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Abstract There has been a surge of diagnosis of autism spectrum disorders (ASD) over the past decade. While large,
high powered genome screening studies of children with ASD have identified numerous genetic risk factors, research
efforts to understanding how each of these risk factors contributes to the development autism has met with limited
success. Revealing the mechanisms by which these genetic risk factors affect brain development and predispose a child
to autism requires mechanistic understanding of the neurobiological changes underlying this devastating group of
developmental disorders at multifaceted molecular, cellular and system levels. It has been increasingly clear that the
normal trajectory of neurodevelopment is compromised in autism, in multiple domains as much as aberrant neuronal
production, growth, functional maturation, patterned connectivity, and balanced excitation and inhibition of brain
networks. Many autism risk factors identified in humans have been now reconstituted in experimental mouse models to
allow mechanistic interrogation of the biological role of the risk gene. Studies utilizing these mouse models have revealed
that underlying the enormous heterogeneity of perturbed cellular events, mechanisms directing synaptic and circuit
assembly may provide a unifying explanation for the pathophysiological changes and behavioral endophenotypes seen
in autism, although synaptic perturbations are far from being the only alterations relevant for ASD. In this review, we
discuss synaptic and circuit abnormalities obtained from several prevalent mouse models, particularly those reflecting
syndromic forms of ASD that are caused by single gene perturbations. These compiled results reveal that ASD risk
genes contribute to proper signaling of the developing gene networks that maintain synaptic and circuit homeostasis,
which is fundamental to normal brain development.
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Introduction be self-satisfied. He has no apparent affection when petted.
He does not observe the fact that anyone comes or goes, and
never seems glad to see father or mother or any playmate. He
seems almost to draw into his shell and live within himself.”
Later, in his second year, the patient “developed a mania for
spinning blocks and pans and other round objects.” These 11

cases all feature what Kanner later believed what all these

In his 1943 milestone paper “Autistic Disturbances of
Affective Contact” (Kanner, 1943), Leo Kanner described
11 children affected by a psychiatric condition that “differs so
markedly and uniquely from anything reported so far.”” In one
case, he observed the boy patient “was happiest when left

alone, almost never cried to go with his mother, did not seem
to notice his father’s homecomings, and was indifferent to
visiting relatives,” and, referring to this patient, “He seems to

Received February 13, 2014; accepted February 28, 2014
Correspondence: Shenfeng QIU
E-mail: sqiu@email.arizona.edu

patients had in common: the “autistic aloneness” and the
“obsessive insistence on the preservation of sameness.”
Over the next seven decades, the definition of autism has
evolved to incorporate a clinically heterogeneous group of
disorders, collectively termed ‘autism spectrum disorders
(ASD)’. ASD shares the common feature of marked
impairment in social interactions, verbal and non-verbal
communications, and repetitive behavior and restricted
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interests. Historically, DSM-IV-TR (published in 2000)
defined ASD as a heterogeneous group of conditions that
include autistic disorder, Rett syndrome, Asperger’s syn-
drome, and pervasive developmental disorder-not otherwise
specified (PDD-NOS). However, radical revisions are made
in the DSM-V (2013) (Baker, 2013). ASD is now defined in
terms of two categories, “persistent impairment in reciprocal
social communication and social interaction,” and “restricted,
repetitive patterns of behavior,” with both conditions present
from early childhood. Asperger's disorder, PDD-NOS, and
other subcategories such as atypical autism are eliminated
(although not without contentions) from ASD according to
DSM-V. The new ASD diagnosis also requires specifying
whether there is intellectual disability, language impairment
or associated known medical or genetic conditions.

ASD is a collection of “pervasive developmental dis-
orders.” Pervasive because it involves a broad range of
developmental abnormalities with many brain regions
believed to be affected. Clinical signs of ASD are frequently
manifested before three years of age and recent studies
indicate that abnormal social, communication and play
behavior may present at as early as 14 months of age
(Landa et al., 2007). The fact that ASD is a clinical syndromic
diagnosis underscores the lack of a better alternative or
unifying brain pathophysiology shared by this group of
disorders. Adding to the phenotypic complexity is that ASD
symptomatology is on a graded continuum, and is often co-
morbid with other behavioral and neurological abnormalities,
including varying degrees of intellectual disability, hyper-
activity, epilepsy, abnormalities in sensory processing,
gastrointestinal symptoms, sleep disturbances, obsessive-
compulsive disorder, anxiety, and aggression. This pheno-
typic spectrum, although not necessary for ASD diagnosis,
further complicates the study of its etiology.

Genetics plays an important role in ASD pathogenesis.
Epidemiological twin studies suggest that a substantial
proportion of the ASD risk is heritable, with monozygotic
twins showing 60%—-90% concordance in ASD diagnoses
(Steffenburg et al., 1989; Bailey et al., 1995; Hallmayer et al.,
2011). This level of heritability far exceeds the estimated
heritability of other complex polygenic diseases, such as heart
disease, cancer, or other psychiatric conditions such as
schizophrenia and major depression. Therefore, defining the
underlying genetic etiology of ASD has been the major focus
of the field in the past a few decades. On the other hand,
studies into the genetic basis for ASD have been hampered by
inherent problems shared by many complex genetic disorders,
such as multiple gene effects, gene-gene interactions,
environmental factors, gene—environment interactions and
variable penetrance for each individual gene. These studies
revealed a remarkable heterogeneity of ASD genetic
structure, amounting to hundreds of different genes that
may contribute to this disorder (Banerjee-Basu and Packer,
2010; Miles, 2011). These genes are very heterogenous,
involving de novo mutations, common and rare variants,

chromosome abnormalities, copy number variations, as well
as the monogenic, syndromic disorders that display autistic
features (Abrahams and Geschwind, 2008; Walsh et al., 2008;
Pinto et al., 2010). Despite this genetic heterogeneity, ASD
patients with these distinct genetic etiologies share a common
triad symptomatology, indicative that different genetic
abnormalities may be converging on a discrete set of neurons
or circuits in the brain that mediate these behavioral
symptoms. Therefore, although the diverse genetic nature of
ASD poses a daunting task for ascertaining the contributions
of each individual risk genes, it also provides a unique
opportunity to study the shared etiological mechanisms.

One of these shared mechanisms involves the normal
function of the neuronal synapse, a sub-micron-scale
structure that connects neurons into functional networks
capable of computational outputs. Many well-established
autism risk genes encode proteins that functionally converge
at the excitatory and inhibitory synapses. These proteins
participate in synaptic signaling networks that transforming
patterned synaptic activity reflecting an individual’s experi-
ence into circuits of defined cell types and connectivity. These
circuits and their constituent cell types may also be the key
substrates onto which specific neurological symptoms can be
mapped. Indeed, an intriguing and enduring question is which
specific neuronal or circuitry type disruptions are sufficient to
reproduce the specific symptoms of ASD. Understanding
these affected brain circuits would help identify novel
avenues for treatment and/or behavioral interventions for
ASD. For instance, for genetic abnormalities that share a
common synaptic or circuit level pathology, that circuit,
rather than a particular risk gene, may be potentially targeted
for more effective intervention.

In this review, we first discuss some pathophysiological
findings at the synaptic and neural circuit level in autism
patients, and then provide mechanistic insights on the
pathogenesis gained from mutant mice modeling various
human genetic conditions. The notion that ASD represents
both ‘synaptopathies’ and ‘circuilopathies’ (Zoghbi and Bear,
2012) is now supported by substantial experimental evidence.
We discuss a few rare syndromic disorders that are associated
with ASD. These disorders are characterized by highly
penetrant gene mutations that disrupt synaptic and circuit
function in mouse genetic models. These single gene
mutation disorders associated with ASD include fragile X
syndrome (FMRI gene mutation), Rett syndrome (MECP?2),
Angelman syndrome (UBE3A4), the Phelan-McDermid syn-
drome (SHANK3) as well as rare mutations of CNTNAP2,
SYNGAPI, and the neuroligin and neurexin gene families.
These gene encode proteins that either contribute to synapse
formation and maintenance, or regulate transcription and
translation of a myriad of other genes known to affect synapse
structure and function. Although an exhaustive overview of a
growing list of ASD genes is beyond the scope of this review,
we highlight the synaptic and circuit abnormalities caused by
these critical regulators of the synapse. The simplified
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molecular context in which these ASD risk gene products are
functioning is sketched in Fig. 1. Literature discussed here
supports the model that fundamental circuit abnormalities
unify the etiology of ASD arising from diverse genetic
factors. Moreover, despite the complexity of genes associated
with ASD, shared deficits in synaptic function contribute to
the pathogenesis of these disorders. Therefore, therapeutic
interventions focused on correcting or compensating for these
synaptic or circuit dysfunctions may restore neural systems to
their normal operating potentials and alleviate neurologic
symptoms of the disorder.

It is also important to note that while we focus here on the
role of genetic risk factors implicated in ASD on synapse and
circuit dysfunction, accumulating evidence reveals that
environmental factors, such as maternal immune activation,
and metabolic conditions, also contribute to the biological
basis of autism. It may well be the case that atypical gene-
environment interactions lead to the pathophysiology in later
emerging neural circuits responsible for communication and
social competency. Readers are directed to recent studies and
review articles for these additional topics on environmental
effects (Parker-Athill and Tan, 2010; Hsiao, 2013; Hsiao et
al., 2013; Pierre, 2013).

Understanding ASD brain pathophysiology
with mechanistic studies in animal models

Limited knowledge of the neural circuits subserving human

cognitive, social, and communication competency, as well as
the practical difficulties of studying the living human brain
have posed major obstacles to our understanding on ASD
pathophysiology. Although rapid progress has been made
over the last decades in functional imaging technologies, our
ability to interrogate human brain structure and function is
still met with major limitations in spatial, temporal and
functional resolution. It is important to note that much
knowledge on autism etiology is obtained through translating
clinically-defined autism genes into biological mechanisms.
A Dbetter mechanistic understanding of these biological
mechanisms, in turn, helps identify potential therapeutic
targets and translate into successful novel treatment or
interventions of this disorder. For autism, and many other
genetic neurological disorders, the conventional path from
gene discovery to novel treatment strategy often begins with
molecular genetic studies in diagnosed patients to identify a
genetic variation for the disorder. In the event that a single
high penetrance gene causes diseases with autistic traits, such
as fragile X syndrome and Rett syndrome, it is possible to
create a mouse model with the same genetic disruption. This
is based on the reasonable assumption that gene function and
disruption in the fundamental neuronal functions are likely
shared between the mouse and humans. In this context, mice
models offer a unique advantage for mechanistic studies
because ASD candidate genes identified through human
genetic studies can be reconstituted in another organism with
considerable physiologic and behavioral sophistications.
Ideally, ASD models should be based on a known genetic
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Figure 1 Schematic depiction of several prevalent ASD risk genes associated with syndromic disorders, and their molecular interactions

at the excitatory synapse.
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cause (construct validity), resemble key aspects of the human
conditions (face validity), and responds to treatments that are
effective in the modeled disease (predictive validity) (Moy
and Nadler, 2008; Nestler and Hyman, 2010; Silverman et al.,
2010). Various mouse models carrying genetic mutations for
ASD risk genes have been developed, and most of these mice
have established validities in modeling the single gene
syndromic disorders associated with ASD traits. Additionally,
robust phenotypes in mouse models hold great promise as
translational tools for interrogating the pathophysiological
mechanisms resulting from genetic mutations, and for
identifying novel effective treatments. Because the diagnostic
criteria for autism are behavioral, and single genes or proteins
do not encode specific behaviors, but instead encode
biological functions, these mice may serve as model animals
for neurobiological investigations, not for the disease per se.
It is important, therefore, to emphasize that these single gene
mouse models are useful for understanding fundamental
changes in neural structure-function relationships, yet these
‘ASD models’ do not manifest the entirety of phenotypes
relevant to ASD. After all, to quote Norbert Wiener
(Rosenblueth and Wiener, 1945), ‘The best material model
of a cat is another, or preferably the same, cat.’

Impaired brain circuit connectivity as a
pathological hallmark of autism

Recent genetic findings, coupled with anatomical and
functional imaging studies, suggest a potential unifying
model for autism brain pathology. It is now generally agreed
upon that deficits in brain circuits and function underlie
autism, and virtually all neurodevelopmental disorders. These
deficits unfold as an individual develops early in life. The
specificity of brain circuits that are affected and their
differential ontogeny may determine the presentation of
clinical phenotype and disease progression. This connectiv-
ity-based etiological hypothesis is supported by numerous
mechanistic studies using mouse models (discussed below in
this review) and many functional and structural imaging
studies in autism patients, and may readily explain the
complex disease phenotypes underlying the social and
communication components of the diagnosis.

The signs and symptoms of ASD often appear before three
years of life, during which social, emotional and cognitive
skills are developing rapidly (Walsh et al., 2008). This period
correlates with a phase of profound development of the brain
architecture, including the generation of new neurons,
dendritic growth, synaptogenesis, neural circuit formation
and experience-dependent remodeling (Clowry et al., 2010).
Studies on postmortem brain have indicated altered neuron
production and migration, disrupted balance of excitatory and
inhibitory synapses, and faulty assembly of microcircuits in
multiple brain regions of ASD patients (Rubenstein and
Merzenich, 2003; Geschwind and Levitt, 2007). These

structural findings are consistent with an emerging hypothesis
that neural pathophysiology of individuals with autism is
characterized by hyperconnectivity in local circuits and
hypoconnectivity between brain regions (Just et al., 2004;
Courchesne and Pierce, 2005; Geschwind and Levitt, 2007).
One current model proposes that ASD may reflect a
‘developmental brain disconnection’ syndrome (Geschwind
and Levitt, 2007) arising from dysregulation of gene
expression that results in the failure of different parts of
brain to communicate and form connections appropriately in
response to experiences and sensory input. This hypothesis is
supported by the fact that many genes associated with ASD
are known to play important roles in synapse formation and
neuronal connectivity (Comery et al., 1997; Zoghbi, 2003;
Clement et al., 2012). However, how altered synaptic
connections resulting from defective genes contribute to the
abnormalities in specific neural circuits, particularly those
underlie the socio-cognitive impairments characteristic of
these disorders, remains poorly understood.

Numerous functional and structural imaging studies in
ASD patients are also consistent with this hypothesis (Just et
al., 2004; Geschwind and Levitt, 2007; Kana et al., 2009;
Sahyoun et al., 2010; Hong et al., 2011; Shukla et al., 2011b).
These imaging studies indicate alterations in both local brain
regions and long-range connectivity among different func-
tional brain regions. For instance, communications between
higher-order association areas of the brain involving the
frontal lobe are partially impaired during development. ASD
patients display impaired synchronous activity in language
processing areas during a semantic comprehension task that
involves the fronto-parietal areas (Just et al., 2004; Just et al.,
2007). Similar compromised synchrony in ASD patients has
been reported during social processing tasks (Kana et al.,
2009). In addition, ASD patients exhibit reduced functional
connectivity with frontal cortical regions while performing a
face recognition task or visuospatial and linguistic reasoning
(Sahyoun et al., 2010).

Anatomical evidence gained from studying ASD brain also
support the hypo-functioning in long-range circuits. Reduced
corpus callosum volume has been a variable anatomical
phenotype among ASD patients, and the severity of the
reduction of corpus callosum volume correlates with the
degree of disrupted connectivity and behavioral phenotypes
as well (Just et al., 2007; Hong et al., 2011; Shukla et al.,
2011a; Shukla et al., 2011b; Thomas et al., 2011). Diffusion
tensor imaging (DTI) of the ASD brain also reveals deficits in
most major long-range fiber tracts, suggesting a potential
global deficit in functional connectivity among different brain
regions (Shukla et al., 2011b). In contrast to the hypo-
connectivity of long range connections in ASD brain, local
circuit connectivity may be normal or even hyper-functional
in ASD (Casanova et al., 2002; Rubenstein and Merzenich,
2003; Courchesne and Pierce, 2005; Geschwind and Levitt,
2007; Rubenstein, 2010). A recent fMRI study demonstrated
that increased local frontal lobe connectivity is associated
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with variation of an ASD risk allele (CNTNAP2 gene) that
may predispose carriers to language endophenotypes (Scott-
Van Zeeland et al., 2010). Other relevant findings have shown
that approximately 20% of idiopathic autism patients show
macrocephaly (Fombonne et al., 1999; Lainhart, 2003). The
brain enlargement seen in ASD are postulated as resultant of
mechanisms leading to excess synaptic connections, either
due to an initial overproduction of synapses or a failure in
experience-dependent synaptic pruning (Eigsti and Shapiro,
2003; Piggot et al., 2009). Other possibilities, such as
excessive gliogenesis, neurogenesis, and decreased apoptosis
are less frequently invoked, although they are biologically
plausible.

The hypothesis of altered synaptic connectivity in ASD
brain is further supported by the observations in post-mortem
ASD brain tissue, which displayed atypical minicolumn
structure in several regions of cortex (Casanova et al., 2002;
Casanova et al., 2010). Dendritic spines, protrusions contain-
ing excitatory synapses, are altered in postmortem ASD
human brain tissue. Spine density is increased on apical
dendrites of pyramidal neurons from cortical layers in frontal,
temporal and parietal cortices of ASD brain (Hutsler and
Zhang, 2010). Similar differences in spine density have been
found in individuals with diseases comorbid with ASD, such
as in fragile X syndrome (FXS). Increased dendritic spine
density in FXS brain has been found, with elongated and
tortuous spine morphologies (Irwin et al., 2001; Pfeiffer and
Huber, 2007), indicative of altered connectivity and function.
Such findings are consistent with the postulated hyper-
connectivity in local brain regions in ASD.

Synaptic and circuit dysfunction indicated
in rare syndromic forms of ASD

Fragile X syndrome protein FMRP

The model that altered synaptic functions could underlie ASD
pathophysiology was perhaps best supported by the pheno-
typic overlap between ASD, fragile X syndrome and Rett
syndrome (RTT) (Zoghbi, 2003; Belmonte and Bourgeron,
2006). Fragile X syndrome (FXS), the most common form of
inherited intellectual disability, accounts for about 3% of all
cases of ASD. The human FMRI gene encodes fragile X
mental retardation protein (FMRP). FMRP localizes to the
somatodendritic compartment and regulates protein synthesis
by binding to mRNA to primarily function as a transcriptional
repressor. FMRP regulates the expression of a variety of
genes, many of which are activity-dependent. Fmr/ mutant
mice exhibited increased rate of protein synthesis (Qin et al.,
2005; Osterweil et al., 2010), which can be corrected through
partial inhibition of the metabotropic glutamate receptor
mGIuR5 (Délen et al., 2007; Osterweil et al., 2013). Fmrl
mutant mice also display enhanced mGluR5-dependent long-
term potentiation (mGIuR5-LTP), and a large spectrum of

ASD related phenotypes that can be corrected by suppressing
mGIuR5 activity (Délen et al., 2007).

Studies of post mortem brain tissue obtained from FXS
patients revealed dendritic spine abnormalities (Irwin et al.,
2000; Irwin et al., 2001). Increased dendritic protrusions on
apical and basal dendrites in multiple cortical regions were
observed, raising the possibility that loss of FMRP leads to
stunted spine maturation or impaired elimination. However,
several studies examining cortical dendritic spines in Fmrl
mutant mice and wild-type controls observed similar spine
density, spine length, and spine head size, yet spines in Fmrl
mutant mice were less stable, consistent with a delay in the
developmental downregulation of spine turnover and a
persistent overproduction of transient spines (Cruz-Martin
et al,, 2010; Pan et al., 2010; Padmashri et al., 2013).
Consistent with these anatomical findings, extensive studies
have shown that Fmrl mutant mice display altered synaptic
plasticity at glutamatergic synapses. These deficits include
exaggerated mGluR-dependent hippocampal LTP (Huber et
al., 2002) and reduced cortical LTP and GluR1 expression (Li
et al.,, 2002). Loss of FMRP leads to impairments in N-
methyl-d-aspartate receptor (NMDAR)-dependent synaptic
plasticity in the dentate gyrus (Bostrom et al., 2013), and a
downregulation of tonic GABA, receptor currents in the
subicular pyramidal cells (Curia et al., 2009). In basal lateral
amygdala, the number of inhibitory synapses is reduced, as is
the frequency and amplitude of inhibitory postsynaptic
currents (Olmos-Serrano et al., 2010). This finding is
especially intriguing as this region is involved in the
modulation of anxiety state and social avoidance responses,
both of which are disrupted in FXS and ASD. In addition, the
principal neurons in Fmrl knockout mice are hyperexcitable,
and the homeostatic excitatory/inhibitory (E/I) balance was
disrupted. Notably, loss of Fmrl in mice leads to develop-
mental deficits in the functional laminar cortical connectivity
(Bureau et al., 2008), an imbalance of neocortical excitation
and inhibition favoring increased excitability (Gibson et al.,
2008), increased synchrony of neuronal network activity in
somatosensory cortex (Gongalves et al., 2013) and abnormal
experience-dependent plasticity in visual cortex (Ddlen et al.,
2007). Thus, Fmrl is capable of profoundly shaping cortical
circuits, many associated with the etiology of ASD.

The Rett syndrome protein MECP2

Rett syndrome (RTT) is another well-studied monogenic
neurodevelopmental disorder with autistic features and
deficits in synapse function. Mutations in the X-linked
human MECP2 gene, which encodes the methylcytosine
binding protein MeCP2, cause RTT in the majority of the
cases (Amir et al., 1999; Chahrour and Zoghbi, 2007; Neul et
al., 2008). MeCP2 acts as a transcriptional repressor of
thousands of genes, and is required for developmental as well
as adult neuronal functions (Guy et al., 2001; McGraw et al.,
2011). Mutations in MECP2 gene cause a broad spectrum of
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neuropsychiatric conditions associated with distinct brain
pathological changes. RTT patients exhibit a decrease in the
size of cortical minicolumns (Casanova et al., 2003), and
cortical pyramidal neurons show reduced dendritic branching
patterns and a smaller soma. In addition, dendritic spines in
frontal cortex neurons are shorter and more sparse than
normal (Belichenko et al., 1994).

Partially overlapping behavioral phenotypes are observed
in mice either lacking Mecp2 (loss of function mutation), or
overexpressing MECP2 (transgene overexpression to model
the human MECP2 gene duplication). These findings support
the model that MeCP2 normally functions within a narrow
dynamic range. Loss of MeCP2 appears to influence local
functional cortical circuits by altering the E/I balance. MeCP2
is regulated by neuronal activity through calcium/calmodulin-
dependent protein kinase II (CaMKII) phosphorylation (Zhou
et al.,, 2006). MeCP2 mutant mice have reduced LTP and
impaired synaptic plasticity (Asaka et al., 2006; Moretti et al.,
2006). In cultured hippocampal neurons that form autapses,
lack of MeCP2 leads to reduced spontaneous excitatory
postsynaptic currents (EPSCs), most likely reflecting
decreased synapse numbers in the mutant neurons through
cell autonomous mechanisms (Chao et al., 2010). Mecp2
mutant mice also show a decrease in the AKT/mTOR
signaling prior to symptom onset (Ricciardi et al., 2011). It is
noteworthy that genetic and pharmacological rescue of
MeCP2 function in adult mutants reverses the RTT-like
features in mice (Guy et al., 2001; Giacometti et al., 2007).
These findings provide hope that RTT symptoms can be
potentially reversed in patients as well by re-introducing
functional MeCP2 in the developed mature brain.

The Angelman syndrome protein UBE3A

The human UBE3A4 gene encodes the E3 ubiquitin ligase
E6-AP. Due to genetic imprinting of the paternal UBE34
gene allele, mutation of the maternal UBE3A allele alone
leads to complete loss-of-function of UBE3A protein in
neurons. This mutation results in Angelman syndrome
(AS), a debilitating neurodevelopmental disorder character-
ized by motor dysfunction, severe mental retardation, speech
impairment, seizures, and a high prevalence of autism
(Kishino et al., 1997; Matsuura et al., 1997). AS is typically
(in ~75% of cases) caused by the chromosomal deletions in
the 15qll1-q13 region. In a small number (~15%) of
cases, the maternal UBE34 allele alone is mutated (Jiang et
al., 1998a).

Studies of mice harboring a targeted deletion of the Ube3a
gene support the role of this gene in AS and autism. Ube3a
mutant mice inheriting the mutations through the maternal
germ line display salient features of AS (Jiang et al., 1998D).
However, how Ube3a loss of function leads to AS and autism
brain pathophysiology is poorly understood. In particular,
what proteins are the critical targets of UBE3A, which neural

circuits are affected by Ube3a deletion, and how these relate
to the behavioral endophenotypes in Ube3a mutant mice are
unclear at present.

Specific synaptic and neuronal deficits have been described
in the Ube3a mutant mice. Ube3a maternal deficiency mice
display impaired LTP in the hippocampal CA1 region
(Weeber et al., 2003). This deficit can be rescued by elevating
CaMKII kinase activity by mutating a regulatory phosphor-
ylation site (Thr305) (van Woerden et al., 2007). The density
dendritic spines and strength of excitatory synapses are
reduced in the visual cortex of Ube3a maternal deficient mice
(Wallace et al., 2012). However, these mice also exhibit a
more pronounced decrease in inhibitory neurotransmission,
yielding a disrupted E/I balance favoring excitation. This
aberrant E/I balance may account for the observed deficit in
experience-dependent visual cortical plasticity (Yashiro et al.,
2009).

UBE3A protein localizes both to the neuronal soma and
synaptic sites. Levels of the protein appear to be regulated by
neuronal activity as well (Greer et al., 2010). Among many
potential Ube3a downstream targets, Arc is one of the best
characterized. Ube3a maternal deficient mice have increased
expression of Arc that correlates with greater internalization
of the AMPA receptor submits and reduced excitatory
synaptic transmission (Greer et al., 2010). In addition to
deficits in cortical plasticity, Ube3a maternal deficient mice
also exhibit behavioral deficits that are correlated with
abnormal dopamine signaling (Riday et al., 2012). These
mutant mice exhibited increased dopamine release in the
mesolimbic pathway and decreased dopamine release at
nigrostriatal pathway, revealing that Ube3a may have specific
and different roles that are cell-type specific within
subcortical circuits.

Interestingly, maternal duplication of 15q11-q13 is also
observed in ~1-3% of nonsyndromic cases of ASD (Cook et
al., 1998; Abrahams and Geschwind, 2008). A mouse mutant
has been generated that models this chromosomal duplication
of the human 15q11-13 region (Nakatani et al., 2009). Mice
with a paternal duplication of this syntenic region exhibit
significant behavioral deficits including abnormal social
interactions, inflexible behavior and increased anxiety.
Synaptic abnormalities include altered levels of MBII52, a
post-transcriptional regulator of the G-protein-coupled ser-
otonin 2c receptor (5-HT2cR). Disrupted post-transcriptional
editing of 5-HT2cR pre-mRNA is known to lead to amino
acid substitutions that affect synaptic receptor physiology and
serotonin-guided behavior. This is consistent with the
observation that primary neurons isolated from 15q11-13
paternal duplication mice display a significantly higher 5-
HT2cR-mediated intracellular calcium increase compared to
wild-type neurons (Nakatani et al., 2009). Therefore, synaptic
deficits observed in genetic abnormalities involving the
15q11-13 region may arise from either increased or decreased
gene dosage.
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Phelan-McDermid syndrome protein SHANK3

The SH3 and ankyrin-domain-containing protein (Shank)
family of proteins, comprising Shankl, 2, and 3, are core
components of the postsynaptic density (PSD), and interact
with the PSD 95 binding protein SAPAP and Homer (Sheng
and Kim, 2000). Shank proteins contain several protein—
protein interaction domains. Mutations of Shank3 cause
multiple neurological phenotypes, including the Phelan-
McDermid syndrome (PMS) (Bonaglia et al., 2006). Shank
proteins bind to Homer as part of a macromolecular
postsynaptic complex (PSD-95/SAPAP/Shank/Homer)
(Hayashi et al., 2009). Shank3 may also be a cytoplasmic
binding partner for the neuroligins (Meyer et al., 2004).

Shank3 point mutations, truncations, and disruption by
balanced chromosome translocation all has been reported in
ASD patients. SHANK3 deletions have been reported in
patients with autism, intellectual disability and schizophrenia
(Bonaglia et al., 2006; Durand et al., 2007; Gauthier et al.,
2009), while SHANK3 duplication has been found in
Asperger’s patients and patients with intellectual disability
(Durand et al., 2007; Okamoto et al., 2007).

Shank3 promotes synaptogenesis by recruiting essential
glutamatergic components to the synapse (Roussignol et al.,
2005), resulting in a greater number of functional synapses
and increased excitatory signaling. Knockdown of Shank3 in
hippocampal neurons results in reduced number of dendritic
spines. In developing neurons, Shank3 localizes to the tip of
actin filaments and participates in growth cone motility by
enhancing actin polymerization (Durand et al., 2011).
Mutation that truncate Shank3 disrupt dendritic spine
morphology and growth cone motility, whereas inherited
mutations (R12C and R300C) results in impaired spine
induction and maturation. Mice mutant for Shank3B display
multiple neurological deficits including compulsive and
repetitive behaviors (excessive grooming), avoidance of
social interactions, poor perception of social novelty,
increased anxiety and self-injurious behavior, that are
associated with deficits in corticostriatal circuitry (Peca et
al., 2011). These mice also have altered levels of several
components of the PSD, including Homer, PSD93, SAPAP3,
and multiple glutamate receptor subunits: GluR2, NR2A, and
NR2B. A number of additional Shank3 mutant mouse strains
have been generated to represent distinct rare mutantions
linked to ASD. One such mutant disrupts the major isoforms
of the Shank3 gene by deleting the ankryn-repeat encoding
exons 4-9. These mutant mice also display deficits in
synaptic plasticity, molecular composition of the post-
synaptic density, and abnormal social behavior (Wang et al.,
2011).

Neurexin and neuroligin genes

Neurexins and neuroligins are trans-synaptic cell adhesion
molecules that physically organize the adjoining presynaptic

and postsynaptic specializations (Siidhof, 2008). There are
three human neurexin genes (NRXN1, NRXN2, NRXN3), each
generates transcripts under the control of two separate
promoters for two isforms of neurexins, the longer form o-
neurexins and shorter f-neurexins. In comparison, neuroli-
gins are encoded by four human genes NLGNI, 2, 3 and 4,
and also undergo alternative splicing.

Binding between neurexins and neuroligins recruits
Shank3 to the postsynaptic site and stabilizes the synaptic
contact, thus facilitating excitatory synapse formation and
synaptic transmission. Mutations of both NRXN/ and the X-
linked NLGN3 and NLGN4 genes have been reported in
patients with ASD (Jamain et al., 2003; Kim et al., 2008). For
example, a large deletion of NRXN/ promoter and exon 1-5
has been reported in a patient showing dysmorphic features,
cognitive impairment and autistic features (Zahir et al., 2008).
Mutant mice lacking any one of the Nrxn genes fail to thrive
after birth and die at different times postnatally. Electro-
physiologic recordings from acute brain slices of these Nrxn
mutant mice reveal impaired synaptic function including
decreased spontanecous and evoked neurotransmitter release.
Deleting all three isoforms of the a-neurexins (Nrxn 1, 2 and
3) results in embryonic lethality and impaired NMDA
receptor function (Kattenstroth et al., 2004). Notably, triple
knockout of Ngln 1, 2 and 3 also die perinatally from
respiratory failure, which may be due to defective glutama-
tergic and GABAergic/glycinergic transmission in brain stem
respiratory centers (Varoqueaux et al., 2006). Thus, neurexins
are critical for the proper synaptic circuit formation and
function.

Missense and nonsense mutations in both neuroligin 3 and
neuroligin 4 have been identified in a subset of human
patients with ASD (Jamain et al., 2003; Laumonnier et al.,
2004). Mutant mice containing the point mutant R452C
exhibit enhanced inhibitory synaptic transmission and
impaired social interactions but no apparent defect in
excitatory synaptic transmission (Tabuchi et al., 2007).
Interestingly, these R452C mutant mice also display
enhanced spatial learning, indicating that the R451C mutation
may represent a gain-of-function mutation.

The tuberous sclerosis complex gene 7.SCI and 7SC2

Tuberous sclerosis complex (TSC) is a rare multi-system
genetic disorder that is inherited in an autosomal dominant
pattern (for a review, see Leung and Robson, 2007). TSC
causes benign tumors, termed harmatomas, in the brain and
other organs including skin, eye, heart and kidney. A
constellation of neurological phenotypes are present but
quite variable and may include intellectual disability,
seizures, developmental delays, lung and kidney disease,
skin abnormalities, and behavioral problems. TSC is caused
by a mutation of either human 7SC/ or TSC2 genes (Crino et
al., 2006; Curatolo et al., 2008). The TSCI gene encodes the
protein hamartin and 7SC2 gene encodes protein Tuberin.
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Both proteins negatively regulate the mammalian target of
rapamycin (mTOR) pathway by forming a heterodimeric
complex with mTOR and thereby inhibit numerous intracel-
lular signals that promote cell growth and proliferation. TSC
patients typically have heterozygote germline mutations in
TSC1/2. Seizures are common neurological symptoms in
TSC patients while ASD and intellectual disability are seen in
~50% cases (Baker et al., 1998).

The importance of TSC1/2 in brain development is
illustrated by the effects of mutating these genes in mice.
Homozygous silencing mutations of either 7sc/ or Tsc2
results in embryonic lethality (Onda et al., 1999; Ma et al.,
2014). Tscl null mice display liver and neural tube defects,
while 7¥¢2 null mice have defects in the formation of the
heart, neural tube and motor systems. Homozygote mutants
for either gene die by embryonic day 12. In heterozygote
TscI™ mice, no spontaneous seizures or cerebral lesions are
present, and dendritic spine number and branching appear
normal. However, Tsc¢/™" mice have impaired hippocampus-
dependent learning tasks and social and cognitive deficits.
Thus, haploinsufficiency for the Tsc/ genes leads to
aberrations in neuronal function and results in impaired
learning and social behavior (Goorden et al., 2007). Signaling
by both TscI and T5sc2 is also required for the expression of
specific forms of hippocampal synaptic plasticity as well as
the maintenance of normal excitatory synaptic strength.
Single neuron deletion of a conditional 7sc/ allele in mouse
CA1 neurons with Cre recombinase does not significantly
affect spine density, morphology, or presynaptic release
probability, but AMPA and NMDA receptor-mediated EPSCs
and miniature spontaneous EPSC frequency are increased
(Bateup et al., 2011). In addition, the protein synthesis-
independent form of NMDA receptor-mediated LTD is
normal, whereas the protein synthesis-dependent hippocam-
pal mGIluR-LTD is abolished by loss of 7sc!.

The Tscl-mTOR pathway has been shown to promote
network activity by repressing inhibitory synapses formation
on excitatory neurons (Bateup et al., 2013). Deregulated
mTOR activity causes weakened inhibition onto 7sc/
knockout neurons, alters E/I balance, results in hippocampal
hyper-excitability. Mice with conditional knockout of 7sc/ in
the hippocampus (CaMKIla-cre, Tsc1™™) display increased
seizure severity that leads to premature death. Interestingly,
Tscl expression is also required in astrocytes, but how Tscl
operates in these glial cells to maintain normal brain function
is not yet clear (Uhlmann et al., 2002).

In comparison, Tsc2™" mice also have no overt neuro-
pathology or seizures, but also display deficits in learning and
memory (Ehninger et al., 2008). Increased hippocampal
mTOR signaling in these mice correlates an enhancement of
the late phase LTP in the CA1 region of the hippocampus, and
deficits in hippocampal-dependent learning. Interesting,
treatment of adult mice with the mTOR inhibitor rapamycin
rescues not only the abnormal synaptic plasticity, but also the
behavioral deficits in the Tsc2"~ mice (Ehninger et al., 2008).

It is noteworthy that some ASD gene may indirectly
contribute to the impaired excitatory and inhibitory synaptic
transmission and altered network activity through alterations
of protein synthesis at the synapse. These genes include, but
not limited to 7SC1/2, FMR1, and UBE3A. Autism relevant
pathogenesis induced by these genes may be a result of loss of
normal constraints on activity-induced protein synthesis. In
the case of FXS, this may be due to reduced inhibition of
FMRP-regulated mRNA levels; in TSC, this might be due to
de-repression of mTOR protein kinase acticity, which
stimulates mRNA translation and leads to growth-related
protein synthesis; in AS, there may be increased synaptic
protein content due to reduced UBE3A-mediated protein
ubiquitination and degradation. It has been proposed that
childhood synaptic disorders, such as ASD, intellectual
disability and seizures may be due to impaired regulation of
protein abundance at certain neuronal compartments, and
aberrant synaptic protein synthesis may represent one
possible pathway leading to autistic phenotypes (Kelleher
and Bear, 2008).

The human CNTNAP2 gene

The contactin-associated protein-like 2 protein (CNTNAP2)
is encoded by the human CNTNAP2 gene. Genetic associa-
tion and linkage studies all support the role of both common
and rare variants of CNTNAP2 in ASD (Alarcon et al., 2008;
Arking et al., 2008; Vernes et al., 2008). For example, a rare
recessive mutation in CNTNAP2 results in a syndromic form
of ASD termed cortical dysplasia-focal epilepsy syndrome
(Strauss et al., 2006). CNTNAP2 is a member of the neurexin
superfamily and is involved in neuron-glia interactions and
clustering of potassium channels in axons in the vertebrate
nervous system (Poliak et al., 2003).

CNTNAP2 protein plays additional important roles in
brain development and neural circuit formation, including
cell migration, axon guidance, and synaptic transmission
velocity (related to the potassium channel function). These
are critical events that when disturbed could lead to
dysfunction of synapses and circuits that are involved in
ASD (Poliak et al., 1999; Poliak et al., 2003; Pefiagarikano et
al., 2011). In the developing human brain, CNTNAP2 is
expressed in structures known for the established roles in
ASD pathophysiology, including frontal lobe, striatum, and
thalamus, (Alarcon et al., 2008). Common genetic variants in
CNTNAP2 are correlated with deficits of frontal lobe
connectivity (Scott-Van Zeeland et al., 2010).

Cntnap2 mutant mice exhibit epilepsy, neuronal migration
defects and some core autism-related behavior deficits
(Penagarikano et al., 2011). The laminar position of some
cortical projection neurons is aberrant in Cntnap2 knockout
mice. The number of cortical GABAergic interneurons is also
reduced. These mutant mice also have less synchronous
electrical activity of cortical networks. Critically, Cntnap2
mutant mice exhibit abnormal ultrasonic communications, as
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well as hyperactivity, seizures and repetitive behaviors.
Cntnap2 knockout mice also demonstrated a predictive
validity for modeling autism, such that the repetitive and
restrictive behaviors can be partially corrected by risperidone,
an FDA approved drug to treat ASD-related symptoms.

SYNGAP1

The human SYNGAPI gene encodes a synaptic GTPase-
activating protein (SynGAP) for Ras-like GTPases. SynGAP
is selectively expressed in the brain and is highly enriched at
excitatory synapses and dendritic spines (Chen et al., 1998;
Kim et al., 1998). SYNGAPI is a complex gene with multiple
isoforms generated by various transcriptional start sites and
alternative splicing of the C terminus (Chen et al., 1998). The
SynGAP protein is a component of the PSD macromolecular
complex and interacts with the PDZ domains of PSD-95 and
SAP102. SynGAP can either stimulate or inhibit excitatory
synapse function in an isoform-dependent manner (Rum-
baugh et al., 2006, McMahon et al., 2012). SynGAP
negatively regulates Ras activity at excitatory synapses by
stimulating the GTPase activity of Ras, which may be
involved in the modulation of excitatory synaptic transmis-
sion by neurotrophins and NMDA receptors (Kim et al.,
1998; Komiyama et al., 2002; Krapivinsky et al., 2004).

De novo autosomal dominant truncating mutations in the
SYNGAPI gene have been reported to occur in ~3% of
nonsyndromic intellectual disability cases (Hamdan et al.,
2009; Hamdan et al., 2011; Writzl and Knegt, 2013). In two
studies, patients with identified SYNGAP! haploinsufficiency
all show varying degree of nonsyndromic form of intellectual
disability, and some of these patients were on the ASD
spectrum (Pinto et al., 2010; Hamdan et al., 2011). Therefore,
SYNGAPI de novo mutations are highly penetrant and
disruptive to normal brain function. Adult mice heterozygous
for a null mutation of SynGAPI exhibit only modest
impairment in synaptic plasticity but some cognitive impair-
ment (Komiyama et al., 2002). However, a recent study
examining the developmental trajectory of SynGAPI mutant
mice identified that heterozygous SynGAP mutant mice
develop excitatory synapses earlier than controls and this
precocious maturation increases excitability in the developing
hippocampus during a critical period when behavioral
abnormalities are emerging. In contrast, SYNGAPI mutations
at adult stage had minimal impact on synapse function. Thus,
the timeline of synapse maturation in early life and associated
excitatory-inhibitory balance with neural circuitry are critical
determinants of normal cognition and behavior.

Concluding remarks

To gain a better understanding of ASD brain pathophysiology
and devise interventions and treatments for ASD requires

translation of the identified genetic risk factors into biological
mechanisms, particularly those mechanisms that are shared
by multiple genetic risk factors. The discovery of genetic
causes in several syndromic form ASD discussed here have
improved our understanding of the molecular pathways
operating at the synapse, and how disruption of these genes
impairs proper synapse development and function. Knowl-
edge in these areas can be largely attributed to the fact that
single gene disorders can be readily modeled in mice, thus
enabling biological mechanistic studies.

The evidence discussed here support the model that the
wide phenotypic spectrum of ASD may derive from altered
synaptic connection and/or impaired balance of excitatory/
inhibitory local networks (‘synaptolopathies’ Zoghbi and
Bear, 2012). Although currently more than 250 ASD risk
factors have been discovered (Miles, 2011), and no doubt
more awaits discovery, these disparate genetic risks may
result in the disruption of a defined number of key cell types
or circuits. Therefore, while both syndromic and idiopathic
ASD may disrupt any one (or more) of many components in a
number of signaling pathways that regulate neuronal cell
specification, migration, gene transcriptions, synaptic protein
synthesis, activity-dependent plasticity, and maintaining the
delicate balance of local excitatory/inhibitory network, by
understanding how to modulate these synapses, cell types, or
circuits, we may be able to compensate for preceding
disruptions to neural circuitry independent of fully under-
standing the original insult (Bourgeron, 2009). Thus,
ascertaining the synaptic and circuit substrates shared by
ASD risk genes can be leveraged for the design of effective
therapeutic interventions, a concept that will no doubt be a
perennial theme in the field of autism research for the
forthcoming decades.
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