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Abstract Autism is a neurodevelopmental disorder that is currently diagnosed by
the presence of three behavioral criteria (1) qualitative impairments in reciprocal
social interactions, (2) deficits in communication, including delayed language
and noninteractive conversation, and (3) motor stereotypies, repetitive behaviors,
insistence on sameness, and restricted interests. This chapter describes analogous
behavioral assays that have been developed for mice, including tests for social
approach, reciprocal social interactions, olfactory communication, ultrasonic
vocalizations, repetitive and perseverative behaviors, and motor stereotypies.
Examples of assay applications to genetic mouse models of autism are provided.
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Robust endophenotypes that are highly relevant to the core symptoms of autism are
enabling the search for the genetic and environmental causes of autism, and the
discovery of effective treatments.
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Abbreviations

SHtt Serotonin transporter mutant line of mice

Avprlb  Arginine vasopressin receptor 1b null mutant line of mice
B6 C57BL/6] inbred strain of mice

BTBR  BTBR T+tf/J inbred strain of mice

Fmrl Fragile X Fmrl null mutant line of mice

Nlgn2  Neuroligin 2 mutant line of mice
VPA Valproic acid [Di-n-dipropylacetic acid]

1 Introduction

Autism is a neurodevelopmental disorder that is defined by three behavioral criteria
(1) qualitative impairments in social interactions, (2) deficits in communication,
including delayed and noninteractive language, and (3) motor stereotypies, repeti-
tive behaviors, insistence on sameness, and restricted interests (Kanner 1943;
American Psychiatric Association 1994; Piven et al. 1997; Bodfish et al. 2000;
Lord et al. 2000; Dawson et al. 2002; Cuccaro et al. 2003; Frith 2003; Volkmar and
Pauls 2003; South et al. 2005; London 2007; Tager-Flusberg and Caronna 2007,
Happe and Ronald 2008; Baron-Cohen 2009). Prevalence is currently estimated at
1:100 to 1:150 for autism spectrum disorders, a dramatic increase over the past
decade that appears to be related primarily to improved detection (Fombonne 2009;
Hertz-Picciotto and Delwiche 2009; King and Bearman 2009). The essential needs,
for early behavioral intervention through special education programs for children
and social services support for adults, place a high financial burden on society, as
well as heavy personal demands on the families of autistic individuals.

No consistent biological markers for autism have been identified across indivi-
duals to date. Evidence from small numbers of autistic individuals suggests a
variety of indicators, including cortical connectivity abnormalities (Williams and
Minshew 2007), minimal activation of the fusiform gyrus and amygdala during
social tasks (Pelphrey et al. 2002), insufficient GABAergic inhibitory neurotrans-
mission (McDougle et al. 2005), mitochondrial dysfunctions (Zecavati and Spence
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2009), high platelet serotonin (Anderson 2002), autoantibodies (Wills et al. 2009),
and cognitive disabilities following prenatal exposure to valproate (Ornoy 2009)
and environmental toxins (Halladay et al. 2009).

The causes of autism remain unknown; however, the strongest evidence is
genetic. Concordance between monozygotic twins is as high as 90% for autism
spectrum disorders, as compared to 5-10% concordance in dizygotic twins and
siblings (Abrahams and Geschwind 2008; Lintas and Persico 2009). Male-to-
female ratios are above 4:1 (Abrahams and Geschwind 2008). No single gene
mutation has been implicated as uniformly causal. Rather, a variety of de novo
and familial mutations have been documented, including a large number of genetic
mutations and copy number variants, each in a small number of autistic individuals
(Abrahams and Geschwind 2008; Cook and Scherer 2008; Levitt and Campbell
2009; Lintas and Persico 2009). Particularly interesting are clusters of candidate
genes with similar functions, such as the synaptic cell adhesion protein families of
neurexins, neuroligins, shanks, contactins, cadherins, and integrins (Jamain et al.
2003; Laumonnier et al. 2004; Jeffries et al. 2005; Lise and El-Husseini 2006;
Autism Genome Project Consortium 2007; Durand et al. 2007; Garber 2007,
Moessner et al. 2007; Alarcon et al. 2008; Arking et al. 2008; Jamain et al. 2008;
Kim et al. 2008; Lawson-Yuen et al. 2008; Sudhof 2008). Several other neurode-
velopmental disorders display comorbidity with autism. Syndromes caused by
known single gene mutations, in which a significant proportion of individuals
meet the diagnostic criteria for autism, include Fragile X (FMRI), Rett (MECP2),
tuberous sclerosis (7SC), Angelman syndrome (UBE3A), and Phelan-McDermid
syndrome (22q13.3) (Abrahams and Geschwind 2008). Hypotheses which focus on
environmental causes, such as immune dysfunction and environmental toxins, are
often conceptualized in terms of susceptibility genes and gene X environment
interactions (Fombonne 2009; Halladay et al. 2009; Zecavati and Spence 2009).

Biomedical research has benefited from animal models of diseases, which
provide translational systems to test hypotheses about causes and to develop
treatments. The autism research field is at early stages in the development of
appropriate assays with definitive relevance to the features of autism, and appropri-
ate model systems for testing the many hypotheses about genetic and environmental
causes of autism. As described in the sections below, several useful assays and
model systems are now available. These preclinical research tools offer transla-
tional opportunities to test compounds for their ability to reverse autism-relevant
behaviors in mouse models. Potential treatment targets include cell adhesion
proteins that regulate the formation and development of synapses, intracellular
signaling mechanisms mediating synaptic plasticity and pharmacological manipu-
lation of neurotransmission through receptors for GABA, glutamate, serotonin, and
oxytocin (Ehninger et al. 2008b).

As in other fields of biomedical research, mouse models for autism are being
perfected across the required criteria for use in treatment development. Face validity
refers to highly analogous endophenotypes in the human disease and the animal
model. Construct validity refers to the induced cause being nearly identical in the
animal models and the human disease. The first step is to introduce the hypothesized
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cause of the disease in the model organism. The consequences of the mutation,
lesion, toxin, etc. are evaluated with assays that maximize similarities for the human
disease and the model organism. Predictive validity refers to therapeutic efficacy.
Treatments that reverse symptoms in the human disease should similarly reverse
symptoms in the model organism.

To evaluate the roles of mutations in candidate genes for producing the symptoms
of autism, the same gene that is mutated in an autistic individual is similarly mutated
in the mouse genome (see Gondo et al. 2011 for further discussion). Molecular
geneticists have generated thousands of lines of mice with targeted single gene
mutations or humanized knock-in mutations relevant to human diseases, including
autism spectrum disorders and comorbid neurodevelopmental disorders. Given the
behavioral criteria for the diagnosis of autism, and the lack of consistent biomarkers,
mouse behavioral assays with high face validity to the behavioral symptoms of
autism provide the best tools to evaluate the functional outcomes of candidate gene
mutations. The same assays can be used to evaluate environmental hypotheses. The
fundamental challenge is to design mouse behavioral tasks with sufficient face
validity to the core symptoms within each of the three diagnostic behavioral
categories of autism (Crawley 2004, 2007a, b).

This chapter describes strategies from our laboratory and others to model the
diagnostic and associated symptoms of autism in mice. Phenotypes obtained in
mouse models with genetic and environmental manipulations are presented, rele-
vant to several of the proposed molecular causes of autism spectrum disorders.
Preliminary findings from mouse models of autism spectrum disorders that use
hypothesis-driven treatments, which effectively reversed relevant phenotypes, are
discussed.

2 Mouse Behavioral Tasks with Face Validity for the First
Diagnostic Symptom of Autism, Qualitative Impairments
in Reciprocal Social Interactions

Mice are a social species, which engage in easily scored social behaviors including
approaching, following, sniffing, allogrooming, aggressive encounters, sexual
interactions, parental behaviors, nesting and sleeping in a group huddle (Grant
and MaclIntosh 1963; Hofer et al. 2001; Miczek et al. 2001; Carter et al. 1992;
Young et al. 2002; Winslow 2003; Terranova and Laviola 2005; Wersinger et al.
2007; Keller et al. 2006; Panksepp et al. 2007; Yang et al. 2007a, b, 2009; Chadman
et al. 2008; McFarlane et al. 2008; Paylor et al. 2008; Scattoni et al. 2008a, b).
Behavioral assays using dedicated equipment have been developed by our labora-
tory and others to quantify the types of social interactions that are unusual in autistic
individuals. These include low spontaneous seeking of interactions with others,
lack of social reciprocity, and failure to develop peer relationships appropriate to
developmental ages.
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We invented a simple social approach task in an automated three-chambered
apparatus, illustrated in Fig. 1a, which compares the time that the subject mouse
spends with a novel mouse versus the time that the subject mouse time spent with a
nonsocial novel object (Moy et al. 2004, 2007, 2008b; Nadler et al. 2004; Kwon et al.
2006; Mineur et al. 2006; Crawley et al. 2007; Yang et al. 2007a, b, 2009; Chadman
et al. 2008; McFarlane et al. 2008; Jamain et al. 2008; Ryan et al. 2008; Page et al.
2009; Radyushkin et al. 2009). If the group of mice spends more time in the side
chamber with a novel mouse than time spent in the side chamber with the novel
object, then sociability is demonstrated. If time spent in the two side chambers is not
statistically different, or time with the novel object is greater than time with the novel
mouse, then lack of sociability is demonstrated. A second parameter, time engaged
in sniffing the novel object versus time sniffing the novel mouse, is scored by an
observer to provide an independent corroborating measure of true social interac-
tions. Most strains of mice spend more time with the novel mouse, representing
normal sociability (Moy et al. 2007, 2008a, b; McFarlane et al. 2008; Yang et al.
2009). Equal time spent with the novel mouse and the novel object would represent
impaired sociability in a mouse model of autism. Less time spent with the novel
mouse than with the novel object may be analogous to the tendency of autistic
children and adults to engage in nonsocial activities such as playing exclusively with
a favorite toy train, rather than with the other children or adults in the room.

The social approach task has been applied to investigate many lines of mice with
mutations in candidate genes for autism, ranging from synaptic genes such as
neuroligins to cancer genes such as Pten, and to genes associated with neurotrans-
mission, including the serotonin transporter, GABA receptor subunits, vasopressin
receptors, oxytocin, and vasoactive intestinal peptide, as well as to inbred strains of
mice such as BTBR T+tf/] and BALB/c that display low social approach (Bolivar
et al. 2007; Brodkin 2007; Crawley et al. 2007; Chadman et al. 2008; DeLorey et al.
2008; Jamain et al. 2008; Moy et al. 2008a, b, 2009; Stack et al. 2008; Page et al.
2009; Radyushkin et al. 2009; Zhou et al. 2009). Table 1 summarizes findings with
this task from selected examples.

Reciprocal social interactions between two or more freely moving mice offer
more sensitive assays for some of the specific types of social reciprocity deficits seen
in autism spectrum disorders. Interactive sessions between two mice of the same sex
and age are conducted in an arena, such as the Noldus Phenotyper 3000 illustrated in
Fig. 1c, d. Sessions are videotaped and later scored by an observer, or by videotrack-
ing software (Cheh et al. 2006; Bolivar et al. 2007; Yang et al. 2007a, b, 2009;
McFarlane et al. 2008). Measures that are reliably scored by human observers
include following another mouse, sniffing each other, grooming each other, crawling
over and under each other, sitting together in close physical contact, and sleeping
together in a huddle. Investigators first define the behavioral parameters of interest,
then quantify the number of bouts and/or cumulative time engaged in each behavior,
across a test session as short as 10 min. Either reduced interactions or unusual
interactions can thus be detected. Dyads of partners can be tested at any age
postweaning, and pairs can be composed of any combinations of genotypes, strains,
and genders. Representative examples are described in Table 1.
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Fig. 1 Social approach and juvenile play. Panel A illustrates the automated three-chambered
apparatus, designed as an initial simple assay for sociability in mice (McFarlane et al. 2008; Moy
et al. 2004, 2007; Nadler et al. 2004; Ryan et al. 2008; Yang et al. 2007a, b, 2009). Sets of
photocell beams across the entrances between compartments are sequentially broken when the
mouse moves between compartments. Software tallies the time spent in each chamber and number
of entries into each chamber. The social approach test measures the sociability of the subject
mouse as a simple yes-or-no parameter, defined as significantly more time spent in the side
chamber containing a novel mouse than in the side chamber containing a novel object during a
10-min test session. The equipment can be used to assess preference for social novelty in a
subsequent 10-min test session. Preference for social novelty is defined as significantly more
time spent in the side chamber with a second novel mouse than in the side chamber with the first,
now familiar, mouse (Panel B). Time spent sniffing the novel mouse versus the familiar mouse, or
time spent sniffing the second novel mouse versus a familiar mouse, provides a corroborative
measure of actual social interaction. Number of entries offers a control measure of general
exploratory locomotion. Habituation to the empty test chamber takes place during a 10-min test
session immediately before the sociability session. Innate side preference is evaluated during the
habituation phase. If the group spends significantly more time on one side during habituation, the
room configuration is changed to equalize time in each side chamber during general exploration.
Panels C and D illustrate reciprocal social interactions between two freely moving mice. Recipro-
cal social interaction parameters provide more sensitive measures of relevant components of
interactive sociability. Two juvenile mice, or two adult mice, usually of the same sex, are
videotaped during a 10- to 30-min test session in the Noldus Phenotyper 3000 open field apparatus
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Social recognition and social memory in mice are evaluated by amount of time
spent sniffing a novel mouse upon repeated exposures, to induce familiarity, and
reinstatement of high levels of sniffing when a novel stimulus animal is introduced
(Bielsky et al. 2004, 2005; Bielsky and Young 2004; Richter et al. 2005; Sanchez-
Andrade et al. 2005; Wersinger et al. 2007; Wanisch et al. 2008). Social memory is
assayed from videotapes in three-chambered environments, using a time delay of up
to 30 min between presentations (Winslow and Insel 2002; Winslow 2003; Young
et al. 2002). In the automated three-chambered apparatus illustrated in Fig. 1b,
preference for social novelty is assayed by replacing the novel object with a second
novel mouse for a 10 min social choice session following the 10 min sociability
session (Moy et al. 2007, 2008a, b; Chadman et al. 2008; McFarlane et al. 2008).
Representative examples are described in Table 1.

3 Mouse Behavioral Tasks with Face Validity for the Second
Diagnostic Symptom of Autism, Communication Deficits

The second category of core symptoms involves language delays, low ability to
maintain interactive conversations, strictly literal use of words, and inability to
understand nuances such as humor, sarcasm, facial expressions, and body language
(Lord et al. 2000; Frith 2003; Tager-Flusberg and Caronna 2007). It will be difficult
to design mouse tasks with high face validity to these uniquely human modes of
communication. Communication in mice is primarily through olfactory cues
(Bowers and Alexander 1967; Doty 1986; Schellinck et al. 1993; Isles et al.
2001; Brennan and Keverne 2004; Keverne 2004; Kavaliers et al. 2005; Wang
et al. 2008; Arakawa et al. 2009; Restrepo et al. 2009; Roullet et al. 2010).
Ultrasonic vocalizations emitted by mice in some social situations may represent
another mode of communication (Maggio and Whitney 1985; White et al. 1998;
Branchi et al. 2001; D’Amato and Moles 2001; Hofer et al. 2001; Gourbal et al.
2004; Panksepp et al. 2007; Scattoni et al. 2008a, b, 2009; Wohr et al. 2010). Social
olfactory tasks for mice generally measure sniffing of urinary pheronomones
(Humphries et al. 1999; Hurst et al. 2001; Bakker 1994; Brennan and Keverne
2004; Hurst and Beynon 2004; Hurst et al. 2005; Arakawa et al. 2007; Yang and
Crawley 2009) and behavioral responses toward scent marks (Cheetham et al. 2007;
Arakawa et al. 2007, 2009; Roullet et al. 2010). Olfactory habituation/dishabituation
involves presenting a sequence of nonsocial and social cues on cotton swabs and
measuring time spent sniffing to same and to novel odors (Chadman et al. 2008;

<

=«
Fig. 1 (continued) containing a thin layer of clean bedding. The invesigator scores the videotape
using Noldus Observer event software for number of bouts and time spent in each behavioral
category. Event categories include social behaviors such as sniffing, allogrooming, pushing past
with physical contact, and crawling under and over. Control nonsocial behaviors are simulta-
neously scored, such as locomotion and self-grooming. Publications using this task are described
in the text. Photographs contributed by the authors
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Stack et al. 2008; Yang et al. 2009; Yang and Crawley 2009). Scent marking
involves measuring the number of urinary spots deposited by the subject mouse
in proximity to urinary spots deposited by another mouse, or to a urine sample
placed in an arena by the investigator (Hurst and Beynon 2004; Arakawa et al.
2007, 2008; Wang et al. 2008; Roullet et al. 2010). Open field arenas fitted with
specialized urine-absorbing paper and ultrasonic microphones and representative
scent markings by a male mouse in response to a spot of female urine in the center
of the arena, are illustrated in Fig. 2.

Ultrasonic vocalizations are emitted by mouse pups when separated from the nest,
and detected by the parents to locate the straying pup and retrieve it to the nest
(Zippelius and Schleidt 1956; Hofer et al. 2001; D’Amato and Moles 2001; Winslow
and Insel 2002; Shu et al. 2005; Scattoni et al. 2008a, b). Pup calls in the range of
40-90 kHz are a robust, easily replicated phenomenon in mice, which represent
communication in the sense that they elicit a response from the adult parents.
However, intentionality on the part of the pup has not been demonstrated. Another
issue is face validity. It is not obvious that low numbers of pup vocalizations represent
the type of communication deficits seen in autism. Infants later diagnosed with autism
display less crying in some cases, but louder and more frequent and inconsolable
crying in some cases, and normal crying in other cases (Sheinkopf et al. 2000;
Zwaigenbaum et al. 2005). Nevertheless, the number of ultrasonic vocalizations by
separated pups has been widely used as an assay for communication in mouse models
of autism, as described for some of the examples in Table 1.

Ultrasonic vocalizations in juvenile and adult mice may provide better models
for intentional communication in mice. Vocalizations during social interactions by
pairs of previously isolated juvenile mice, calls between pairs of adult females and
vocalizations emitted by adult male mice sniffing female urine, are being analyzed
for call numbers and call properties in mouse models of autism and other neurop-
sychiatric disorders (D’Amato and Moles 2001; Panksepp et al. 2007; Wang et al.
2008; Scattoni G2B paper if in press). In addition, vocalizations have proven to be a
useful measure in mouse models of human speech disorders such as mutations in
the FOXP2 gene (Shu et al. 2005; Fujita et al. 2008; Enard et al. 2009).

4 Mouse Behavioral Tasks with Face Validity for the Third
Diagnostic Symptom of Autism, Repetitive Behaviors with
Restricted Interests

Stereotyped, repetitive behaviors, and the restricted range of interests and activities
that characterize autism (Bodfish et al. 2000; Lord et al. 2000; Cuccaro et al.
2003; Frith 2003; South et al. 2005) are amenable to modeling with available rodent
tasks that incorporate reasonable face validity. Mice engage in motor stereotypies
including vertical jumping, backflipping, circling, digging, marble burying rearing,
repeated sniffing of one location or object, barbering, excessive self-grooming, and
excessive running (Creese and Iversen 1975; Turner et al. 2001; Lee et al. 2002;
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Fig. 2 Social olfactory scent marking and countermarking. Figure 2 illustrates our apparatus for
measuring urinary scent marking and countermarking behavior in an open field by adult mice.
Scent marking in mice is often used as a mechanism for social dominance in marking territory and
access to females, and may reflect the ability of mice to interpret and respond correctly to social
cues. A sheet of paper with absorbent properties is placed in the bottom of the open field. The male
mouse explores an open field in which a drop of urine from an estrus female has been placed in the
center of the paper. The male will deposit his urine in spots located in proximity to the female urine
sample and throughout the open field. Countermarking is another scent marking test that measures
the scent marks deposited by an adult male in the presence of scent marks previously deposited by
another male on the paper lining. As shown in Panels A and B, ultrasonic microphones positioned
above each of four open fields simultaneously record ultrasonic vocalizations emitted by the
subject mice during the session. At the end of the 5-min test session, the paper is placed under an
ultraviolet lamp for visualization and quantitation of the deposited urinary traces (Panel C).
Alternatively, the sheet of paper is treated with Ninhydrin spray. Scent marks appear as purple
spots (Panel D). Number and location of scent marks are scored and analyzed for factors including
proximity to a female urine spot (circled in blue) by the male subject mouse. See text for further
descriptions. Photographs contributed by the authors

Pogorelov et al. 2005; Korff and Harvey 2006; Lewis et al. 2007; Crawley 2007b;
Welch et al. 2007; Yang et al. 2007a, b; McFarlane et al. 2008, Moy et al. 2008a).
Excessive stereotyped grooming was reported for several mouse lines with muta-
tions in developmental genes. Sapap3 (Welch et al. 2007) and HoxbS8 knockout mice
(Greer and Capecchi 2002) exhibit extreme self-grooming that leads to hair loss
and skin injuries. The inbred strain BTBR T+tf/J exhibits the normal pattern of
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grooming but at very high levels, representing a prolonged repetitive behavior (Yang
et al. 2007a, b, 2009; McFarlane et al. 2008).

Assays for repetitive behaviors include perseverations, such as the inability to
change to a spatial habit (Ralph et al. 2001; Brigman et al. 2006; Chen et al. 2007;
Moy et al. 2008a). Spatial habits in mice can be induced by first locating the
reinforcer consistently in one place, e.g., the food pellet is always in the left arm
of a T-maze, or the hidden platform is always in the northwest quadrant of a water
maze, during the initial training sessions. If the food pellet is later moved to the right
arm of the T-maze, or the hidden platform is later moved to the southeast quadrant of
the water maze, most mice can learn to change their spatial habit during the reversal
training sessions. A mouse model of autism is predicted to acquire the initial habit
but not the reversal. Examples are described in Table 1. An interesting report with a
Fragile X model engaged in an operant task indicates a resistance to change, in that
general performance was disrupted after an error was made (Moon et al. 2006).

Restricted interest assays for mice are under development. One is a holeboard
array, in which mice usually nosepoke into all of the holes in the floor of an open
field, including holes baited with various objects and odors (Moy et al. 2008a).
A mouse model of autism would be predicted to show nosepoke activity into only
one or a small subset of holes, representing restricted interest in one location or type
of bait. Spontaneous alternation in a Y-maze, which represents a common explor-
atory strategy in mice, could be used to measure restricted exploration to only one
arm of the Y-maze. Another approach is an attentional task, in which a mouse
model of autism would be predicted to excel at maintaining focused attention, and
ignoring distractors.

5 Mouse Behavioral Tasks with Face Validity to Associated
Symptoms of Autism

Associated symptoms of autism that occur in varying percentages of cases include
mental retardation, seizures, anxiety, hyperreactivity to sensory stimuli, and sleep
disturbances. Endophenotypes with face validity to these associated symptoms may
be easier to model in mice. However, analogs of associated symptoms raise ques-
tions about the extent to which they are essential to include in a mouse model of
autism. For example, standard anxiety-related tasks for mice include the elevated
plus-maze, elevated zero maze, light/dark exploration, emergence test, and Vogel
thirsty lick conflict test (Cryan and Holmes 2005; Crawley et al. 2007). Anxiety-
related phenotypes have been reported for the Nign2, SHtt, Fmrl, Avprlb, and other
lines of mice with mutations that may be relevant to autism (Wersinger et al. 2002;
Holmes et al. 2003; Spencer et al. 2005; Blundell et al. 2009). Seizures in mice are
scored with tonic—clonic rating scales and electroencephalogram recordings. High
levels of seizures and seizure susceptibility have been reported for some lines of
mice with mutations relevant to neurodevelopmental disorders, e.g., GABA recep-
tor Gabrb3 subunit and Pten knockouts (DeLorey et al. 1998; Zhou et al. 2009).
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Compelling findings relevant to associated symptoms offer important leads to
pursue, in defining genes underlying a broad set of neurodevelopmental abnormal-
ities that may converge in the etiology of autism. However, at a practical level,
traits such as seizures, high anxiety-like behaviors, or circadian disruptions produce
confounds in the interpretations of other behavioral findings such as social deficits.
For example, mice with high anxiety-like tendencies will remain in the center
chamber of the three-chambered automated social approach apparatus and will
not explore either the side chamber with the novel mouse or the side chamber
with the novel object. Mice experiencing frequent seizures or lack of sleep may
similarly be generally inactive in all tasks requiring exploratory locomotion. The
role of learning deficits on social behaviors remains to be determined in mice, as
well as in humans.

6 Biological Assays

As described above, clinical studies have reported unusual neuroanatomical features
in some autistic individuals as compared to typically developing children and adults.
Reported differences include larger head circumference at young ages, larger or
smaller volumes of cortical gray matter and white matter, in thickness of long cortical
connectivity pathways and intrahemispherical connections including the corpus
callosum, loss of cerebellar Purkinje cells, reduced amygdala size, and less activation
of brain regions during social tasks in fMRI studies (Herbert et al. 2003; Minshew and
Williams 2007: Pelphrey et al. 2002; Spezio et al. 2007; Amaral et al. 2008;
McAlonan et al. 2008). Analogous morphometric analyses are beginning to be
applied to mouse models (Radyushkin et al. 2009). Hypotheses about impairments
in synaptic connections, dendritic spines, and electrophysiological measures of
synaptic plasticity are being tested in mouse models of neurodevelopmental disorders
(Beckel-Mitchener and Greenough 2004; Dolen et al. 2007; Lauterborn et al. 2007;
Ehninger et al. 2008a; Sudhof 2008; Zhou et al. 2009). Table 1 and the section below
include descriptions of biological and behavioral phenotypes that have been reported
in mutant mouse models of autism spectrum disorders.

7 Comprehensive Phenotypes of Selected Mouse Models
of Autism Spectrum Disorders

7.1 Fragile X

Fragile X syndrome, the major form of mental retardation with a known genetic
basis, is caused by highly expanded CGG trinucleotide repeats within the X-linked
FMRI gene, an RNA binding protein (Bassell and Warren 2008). Approximately
25% of individuals with Fragile X syndrome also meet the diagnostic criteria for



Mouse Models of Autism: Testing Hypotheses About Molecular Mechanisms 201

autism (Abrahams and Geschwind 2008). Fmrl knockout mice display several
behavioral phenotypes relevant to autism spectrum disorders, depending on the
genetic background into which the mutation is bred (Errijgers et al. 2008; Moy et al.
2009). As shown in Table 1, well-replicated phenotypes include hyperactivity, high
anxiety-like behaviors, low prepulse inhibition of acoustic startle and mild impair-
ments on water maze learning (Bakker 1994; D’Hooge et al. 1997; Peier et al. 2000;
Spencer et al. 2005; Errijgers et al. 2008). Fmrl knockout mice display abnormally
high densities of long, thin, immature dendritic spines and impaired long-term
potentiation (Beckel-Mitchener and Greenough 2004; Lauterborn et al. 2007).
Gene therapy with normal human FRM/ rescued the hyperactivity, prepulse inhi-
bition deficit, anxiety-like behaviors, and the social anxiety-like behaviors in Fmrl
knockout mice (Peier et al. 2000; Paylor et al. 2008; Spencer et al. 2008). Treat-
ments with minocycline, brain-derived neurotrophic factor, and mGIuRS receptor
antagonists reduced the dendritic spine abnormalities and long-term potentiation
deficits in Fmrl knockout mice (Lauterborn et al. 2007; Dolen and Bear 2008;
Bilousova et al. 2009).

7.2 Chromosome 15q11-13 Duplication

Chromosomal duplications and deletions, termed copy number variants, appear
with higher frequencies in autism than in the general population (Sebat et al. 2007).
The most frequent duplication appears to be at the 15q11-13 locus, and is usually
maternally transmitted (Cook et al. 1997; Kwasnicka-Crawford et al. 2007). Mice
with 15q11-13 duplications displayed lack of sociability in the three-chambered
social approach task, and normal acquisition but failure to reverse a spatial habit in
the Morris water maze (Nakatani et al. 2009), as shown in Table 1. Comprehensive
analyses of general health, sensory abilities, and motor functions confirmed normal
physical abilities, including olfactory (Nakatani et al. 2009). It is interesting to note
that paternal transmission of the 15q11-13 duplication in mice produced these
autism-relevant phenotypes to a great extent than the maternal transmission of the
duplication, in contrast to the maternal duplication of 15q11-13 more frequently
causing autism in humans.

7.3 Pten

Phosphatase and tensin homolog on chromosome ten (PTEN) is a tumor suppressor
gene implicated in cancers (Diaz-Meco and Abu-Baker 2009). PTEN mutations
additionally result in macrocephaly, and some individuals meet the diagnostic
criteria for autism (Varga et al. 2009). Mice with Pten null mutations generated
with a conditional neuronal promoter displayed macroencephaly, neuronal hyper-
trophy, poor spatial learning, higher anxiety-like behaviors, higher open field
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activity, elevated acoustic startle, and lack of preference for social novelty (Kwon
et al. 2006). Signaling proteins downstream from Pten include PI3K, AKT, TSC,
and mTOR (Zhou et al. 2009). Remarkably, long-term treatment with the mTOR
inhibitor rapamycin reversed the neuronal soma hypertrophy, dentate gyrus
enlargement, and social interaction deficits in 2-month-old Pfen knockout mice
(Zhou et al. 2009).

7.4 BTBR

A broad survey of inbred strains of mice from the top tier of The Mouse Phenome
Project (http://phenome.jax.org/) revealed an obscure strain, BTBR T+tf/J (BTBR),
which displayed specific deficits on social approach and high levels of repetitive
self-grooming, described in Table 1, along with normal scores on measures of
general health, sensory abilities, and motor functions (Moy et al. 2007). Failure to
display sociability in the automated three-chambered social approach task has been
replicated in multiple cohorts of BTBR, across three laboratories, and in both the
light and the dark phases of the circadian cycle (Moy et al. 2007; Bolivar et al.
2007; McFarlane et al. 2008; Yang et al. 2007a, b, 2009). Low reciprocal social
interactions have been found in pairs of juvenile BTBR as compared to pairs of
juvenile C57BL/6J, a commonly used inbred strain with high social approach
(McFarlane et al. 2008; Yang et al. 2007a, b, 2009). Relevant to the second
diagnostic symptom of autism, unusual patterns of ultrasonic vocalizations have
been reported for BTBR (Scattoni et al. 2008a, b). Relevant to the third diagnostic
symptom of autism, normal patterns but very long bouts of repetitive self-grooming in
BTBR have been detected in multiple cohorts in various environments (McFarlane
et al. 2008; Yang et al. 2007a, b, 2009). Similar social approach deficits and unusual
vocalizations have been detected in another inbred strain, BALB/cJ (Brodkin 2007,
Panksepp et al. 2007). While inbred strains do not test specific hypotheses about
autism candidate gene mutations, they provide opportunities to discover back-
ground genes mediating social, communication, and repetitive behaviors. Robust
phenotypes in BTBR offer translational tools to evaluate treatments for low
sociability and high repetitive behaviors. For example, repetitive self-grooming
in BTBR was reduced by acute treatment with an mGIluRS antagonist, MPEP
(Silverman et al. 2010).

7.5 Prenatal Valproic Acid

Valproic acid (VPA) is a drug used in the treatment of epilepsy and mood disorder
(Ornoy 2009). Administered during pregnancy, VPA can induce fetal valproate
syndrome in the offspring, characterized by neural tube defects such as spina bifida,
craniofacial abnormalities (Ardinger et al. 1988; Arpino et al. 2000; DiLiberti et al. 1984;
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Wide et al. 2004), and behavioral and cognitive dysfunctions associated with
autism (Christianson et al. 1994; Moore et al. 2000; Rasalam et al. 2005; Williams
et al. 2001; Williams and Hersh 1997). In rodents, prenatal exposure to VPA results
in deficit in social interaction, repetitive/stereotyped patterns of behavior, a lower
sensitivity to pain but increased sensitivity to nonpainful stimuli, (Schneider and
Przewlocki 2005), disturbed sleep pattern (Tsujino et al. 2007), and alterations in
eye blink conditioning (Stanton et al. 2007). In addition, rats treated in utero with
VPA show cerebellar pathology (Ingram et al. 2000; Rodier et al. 1996), increased
complexity of apical dendritic arborization (Snow et al. 2008), elevated levels of
brain serotonin (Tsujino et al. 2007), and enhanced hyperconnectivity (Rinaldi et al.
2008). Adult mice previously treated in utero with VPA have reduced neuroligin 3
mRNA expression in some brain areas (Kolozsi et al. 2009). Interestingly, prenatal
exposure to VPA produced greater behavioral and physiological abnormalities in
male rats than in female rats (Schneider et al. 2008). Behavioral deficits relevant to
autism (abnormalities in social behavior, stereotypy) were reversed when VPA-
treated rats were exposed to an enriched environment (Schneider et al. 2006).

8 Conclusions

Considerable progress has been made in the translational use of mouse models to
investigate molecular hypotheses about the causes of the behavioral symptoms of
autism spectrum disorders. The nascent field of mouse models of autism will mature
in concert with the clinical field in diagnosing specific symptoms and subcategories
of autism. Evaluation instruments for both the mouse models and the human
syndrome are in place, but considerably more development and refinement is
needed. Interactive conversations between clinical investigators and behavioral
neuroscientists will aid the process of generating mouse assays most relevant to
the core endophenotypes of autism. Synergistic discoveries of genetic mutations in
autistic individuals, genes underlying social, communicative, and repetitive beha-
viors in mice, and the functional consequences of autism candidate gene mutations
in mice, are likely to move the field forward significantly in the next few years.
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