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Abstract

Mouse models of neuropsychiatric disorders are validated according to three different criteria: face validity,
construct validity and predictive validity. Autism Spectrum Disorders (ASDs) are diagnosed behaviorally, therefore,
mouse models of ASDs rely primarily on face validity. The three diagnostic criteria for ASDs are impairments in
social interaction, communication and repetitive behavior, and/or restricted interests. The BTBR T+{f/J (BTBR)
mice are an inbred strain used as model of ASDs. All three types of behavioral criteria have been evaluated in the
BTBR mice. An advantage of using an inbred strain, such as BTBR is that, the mice are considered genetically
identical and offer good controls for experimentation. The BTBR mice have demonstrated face validity for the three
core behaviors that define ASDs. Low levels of social behavior, altered communication and spontaneous grooming
comprise the behavioral phenotype of the BTBR mice. For construct validity, the BTBR mice have some physiological
characteristics similar to humans with ASDs. Several drug and behavioral treatments for ASDs have been examined
in the BTBR mice; however this area of research is still being developed. This review will offer a description of the
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behavior and physiology of the BTBR mice as a model for ASDs.

Introduction

A Animal models of neuropsychiatric disorders are powerful tools
that resemble the corresponding human pathologies. The effectiveness
of a model is evaluated by three different sets of criteria: construct
validity, face validity and predictive validity. Face validity refers to a
phenotype analogous to the human condition. In the case of Autism
Spectrum Disorders (ASDs), face validity is determined by examining
mouse behaviors relevant to the three core behavioral symptoms
(impairments in social interaction, communication and repetitive
behavior, and/or restricted interests), as well as the associated or co-
morbid symptoms. Construct validity refers to the cause of a disease
or disorder such as a genetic mutation or biological dysfunction, i.e.
the model has a congruent causality to the human disease. Construct
validity is not yet clearly defined for ASDs, as the clinical population
is fairly heterogenous with respect to behavioral presentation, and the
underlying cause has not yet been determined for the majority of cases.
Theories of putative genetic mutations found in human ASDs are tested
for face validity in the mouse models of ASDs. A model’s predictive
validity is determined by its ability to reflect a treatment response,
analogous to that of the human disorder. Mouse models, such as the
BTBR T+tf/] (BTBR) mice are invaluable tools in preclinical research
for potential treatments, because they can meet the above validities.

Inbred mouse strains are an asset to research as there is little genetic
variability between animals, with some exceptions (i.e. spontaneous
mutations, genetic drift). Inbred strains result from sibling matings for
20 or more consecutive generations, thus eliminating genetic variability,
to allow more reliable results and higher reproducibility between
laboratories. Commonly used inbred mouse strains include C57BL/6]
(B6), DBA/2J, FVB/NJ, C3H/He], AKR/], A/J, BALB/cBy], 12981/
Svim]J, and BTBR. These different strains, all have unique behavioral
and physiological profiles. Outbred mouse strains are genetically
variable, and so may better represent the human population. Outbred
strains are commonly used in toxicological studies, to better represent
human response to various toxins [1].

This review outlines the recent research on ASDs, using the BTBR
mouse model. This strain has become a prominent model in ASD
research. The BTBR mice have a behavioral phenotype relevant to ASDs
with decreased sociability, aberrant vocalizations and spontaneous
grooming behavior, reminiscent of the stereotypies often observed in

children with ASDs. This mouse model is now also being used for early
stage pharmacological research. The main focus of this paper is on the
behavioral and biological characterization of BTBR mice.

BTBR T+#f/] Mice
History

BTBR mice have been used for obesity research since 1997 and
are the background strain for phenylalanine hydroxylase deficiency
“PKU mice” [2-4]. A survey of 10 inbred strains for social behavior and
reversal learning by Moy et al. [5] brought the BTBR strain to light,
as a potential model for autism. Four of the ten inbred mouse strains
in this study demonstrated lower levels of social behavior: A/J, BALB/
cByJ, BTBR and 129S1/SvIm]. The A/] strain of mice had very low levels
of exploratory behavior compared to the other mouse strains [5], which
may have confounded the results of the social behavior test. The BALB/
cBy] strain of mice had slightly lower levels of activity, but very high
levels of anxiety-like behavior compared to the BTBR strain [5]. While
anxiety is commonly found in people with ASDs, it is not required for the
diagnosis. The BALB/cBy] mice have since been examined for autistic-
like behaviors, and are used as a model of ASDs. For more information,
see a review by Brodkin [6]. The 129S1/SvIm] mice had relatively lower
levels of exploratory behavior and higher levels of anxiety-like behavior,
making them a less attractive mouse strain for ASDs than the BTBR
mice [5]. Following this initial examination of the BTBR mice in 2007,
many other laboratories have worked to characterize the BTBR mice,
behaviorally and physiologically.
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General phenotyping

One of the first steps in establishing an animal model for a
neuropsychiatric disorder is to ensure that the mice are healthy, and
able to perform behavioral tests for a phenotype with no confounding
variables. This involves doing a check of the general health, neurological
reflexes, sensory abilities, and ambulatory activity of the mice. For the
BTBR mice, the general health was examined by Moy et al. [5], and
found to be similar to nine other strains of mice. The average weight of
the BTBR mice does not differ from the other strains. However, during
early postnatal days, BTBR mice grow faster than B6 (C57BL/6) mice
[7], and are used as a model for obesity [8]. Interestingly, data suggests
that children and adolescents with ASDs are 40% more likely to be
obese than neurotypical children [9]. Based on human data and BTBR
data concerning autism and obesity, it seems reasonable to suspect that
the two may be linked mechanistically.

A striking feature of the BTBR mice is the amount of time these mice
spend grooming themselves, compared to other strains of mice. This
has been likened to the stereotypical behaviors associated with ASDs,
which will be discussed below. A larger percentage of the BTBR mice
have coats in poor condition compared to other strains, which likely
reflects the increased time that these mice spend grooming [10,11].
Other observable behaviors of the BTBR mice appear to be normal. For
example, in the home cage, all of the BTBR mice show evidence of nest
building and huddling together [5].

The sensory abilities of the mice have also been determined. The
tactile response in the BTBR mice differs between the paws and tail.
In the hot plate test, BTBR mice take significantly longer to react
compared to the B6 mice [12], but in the tail flick test, the BTBR mice
react as quickly as the B6 mice [12]. The lowered sensitivity to the hot
plate has implications for tests that use an aversive tactile stimulus, as
the cue may be less salient for the BTBR mice. Indeed, BTBR mice do
not perform as well in cued and contextual fear conditioning, where a
mild shock is used in training [13,14].

The olfactory system of the BTBR mice is particularly important,
as mice use olfactory information in social behavior, whereas humans
rely largely on visual input for social behavior. In the buried food test,
the BTBR mice find the food in a similar amount of time as other
strains [5]. In the olfactory habituation-dishabituation test, BTBR mice
habituate to non-social odors similarly to B6 mice, however, the BTBR
mice do not show that they are able to differentiate between odors from
different mouse cages [14]. The sense of hearing is intact in the BTBR
mice, as shown by a lack of strain differences between the BTBR and B6
mice in the startle response [12], and the Preyer reflex to an auditory
stimulus [5]. The BTBR mice show normal visual ability through
visual placing and are able to orient using their whiskers [5], and
have no difficulties in the visual platform Morris water maze test [5].
BTBR mice have a shorter latency to fall on the accelerating rotarod,
compared to many other strains of mice including B6, DBA/2], FVB/
NJ and 129S1/SvIm] mice [15], indicating somewhat impaired motor
coordination. However, that does not affect the general exploratory
activity of the BTBR mice in an open field, where the BTBR mice show
an increased level of activity at the beginning of the test compared to B6
mice that evens out across the session [10,12,16]. This suggests that the
BTBR mice may have a more intense reaction to novelty than B6 mice,
but drop back to normal levels quickly. Overall, the BTBR mice have
good reflexes and intact sensory modalities, and are able to be tested on
behaviors relevant to ASDs.

Face Validity: Behaviors Relevant to an ASD Phenotype

The BTBR mice were initially screened for face validity for ASDs
with behaviors relevant to the three core symptoms, which are impaired
sociability, communication and restricted interests, and/or repetitive
behaviors. To test for impairments in social behavior, the BTBR mice
have been tested in a wide variety of social situations and have very
consistently shown lower levels of social behavior than other strains
of mice, especially the B6 mice. In all types of direct interaction tests
described below, the BTBR mice consistently spend more time isolated
grooming themselves, while the B6 mice are more socially interactive.

Social interaction

One common method for evaluating social behavior in mice is to
pair two same sex unfamiliar mice and measure the frequency of social,
investigative and other behaviors. This has been tested in both juvenile
and adult BTBR mice. The juvenile BTBR mice, at P21, demonstrate
fewer social behaviors such as social grooming, nose-to-nose sniffing,
and push over/crawl under than pairs of B6 mice [10]. Adult BTBR
mice also demonstrate significantly fewer interactive behaviors than
pairs of B6 mice [17]. However, when BTBR males were paired with
unfamiliar B6 males, the BTBR mice demonstrated similar levels of
social behaviors as the B6 partners [17], suggesting that the strain of the
partner mouse appears to affect the behavior of the BTBR mice. Another
measure of social behavior in mice is the visible burrow system, a semi-
natural living environment for mice that allows observation of mice
in a more naturalistic environment. Consistent with the results from
direct social interaction tests, the BTBR mice engage in lower levels
of all interactive behaviors including approach, flight, chase/follow,
allogrooming and huddling, while spending more time self-grooming
and alone than the B6 mice [18]. Another test for social behavior is the
social approach test, which has the advantage of minimizing the effects
of the behavior of the stranger mouse in a ventilated enclosure, while
allowing investigation by the subject mouse, but not direct contact. The
BTBR mice do not show a preference for spending time in the chamber
with the stranger mouse, or for sniffing the stranger mouse in the three
chambered social approach test [5,10], consistent with the findings
from direct social interaction and the visible burrow test. BTBR mice
spend the least amount of time in any type of social interaction,
compared with B6 mice and other strains in the resident-intruder test
for aggressive behavior [19]. The 129S1/Svim], DBA/2] and FVB/N]J
mice engage in mounting behavior, but not the B6 or BTBR mice. Mice
from all of the strains will follow another mouse except the BTBR mice,
indicating indifference to the other mouse [19].

There may be abnormal reward processing in ASDs, which affects
the reinforcing value of social interaction. This can be examined in
mouse models of ASDs using a social stimulus in the conditioned place
preference test. The B6 mice demonstrate a preference for the chamber
associated with the stranger mouse, while the BTBR mice do not [20].

Deficits in social communication

The second diagnostic criterion for ASDs is delayed social
communication. Mice emit ultrasonic vocalizations but can also
communicate using body language and olfaction. Therefore, ultrasonic
vocalizations and scent markers are used to evaluate communication
impairments in the mouse models of ASD. The ultrasonic vocalizations
of BTBR mice have been examined in young mice, separated from dams
and littermates and in adult mice during different social situations.
BTBR pups call more loudly and more frequently than B6 pups, and
when the calls were analyzed by pattern, BTBR pups use fewer types
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of calls than B6 mice, which may indicate a more limited vocabulary
[7]. Adult vocalizations and behavioral responses were assessed in
three different social situations, male-male (resident-intruder), male-
female, and female-female, in both BTBR and B6 mice. There was no
overt fighting or mating, during any of the experimental encounters
[21]. BTBR mice vocalize less and engage in less social investigation
than B6 mice in all three social contexts [21]. This suggests that oral
communication in social situations is different than that of the B6 mice.

Another way to examine communication in mice is the Social
Transmission of Food Preference (STFP) test, where mice learn about
novel foods from other mice. BTBR mice are impaired in communicating
information in the STFP [10]. The BTBR demonstrators and observers
spend less time sniffing each other’s faces during the reunion period,
and do not learn about the novel cued food, as shown by a lack of
preference for the cued food compared to the B6 mice [10].

Scent marking, which is the deposition of urine, contains
information that is used by mice to recognize individuals, attract
mates, outline territories, and maintain family organization. Due to the
information contained in the urine pheromones, it is considered a form
of mouse communication. Male BTBR mice have different reactions
than the B6 mice, in response to a female in estrous, by depositing fewer
scent marks and emitting fewer vocalizations [22]. The difference in
scent marking behavior between the BTBR and B6 is specific to female
urine-elicited behavior, as there is no difference between the strains in
response to male urine [23]. The male BTBR mice do react as much to
the potential mating situation compared to the B6 mice, which may be
analogous to a lack of reaction in human social interactions.

Repetitive behavior and restricted interests

The third diagnostic criterion for ASDs is repetitive behavior,
restricted interests and insistence on sameness. Other behaviors in this
category are repetitive movements, such as rocking or twirling (known
as stereotypies and self-injurious behavior) [24]. Naturally occurring
stereotypies or reversal learning tests, that require the mice to inhibit
a specific behavior so that a new one may be acquired, are used to
measure repetitive behavior in mice.

The BTBR mice spend significantly more time grooming themselves,
compared to other strains of mice [10,25]. The grooming behavior is
thought to represent a stereotypy because the mice groom themselves
so much that fur is lost in various patterns. This repetitive behavior may
be akin to some stereotyped behaviors observed in people with ASDs,
including rocking or echolalia. The grooming behavior has been broken
down into microstructures that include bouts, interrupted bouts,
transitions, and incorrect transitions. The BTBR mice show a higher
frequency and duration of every category of grooming behavior, except
for paw licking [26]. The BTBR mice loose more hair during a 30 minute
self-grooming session and have a higher percentage of interrupted
bouts of grooming, but significantly fewer incorrect transitions [26],
suggesting a rigorous pattern of repetitive, self-directed behavior.

The BTBR mice do not differ in their initial exploratory behavior
in the 16 well hole-board apparatus for repetitive behavior, but do not
shift preference for certain baited holes after familiarization [27]. The
BTBR mice also do not prefer an appetitive olfactory stimulus after
familiarization, unlike other inbred strains including B6, FVB/NJ, and
BALB/cBy]J [27]. Due to the extensive behavioral phenotyping of the
BTBR mice, it is known that they do not have any trouble finding a
buried appetitive olfactory stimulus [5], so the findings here are not due
to an inability to smell the food.

Marble burying behavior measures repetitive digging behavior
to model stereotypical behavior. BTBR mice bury significantly more
marbles than B6 mice [28]. The repetitive behavior is so ingrained
in the mice that it confounds learning in a different test. Acquisition
of a wheel-running task was impaired in the BTBR mice due to the
digging, such that a separate group of BTBR mice had to be trained in
an apparatus free of bedding [29]. The BTBR mice were able to acquire
the wheel running in the bedding free apparatus and once learned the
BTBR mice do not stop spending time on the wheels, even when the
wheels are jammed, suggesting cognitive inflexibility [29]. Spontaneous
wheel running is one of the few behaviors where a sex difference has
been found between the BTBR and B6 mice, as males had higher
spontaneous wheel running activity counts, while the females showed
no strain difference [30].

Reversal learning

The BTBR mice demonstrate reversal learning in some paradigms.
BTBR mice acquire position-habit in the T-maze and also have high
levels of reversal learning [5]. In the Morris water maze, the BTBR mice
perform similarly to the B6 mice during acquisition, but there is some
inconsistency in reversal learning [5,14], making it hard to interpret
the reversal ability of the BTBR mice. BTBR mice demonstrate normal
acquisition of the water T-maze task with strict learning criteria, but
show deficits in reversal compared to B6 mice [31]. However, in a
modified version of this test where the mice are tested for two days on
acquisition and two days for reversal, the BTBR mice learn the reversal
task, as well as B6 mice [29]. The shorter acquisition may have reduced
the habit forming tendency in the BTBR mice, allowing easier reversal
learning. BTBR mice perform the same as B6 mice in acquisition
and reversal of a visual discrimination task, when rule switching was
automatic [32]. However, when the task became more difficult as the
rule switching changed to contextual information, the BTBR mice had
difficulty in learning [32]. This suggests that the BTBR mice begin
to show impairments, when the learning strategies become more
complicated and more executive functioning is required.

Other behaviors often co-morbid with Autism Spectrum
Disorders

People with ASDs are often also diagnosed with an anxiety disorder.
The anxiety is separate from the core symptoms of ASDs, and has
been treated with traditional anxiolytic drugs that do not affect social,
communicative, or repetitive behaviors.

The elevated plus maze exploits the conflict between a mouse’s
natural tendency to explore a new environment versus the aversiveness
of the elevated open arm of the maze. When compared to nine other
strains, BTBR mice were one of the strains that spent the most time
in the open arms, made a larger percentage of entries into the open
arms, and a larger number of entries overall, indicating a lower level
of anxiety [5,12,16,33]. There is one contradictory report showing that
the BTBR mice spend less time in the open arms than the B6 mice
[34]. The amount of time BTBR mice spend in the open arms can be
modified by stress. Open arm time was reduced when the BTBR mice
were hung by the tail for 90 seconds. This did not occur in the B6 mice
[35], suggesting a greater response to stress. Neither fluoxetine nor
risperidone had an effect on open arm time in the BTBR mice [33]. The
elevated zero maze provides a similar conflict test for the mice, except
the maze is oval shaped with different parts enclosed and open. The
BTBR mice spend more time in the open arm segments than the B6
mice [10,34], supporting the idea of BTBR mice to have lower levels of
anxiety compared to other strains.
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Another test that explores the conflict between exploring a novel
environment and avoidance of a brightly lit area is the light-dark
exploration test. This test, as well as the other anxiety tests mentioned
above, has potential artifacts due to nonspecific hyperactivity or
sedation. These can be ruled out with the open field test (see next
section). The light-dark box test exploits the conflict mice have between
exploring a novel area and spending time in a safe, dark environment.
The BTBR mice show the same number of transitions between the light
and dark sides, the same amount of time in the dark, and the same
latency to enter the dark side as B6 mice [12,16]. Overall, the BTBR
mice demonstrate very little anxiety-like behavior.

Reaction to threatening stimuli, such as an anesthetized rat, is
examined in the mouse defense test battery. The BTBR mice show several
behaviors indicating enhanced anxiety, but also some contradictory
responses to the threat stimulus. For example, BTBR mice have a
reduced escape distance compared to B6 mice, but also show evidence
of enhanced defensiveness [34]. The overall indication suggests that the
BTBR mice have an enhanced reactivity to predator stress, compared to
B6 mice. Increased reactivity has also been observed in the BTBR mice,
as higher levels of anxiety follow restraint stress [35].

The BTBR mice do not show a depressive phenotype. Depression
is not one of the core symptoms of ASDs. Depression-like behavior is
evaluated with suspension test as drugs that treat depression in humans
reduce immobility in this test. BTBR mice spend significantly less time
immobile than B6 mice, and are more responsive to the effects of the
selective serotonin reuptake inhibitor citalopram [12,36]. The forced
swim test also has predictive validity for the effects of antidepressants
in mice. BTBR mice also spend significantly less time immobile than B6
mice in this test [12,30], which confirms a less depressive phenotype for
the BTBR mice compared to B6 mice.

Pavlovian fear conditioning is a well-developed behavioral paradigm
to assess learning and memory. BTBR mice exhibit significantly less
freezing behavior compared to B6 mice, in both cued and contextual
fear tests [13,14].

Construct Validity: Biology of the BTBR Mice

Construct validity is commonly used to create an animal model of a
disorder, often through genetic manipulation. The BTBR strain of mice
is inbred and was discovered as a model for ASDs through behavioral
similarities. Construct validity is being determined for the BTBR
mice, by examining the neurophysiology of these mice and looking for
similarities to ASDs.

Neurophysiology

There is mounting evidence that humans with ASDs have a
corpus callosum that is smaller or malformed [37-39]. BTBR mice
lack a corpus callosum and have a severely reduced hippocampal
commissure, compared to other mouse strains [40]. The reduced
hippocampal commissure is also found in about 30% of the mice from
another strain, BALB/cBy], which also has low sociability, but high
anxiety-like behavior. Crosses between the BTBR and BALB/cBy]
mice have demonstrated that the absent corpus callosum and reduced
hippocampal commissure have X-linked dominant inheritance [41].
When BTBR mice are crossed with BALB/cJ, 129S1/Svim] and I/Ln]
mice, the offspring are less affected, when compared to the parent
strains. The mixed offspring tend to harbor abnormalities similar to
their dams, further confirming the X-linked inheritance of commissural
abnormalities [42].

Likely related to the observed commissural abnormalities in the
BTBR mice, there is a marked reduction in white matter in the midline
of the forebrain. Small, ectopic white matter bundles that are <200 pm
in diameter have been found in the cingulate cortex, adjacent to the
midline. These ectopic structures are possibly remnants of callosal
fibers that were unable to cross the midline [43]. Reductions in white
matter, in both the frontal lobes and in tracts involved in speech and
language, have been found in children with ASDs [44,45].

The inability of callosal axons to cross the midline may be the
result of a marked decrease in heparan sulfates secreted by fractones. In
BTBR mice, there are fewer fractones as compared to B6 mice [46-48].
Fractones are specialized structures in the ependymal-subventricular
zone interface that produce heparin sulfates, which are polysaccharides
in the extracellular matrix, near the cell surface. Heparin sulfates regulate
a wide variety of biological activities, including axonal guidance and
the development of the corpus callosum [49,50]. Peripherally, plasma
sulfates are reduced in BTBR mice compared to B6 or CD-1 mice [51].
Decreased concentrations of plasma sulfates are found in children with
ASDs, compared to neurotypical controls [52,53].

Gliosis, which is the proliferation of astrocytes in response to
neuronal damage is not found in BTBR mice, but is typically found in
persons with ASDs. This dissimilarity may result from variation in the
environment, and/or inflammatory factors. However, in BTBR mice,
glial fibers are increased in the cingulum and the alveus, which are
white matter regions in the forebrain. Astrocyte fibers are misoriented
in regions of the brain that normally receive callosal innervation in the
BTBR mice [43]. This suggests that callosal agenesis likely contributes
to the glial fiber misorientation [43].

Additional glial abnormalities are found in polydendrocytes, which
are a specific glial cell population that participates in neuronal migration,
neurogenesis and myelin repair. Polydendrocytes are increased in
the Anterior Cingulate Cortex (ACC) in the BTBR forebrain, but not
the striatum [43]. Currently, there is limited information regarding
polydendrocytes in persons with ASDs. Further investigation of this
cell population may be important in understanding the mechanism
underlying white mater abnormalities in ASDs, especially since the
increase in polydendrocytes is spatially distributed in the ACC.

Besides agenesis of the corpus callosum and white matter
abnormalities, there are a wide variety of other neuroanatomical
differences between BTBR and B6 mice. These differences include lateral
displacement of the hippocampus, the lateral septum and the striatum,
elongated falx cerebri, collapsed lateral ventricles, and a shrunken
choroid plexus in the anterior portions of the lateral ventricles [47,54].
It is likely that many of these neuroanatomical abnormalities result
from callosal agenesis [40,43].

There are no gross neuroanatomical changes in the cerebellum,
brainstem, or in the prefrontal cortex, nor are there any differences
in total brain weight between BTBR and B6 mice [43]. These findings
highlight that there are differences in gross pathology in the BTBR
model and ASDs.

Neuronal biology

Cellular neuroanatomical differences in BTBR mice include a
reduced number of granule cells in the dentate gyrus and a thinning
of the hillus, compared to B6 mice [43]. Decreased adult hippocampal
neurogenesis in the dentate gyrus of the hippocampus, the subventricular
zone, amygdale, or in the piriform and entorhinal cortices, are also
noted in BTBR mice [43]. Mossy fiber pathway synapses appear normal.
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This suggests spatial heterogeneity in protein expression. In persons
with ASDs, hippocampal abnormalities are inconsistent. Some studies
suggest that there are differences in hippocampal volume and shape, as
well as cellular density, whereas other studies have not revealed these
same differences [41,55-59].

Neuroendocrinology

There are neuroendocrine differences in BTBR mice, compared
to other mouse strains that are relevant to ASDs. BTBR mice have
elevated plasma corticosterone compared to B6 mice, which is peculiar
when considering their low anxiety phenotype. Corticosterone, a
glucocorticoid steroid hormone, is indicative of stress. It promotes
storage of fat, prevents mobilization of lipids from visceral adipose
reserves, and regulates insulin. Elevated corticosterone may contribute
to the mild insulin resistance and obesity found in BTBR mice [8]. Quite
possibly, corticosterone feedback to the hypothalamus is impaired in
the BTBR mice and to central receptors which modulate anxiety, thus
contributing to low anxiety. There are some reports of persons with
ASDs with hypothalamic-pituitary-adrenal dysregulation, although it
seems that adrenocorticotrophic hormone is elevated and cortisol level
is diminished [60,61].

Additionally, BTBR mice have elevated plasma progesterone and
5a-pregnan-3a-ol-20-one compared to B6 mice, and elevated levels of
5a-pregnan-3a-ol-20-one in the hypothalamus compared to B6 and
129S1/SvIm] mice [62]. In male rodents, reduction of 5a-pregnan-3a-
ol-20-one formation can enhance aggression and decrease cognitive
function [62]. No studies have been done which examine the level of
5a-pregnan-3a-ol-20-one in persons with ASDs.

Oxiytocin is involved in the regulation of sociability, depression,
anxiety, and in other physiological events (i.e. parturition).
Abnormalities in either the oxytocin peptide or receptor have been
found in persons with ASDs [63-65]. Treatment with oxytocin has been
found to alleviate repetitive behaviors and increase social retention in
persons with ASDs [66,67]. BTBR mice were found to have elevated
oxytocin peptide in the Paraventricular Nucleus (PVN) of the
hypothalamus [12], which is counterintuitive, since BTBR mice show
deficits in sociability. However, elevated oxytocin peptide in the PVN
does not necessarily reflect the amount of oxytocin that is available
for signaling. Impairments in exocytotic mechanisms can cause the
observed increase of oxytocin in the PVN [68].

Neurotransmission

Serotonin neurotransmission varies between BTBR and B6 strains.
There is 20-30% fewer serotonin transporters in the BTBR brain,
particularly in the hippocampus [69]. However, hippocampal 5-HT
(IA) and 5-HT (2A) receptor assays were similar between the two
strains, indicating that there are no major differences in the number of
receptors [69]. Though receptor binding was comparable, 8-OH-DPAT-
stimulated a 28% increase in GTPyS binding in the BTBR hippocampal
CAl region, indicating elevated 5-HT(1A) capacity to activate
G-proteins [70]. This suggests that reduced serotonin transporter
expression or elevated 5-HT (1A) receptor capacity to activate
G-proteins may account for some of the behavioral phenotypes that are
found in BTBR mice. In people with ASDs, some SERT gene variants
confer enhanced serotonin uptake [71-73]. Interestingly, animals
carrying one of the gain-of-function SERT mutations, SERT Ala56,
displayed enhanced 5-HT receptor sensitivity, and hyperserotonemia,
as well as alterations in a number of ASD-relevant behaviors [74]. It
is possible that, like the Ala56 model, BTBR mice may harbor gain-

of-function SERT as compared to B6 mice, which may account for
the decreased SERT receptor number, as well as the enhanced 5-HT
binding that was observed.

Cholinergic fibers and cholinergic neurons in the forebrain are
not altered, nor are there changes in dendritic spines in any region
of the forebrain in the BTBR mice, as compared to the B6 mice [43].
Furthermore, there are no profound differences in the number of
inhibitory or excitatory synapses [43]. A lack of irregular cholinergic
innervation, spine density and GABAergic synapses suggest that these
particular phenotypes do not underlie the ASD relevant pathology in
the BTBR mice. However, it has been shown that there are abnormalities
in the cholinergic system of persons with ASDs [75]. Since the data that
suggests cholinergic involvement is obtained from adults with ASDs,
the abnormalities found may result from compensation for other
developmental programs gone awry [75-77]. Therefore, investigation
of cholinergic innervation at a later time point in the BTBR mice, may
reveal a similar phenotype.

Neuroimmunology

There are immunological differences between the BTBR and B6
mice. The BTBR mice have more serum IgG and IgE, IgG anti-brain
antibodies, as well as more IgG and IgE in the brain [78]. Furthermore,
there is elevated expression of cytokines in the brain of BTBR mice
compared to B6 mice, and an increased proportion of MHC class II-
expressing microglia [78]. Supporting these findings are the increased
numbers of CD40 hi/I-A hi B cells and IgG-secreting B cells [78]. BTBR
mice produce 2-3 times more antibodies to KLH upon immunization,
and are significantly more susceptible to listeriosis than B6 mice [78].
Abnormal immune responses are common in ASDs. Many children
with ASDs have food allergies, gastrointestinal allergies, and are highly
susceptible to viral infection [79]. Interestingly, newborns and children
with ASDs were found to have a reduced level of immunoglobulins, as
well as reduced cytokines of various types [79-83]. Even though there
is a peripheral reduction in immune response, there is a higher density
of activated microglia in the brain of persons with ASDs [84]. This
suggests that chronic neuroinflammation in the BTBR mice is involved
in their aberrant behaviors, which may further relate this mouse model
to humans with ASDs.

Predictive Validity: Potential Treatments for ASD
Symptoms

Drugs targeting various neurotransmitter systems have been tested
to determine their effect on direct social interaction behavior, as well as
other autism relevant behaviors in the BTBR mice.

It is possible to increase social preference in BTBR mice using
behavioral interventions, such as weaning the BTBR mice with same
sex B6 mice for 20 days [85]. However, fostering BTBR mice to B6 dams
does not increase social preference [25]. This suggests that either the
timing of the social intervention, pre or post weaning, is important for
social development or that siblings provide more social “training” than
dams. Pharmacological interventions have been shown to influence
social preference as well, with mixed results. For example, GRN-529,
a negative allosteric modulator of the metabotropic glutamate receptor,
increases the number of nose-to-nose sniffing bouts and the time spent
in social contact by the BTBR mice, while reducing the self-grooming
and digging time [86]. GRN-529 also increases both measures of
social preference, chamber time and sniffing the stranger mouse,
in the BTBR mice [86]. Fluoxetine, a Selective Serotonin Reuptake
Inhibitor antidepressant (SSRI), and diazepam, a benzodiazepine
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anxiolytic, both increase social preference, measured by chamber time
and sniffing the stranger mouse, in the BTBR mice [33,34]. CX 1837
and CX 1739, positive modulators of AMPA receptors that enhance
excitatory neurotransmission, increase sniffing behavior towards
a stranger mouse in the three chambered test, but do not increase
the time spent in the chamber with the stranger mouse [86]. A high
dose of acetaminophen, a non-steroidal anti-inflammatory drug, also
increases the time spent in the chamber with the stranger mouse in the
BTBR mice, but WIN 55,212-2, a cannabinoid agonist does not [70].
Therefore, both behavioral interventions and drugs from a wide variety
of neurotransmitter systems, glutamate, serotonin and cannabinoid,
all of them increase social behavior. Conversely, diazepam has other
actions as well, decreasing crawl under social behavior and behaviors
associated with anxiety, rears and jump escape behavior in the BTBR
mice [17].

There have been fewer investigations targeted to ameliorating the
other behavioral phenotypes of ASDs in BTBR mice. The repetitive
grooming behavior in the BTBR mice is decreased, following
administration of GRN-529 [86], or methyl-6-phenylethynyl-pyridine
(MPEP), a metabotropic glutamate antagonist [87]. However, CX-
1837 and CX-546, positive modulators of AMPA receptors, do not
affect grooming behavior in BTBR mice [86]. Another measure of
repetitive behavior, marble burying, is diminished in the BTBR mice
with risperidone (an atypical antipsychotic), but not acetaminophen,
WIN 55,212-2 (a cannabinoid agonist), buspirone (SSRI) or fluoxetine
[20,70].

Conclusions

The BTBR inbred strain displays construct validity, face validity
and predictive validity for ASDs. Subsequently, these mice may be
used in many different ways to elucidate the etiology of the symptoms
of ASDs, as well as potential treatments. It is now possible to examine
how environmental influences over different periods of development
either enhance or reduce the ASD phenotype. Conversely, treatments at
various times during development may be examined for prevention of
the symptoms of ASDs. The BTBR mouse model has become a powerful
tool in the search of a better understanding of ASDs.
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