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Behavioral Profiles of Mouse Models for Autism Spectrum Disorders

Elodie Ey, Claire S. Leblond, and Thomas Bourgeron

Autism spectrum disorders (ASD) are characterized by impairments in reciprocal social communication, and stereotyped
verbal and nonverbal behaviors. In approximately 10–25% of the affected individuals, a genetic mutation associated with
the condition can be identified. Recently, mutations altering synapse formation, cellular/synaptic growth rate and
regulation of excitatory and inhibitory currents were identified in patients with intellectual disability, typical autism,
Asperger syndrome or neurological syndromes associated with autistic traits. Following these genetic findings, mouse
models carrying mutations similar to those identified in patients have been generated. These models offer the
opportunity to investigate in vivo the physiological and behavioral consequences of the mutations. Here, we review the
existing data on the phenotypes of mice carrying mutations in genes associated with ASD including neuroligin, neurexin
and Shank mutant mice as well as the Fmr1, Mecp2, Ube3a, Nf1, Pten and Tsc1/Tsc2 mutant mice. The diversity and
complexity of the phenotype of these mouse models reflect the broad range of phenotypes observed in patients with
ASD. Remarkably, results from therapeutic approaches (e.g., modulation of gene expression, administration of
pharmacological and nonpharmacological substances, enriched environment) are encouraging since some behavioral
alterations could be reversed even when treatment was performed on adult mice. These ongoing studies should therefore
increase our understanding of the biological alterations associated with ASD as well as the development of knowledge-
based treatments.
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Introduction

The diagnosis of autism is based on impairments in

reciprocal social communication, and stereotyped beha-

viors. Beyond this unifying definition lies an extreme

degree of clinical heterogeneity, ranging from profound

to moderate impairments, but always with functional

disability. Indeed, autism is not a single entity, but rather

a complex phenotype thought to be caused by different

types of defects in common pathways, producing similar

behavioral phenotypes. The prevalence of autism spec-

trum disorders (ASD) overall is about 1/100, but closer to

1/300 for typical autism [Fernell & Gillberg, 2010]. ASD

are more common in males than females with a 4:1 ratio

[Abrahams & Geschwind, 2008; Freitag, 2007]. Twin and

family studies have conclusively described ASD as the

most ‘‘genetic’’ of neuropsychiatric disorders, with con-

cordance rates of 82–92% in monozygotic twins vs.

1–10% in dizygotic twins; sibling recurrence risk is

6–20% [Abrahams & Geschwind, 2008; Freitag, 2007;

Toro et al., 2010].

From 15 to 70% of children diagnosed as suffering from

ASD have intellectual disabilities [Gillberg & Coleman,

2000], and it is now understood that, like intellectual

disability, autism symptoms can be caused either by gene

mutations or by chromosomal aberrations [Pinto

et al., 2010]. In approximately 10–25% of the affected

individuals, autism is ‘‘syndromic,’’ i.e., occurring in a

child with a known genetic or environmental toxin

disorder, such as fragile X, tuberous sclerosis, neurofi-

bromatosis, valproic syndrome, or autism caused by

brain herpes simplex infection [Freitag, 2007; Gillberg &

Coleman, 2000].

Genes associated with ASD remain largely unknown,

but two major biological pathways are emerging. Muta-

tions in TSC1/TSC2, NF1, or PTEN activate the mTOR/

PI3K pathway and lead to syndromic ASD with tuberous

sclerosis, neurofibromatosis, or macrocephaly [Kelleher &

Bear, 2008]. Mutations in NLGN3/4, SHANK2, SHANK3,

DLGAP2, or NRXN1 alter synaptic function and lead to

intellectual disabilities, typical autism, or Asperger syn-

drome [Toro et al., 2010]. Mutations within the mTOR/

PI3K pathway are associated with abnormal cellular/

synaptic growth rate, whereas mutations within the

NRXN—NLGN-SHANK pathway are most likely asso-

ciated with abnormal synaptogenesis and imbalance

between excitatory and inhibitory currents. Taken

together, these data lead to the hypothesis that abnormal
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synaptic homeostasis might represent a risk factor to ASD

[Bourgeron, 2009; Toro et al., 2010].

Several mouse models carrying mutations in genes

associated with ASD have been generated in order to

study in vivo the physiological and behavioral conse-

quences of the mutations. Mice are mammals sufficiently

close to humans to present physical and behavioral

characteristics, which to some extent parallel those

examined in humans. Remarkably, it was shown that

traits such as decreased interest in social interaction,

deficits in communication, and repetitive behavior can

actually be investigated in mouse models. Indeed, wild

mice are social animals, naturally living in demes with a

single dominant male, occasionally a few subordinate

ones, and several females occupying contiguous nests

[but only a fraction of them reproduce; Berry, 1981;

summarized in Palanza, Della Stella, Ferrari, & Parmigiani,

2005]. This social organization leads mice to use tactile,

olfactory, and vocal (mostly in the ultrasonic range)

communication in same-sex social interactions, male–

female socio-sexual interactions, and mother–infant

relationships [Brennan & Kendrick, 2006; Latham &

Mason, 2004; Portfors, 2007]. Social interaction and

communication have been examined in laboratory

strains using different paradigms detailed in Silverman,

Yang, Lord, and Crawley [2010]. However, the ethological

relevance of these paradigms remains difficult to estab-

lish and further investigations in wild-derived strains and

wild-living mice are necessary to design new appropriate

paradigms. For instance, vocal communication has been

recorded in California mice [Peromyscus californicus;

Kalcounis-Rueppel, Metheny, & Vonhof, 2006; Kalcounis-

Rueppell et al., 2010] and in wild house mice [Mus

m. musculus; Musolf, Hoffman, & Penn, 2010], but

contexts in which ultrasonic vocalizations (USVs) are

uttered have not been extensively described yet.

In patients with ASD, impairments in social interac-

tions and communication are usually combined with

intellectual disability, increased anxiety, hyperactivity,

abnormal circadian activity, abnormal sensory percep-

tion, and motor coordination. For these phenotypic

traits, well-established behavioral paradigms can be used

in animal models [reviewed in Silverman et al., 2010].

This includes tests for motor learning, stereotypic

behaviors, depression, anxiety, fear conditioning, spatial

learning and memory, reversal learning, home cage and

nesting behavior, locomotion, seizure propensity, circa-

dian activity, and sensory perception such as vision,

olfaction, audition, and pain sensitivity. Abnormalities in

locomotion and sensory perception might indeed poten-

tially perturb cognitive performances in mouse models

[see Silverman et al., 2010] and need to be controlled. All

these aspects should allow us to draw a relatively

exhaustive phenotype of mouse models of ASD, and to

understand the effects of the mutations under study.

In the present review, we aimed at providing a tool for

researchers working with mouse models of ASD by

gathering data on the behavioral/physical consequences

of mutations in genes associated with ASD (Fig. 1). We

selected mouse models for mutations in proteins directly

involved in synaptic structure, assembly, and stabiliza-

tion such as the neuronal cell surface protein Neurexin1a
(Nrxn1a), the neurologin family of synaptic cell adhesion

proteins (Nlgn1, Nlgn2, Nlgn3, and Nlgn4), the post-

synaptic scaffolding protein Shank1 and the neuronal

recognition proteins involved in axonal growth and

guidance of the contactin family (Cntn5 or Nb2, Cntn6

or Nb3). We also selected mice with mutations in

proteins related to synaptic maturation/regulation such

as the mRNA binding protein FmrP (Fmr1 coding for

FmrP), the Methyl CpG binding protein 2 (Mecp2).

Mouse models with mutations in the ubiquitin ligase

Ube3a regulating the turn over of synaptic proteins, the

GTPase neurofibromin Nf1, the phosphatase tensin Pten

influencing neuronal migration and neurite extension, as

well as hamartin and tuberin encoded by Tsc1 and Tsc2

respectively and forming the tuberous sclerosis complex

were also examined (Table I). We extended our review to

all proteins within one family (i.e., Nlgn2, Shank1,

Cntn5, and Cntn6; see Table I) even if these ones were

not formerly associated with ASD.

Methods—Collection and Organization of the
Material

The available literature was scanned using the Web of

Knowledge database, with combinations of the following

keywords: ‘‘mouse,’’ ‘‘autism,’’ ‘‘behavior,’’ ‘‘vocaliza-

tion,’’ ‘‘Fmr1,’’ ‘‘Mecp2,’’ ‘‘Nrxn1,’’ ‘‘Nlgn1,’’ ‘‘Nlgn2,’’

‘‘Nlgn3,’’ ‘‘Nlgn4,’’ ‘‘Shank1,’’ ‘‘Nb2,’’ ‘‘Cntn5,’’ ‘‘Nb3,’’

‘‘Cntn6,’’ ‘‘Ube3a,’’ ‘‘Duplication 15q11-13,’’ ‘‘Angelman

syndrome,’’ ‘‘Nf1,’’ ‘‘Neurofibromatosis,’’ ‘‘Pten,’’ ‘‘Tsc1,’’

‘‘Tsc2,’’ ‘‘Tuberous sclerosis.’’ Results from the phenoty-

pical characterization of the different mouse models were

gathered in a table (see Supplementary Table I) according

to the construction characteristics of the model (e.g.,

knock out, conditional knock out, knock in, duplication,

deletion, and overexpression), the genetic background

and the phenotypic traits studied (i.e., physical abilities

and cognitive functions). We then summarized the

phenotypic data in Figure 2 to present an overview of

the different models and of the different aspects exam-

ined: physical disabilities (circadian rhythm, body

weight, vision, olfaction, auditory startle, sensory-motor

gating [prepulse inhibition], seizure propensity, pain

sensitivity, locomotion/strength, motor learning, and

stereotypes) and cognitive impairments (depression/

anhedonia, anxiety, spatial learning/memory, reversal

learning, fear conditioning, home cage/nesting behavior,
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social interactions, emission rate of USVs). For the

numerous models carrying a mutation in Fmr1, we

complemented a review published in 2006 [Bernardet &

Crusio, 2006] with studies published subsequently [Dahlhaus

& El-Husseini, 2010; Eadie et al., 2009; Spencer et al., 2006;

Spencer, Graham, Yuva-Paylor, Nelson, Paylor, 2008; Zang

et al., 2009]. For Mecp2, we selected studies which seemed

us to be the most documented ones, and therefore we do

not pretend to be exhaustive for this gene. These studies

were also reviewed in De Filippis, Ricceri, and Laviola

[2009] and Ricceri, de Filippis, and Laviola [2008]. We have

selected models carrying mutations in Tsc1/Tsc2 as previously

published by Ehninger, de Vries, and Silva [2009].

In order to cluster the phenotypic categories and the

mouse models, we have attributed scores to each trait

studied in each model in the summary of data. When the

trait was not examined in the model, score was 0. When the

mutant mice did not differ significantly from wild type

animals, score was 1. When the mutant mice differed

significantly from wild type animals (either significantly

higher and/or lower performances/scores in mutant than in

wild type animals), score was 2. When differences between

mutant and wild type mice were mixed (no significant

difference and significantly higher and/or lower perfor-

mances/scores in mutant than in wild type animals), score

was 1.5. The heatmap function of the statistical software R

[R Development Core Team, 2009] was used to re-order the

rows (mouse models) and the columns (phenotypic traits) of

the score matrix obtained according to the square distance

(dissimilarity) between rows and columns. This function

identifies which mouse models and which traits are the

most similar through associated dendrograms for gene

mutated (rows) and phenotype (columns).

Results—Behavior of ASD Mouse Models

Eight categories emerged from the clustering of pheno-

typic traits in the heatmap representation (Fig. 2). The

first category (category A) included seizure. The second

one (category B) regrouped two largely investigated

cognitive functions reflecting learning (spatial learning/

memory and fear conditioning). Category C was com-

posed of body weight and two traits reflecting motor

abilities (motor learning and locomotion/strength). The

fourth category (category D) included the least investi-

gated high cognitive functions (i.e., depression/anhedo-

nia, reversal learning, and emission rate of USVs).

Stereotypes represented the category E. Category F

regrouped vision and olfaction with two rarely investi-

gated traits (home cage and nesting behavior and

circadian rhythms). Extensively studied high cognitive

Figure 1. Location of the main proteins associated with autism spectrum disorders (ASD) and description of the behavioral deficits in
the corresponding mouse models. S, social interactions; V, ultrasonic vocalizations (USVs) emission rate; L, learning; R, repetitive
behaviors/stereotypes; ?, unknown; NS, nonsignificant difference; up arrow, significantly higher in mutants than in wild type animals;
down arrow, significantly lower in mutants than in wild type animals.
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Figure 2. Heatmap representation of the clustering of mouse models for autism spectrum disorders and their phenotypic traits. The vertical
dendrogram grouped mouse models according to their degree of similarity (Nrxn1a-KO [Etherton et al., 2009], Nlgn1-KO [Blundell et al., 2010],
Nlgn2-KO [Blundell et al., 2009], Nlgn2 overexp [brain overexpression; Hines et al., 2008], Nlgn3-KO [Radyushkin et al., 2009], Nlgn3-KI [R451C;
Tabuchi et al., 2007; Chadman et al., 2008], Nlgn4-KO [Jamain et al., 2008], Shank1-KO [Hung et al., 2008; Roullet et al., 2010; Silverman et al.,
2010; Roullet F., personal communication], Cntn5-KO [Li et al., 2003], Cntn6-KO [Takeda et al., 2003], Pat del Ube3a [paternal deletion of Ube3a;
Jiang et al., 1998; Miura et al., 2002], Mat del Ube3a [maternal deletion of Ube3a; Heck et al., 2008; Jiang et al., 1998; Miura et al., 2002; van
Woerden et al., 2007], Ube3a-KO [Heck et al., 2008], Pat del Ube3a-Gabrb2 [paternal deletion of Ube3a-Gabrb3; Jiang et al., 2010], Mat del Ube3a-
Gabrb2 [maternal deletion of Ube3a-Gabrb3; Jiang et al., 2010], Pat Dupl 15q11-13 [paternal duplication of chromosome 15q11-13; Nakatani
et al., 2009], Mat Dupl 15q11-13 [maternal duplication of chromosome 15q11-13; Nakatani et al., 2009], Mecp2-KO [deletion of exons 3 and 4;
Chen et al., 2001; Guy et al., 2001; Pelka et al., 2006; Picker et al., 2006; Santos et al., 2007; Stearns et al., 2007], Mecp2-cKO [Mecp2 conditional
KO; Chen et al., 2001; Fyffe et al., 2008; Gemelli et al., 2006; Kerr et al., 2008], Mecp2-KI [truncated protein; de Filippis et al., 2010; Lawson-Yuen
et al., 2007; McGill et al., 2006; Moretti et al., 2005, 2006; Shahbazian et al., 2002], Mecp2Flox [50% expression decrease; Samaco et al., 2008],
Mecp2Tg1 [2-fold overexpression; Collins et al., 2004], Fmr1-KI [I304N; Zang et al., 2009], Fmr1-KO [Bernardet & Crusio, 2006; Dahlhaus
& El-Husseini, 2010; Eadie et al., 2009; Spencer et al., 2008], Fmr1/Fxr2-KO [double KO; Spencer et al., 2006], Pten-cKO [Pten conditional KO;
Backman et al., 2001; Kwon et al., 2006; Ogawa et al., 2007; Zhou et al., 2009], Ptentm1Rps [deletion of exon 5 in Pten; Page et al., 2009], Nf1-HZ
[Nf1 heterozygous; Li et al., 2005; Silva et al., 1997], Nf123a�/� [deletion of exon 23a in Nf1; Costa et al., 2001], Tsc1-cKO (glia) [conditional KO
in glial cells; Erbayat-Altay et al., 2007; Uhlman et al., 2002; Zeng et al., 2007], Tsc1-HZ [Tsc1 heterozygous; Goorden et al., 2007], Tsc1-cKO
(neurons) [conditional KO in neuronal cells; Ehninger et al., 2008a,b; Meikle et al., 2007], Tsc2-DN [Ehninger & Silva, 2010], Tsc2-HZ [Tsc2
heterozygous; Ehninger et al., 2002; Young et al., 2010], Tsc2-cKO (glia) [conditional KO in glial cells; Way et al., 2009]). The horizontal
dendrogram grouped phenotypic traits according to their degree of similarity. Grey: trait not investigated; green: no significant difference between
wild type and mutant mice; purple: mixed evidence (i.e., no significant difference and significantly higher and/or lower than wild type
littermates); red: significantly higher in mutant mice than in wild type mice; blue: significantly lower in mutant mice than in wild type mice.
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functions (social interactions and anxiety) composed the

category G. Finally, category H included traits reflecting

responses to stressful stimuli (pain sensitivity, sensory

motor gaiting, and startle response).

In the mutated gene clustering, mouse models were

distributed into two large groups, each composed of three

and four subgroups. In the first group, the first subgroup

(subgroup 1) included Shank1-KO, Nlgn3-KI, Nlgn3-KO,

Nlgn4-KO, Pat dupl 15q11-13, and Mat dupl 15q11-13.

These models were the most extensively studied. Mutant

animals showed lower levels of social interactions and

lower call rate than wild type animals. Shank1-KO

presented increased anxiety, decreased locomotion, and

remarkably, enhanced working memory, but decreased

long-term memory [Hung et al., 2008; Silverman et al.,

2010]. Mat dupl 15q11-13 appeared to be slightly apart

from the other models in this subgroup since only a

higher startle response was recorded in mutants in

comparison to wild type animals. The models Mecp2Flox

and Fmr1/Fxr2-KO constituted the second subgroup

(subgroup 2). They presented lower performances com-

pared with wild type animals in fear conditioning and

abnormal responses to stressful stimuli (categories B and H).

Categories A, D, E, and F were not studied in these

models. Subgroup 3 was composed of Nlgn1-KO, Tsc1-HZ,

Mecp2-KI, Mecp2-cKO, Nrxn1a-KO, and Pten-cKO. These

models presented locomotor impairments (category C)

and generalized deficits in home cage and nesting

behavior, but no impairments in vision and olfaction

(category F). The investigation of high cognitive func-

tions (categories B and G) revealed mostly lower

performances in mutants than in wild type animals for

spatial learning/memory, fear conditioning, and social

interactions, as well as more anxiety in mutants in

comparison to wild type animals. Vocal communication,

depression/anhedonia, and reversal learning (category D)

were not characterized in this subgroup.

The second group included four subgroups. The first

one (subgroup 4) included models for Mat del Ube3a-

Gabrb3, Pat del Ube3a-Gabrb3, Fmr1-KO, Tsc1-cKO (neu-

rons), Mat del Ube3a, and Mecp2Tg1. These models

presented a higher seizure propensity (category A),

reduced abilities in spatial learning and memory, and in

fear conditioning (mostly in the context-dependent

hippocampus-related task; category B), and abnormalities

in body weight and locomotion (category C). Subgroup 5

was composed of the models Nlgn2 overexpression,

Fmr1-KI, Mecp2-KO. These models presented seizure

propensity and stereotypes frequency higher than wild

type animals (categories A and E), as well as abnormal

body weight and locomotion (category C), anxiety

(category G), and response to stressful stimuli (category

H). Spatial learning and memory were not studied in

these models, and the categories D and F were rarely

investigated. Tsc1-cKO (glia), Tsc2-DN, Nf1-HZ, Tsc2-HZ,

and Nf123a�/� constituted the subgroup 6. These models

presented generalized deficits in learning (spatial learn-

ing and memory and fear conditioning; category B), but

impairments in anxiety (category G) and in reaction to

stressful stimuli (category H) were limited. Categories A,

D, E, and F were not extensively studied in this subgroup 6.

The last subgroup (subgroup 7) grouped together the least

studied mouse models (Ube3a-KO, Cntn6-KO, Nlgn2-KO,

Tsc2-cKO (glia), Cntn5-KO, Pat del Ube3a, and Ptentm1Rps).

The first three of them presented locomotion impair-

ments. However, this subgroup cannot be examined

further given the large amount of missing data.

Discussion

Our review highlights the behavioral diversity of the

mouse models of ASD. Some trends emerged despite the

large amount of missing data. Nlgn3-KO, Nlgn4-KO,

Nlgn3- R451C KI, Shank1-KO, paternal and maternal

duplication 15q11-13 models displayed similar abnormal

social and vocal behaviors despite normal to enhanced

learning. Mecp2Flox and Fmr1/Fxr2-KO were impaired in

fear conditioning and in their reactions to stressful

stimuli. Nlgn1-KO, Tsc1-HZ, Mecp2-KI, Mecp2-cKO,

Nrxn1a-KO, and Pten-cKO were impaired in their home

cage and nesting behavior, social behavior, and reaction

to stressful stimuli. Maternal and paternal deletion of

Ube3a-Gabrb3, Fmr1-KO, Tsc1-cKO (neurons), Mat del

Ube3a, and Mecp2Tg1, as well as Nlgn2 overexpression,

Fmr1-KI, and Mecp2-KO showed increased seizure pro-

pensity, deficits in spatial learning, memory and fear

conditioning, abnormal locomotion, and response to

stressful stimuli and more stereotypic behaviors com-

pared with wild type animals. Tsc1-cKO (glia), Tsc2-DN,

Nf1-HZ, Tsc2-HZ, Nf123a�/� performed worse than wild

type animals in spatial learning and fear conditioning,

but presented no or few abnormalities in vision, anxiety,

and pain sensitivity. Ube3a-KO, Cntn6-KO, Nlgn2-KO,

Tsc2-cKO (glia), Cntn5-KO, Pat del Ube3a, and Ptentm1Rps

were the least investigated models.

Data on mouse models of ASD appeared to be scattered

with a large amount of missing data. Given the large

panel of phenotypic traits reviewed, many of them were

not examined in each study. Gaps in phenotypic

description might lead to bias, such as for the subgroup

7 of mouse models in Figure 2. This subgroup reflects the

least investigated mouse models of ASD. In contrast, the

subgroup 1 included models studied at the furthest detail

levels. It was then easier to describe this subgroup in

comparison to the less investigated ones. Complementing

data might reshape the clustering of the different models

and might lead to different clusters. There might be

another type of bias. Studies highlighting only minor (or

nonsignificant) impairments in a mouse model might

10 Ey et al./Mouse models of ASD INSAR



have more difficulties to get published than studies

highlighting major deficits (especially in social interac-

tions, learning, stereotypic behaviors, and anxiety for

mouse models of ASD). These restrictions should be kept

in mind when interpreting results from this review.

Given that ASD is a developmental disorder with

symptoms emerging in children before three years of age,

developmental studies of mouse models should provide

information to better understand the emergence of

symptoms in mice. Such studies were initiated for Mecp2

mouse models [reviewed in De Filippis et al., 2009],

deletion of Ube3a-Gabrb3 [Jiang et al., 2010], and duplica-

tion 15q11-13 [Nakatani et al., 2009] and Tsc2 heterozygous

[Young, Schenk, Yang, Jan, & Jan, 2010] mouse models for

pup isolation calls, but they are lacking for several models

such as Nlgn4-KO, Shank1-KO, and Fmr1 mutants. It would

be of the highest importance to examine developmental

aspects in mouse models of ASD to understand the

emergence of the disorder. In addition, compensation for

the lack of one protein could reduce phenotypic impair-

ment in adult mice. Studying pup development might thus

provide data that reflect more reliably what happens in

patients carrying mutations. Studying both sexes might

also be of interest, given the unbalanced sex ratio in ASD

(e.g., four males for one female). Many studies concentrated

only on male mice, ignoring females. The larger variability

in females should not prevent investigations on them,

especially for models of diseases like Rett syndrome.

The heatmap representation highlighted similarities and

differences between mouse models and phenotypic traits. It

grouped together high cognitive functions (categories B, D,

and G), despite that only few studies have examined vocal

communication and reversal learning. The cluster of anxiety

with social interactions suggests the existence of a con-

founding factor. Very anxious animals might fear contact

with unknown conspecifics as well as exploring and moving

in any kind of environment, as suggested by Silverman et al.

[2010]. Pain sensitivity, sensory-motor gating, and startle

were included within one category. These traits are linked to

the ability to respond to stressful stimuli, and belong to

more basal functions. These abnormalities were observed

mostly in models for syndromic ASD in subgroups 2 and 5.

They are reminiscent of impairments in perception and

sensitivity in some patients with ASD [Gillberg & Coleman,

2000; Rogers & Ozonoff, 2005]. Similarly, subgroups 3, 4,

and 5 included mostly models which presented higher or

lower anxiety than wild type animals. This characteristic is

also reminiscent of high anxiety in a majority of patients

with ASD [Bellini, 2004; Gillott, Furniss, & Walter, 2001].

Subgroup 1 (Nlgn3-KO, Nlgn4-KO, Nlgn3-KI, Shank1-KO,

maternal and paternal duplication 15q11-13) included mice

mutated in synaptic proteins, which might be directly

related to synaptic plasticity. Remarkably, social interaction

and vocalizations were impaired, but learning capacities

were normal (Nlgn3-KO, Nlgn4-KO, Pat dupl 15q11-13) or

higher (Nlgn3-R451C KI) compared to their wild type

littermates. This impairment in social communication

together with preserved or enhanced learning is reminiscent

of the patients with autism with normal to elevated IQ (i.e.,

high-functioning autism or Asperger syndrome). In con-

trast, these mice showed normal to enhanced behavioral

flexibility (as observed in the reversal learning paradigm,

except for Pat dupl 15q11-13). This is not what it is observed

in patients with ASD who usually have very little flexibility

in their behavior [e.g., Green et al., 2007; but see Geurts,

Corbett, & Solomon, 2009]. Remarkably, mouse models

carrying mutations within the mTOR/PI3K pathway (Pten,

Nf1, Tsc1, Tsc2) appear generally more impaired in spatial

learning/memory and fear conditioning compared with

mouse models carrying mutations within the synaptic

pathway (see Supplementary Table II). This observation is

consistent with a regulatory role of the mTOR/PI3K

upstream of the synaptic pathway. Additionally, mice

carrying mutations in proteins which have not been directly

associated with ASD yet (i.e., Nlgn2, Shank1, Cntn5, and

Cntn6; see Table I) are not grouped together and present

similar abnormalities as mice carrying mutations in proteins

directly associated with ASD. This suggests that, in these

mouse models, proteins associated with ASD and proteins

related to them have similar behavioral effects.

This review also highlights the diversity of the tests

used to characterize the behaviors of the different

models. For instance, to test anxiety, each laboratory

used one or several tests among the elevated plus maze

[e.g., Kulkarni & Sharma, 1991; Lister, 1987], the dark

light box [e.g., Bourin & Hascoët, 2003; Hascoët, Bourin,

& Nic Dhonnchadha, 2001], and the open field [e.g.,

Gould, Dao, & Kovacsics, 2009]. Another example is the

large panel of tests used to examine social behavior:

intruder-resident (adult/juvenile intruder and home

cage/new environment), partition test, and three-cham-

ber test (see Supplementary Table I). This diversity in tests

most likely increases the variability of the results and

therefore leads to difficulties in the interpretation.

Therefore, as suggested by Crawley [2007], it should be

very useful to determine a minimum set of tests (possibly

among the ones described in Silverman et al. [2010]),

which have to be conducted on the different mouse

models. To further reduce the effects of potential

confounding factors, this set of tests might include a

reduced number of paradigms, but with a strict metho-

dology shared by all laboratories. Phenotypic traits such

as social interactions, vocal communication, anxiety,

learning, and reversal should be examined with homo-

genized methods to fill the gaps indicated in this study.

In addition to standardized methods, mouse behavior

should be examined with qualitative evaluation. For

instance, only three studies examined the acoustic

structure of USVs [Chadman et al., 2008; Jamain et al.,

2008; Young et al., 2010]. No difference was observed for
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Nlgn3-KO and Nlgn4-KO despite their lower call rate or for

Tsc2-HZ showing no difference in call rate. However, in

the Tsc2-HZ mouse model, the genotype of the mother

greatly influenced the usage and the median frequency of

pup isolation calls [Young et al., 2010]. It was shown that

specific genes or genetic backgrounds could greatly

influence the acoustic structure of USVs [Enard et al.,

2009; Scattoni, Gandhy, Ricceri, & Crawley, 2008] Finer

analyses of mouse calls might therefore reveal subtle

effects of mutations in the acoustic structure of the

vocalizations. Similarly, finer description of mouse

behavior in same-sex free social interactions should be

of interest to unravel subtle behavioral characteristics.

Automation of data analyses has begun through the set

up of video tracking of interacting mice. Given the

progress of this technique, we might be very close to

‘‘nose1whiskers tracking’’ in mice, as a parallel to ‘‘eye-

tracking’’ in humans. Indeed, olfaction and tactile

perception are probably more important than vision in

mouse sensory perception [Latham & Mason, 2004].

Another point highlighted in this review is the

variability of the phenotypic description of apparently

similar animal models. One example is the Fmr1 mutant

mice. A large number of studies have already been

conducted [reviewed in Bernardet & Crusio, 2006;

Dahlhaus & El-Husseini, 2010; Eadie et al., 2009; Spencer

et al., 2008]. Bernardet and Crusio [2006] highlighted this

variability according to the genetic background of the

mice used as models (see Supplementary Table I).

Different genetic backgrounds might therefore also

explain the different results found by Tabuchi et al.

[2007] and Chadman et al. [2008] on Nlgn3-KI (R451C)

model and by Shahbazian et al. [2002] and Moretti,

Bouwknecht, Teague, Paylor, and Zoghbi [2005] on

Mecp2308/Y model. Maternal or paternal inheritance of

mutation might also be taken into account, when

examining heterozygous mouse models [Nakatani et al.,

2009]. Environmental parameters might also play a

crucial role since many of these models are sensitive to

stressful stimuli or present abnormalities in anxiety

levels. However, how and to what extent environmental

and genetic factors interact remains largely unknown.

Further studies are needed to assess the response to

environmental factors in the different mouse models of

ASD, and will provide useful information on the

possibility to reverse phenotypic traits in each model.

Some of these studies have already been started [see

reviews of Ehninger et al., 2008a; Ehninger, Li, Fox,

Stryker, & Silva, 2008b; Silva & Ehninger, 2009]. They

investigated the way of reversing the phenotypes of

mouse models mostly for Fragile X syndrome [Paylor,

Yuva-Paylor, Nelson, & Spencer, 2008; Restivo et al.,

2005] and Rett syndrome [reviewed in de Filippis et al.,

2009; Ricceri et al., 2008]. One possibility is to modify

gene expression in the whole organism or in specific

anatomical regions. For instance, using a Mecp2 mouse

model, Guy, Gan, Selfridge, Cobb, and Bird [2007] could

demonstrate robust phenotypic reversal, as re-activation

of Mecp2 expression leads to striking loss of advanced

neurological symptoms in both immature and mature

adult animals. Traits related to weight, locomotion, and

lifespan were the most reversible ones [Guy et al., 2007;

Ricceri et al., 2008]. Using a different approach, Paylor

et al. [2008] expressed the human FmrP protein in

Fmr1-KO mice. They reported reversal of startle reaction

and sensory-motor gaiting (pre-pulse inhibition) similar

to wild type animals. Another possibility to reverse

symptoms is to modulate other proteins within the same

pathway. A mouse with maternal deletion of Ube3a was

crossed with a mutant without inhibitory phosphoryla-

tion of the calcium/calmodulin-dependent kinase type 2

(aCaMKII). This double mutant recovered for motor and

spatial learning, fear conditioning, and seizure propen-

sity [van Woerden et al., 2007]. An overexpression of the

postsynaptic cell adhesion molecule neuroligin 1 was also

set in Fmr1-KO model. It triggered recovery in locomo-

tion, anxiety, and social interactions, but not in spatial

learning and memory [Dahlhaus & El-Husseini, 2010].

Another possibility is to reverse phenotypes through

the administration of pharmacological molecules (e.g.,

an anti-depressant drug [desipramine], an activator of

glutamatergic AMPA levels [ampakines], a mTOR inhibi-

tor [rapamycin]) or non-pharmacological (e.g., perinatal

supplementation with choline) substances. Such ap-

proaches were tested in Mecp2 models and triggered

improvement in lifespan, respiratory function, and

motor coordination [see Ricceri et al., 2008]. Rapamycin,

a mTOR inhibitor, was injected in Tsc1 homozygous

conditional KO in neurons [Ehninger et al., 2008a,b] and

in a Pten-cKO mouse model [Zhou et al., 2009]. The two

studies reported respectively reversal of impairments in

fear conditioning, spatial learning, locomotion, and

brain weight [Ehninger et al., 2008a,b], and reversal of

anxiety level, locomotion, social interactions, and seizure

duration [Zhou et al., 2009]. Therapeutic approaches

were mostly attempted in mouse models for syndromic

ASD, since these ones were available a decade ago. In

these models, some traits such as body weight and

locomotion seemed to be most often reversible [Silverman

et al., 2010]. In addition, Blundell et al. [2010] demonstrated

a reversal of the increased self-grooming behavior of their

mouse models Nlgn1-KO through administration of the

NMDA receptor partial coagonist D-cycloserine. However, an

attempt of reversal through administration of standard anti-

epileptic drugs (phenobarbital or phenytoin) decreased

seizure frequency, but did not prevent the animals’ death

within one month in a Tsc1-cKO (glia) mouse model

[Erbayat-Altay, Zeng, Xu, Gutmann, & Wong, 2007].

Finally, phenotype reversal might be achieved through

housing mutant mice together with wild type mice in an
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enriched environment, with social (group housing),

tactile (objects with various textures), olfactory (odors

regularly alternated), visual (objects with different

colors), auditory (e.g., bells), and locomotor (running

pathways changed regularly, running wheel) stimuli.

Comparisons can then be done between mutants and

wild type within the enriched environment, but also

between enriched and standard environment. A model

for Fragile X syndrome (Fmr1-KO) was tested in such

conditions. Enriched environment could reduce the

anxiety levels and the habituation to novel objects

was restored. However, hyperactivity was not reversed

[Restivo et al., 2005]. In models for Rett syndrome (Mecp2

mutants), enriched environment could restore locomo-

tion abilities [reviewed in Ricceri et al., 2008]. More

generally, Portfors [2007] reported a larger diversity in the

vocal repertoire of mice in an enriched environment

compared with those of mice that lived in a standard one.

Therefore, environmental enrichment might be a way to

restore the vocal behavior of mouse models for ASD.

These recent studies investigating therapeutic ap-

proaches represent a fascinating field of research, and

the diversity of the processes as well as the preliminary

results are promising. Moreover, in contrast to the

homozygote mouse models usually investigated, patients

with ASD are usually heterozygous for the mutations.

Therefore, the characterization of heterozygous mouse

models should not be neglected and therapeutic ap-

proaches aiming at over-stimulating the expression of the

remaining copy could be a relevant mean to decrease the

severity of autistic features in humans.

In summary, the phenotypic diversity of mouse models

for ASD mirrors many aspects of the diversity of

symptoms in patients. The possibility to partly reverse

some behavioral abnormalities by modifying the genetic

background and/or the environment suggests that addi-

tional genetic/epigenetic/environmental factors are im-

portant in the susceptibility to ASD. Future studies

should concentrate on characterizing mouse models with

finer analyses and paradigms to better understand the

nature of the biological mechanisms underlying ASD and

to provide insight for new treatments.
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