-6, IL-17, and TNFa following stimulation with phorbol
myristate acetate/ionomycin compared with BTBR offspring of dams treated with saline.
These findings were associated with more impaired repetitive behaviors and increased
ultrasonic vocalizations. The mechanism by which MIA affects BTBR dams is not known.
Currently, there is no evidence that NFxB signaling, the major signaling pathway involved
in production of pro-inflammatory cytokines, is altered in BTBR animals. Analysis of NFxB
phosphorylation in BTBR mice cortex and cerebellum, as assessed by ELISA, shows no
significant differences from C57BL/6J animals (Malik et al., 2011). This may suggest that
other cellular dysfunctions yet described in BTBR mice are present and are related to their
abnormal immune profiles. However, the dynamics and triggers for increased cytokine
production have not been determined.

When BTBR mice were crossed with C57BL/6J mice, they showed improvements in both
immune and behavioral phenotypes such that they were midway between the C57BL/6J and
BTBR parent strains (Heo et al., 2011). Remarkably, when BTBR embryos were transferred
into C57BL/6J dams, significant improvements in both social and repetitive behaviors were
observed (Zhang et al., 2013). This may suggest that a maternal environmental factor or
factors present in BTBR dams is needed to elicit the asocial behavioral observations of the
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BTBR mouse in addition to the genetic make-up of these animals. Given the inflammatory
immune profiles in BTBR mice, it is easy to speculate that this profile during gestation
results in features similar to MIA treated mice. However, it is not known if the immune
profile of pregnant BTBR dams remains elevated compared to that of non-pregnant animals.
Regardless of the maternal environment, BTBR mice implanted in C57BL6/J dams showed
increased repetitive behaviors relative to C57BL/BJ mice, although there were still
quantitative decreases in repetitive behaviors in BTBR fetuses that developed in these dams.
Interestingly, C57BL/6J animals showed no increase in repetitive behaviors when developed
in a BTBR dam (Zhang et al., 2013). It is important to note that significant social
improvements have also been observed in BTBR mice cross-fostered with C57BL/6J dams,
whereas no significant improvements were seen in repetitive grooming behaviors (Yang et
al., 2011). Thus it is unclear how much of the behavioral improvements seen in the
embryonic cross experiments can be attributed to social environment or changes in the
maternal immune environment. Taken together, these observations would suggest that a
combination of maternal environment, inherent immune dysregulation, as well as other
genetic susceptibility factors, probably relating to neuronal developmental regulation, all
work together to produce the BTBR behavioral phenotype.

Aside from differences in the innate immune system, evidence suggests dysregulation in
adaptive immune responses of BTBR mice, although the picture is less clear. Heo et al.
(2011) demonstrated that BTBR mice produce substantially more antibodies than C57BL/6J
mice, despite having fewer relative numbers of B-cells. This is contrary to what is observed
in children with ASD who exhibit decreased immunoglobulin production (Heuer et al.,
2008) and increased numbers of B-cells (Hashimoto et al., 2011). In BTBR mice antibody
titers were increased in the brain where some of the antibodies appeared to be reactive with
“self” neuronal tissue (Heo et al., 2011). What drives the increased production of circulating
antibodies/auto-antibodies is not known; however, increased levels of factors promoting
antibody production such as IL-6 have been observed (Onore et al., 2013; Schwartzer et al.,
2013). Other changes in the BTBR immune system include elevated numbers of CD4* and
CD8™* T-cells in peripheral immune organs, including spleen, mesenteric lymph node, and
peripheral blood (Heo et al., 2011). Importantly, increased T-cell numbers are not a feature
of children with ASD (Hashimoto et al., 2011). Therefore, further assessment of dynamic
cellular T and B-cell responses in BTBR mice are required.

4. Future directions

A considerable amount of research has been performed using the BTBR mouse model, at
genetic, behavioral, and immunological levels. This mouse strain represents one of the most
described animal models that exhibit autism-relevant behaviors to date. The BTBR mouse
model does, however, present several challenges for future research. Despite efforts to trace
specific causal factors in BTBR mice, the complex genetic and physiologic nature of BTBR
mice has made this a difficult task. Since genetic trait markers for the behavioral deficits do
not exist for the BTBR mouse, crosses with other stains to utilize the myriad of genetic and
molecular tools currently available to mouse research are difficult. This is in part because
any cross of BTBR with other strains to date has shown improvements in the phenotypic
behaviors. Further work on BTBR genetics will have to be performed in order to overcome
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these issues, potentially by utilizing multiple backcrosses to obtain genetic variants of BTBR
while monitoring for the presence of BTBR characteristic behavioral traits in littermates.
Immunological studies have some advantages here. The work by the Lawrence laboratory
has established that immunological transfers from C57BL/6J mice into BTBR are possible
without imposing graft versus hosts’ responses, which will allow for further studies of the
role the immune system plays in strain-specific behavioral profiles (Zhang et al., 2013).
Although the traditional toolbox of molecular techniques is limited in BTBR animals, their
complex nature and apparent multifactorial presentation of autism relevant phenotypes make
it a unique model for studying idiopathic autism.

While much of the literature has focused on the parallels between the BTBR mouse and
ASD, it is important to note that many of these key immunological and behavioral
characteristics manifest in other neurodevelopment disorders. For example, schizophrenia
and ASD share overlapping behavioral deficits in sociability as well as commonalities in
dysregulated immune responses (Gibney and Drexhage, 2013). Moreover, both of these
disorders are hypothesized to manifest as a result of maternal inflammation suggesting
common neuroimmunological pathologies across diseases (Meyer et al., 2011). These
similarities in the human condition limit our ability to effectively translate animal models to
specific neuropsychiatric disorders. For the BTBR mousg, it remains unclear whether the
behavioral and biological similarities observed in this mouse strain represent pathologies
unique to ASD or if these deficits more effectively model global pathologies that contribute
to altered brain and behavior development across neuropsychiatric disorders. An
endophenotype approach to animal models in which biological and behavioral parallels to
humans are used to identify common mechanisms to disease may better serve the preclinical
field. Therefore, a deeper investigation into the validity of the BTBR strain as a model
specific to ASD is warranted before gaining predictive validity as an effective translational
tool.

5. Conclusion

The BTBR mouse model has many behavioral and immunological features relevant to ASD.
Investigation into the immune abnormalities of this inbred strain may help to understand the
role immune dysregulation plays in behavioral responses. The inflammatory environment
created by M1 macrophages in these animals parallels many of the immunological finding in
human subjects with ASD. A skewed innate immune response seems to increase behavioral
deficits in both the social and repetitive domains. These deficits appear to result at least in
part from maternal immune dysfunction and its effect on the developing fetus. Experiments
to further exacerbate the maternal immune environment results in increased impairments in
BTBR animals, and the transfer of BTBR embryos into C57BL/6J dams abrogates much of
the behavioral phenotype present. However, repetitive behaviors remain increased in BTBR
animals even when they develop in a C57BL/6J dam, suggesting that several additional
factors contribute to the BTBR phenotype than simply the maternal environment. Indeed,
inflammatory markers in adult BTBR animals correlate with increased repetitive behaviors,
suggesting that persistent immune dysregulation in juvenile and adult animals also
contributes to the behavioral phenotype in BTBR mice. Although not fully understood, work
in other immune behavioral models would suggest that peripheral immune dysfunction can
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work in two ways: peripheral cytokines/chemokines can enter into the CNS at low or high
levels during disease states, where they can directly affect neuronal development and
function; or alternatively, these cytokines/chemokines can activate perivascular
macrophages or microglia which in turn produce downstream factors which can alter
neuronal function (Fig. 1). Similarly, as alteration in mitochondrial function have been
observed in the MIA mouse model (Giulivi et al., 2013), mitochondrial functions should be
investigated in the BTBR mouse as well, given that these changes could lead to increased
oxidative stress and neuroinflammation (James et al., 2004). Future work into the immune
dysfunction of BTBR animals should help to elucidate their role in aberrant behavior and
neurodevelopment.
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Fig. 1.
The inflammatory profile of BTBR mice contributes to aberrant behavior and

neurodevelopment. The inflammatory environment in BTBR mice appears to be driven by
innate immune function including the skewing of macrophages to an M1 phenotype, which
produce a number of cytokines observed to be upregulated in individuals with autism
spectrum disorders (ASD) such as: IL-1, IL-6, and TNFa. These cytokine are believed to
work directly on neurons or through microglia intermediates to alter neuronal function and
development.
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