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The mammalian brain comprises structurally and functionally distinct regions. Each
of these regions has characteristic molecular mechanisms that mediate higher-order
tasks, such as memory, learning, emotion, impulse, and motor control. Many genes are
involved in neuronal signaling and contribute to normal brain development. Dysfunction
of essential components of neural signals leads to various types of brain disorders.
Autism spectrum disorder is a neurodevelopmental disorder characterized by social
deficits, communication challenges, and compulsive repetitive behaviors. Long-term
genetic studies have uncovered key genes associated with autism spectrum disorder,
such as SH3 and multiple ankyrin repeat domains 3, methyl-CpG binding protein
2, neurexin 1, and chromodomain helicase DNA binding protein 8. In addition,
disease-associated networks have been identified using animal models, and the
understanding of the impact of these genes on disease susceptibility and compensation
is deepening. In this review, we examine rescue strategies using key models of autism
spectrum disorder.

Keywords: autism spectrum disorder, genetic mice model, pathophysiology, pharmacological restoration, genetic
restoration

INTRODUCTION

Autism spectrum disorder (ASD) is a clinically heterogeneous and inherited neurodevelopmental
disorder. To diagnose a broad range of clinical phenotypes of the disease, the American Psychiatric
Association published the Diagnostic and Statistical Manual of Mental Disorders (Bienvenu
et al., 2013). Following the criteria indicated therein, ASD can be diagnosed on the basis of

Abbreviations: ASD, autism-spectrum disorder; DSM, the Diagnostic and Statistical Manual of Mental Disorders; CDC,
Centers for Disease Control and Prevention; USVs, ultrasonic vocalizations; SHANK, SH3 and multiple ankyrin repeat
domains; NLGN, neuroligins; LTD, long-term synaptic depression; PVN, paraventricular nucleus; PFC, prefrontal cortex;
mTORC1, mTOR complex 1; CB1, Cannabinoid receptor type 1; OXTR, Oxytocin Receptor; MC4R, Melanocortin 4
Receptor; PLC, Phospholipase C; GABAR, GABAA receptor; AMPAR, AMPA receptor; NMDAR, NMDA receptor; mGluR,
metabolic glutamate receptor; IGF-1, Insulin-like growth factor 1; IL17A, Interleukin 17A; NCAM1, Neural Cell Adhesion
Molecule 1; GRIP1, Glutamate Receptor Interacting Protein 1; SAPAP, Synapse-Associated Protein 90/Postsynaptic Density-
95-Associated Protein; GKAP, guanylate-kinase-associated-protein; PSD-95, post-synaptic scaffolding protein 95 kDa;
CNTNAP2, a contactin-associated protein-like 2 gene; PI3K, phosphoinositide-3 kinase; CLK2, CDC Like Kinase 2; PTEN,
phosphatase and tensin homologs; TSC, tuberous sclerosis complex; mTOR, a mammalian target of rapamycin; CHD8,
chromodomain helicase DNA binding protein 8; MeCP2, methyl CpG binding protein 2; LSD1, lysine-specific demethylase
1; UBE3A, Ubiquitin Protein Ligase E3A.
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core manifestations of impaired social communication and
interaction and restricted, repetitive behaviors, in addition
to the different degrees of concurrent conditions, including
intellectual deficit, language difficulty, epilepsy, sleep disturbance,
and attention disability. According to the Centers for Disease
Control and Prevention, the current overall prevalence of
ASD is estimated to be 1 in 44 children, and there are 4.2
times more boys than girls with ASD (Maenner et al., 2021).
Despite multi-faceted research being conducted to understand
the molecular mechanism of ASD, its precise etiology remains
unknown; however, both genetic and environmental factors are
considered to play a role. Despite decades of research on novel
pharmacological treatments for core ASD symptoms, the number
of medications that exhibit therapeutic effects that meet certain
criteria is still limited, and there is insufficient evidence for
their clinical use. Several large-scale drug development efforts for
ASD based on basic science and molecular research have yielded
mostly negative or ambiguous clinical trial outcomes. As a result,
the existing authorized ASD treatment methods only address
secondary symptoms, including restlessness and impatience.

Non-invasive imaging studies have revealed anatomical and
functional alterations in the brain, associated with the disorder
(Kemper and Bauman, 1998; Amaral et al., 2008; Courchesne
et al., 2011). Brain hypergrowth in patients with ASD is
associated with an unusually excess number of neurons in the
prefrontal cortex (PFC), according to a small-scale preliminary
study analyzing post-mortem prefrontal tissue in children with
ASD. Although post-mortem and structural magnetic resonance
imaging studies have made it difficult to establish a clear,
generalized pathology for overall ASD, researchers have been
able to uncover pathological abnormalities in the frontal lobe,
amygdala, and cerebellum in many cases of ASD. The brains
of children and adults with ASD have been shown to exhibit a
variety of morphological and functional abnormalities (Sparks
et al., 2002; Amaral et al., 2008). However, these defects have not
been consistently identified in distinct patients with ASD and are
rarely correlated with symptom severity. Genetic predisposition
to ASD has been well documented through research in families
and twins. Exome sequencing, which is being performed on
a continuously increasing number of patient samples, has
identified novel rare mutations relevant to ASD (Voineagu et al.,
2011; O’Roak et al., 2012; De Rubeis et al., 2014). Researchers
identifying the genetic and pathological etiologies of patients
with major ASD have faced enormous difficulty owing to the
high heterogeneity in the expression and severity of the core and
associated symptoms. Based on genetic investigations to date, it
has been predicted that approximately 1000 genes are implicated
in ASD (O’Roak et al., 2012; De Rubeis et al., 2014); however, no
single variants have been found to be strongly linked to ASD.

Because ASD has multigenic traits, understanding its etiology
may be difficult. However, the related genes can be classified
into several groups, allowing researchers to deduce the specific
molecular pathways relevant to ASD (De Rubeis et al.,
2014). ASD has been linked to genes involved in synaptic
transmission and scaffolding, chromatin remodeling, protein
synthesis and degradation, and actin cytoskeletal dynamics
(Figure 1) (Bourgeron, 2015). Researchers must use experimental

animal models to further understand how these genes are related
to the etiology and pathophysiology of ASD. Mice are the most
commonly used animal models in neuroscience. A number of
characteristics explain why they are frequently used to describe
human neuropsychiatric disorders. In reality, mice are social
animals that live in hierarchical groups and engage in complex
social activities, such as parenting and communal nesting of
the young, juvenile play, and adult sexual and aggressive
behaviors (Ellenbroek and Youn, 2016). They are usually selected
because they can be used for neurobiological, behavioral, and
pharmacological studies to examine autistic characteristics in
humans and because of their rapid generation time, small size,
and comprehensive genome sequencing (Wohr and Scattoni,
2013). Mice with a mutation in one of several ASD risk genes have
been the most widely utilized animal models to date (Rubenstein
and Merzenich, 2003; Lewis et al., 2007; Wohr and Scattoni, 2013;
Ellenbroek and Youn, 2016; Chung et al., 2021). Behavioral tests
used to evaluate social deficits, communication impairments,
and repetitive activities have also been employed to validate the
mouse models of ASD (Table 1).

The hallmark characteristic of ASD is abnormal social
interaction, and several behavioral tests can be used to assess
social approach, reciprocal social interactions, nesting, sexual
interactions, parenting behaviors, and hostile encounters (Wohr
and Scattoni, 2013; Pensado-Lopez et al., 2020). An automated
three-chambered social approach task with a stranger and non-
social object on the opposite end can be utilized to reveal the
deficiency of sociability based on the time spent during the task
(Yang et al., 2011). The social approach task can also be used to
measure social recognition by replacing stimuli with familiar and
novel mice. An open field apparatus can be used for social and
sexual interactions by placing two unfamiliar mice together to
evaluate more sophisticated social behaviors. The mice interact
primarily by sniffing, following, crawling, and pushing each
other. Another ASD criterion is a deficit in communication,
which is the most challenging assay because mice do not use
language. Instead, mice produce ultrasonic vocalizations under
various conditions. Such ultrasonic vocalizations have been
found in newborns at the time of birth, pups removed from their
mother, juveniles during social play, and adults during mating,
aggression, or exploration (Scattoni et al., 2009). Restricted,
repetitive, and stereotyped patterns of behavior are fundamental
characteristics of ASD. Vertical jumping, backflipping, circling,
digging, marble burying, rearing, and excessive self-grooming are
common behaviors in mice (Lewis et al., 2007). The open field
test measures the presence and duration of locomotor activity.
Reversal learning tasks assess the capacity to adapt to a new
routine in the T-maze or Morris water maze (Zaccaria et al.,
2010). The tendency of mice to investigate novel objects and poke
their nose into holes in the wall or floor can be used to reflect
restricted interests (Moy et al., 2008).

Following the establishment of genetically engineered
mouse models, behavioral research, biochemical studies,
and neurophysiological investigations have validated the
link between candidate genes and ASD phenotypes. Various
studies using animal models of ASD are currently providing
fundamental knowledge regarding the biology and treatment
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FIGURE 1 | Synaptic proteins and signaling pathways linked to autism spectrum disorders. Synaptic proteins associated with ASD are involved in synapse formation
and synaptic function. The ASD-linked proteins covered in this review article are highlighted in red. Proteins in blue indicate molecular targets that were used to
ameliorate the ASD phenotype. CB1, Cannabinoid receptor type 1; OXTR, Oxytocin Receptor; MC4R, Melanocortin 4 Receptor; PLC, Phospholipase C; GABAR,
GABAA receptor; AMPAR, AMPA receptor; NMDAR, NMDA receptor; mGluR, metabolic glutamate receptor; IGF-1, Insulin-like growth factor 1; IL17A, Interleukin
17A; NCAM1, Neural Cell Adhesion Molecule 1; GRIP1, Glutamate Receptor Interacting Protein 1; SHANK3, SH3 and multiple ankyrin repeat domains 3; SAPAP,
Synapse-Associated Protein 90/Postsynaptic Density-95-Associated Protein; GKAP, guanylate-kinase-associated-protein; PSD-95, post-synaptic scaffolding protein
95 kDa; CNTNAP2, a contactin-associated protein-like 2 gene; PI3K, phosphoinositide-3 kinase; CLK2, CDC Like Kinase 2; PTEN, phosphatase and tensin
homologs; TSC, tuberous sclerosis complex; mTOR, a mammalian target of rapamycin; CHD8, chromodomain helicase DNA binding protein 8; MeCP2, methyl CpG
binding protein 2; LSD1, lysine-specific demethylase 1; UBE3A, Ubiquitin Protein Ligase E3A.

strategies of the disease. Based on the findings of analyses of
signal circuits for ASD models, it is conceivable to provide
molecular targets relevant for therapeutic intervention,
yielding optimism that ASD caused by defects in several
genes could be treated even after brain development has been
completed to some extent. In this review, we explain the mouse
models that can help in understanding ASD, the pathological
characteristics noted from each model, and pharmacological
restoration and potential rescue tactics derived for future
clinical trials.

MOUSE MODELS

ASD-related mouse models are implicated in three generally
defined genes: those engaged in the synaptic network, neuronal
signaling, and transcriptional and chromatin remodeling, based
on the discovered risk factors and biological etiology (De Rubeis
et al., 2014; Yoo, 2015; Rylaarsdam and Guemez-Gamboa,
2019; Chung et al., 2021). Various mouse models with targeted
mutations in these candidate genes have been developed and
used to explore the pathophysiological mechanisms of ASD
biology to better understand the genetics of ASD. Each mouse
model provided novel insights into the pathophysiology of
ASD, and pharmacological and genetic restoration experiments

using these mouse models revealed important clues for future
clinical trials.

Synaptic Network
Mutations in synapse-related genes, such as SH3 and multiple
ankyrin repeat domains (SHANK), neurexin (NRXN), contactin-
associated protein-like 2 (CNTNAP2), and neuroligin (NLGN),
are the most commonly described genetic etiologies in ASD.
Abnormalities in these synaptic genes are linked to ASD and
other complex neuropsychiatric illnesses, such as locomotor
difficulties, intellectual impairments, seizures, and speech
issues. Mouse models that target these synaptic genes have
primarily been used to precisely understand the molecular
mechanisms of ASD and have made significant contributions
to the discovery of relevant neuronal pathways and plausible
therapeutic approaches.

Neuroligin 3
Neuroligins (NLGNs) are post-synaptic adhesion proteins that
serve as ligands for NRXNs and pre-synaptically localized
adhesion molecules that support Ca2+-dependent trans-synaptic
binding to initiate synaptogenesis at central synapses (Reissner
et al., 2008). Among the five isoforms in humans, NLGN3 is
highly associated with non-syndromic ASD. A gain-of-function
mutation in NLGN3 (R451C) predisposes patients to X-linked

Frontiers in Molecular Neuroscience | www.frontiersin.org 3 June 2022 | Volume 15 | Article 922840

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnm
ol-15-922840

M
ay

30,2022
Tim

e:18:54
#

4

Lim
etal.

R
escue

S
trategy

From
A

S
D

’s
M

odel

TABLE 1 | Patients’ phenotypes, as well as phenotypes and rescue strategies shown in ASD mouse models.

Genes Human phenotype Mouse phenotype Cellular phenotype Rescue strategy Rescued phenotype References

Synaptic
network

SHANK3 Speech-defective ASD,
Phelan-McDermid
syndrome, Schizophrenia

Core ASD symptoms,
Anxiety

Hyperactive mGluR5 activity MPEP (mGluR5 antagonist) Grooming, Instrumental
learning, Striatal synaptic
plasticity

Wang et al., 2016

LSD1 (H3K4me2
demethylase inhibitor)

Core symptoms Rapanelli et al., 2022

Rapamycin, CLK2 inhibitor,
Akt activator, IGF-1

Social behavior Bidinosti et al., 2016

Adulthood correction with
SHANK3 expression

Core symptoms Mei et al., 2016

IL-17a Social behavior Reed et al., 2020

CNTNAP2 (NRXN4) Speech-defective ASD, AR
Pitt-Hopkins-like syndrom I

Core ASD symptoms Projection neuron mismigration,
Reduced GABAergic neurons
and oxytocin neurons

Oxytocin Social behavior Penagarikano et al., 2015

Ro27-3225 (melanocortin
receptor 4 agonist)

Social behavior Penagarikano et al., 2015

CX546 (positive allosteric
modulator of AMPA
receptor)

Social interaction Sacai et al., 2020

IL-17a Social behavior Reed et al., 2020

Risperidone Repetitive behavior Penagarikano et al., 2011

NLGN3 GOF – X-linked ASD or
Asperger syndrome

GOF – Impaired social
interaction, KO – Fragile X
syndrome

KO – Impaired corticostriatal
gltamatergic synapses, E:I
imbalance

Adulthood conditional
correction with WT NLGN3
in the Purkinje cells

Synaptic plasticity Baudouin et al., 2012

Cannabinoid Synaptic plasticity Martella et al., 2018

Neuronal
signaling

PTEN ASD, Oncological
syndromes

Impaired social interaction Upregulation of the Akt-mTOR
pathways, Downregulation of
GSK3

Rapamycin (supression of
mTORC1)

Social behavior Zhou et al., 2009

Reduced Rictor expression
(suprression of mTORC2)

Social behavior Zhou et al., 2009

TSC1/TSC2 ASD, Tuberous sclerosis-1 Core ASD symptoms,
Seizures

Increased number of
astrocytes, Early increase of
GABAergic interneurons

Rapamycin (supression of
mTORC1)

Seizure, Social behavior Zeng et al., 2008

UBE3A Maternal LOF – Angelman
syndrome, Paternal
duplication – ASD

Double or triple dose –
Core ASD symptoms

Increased dose of UBE3A –
Downregulation of
glutamatergic synapse

Cbln1 genetic expression Social interaction Krishnan et al., 2017

Transcriptional
and Chromatin
Remodeling

CHD8 ASD (macrocephaly,
distinct facial features,
gastrointestinal motility)

Core ASD symptoms,
Abnormal brain structure,
Anxiety

Downregulation of Wnt
signaling

Genetic restoration of
β-catenin

Social behavior Chahrour et al., 2008

MECP2 ASD, Rett syndrome Impaired social behavior,
Anxiety, Learning and
memory deficit

Impaired GABAergic neurons,
Decrease of BDNF expression

GABAA receptor agonist Social behavior, Anxiety, but
not Memory

Chang et al., 2006

IGF-1 Motor function, Breathing
pattern

Tanaka et al., 2012

BDNF Motor function,
Electrophysiological deficits

Hogart et al., 2007
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ASD or Asperger syndrome (Jamain et al., 2003). Synaptic
transmission and heterosynaptic competition have been reported
to be disturbed in NLGN3 knockout mice owing to disruption in
metabotropic glutamate receptor-dependent synaptic plasticity.
Autism is a developmental disorder that is usually diagnosed after
3 years of age. Researchers have attempted to determine whether
the behavioral traits of ASD can be reversed in adults with
abnormally developed brain structures over long periods of time.
A resolution to this topic was provided by rearing genetically
modified mice with a tetracycline transactivator to temporally
control the re-expression of wild-type NLGN3 in the Purkinje
cells of NLGN3 knockout mice. The synaptic abnormalities
observed in NLGN3 knockout mice could be reversed when the
NLGN3 gene was restored after brain development was complete,
indicating that the condition could be rescued even after a period
of time had elapsed since its onset (Baudouin et al., 2012). The
development of long-term synaptic depression at corticostriatal
glutamatergic synapses was observed in R451C-NLGN3 mutant
mice, corroborating the evidence for an imbalance between
excitatory and inhibitory (E:I) neurotransmissions in models
of ASD. Stimulation of the cannabinoid CB1 receptor partially
relieved long-term synaptic depression in this model, suggesting
that altered cannabinoid signaling may underpin the synaptic
plasticity impairments observed in ASD (Martella et al.,
2018). A recent optogenetic study in R451C knock-in mice
demonstrated that social deficiencies in autism are caused by
gamma oscillation disruption in the mPFC and that modulating
mPFC PV interneurons even in adulthood may help correct the
deficits (Cao et al., 2018).

Contactin-Associated Protein-Like 2
Contactin-associated protein-like 2 (CNTNAP2), also known
as NRXN4, is an NRXN superfamily transmembrane protein
found in the CNS. During nervous system development, it
influences the subcellular localization of potassium channels
within developing axons and mediates synapse formation
between neurons and glia (Poliak et al., 1999). In the developing
human brain, CNTNAP2 is abundant in circuits that are
critical for language development. Genetic abnormalities in
CNTNAP2 underlie speech-defective ASD and autosomal
recessive Pitt–Hopkins-like syndrome-1, characterized by severe
intellectual disability, regression of speech development, and
behavioral abnormalities (Alarcon et al., 2008; Arking et al.,
2008; Bakkaloglu et al., 2008; Smogavec et al., 2016). CNTNAP2
knockout mice display all the core behavioral characteristics of
ASD, with cortical projection neuron migratory impairments, a
decrease in GABAergic intermediate neurons, and concurrent
altered brain synchrony (Penagarikano et al., 2011). In
CNTNAP2 mutant mice, the number of oxytocin-positive
neurons in the paraventricular nucleus is reduced, similar to
brain oxytocin levels. Consistent with these findings, postnatal
treatment with the neuropeptide oxytocin improves aberrant
social behaviors in CNTNAP2 mutant mice (Penagarikano
et al., 2015). Social deficiency has been successfully corrected
in CNTNAP2 knockout mice upon treatment with a selective
melanocortin receptor 4 agonist known to promote endogenous
oxytocin release, whereas the oxytocin antagonist had the

opposite effect. Based on these findings, it is plausible to
deduce that in the CNTNAP2 knockout model, oxytocin
signaling failure causes ASD-like behavior. CNTNAP2 has
been found to be important in excitatory synaptic transmission
and maintenance of E:I balance in pyramidal neurons of the
developing mouse PFC. The impaired social interaction shown
in CNTNAP2 mutant mice was significantly restored when
AMPA receptor activity was enhanced through pharmacological
treatment, suggesting that disrupted E:I balance in layer 2/3
pyramidal neurons of the PFC led to impaired social interaction
in CNTNAP2 knockout mice (Sacai et al., 2020).

SH3 and Multiple Ankyrin Repeat Domains 3
SH3 and multiple ankyrin repeat domains (SHANK) is a large
protein with several protein interaction domains, including
ankyrin repeats, an SH3 domain, a PDZ domain, a proline-rich
region, and an SAM domain (Sheng and Hoogenraad, 2007). The
multidomain protein isoforms are generated by three SHANK
genes that are differentially expressed in developmental stages,
cell types, and brain regions (Boeckers et al., 1999; Bonaglia
et al., 2001). SHANK family proteins play a critical role in the
organization of post-synaptic molecular complexes in excitatory
synapses through interactions with cytoskeletal regulators,
endocytic machinery, diverse receptors, other adapters, and
synaptic scaffold proteins (Naisbitt et al., 1999; Tu et al.,
1999; Yao et al., 1999; Zitzer et al., 1999a,b; Kreienkamp
et al., 2000; Tobaben et al., 2000; Lim et al., 2001; Bockers
et al., 2004). Studies have shown that SHANK proteins play a
vital role in dendritic spine formation and neurotransmission
(Hering and Sheng, 2001; Sala et al., 2001; Ehlers, 2002;
Rubenstein and Merzenich, 2003; Shcheglovitov et al., 2013;
Gogolla et al., 2014; Filice et al., 2016; Lu et al., 2016; Yi et al.,
2016).

SH3 and multiple ankyrin repeat domains 3 (SHANK3)
deficiency in humans is associated with language and social
communication problems of ASD, Phelan–McDermid syndrome,
and schizophrenia (Durand et al., 2007; Gauthier et al., 2010).
To further understand the molecular mechanisms underlying
the role of SHANK3 in ASD, several research groups have
developed SHANK3 mouse models that closely resemble human
ASD characteristics, making a significant contribution to the
understanding of the pathophysiology of ASD. SHANK3-
deficient mice, both homozygous and heterozygous, displayed
repetitive grooming, anxiety, and social interaction deficits
(Bangash et al., 2011; Peca et al., 2011; Wang et al., 2011).
SHANK3 gene deletion also affects the spine number and size, as
well as AMPA transmission, indicating that SHANK proteins play
a crucial role in excitatory neurotransmission. Indeed, follow-up
studies have revealed that in the absence of SHANK3, excitatory
input from the cortex to the striatum develops abnormally,
resulting in an altered E:I ratio in the cortex and striatum
(Peixoto et al., 2016).

A mouse model was employed to study the signaling circuit
related to SHANK3 and played a key role in presenting the
molecular network considered to be involved in ASD, in addition
to presenting the anatomical and physiological characteristics
that can arise in ASD. The findings have led to the development
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of a novel therapeutic strategy that was immediately verified
using an animal model. SHANK3 deficiency causes the mGluR5-
dependent corticostriatal-thalamic circuit to become hypoactive
during social behaviors (Wang et al., 2016). In the mouse
model, modulation of mGluR5 activity restored excessive
grooming, instrumental learning, and striatal synaptic plasticity,
suggesting that mGluR5 can be used to treat ASD. In the PFC
of patients with ASD and SHANK3 mutant mice, histone
lysine 4 demethylation (H3K4me2) was drastically reduced.
Treatment of autism models with highly selective inhibitors of
the H3K4me2 demethylase LSD1 results in a robust rescue of the
core symptoms of ASD, revealing an important role of H3K4me2
abnormality in ASD pathophysiology and the therapeutic
potential of targeting H3K4me2 demethylase LSD1 (Rapanelli
et al., 2022). SHANK3-deficient neurons showed decreased
ubiquitin-dependent degradation of CLK2 and impaired
activation of Akt and mammalian target of rapamycin complex
1 (mTORC1) pathway proteins (Bidinosti et al., 2016). In
Phelan–McDermid syndrome-derived neurons, pharmacological
activation of Akt or inhibition of CLK2, and insulin-like growth
factor-1 treatment restored excitatory synaptic activity in an
Akt-dependent manner. In a SHANK3-deficient mouse model,
CLK2 inhibition also restored normal sociability, providing
novel mechanistic and potentially therapeutic insights into
SHANK3-deficient signaling.

As previously stated, expressing wild-type NLGN3 after
maturity can ameliorate the ASD phenotype in NLGN3-
null mice. We tested whether the reversible features of ASD
pathophysiology apply to an ASD model with other genetic
abnormalities, using SHANK3 knockout mice. The answer was
revealed by rearing transgenic mice with SHANK3 exons flipped
upside down and then utilizing genetic manipulation to restore
the normal orientation of the reverse exons once the mice had
reached adulthood (Mei et al., 2016). Mice with inverted exons
had biochemical, anatomical, and electrophysiological defects,
and behavioral characteristics of ASD, which were confirmed to
be substantially reversed when the exon was corrected. These
findings suggest that aberrant development of the autistic brain
caused by a congenital SHANK3 gene defect has considerable
plasticity and can be substantially restored with later treatment.

Immune system dysregulation is seen in certain patients
with ASD, and it is hypothesized that such a dysregulation
could contribute to the development of ASD (Hsiao,
2013; Gottfried et al., 2015). Surprisingly, during systemic
inflammation, some children with ASD appear to have
improved autistic behavioral symptoms (Curran et al., 2007).
When a mouse model deficient in CNTNAP2, FMR1, and
SHANK3 was compared with an environmental model
of a neurodevelopmental disorder in which mice were
exposed to maternal immune activation during embryonic
development, it was demonstrated that interleukin (IL)-
17a production during inflammation directly affects the
nervous system to improve the expression of social behavioral
deficits (Reed et al., 2020). This research points to a unique
neuroimmune mechanism underlying neurodevelopmental
disorders, and IL-17a as a potential therapeutic target for autistic
behavioral improvement.

Neuronal Signaling
Downstream and upstream signaling pathways of synaptic
receptors and channels influence synapse formation,
development, and elimination. The signaling molecules
control the size and characteristics of neurotransmission and
therefore regulate gene expression programs in neurons. This
gene group includes kinases, phosphatases, and adaptors, and
other components of neuronal signaling, with phosphatase and
tensin homolog (PTEN) and mammalian target of rapamycin
(mTOR) signal complexes serving as examples.

Phosphatase and Tensin Homolog
Phosphatase and tensin homolog (PTEN) is a tumor suppressor
gene that encodes dual-specificity phosphatase and suppresses
the PI3K-mTOR signaling pathway (Luo et al., 2003). It
regulates synaptogenesis, connections, and synaptic plasticity
in the brain and is a critical modulator of synaptic function.
PTEN deficiency is linked to oncological syndromes in humans,
and social interaction and communication disorders, repetitive
behaviors, and epilepsy in some circumstances (Rademacher and
Eickholt, 2019). PTEN deficiency in the mouse CNS resulted
in forebrain macrocephaly and neuronal hypertrophy, aberrant
dendritic and axonal development, and synapse density (Kwon
et al., 2006; Zhou and Parada, 2009; Takeuchi et al., 2013).
These morphological changes are linked to upregulation of the
Akt-mTOR pathways and downregulation of GSK3 caused by
PTEN dysfunction, resulting in aberrant social interactions and
excessive responses to sensory stimuli (Kwon et al., 2006).

Rapamycin effectively inhibits the overactivation of mTORC1
in the mTOR pathway, thereby improving neuronal hypertrophy
and behavioral abnormalities in PTEN knockout mice (Zhou
et al., 2009). In PTEN-null mice, mTORC2, which is less
sensitive to rapamycin, is also overactivated. The behavioral
and neurophysiological abnormalities of PTEN-null mice
were improved when Rictor expression was suppressed
using an antisense oligonucleotide to selectively disrupt the
function of mTORC2; this finding suggests that mTORC1
and mTORC2 hyperactivities are the primary driver of the
neuropathophysiology associated with PTEN deficiency
(Chen et al., 2019).

Tuberous Sclerosis 1
The tumor suppressor gene Tuberous Sclerosis 1 (TSC1)
forms a molecular complex with tuberin (TSC2) to inactivate
the mTOR pathway (van Slegtenhorst et al., 1997). TSC1/2
is intimately associated with ASD, and ASD-like symptoms
can be seen in approximately 30–60% of patients with TSC
(Numis et al., 2011; Bahl et al., 2013). To determine the
role of TSC1/2 in ASD, researchers developed a mouse
model and found that heterozygous TSC1/2 mice showed
an increase in the number of astrocytes, implying that the
TSC1/2 complex is an essential regulator of astrocyte growth
(Uhlmann et al., 2002). Conditional knockout of TSC1 resulted
in brain enlargement, progressive epilepsy, and premature
death (Zeng et al., 2008). TSC1-haploinsufficient and -null
mice displayed impaired social behaviors, as well as an
early increase in terminal axonal branching and synaptic
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density of PV-positive GABAergic interneurons (Amegandjin
et al., 2021). These findings indicate that alterations in the
mTOR signaling pathway caused by TSC1/2 mutations may
be linked to the development of ASD, with the aim of
determining whether rapamycin can improve ASD symptoms.
In heterozygous or homozygous TSC1 mutant mice, rapamycin
administration suppressed mTOR, resulting in reduced S6
phosphorylation, and alleviated aberrant social behaviors and
seizures (Zeng et al., 2008; Tsai et al., 2012; Abs et al.,
2013).

Ubiquitin-Protein Ligase E3A
Ubiquitin-Protein Ligase E3A (UBE3A) acts as an E3 ligase in
the ubiquitin-proteasome pathway and is engaged in synaptic
plasticity as well as transcriptional coactivation (Scheffner et al.,
1993; Nawaz et al., 1999; Margolis et al., 2010; Sun et al., 2015).
Angelman syndrome is caused by a maternal genetic loss of
function of chromosome 15q containing the UBE3A gene, which
is characterized by severe neurological and motor impairments
(Albrecht et al., 1997; Cook et al., 1997). Transgenic mice
with increased UBE3A levels, which show deficiencies in social
interactions and stereotyped repetitive behaviors, were reared
to investigate the function of this gene in brain developmental
disorders (Smith et al., 2011). In UBE3A transgenic mice,
there was a decrease in excitatory synaptic transmission owing
to a reduction in the probability of presynaptic glutamate
release and suppression of the post-synaptic action potential
(Smith et al., 2011). Social behavioral defects were induced
when UBE3A was overexpressed in the midbrain ventral
tegmental area owing to downregulation of the glutamatergic
synaptic organizer Cbln1, which is required for sociability;
however, this was resolved by genetically restoring UBE3A in
glutamatergic neurons in the region (Krishnan et al., 2017). The
E:I balance in the mPFC of the Angelman syndrome model
was considerably disrupted, and the interneuron excitability
decreased. Increased Arc expression and decreased AMPA
subtypes of glutamate receptors at excitatory synapses result
from UBE3A deletion (Greer et al., 2010). Even when the brain
is fully mature, physiological alterations in the mPFC caused
by a defect in the UBE3A gene have been shown to be fully
reversible upon gene reactivation; this implies that there is no
substantial developmental window for reversing the physiological
deficiencies detected in UBE3A conditional knockout mice
(Rotaru et al., 2018).

Transcriptional and Chromatin
Remodeling
Transcriptional and chromatin remodeling are other categories
of genes linked to ASD. ATP-dependent chromatin remodelers
and modifiers are crucial for chromatin control (Ronan et al.,
2013). Chromatin remodelers adjust the status of nucleosomes
to coordinate gene transcription, whereas chromatin modifiers
add or remove acetylation, methylation, ubiquitylation, and
phosphorylation of histone proteins. These mechanisms, which
allow neuronal growth, differentiation, and connectivity, are
regulated by chromatin remodeling (Ronan et al., 2013).

Chromodomain Helicase DNA Binding Protein 8
Chromodomain Helicase DNA Binding Protein 8 (CHD8) is
an ATP-dependent chromatin remodeling protein that directly
recruits and binds β-catenin from the promoter region of the
β-catenin target gene, thereby repressing β-catenin-mediated
transcription (Thompson et al., 2008). Disruptive CHD8
mutations are strongly linked to ASD and are characterized
by macrocephaly, distinct facial features, and gastrointestinal
motility (Bernier et al., 2014). ASD-like symptoms, including
social behavioral problems, repetitive activities, and increased
anxiety, are observed in heterozygous individuals with CHD8
mutations (Katayama et al., 2016). CHD8 knockdown resulted
in the downregulation of several Wnt signaling pathway
transducers and effectors, including FZD1, FZD2, DVL2, DVL3,
and CTNNB1, leading to abnormal neural progenitor cell
proliferation and differentiation during cortical development.
Furthermore, CHD8 knockdown resulted in abnormalities in
brain structure, increased anxiety levels, and aberrant social
interactions in adult mice (Durak et al., 2016). Finally,
whether augmenting Wnt signaling could alleviate the ASD
phenotype caused by CHD8 knockdown was examined. In
utero electroporation was used to co-express a β-catenin
construct with CHD8 shRNA at E13. Genetic restoration
of β-catenin rescued the anatomical, developmental, and
behavioral defects caused by CHD8 knockdown, suggesting
that the ASD-related phenotype induced by CHD8 dysfunction
can be improved by enhancing the Wnt signaling pathway
(Thompson et al., 2008).

Methyl-CpG Binding Protein 2
Methyl-CpG Binding Protein 2 (MECP2) is a chromatin-
associated protein that binds to methylated CpG and has a role
in transcriptional activation or repression of possibly hundreds
of genes (Nan et al., 1997; Chahrour et al., 2008). It is an X-linked
gene necessary for neural maturation in both mice and humans
during embryonic development (Tate et al., 1996). MECP2
inhibits the expression of BDNF by specifically regulating
BDNF promoter III (Chen et al., 2003). After depolarization,
neurons release more BDNF owing to the dissociation of the
MECP2-histone deacetylase-mSin3A inhibitory complex from
the promoter due to reduced CpG methylation, indicating that
MECP2 plays a key role in BDNF expression (Martinowich et al.,
2003). It is clear from these findings that DNA methylation and
related chromatin remodeling in response to neural activity play a
significant role in gene transcription regulation (Chen et al., 2003;
Martinowich et al., 2003). Rett syndrome and ASD, which are
progressive neurodevelopmental diseases marked by an increase
in repetitive stereotyped behaviors and loss of social, cognitive,
and language abilities, have a high prevalence of MECP2 gene
mutations (Zappella et al., 2001; Heindel et al., 2006; Swanberg
et al., 2009).

Methyl-CpG Binding Protein 2 (MECP2)-null mice showed
impaired nest-building activity, learning and memory deficits,
and defective social interaction (Moretti et al., 2005). Deletion
of MECP2 in forebrain GABAergic neurons recapitulated Rett
syndrome and ASD symptoms, such as repetitive behaviors,
impaired motor coordination, and altered sensorimotor arousal
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(Chao et al., 2010). In MECP2 mutant mice, tactile over-
reactivity was reduced by restricted treatment with a GABAA
receptor agonist in peripheral mechanosensory neurons, and
chronic treatment improved anxiety-like behaviors and social
impairments, but not memory deficits (Orefice et al., 2019).
Insulin-like growth factor 1 is a pleiotropic growth factor that
acts similarly to BDNF in the nervous system, stimulating
the PI3K/pAkt/PSD-95 and MAPK pathways and increasing
excitatory post-synaptic currents (Zheng and Quirion, 2004;
Ramsey et al., 2005). Insulin-like growth factor-1 treatment
normalized spine density and synaptic amplitude, increased
PSD-96, and stabilized cortical plasticity in MECP2 mutant
mice, which led to partial improvements in motor function and
breathing patterns (Tropea et al., 2009).

Furthermore, MECP2 mutant mice had lower BDNF
expression in the brain, and conditional deletion of BDNF
in MECP2 mutants accelerated the development of RTT-like
syndrome (Chang et al., 2006). Motor impairments were
restored, and electrophysiological deficits were alleviated when
BDNF expression increased in MECP2 mutant mice (Chang
et al., 2006). Interestingly, MECP2-deficient mice had a higher
rate of neuronal BDNF secretion but a lower overall BDNF
content, implying that MECP2 deficiency disrupts the balance
between BDNF protein expression and secretion, impairing
synaptic BDNF signaling (Wang et al., 2006).

According to several studies, MECP2 loss suppresses the
expression of UBE3A and another autism-associated gene
(GABRB3) in the postnatal mammalian brain (Samaco et al.,
2005; Hogart et al., 2007; Tanaka et al., 2012). MECP2 loss causes
epigenetic abnormalities, which result in increased antisense
RNA levels and decreased UBE3A production, implying a
mechanistic link between MECP2 and UBE3A-induced autism
(Makedonski et al., 2005).

MECP2 transgenic mice overexpressing the human MECP2
gene displayed MECP2 replication syndrome symptoms, and
by 10 weeks of age, they had increased contextual learning
and motor function, and improved synaptic plasticity in the
hippocampus (Collins et al., 2004). Consistent with the results
of the SHANK3 knockout model, when MECP2 expression was
genetically restored in adult MECP2-null mice, all neurological
abnormalities were reversed, and the phenotype significantly
improved; this finding implies that aberrant brain development
caused by MECP2 loss can be addressed even after a certain
amount of time (Guy et al., 2007).

DISCUSSION

Several investigations have been conducted on ASD, using
genome sequencing to identify gene mutations in patients
with ASD, non-invasive brain imaging studies, anatomical and
neurophysiological studies, and most importantly, development
and examination of animal models with candidate genes.
Given the genetic manipulation processes used to create
transgenic animals, generating the syndrome ASD model is
rather straightforward and efficient. Since each gene associated
with syndromic ASD is located in one of the principal signaling

pathways in neurons, dysregulation of genes upstream or
downstream of the pathway might cause similar abnormalities.
As a result, the syndromic ASD model meets the requirements for
representativeness and convenience in ASD research. However,
it must be emphasized that research using the syndrome
ASD model have limitations in presenting knowledge for non-
syndromic ASD, which accounts for a high percentage of cases.
So far, the etiology and pathophysiology of ASD remain poorly
understood. The fact that the genetic causes of ASD are diverse
is the primary reason for these difficulties. As ASD is caused by a
variety of genetic abnormalities, even if effective medications are
developed for one subtype of ASD, they may not be successful
against another subtype of ASD. Furthermore, because the
genetic causes in patients are diverse, it is possible to conclude
that the effectiveness of a particular drug is low; this is because it
is beneficial only in a portion of patients during the development
phase. Consequently, this disease needs to be characterized more
precisely to create medications for treatment and gaining better
knowledge of the disease itself.

To date, E:I imbalance in cortical and subcortical neuronal
circuits is one of the most prominent theories underlying
ASD (Rubenstein and Merzenich, 2003). This theory is notable
because it could explain the frequent observation of reduced
GABAergic signaling in the developmental ASD brain (Cellot and
Cherubini, 2014). Any defect in GABAergic inhibition increases
noise in the cortex, basal ganglia, and hippocampus. Abnormal
glutamatergic neurotransmission has also been reported in adult
ASD brain regions, such as the primary sensorimotor cortex (He
et al., 2021). Defects in the several genes mentioned above may
cause alterations in the glutamatergic and GABAergic systems,
resulting in an overall increase in the E:I ratio in ASD (Canitano
and Palumbi, 2021). Glutamatergic hyperactivity is associated
with NLGN, NRXN, and SHANK. Genetic defects in NLGN and
NRXN reduce excitatory activity and the NMDA/AMPA ratio
(Etherton et al., 2009). SHANK knockout results in impaired
mGluR5-dependent modulation of neural network activity and
reduced NMDA receptors, specifically at synapses (Verpelli et al.,
2011). GABAnergic inhibitory dysfunction has been observed in
MECP2 and CNTNAP2 deficiencies. IL-17a is expected to affect
the firing pattern of certain neurons, which has been shown
to improve behavioral abnormalities in animal models of ASD;
however, further investigation is required to fully understand
its therapeutic benefits. Based on these findings, it may be
determined that a group of ASD-related genes causes the disease
by disturbing the E:I balance. However, further research is
necessary to determine if the deletion of these genes leads to a
disturbance in the overall E:I balance owing to the impairment of
the same type of neurons in the same brain region.

Furthermore, certain genes implicated in the development
of ASD may cause the disease through a mechanism other
than E:I imbalance. For example, the molecular mechanisms
through which PTEN or mTOR complex components cause
ASD are not fully understood. They may have a pathogenic
mechanism distinct from E:I imbalance because they are engaged
in the regulation of overall translation. Additionally, oxytocin is
considered a promising treatment for ASD, although the precise
mechanism of action is unclear, apart from the fact that it affects
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the limbic system to regulate sociability and anxiety. Therefore,
distinct groups of ASD-associated genes may be involved in
diverse neurophysiological features that are yet to be fully
delineated, and it is difficult to predict the diversity of these genes.

Although the contribution of each gene to the development
of ASD is small (less than 1%), it is determined that
each gene is part of a distinct biochemical pathway and is
engaged in the production of a common output (Voineagu
et al., 2011). This finding suggests that therapeutics that
involve biological pathways in which they converge, rather
than individual genes, could be effective. Therapeutic
medications discovered using this approach could be
widely employed in the treatment of ASD caused by
defects in a specific pathway, thereby benefiting a larger
patient population.

In summary, ASD should be categorized according to the
molecular pathways in which each disease gene converges, and
common features and potential therapeutic targets for these
groups should be determined through multi-faceted studies,
including animal model studies. The number of ASD-associated
genes in larger patient samples will continue to increase in the
future. If researchers can demonstrate the molecular connections
between ASD genes and identify their function in specific brain
areas, ASD can be classified more effectively. This work can serve

as the foundation for developing biomarkers for each subgroup
and identifying therapeutic strategies.
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