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Abstract

Autism spectrum disorders (ASD) and epilepsy are common neurological diseases of childhood, with an estimated incidence of approximately
0.5-1% of the worldwide population. Several genetic, neuroimaging and neuropathological studies clearly showed that both ASD and epilepsy
have developmental origins and a substantial degree of heritability. Most importantly, ASD and epilepsy frequently coexist in the same
individual, suggesting a common neurodevelopmental basis for these disorders. Genomewide association studies recently allowed for the
identification of a substantial number of genes involved in ASD and epilepsy, some of which are mutated in syndromes presenting both ASD
and epilepsy clinical features. At the cellular level, both preclinical and clinical studies indicate that the different genetic causes of ASD and
epilepsy may converge to perturb the excitation/inhibition (E/1) balance, due to the dysfunction of excitatory and inhibitory circuits in various
brain regions. Metabolic and immune dysfunctions, as well as environmental causes also contribute to ASD pathogenesis. Thus, an E/l imbalance
resulting from neurodevelopmental deficits of multiple origins might represent a common pathogenic mechanism for both diseases. Here, we
will review the most significant studies supporting these hypotheses. A deeper understanding of the molecular and cellular determinants of

autism—epilepsy comorbidity will pave the way to the development of novel therapeutic strategies.

Introduction

Autism spectrum disorders (ASD) and epilepsy are common
neurological diseases of childhood, with an estimated incidence range
from 0.5 to 1%. Several clinical studies indicate that ASD and epilepsy
frequently co-occur; epilepsy occurs in 6—27% of ASD patients, while
the rate of ASD diagnosis in epileptic children is estimated from 5 to
37% (Jeste & Tuchman, 2015; and references therein). Several studies
reported that epilepsy could both precede and follow the occurrence of
ASD symptoms, and a diagnosis of ASD-epilepsy comorbidity is
usually reached in early childhood or adolescence (Jeste & Tuchman,
2015; and references therein). These observations led to the hypothesis
that both disorders may have, at least in certain cases, common
neurobiological basis. Indications in support of this hypothesis result
from genetic conditions such as Fragile X (FXS), tuberous sclerosis,
Rett, maternal duplications on chromosome 15q11.2-q13.1 (Dup15q)
and Phelan-McDermid syndromes, which are characterized by both
early-onset epilepsy and ASD symptomatology (Jacob, 2016). These
genetic conditions are all characterized by intellectual disability (ID)
comorbidity (Jeste & Tuchman, 2015). Moreover, it is widely accepted
that both ASD and early-onset epilepsy (even when not co-occurring)
may have genetic causes that impact synaptic function and brain
development (reviewed by de la Torre-Ubieta et al., 2016; and Bozzi
et al., 2012). One of the most consistent hypotheses to explain ASD—
epilepsy comorbidity postulates that neurodevelopmental defects of
multiple origins (e.g. genetic, metabolic, immune and environmental)
lead to an altered structure and function of excitatory and inhibitory
circuits, ultimately resulting in a persistent excitation/inhibition (E/T)
imbalance and hyperexcitability. Neurodevelopmental deficits of
inhibitory circuits and subsequent E/I imbalance seem to be
disturbances may also compromise the E/I balance, leading to
ASDepilepsy comorbidity (Frye, 2015; Frye & Rossignol, 2016; Frye
et al., 2016).
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All these deficits, when occurring during embryonic and early
postnatal brain development, may impact synaptic plasticity and
connectivity, and predispose the developing brain to hyperexcitability,
cognitive delay, ID and behavioral impairments. Here, we review the
most significant studies supporting these hypotheses, mainly focusing
on developmental defects of GABAergic and glutamatergic systems.
Metabolic, immune and environmental causes of ASD-epilepsy
comorbidity have been extensively reviewed by other authors (Frye,
2015; Frye & Rossignol, 2016; Frye et al., 2016) and will be only
briefly addressed here.

GABAergic dysfunction in ASD and epilepsy: studies on human
subjects

A defect in GABAergic interneuron signaling has long been
established as a key mechanism of epileptogenesis, and will not be
reviewed here. For an extensive discussion on GABAergic dysfunction
in epilepsy, the reader is referred to previous studies (Treiman, 2001;
Bernard, 2012; Jiang et al., 2016). However, it is worth mentioning that
GABA-mediated inhibition, the activity of glutamate decarboxylase
(GAD), the number of GABAergic interneurons, ligand binding to
GABAA receptors and GABA levels have all been reported to be
decreased in human epileptic brain tissues. A causal role of
GABAergic dysfunction in ASD was first hypothesized in early 2000s
by Hussman, Rubenstein and Merzenich (Hussman, 2001; Rubenstein
& Merzenich, 2003). Since then, several genetic, neuropathological,
and neuroimaging studies showed that GABAergic dysfunctions occur
in ASD and might contribute to ASD— epilepsy comorbidity.

Genetic data

Page 14



Computer Engineering

ISSN: 10003428

Volume 15 | Issue 1 | Year 2026

https://journalofcomputerengineering.com/

Many of the genes associated with ASD have also been implicated in
epilepsy. These genes are mainly involved in regulating synaptic
transmission and DNA methylation/chromatin remodeling. Recently,
exome sequencing of ASD cohorts revealed a large number of ASD
gene candidates with de novo loss-of-function mutations or de novo
missense variants (lossifov et al., 2014). When mutated in mice, some
of these genes result in epilepsy and ASD-like behaviors (Noebels,
2015). Direct genetic evidence of GABAergic gene defects associated
with ASD-epilepsy comorbidity comes from the study of a particular
form of ‘syndromic autism’, the Dup15q syndrome. This disorder (as
FXS, tuberous sclerosis, Rett and PhelanMcDermid syndromes) is
characterized by the co-occurrence of ASD and epilepsy
symptomatology. Dup15q syndrome arises from maternal duplications
on chromosome 15q11.2-q13.1, which lead to the overexpression of
several genes, including UBE3A (ubiquitin ligase E3A) and a cluster
of GABAA receptor subunits (Schroer et al., 1998). Association studies
linking single-nucleotide polymorphisms in GABA receptor subunit
genes to ASD and epilepsy further support this interpretation
(Buxbaum et al., 2002; Collins et al., 2006).

Neuropathological findings

The reduction in minicolumns observed in post-mortem samples of
ASD patients (Casanova et al., 2002) led to the hypothesis that
inhibitory circuits were disrupted in the autistic brain (Casanova et al.,
2003); minicolumns are elemental modular microcircuits of the
neocortex, composed of excitatory pyramidal neurons surrounded by
GABAergic inhibitory neurons. Indeed, post-mortem studies indicate
that GABAergic neurotransmission is altered in ASD. Significantly
reduced levels of GABAA receptor subunits, GABAg receptors and
GAD67/65, and reduced binding to GABAa receptors were detected in
ASD brains (Blatt et al., 2001; Fatemi et al., 2002, 2010; Samaco et al.,
2005; Oblak et al., 2010, 2011). Another study performed on post-
mortem tissues showed an increased density of calbindin (CB),
calretinin (CR) and parvalbumin (PV) positive interneurons within
ASD hippocampi, as compared to control samples (Lawrence et al.,
2010).

Several histopathological studies revealed malformations of cortical
development (focal cortical dysplasia and heterotopias) in both ASD
and epilepsy brain tissues (Blackmon, 2015). However, only one study
on post-mortem tissues identified an increased number of proliferating
neuronal precursors in the subventricular zone of ASD patients with
epilepsy, as compared to healthy controls or ASD cases alone (Kotagiri
et al., 2014). Experiments performed on human neural progenitors
derived from induced pluripotent stem cells (iPSCs) carryinga 15q11.2
microdeletion might help to shed light on the role of neuronal precursor
proliferation in the pathogenesis of ASD, epilepsy and other
neuropsychiatric disorders. Copy number variants (CNVs) of 15q11.2
have been linked to ASD, epilepsy and schizophrenia (SCZ; Yoon et
al., 2014; and references therein). The 15q11.2 chromosomal region
contains CYFIP1, a gene controlling neuronal precursor polarity. The
CYFIP1 protein interacts with gene products involved in several
neuropsychiatric disorders including ASD, SCZ and ID (De Rubeis et
al., 2013), and CYFIP1 deficiency in mice results in ectopic
localization of neuronal progenitors outside of the ventricular zone
(Yoon et al, 2014). Accordingly, human iPSC-derived neural
progenitors carrying a 15q11.2 microdeletion exhibit localization
deficits in vitro (Yoon et al., 2014). Similarly, CYFIP1 knockdown in
human neural progenitors results in compromised cytoskeletal
remodeling and overrepresentation of SCZ and epilepsy genes (Nebel
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et al., 2016). Thus, deficiency of CYFIP1 during the early stages of
brain development might result in severe neuronal migration deficits
that would predispose to ASD and epilepsy; however, it remains to be
determined which neuronal subtypes would be mostly affected by the
deficiency of CYFIP1.

EEG and brain imaging studies

People with ASD present a marked increased incidence of epileptiform
activity (interictal spikes) in electroencephalogram (EEG) recordings
(Jeste & Tuchman, 2015; Buckley & Holmes, 2016). Also, altered c-
band oscillations have been described in resting state EEGs from
autistic patients (van Diessen et al., 2015), suggesting a dysfunction of
parvalbumin (PV)-positive interneurons (which are responsible for c-
band oscillations; Buzsaki & Wang, 2012). Conversely, a detailed
analysis of the EEG profiles of patients suffering from ASD and
epilepsy vs. ASD alone is still lacking.

Brain imaging studies provided some evidence in support of a shared
pathogenesis for ASD and epilepsy. Magnetic resonance imaging
(MRI) studies identified abnormal gray/white matter volumes and
aberrant brain growth trajectories in both ASD and pediatric epilepsies
(Blackmon, 2015). GABAergic signaling defects in ASD patients were
detected by single-photon emission computed tomography (SPECT)
and positron emission tomography (PET) brain imaging studies. '2I-
iomazenil binding showed decreased quantities of GABAA receptors in
the frontal cortex (Mori et al., 2012b), while in vivo binding
experiments using a radioactive ligand specific for GABAAa a5 subtype
receptors revealed a significant reduction in binding in two limbic brain
regions, the amygdala and nucleus accumbens (Mendez et al., 2013).
More recently, Robertson et al. (2016) used magnetic resonance
spectroscopy to show that reduced GABA levels were associated with
deficits of visual perception in the visual cortex of ASD patients. A
systematic literature review and meta-analysis of proton magnetic
resonance spectroscopy ('H-MRS) studies recently confirmed that
GABA levels are indeed reduced in ASD brains (Sch€ur et al., 2016),
thus providing a direct evidence for the presence of disrupted inhibitory
signaling in the autistic brain. Few imaging studies instead investigated
GABAergic system alterations specifically in ASD—epilepsy patients.
123]-iomazenil SPECT and 'H-MRS revealed a significant decrease in
GABAA receptor binding and increased GABA levels in cortical tubers
from tuberous sclerosis complex (TSC) patients (Mori et al., 2012a).
TSC presents a high degree of ASD—epilepsy comorbidity (Sahin &
Sur, 2015; Buckley & Holmes, 2016; Sahin et al., 2016). The authors
hypothesized that seizures in TSC might be caused by decreased
inhibition that was secondary to the reduced levels of GABA receptors
in the cortical tubers, increased GABA levels being a compensatory
mechanism for reduced inhibition (Mori et al., 2012a).

Taken together, these data indicate that GABAergic
neurotransmission is compromised in ASD, and support the hypothesis
that a disruption in inhibitory signaling might be related to ASD—
epilepsy comorbidity. It remains to be determined whether and how
these anatomical malformations may impact GABAergic function and
contribute to the co-occurrence of autistic behavior and brain
hyperexcitability. Genetic, histopathological, EEG and imaging studies
comparing ASD and ASD—epilepsy patients will be needed to identify
specific pathogenic mechanisms of ASD—-epilepsy comorbidity.

The data collected from human subjects have two limitations. First,
post-mortem neuroanatomical studies do not allow us to establish a
causal relationship between the clinical phenotype and the observed
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anatomical defect. Second, it is important to point out that few studies
have been performed to identify neuroanatomical and functional
biomarkers of ASD—epilepsy comorbidity (Buckley & Holmes, 2016).
More compelling evidence supporting the hypothesis of GABAergic
defects in ASD—epilepsy comorbidity comes from animal studies. In
mice, mutations in many ASD-associated genes result in
neurodevelopmental defects of the inhibitory system, subsequently
leading to ASD-like behaviors and epilepsy at early postnatal age or
adulthood. In the following paragraphs, we will present recent
advances in understanding the genetic determinants of ASDepilepsy
comorbidity, as they emerge from the study of ASD mouse models,
and discuss the importance of these studies for the development of
novel therapeutic strategies.

GABAergic dysfunction in ASD and epilepsy: mouse model
data

In recent years, the increasing number of available mouse models
provided a powerful tool to investigate the molecular, neuroanatomical
and behavioral consequences of gene dysfunction in ASD. These
studies also allowed us to identify comorbidities associated with ASD-
like behaviors. We, therefore, took advantage of the Simons
Foundation Autism Research Initiative (SFARI) database (the largest
database of ASD-related genes and animal models; https://gene.sfari.
org/) to compile a list of all known genetic mouse models displaying
the co-occurrence of ASD-like behaviors and seizures. Table 1 shows
a total number of 26 genes and 36 mouse models associated with ASD—
epilepsy comorbidity. As reported in previous review studies (de la
Torre-Ubieta et al., 2016), most of these genes code for proteins
relevant to transcriptional regulation, protein synthesis and synaptic
function. From the analysis of mouse models, it emerges that genetic
lesions responsible for ASD-epilepsy comorbidity often result in
decreased inhibition in selected brain regions. Here, we summarize the
most  relevant  gene  expression,  neuroanatomical  and
electrophysiological data supporting this hypothesis (Fig. 1).

Transcriptome data

So far, transcriptome profiling has been performed in five mouse
models showing ASD-seizure comorbidity (ARX, En2, Fmrl, Rbfox1
and Pten mutant mice). These studies analyzed mRNA expression in
different brain structures (hippocampus, cerebellum and cerebral
cortex) at various embryonic and postnatal ages. A first study using the
differential display technique showed reduced expression of the
GABAA receptor d subunit in the hippocampus of Fmr1 knockout mice
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(Gantois et al., 2006). More recent RNA sequencing experiments
performed on Fmrl, Rbfox1 and Pten mutant brains showed that
deregulated mRNAs were enriched in genes involved in brain
development and autism but not epilepsy or GABAergic function
(Prilutsky et al., 2015; Lee et al., 2016; Tilot et al., 2016). More
interestingly, transcriptome analysis of embryonic (E12.5)
telencephalon from ARX mutant mice revealed, among deregulated
genes, a significant enrichment (12%) of genes implicated in ASD and
epilepsy (Mattiske et al., 2016). Similarly, we recently showed
significant enrichment of ASD and epilepsy genes among differentially
expressed genes in the adult hippocampus of En2 knockout (En2’) mice
(Sgado et al., 2013b; Provenzano et al., 2016). Moreover, genes
involved in pre- and postsynaptic GABAergic transmission were
significantly enriched among downregulated genes in the En2’ adult
hippocampus (Provenzano et al, 2016). Thus, mutations of
transcriptional regulators of brain development (both ARX and En2 are

homeobox-containing  transcription factors) seem to affect
developmental programs of forebrain structures involved in
epileptogenesis.

Histopathological data: loss of GABAergic interneurons

The majority of GABAergic interneurons are generated in the
ganglionic eminences of the basal forebrain, from where they migrate
along the subventricular zone into the neocortex (Marm, 2012).
Interneuron  subtypes are identified by their morphological,
neurochemical and electrophysiological properties (Ascoli et al.,
2008). PV and somatostatin (SST) containing interneurons, which
derive from the medial ganglionic eminence, account for about 70 and
90% of all interneurons in the cerebral cortex and hippocampus
respectively (Rudy etal., 2011; Tricoire et al., 2011). Other interneuron
subtypes, deriving from the caudal ganglionic eminence, include those
expressing CR, neuropeptide Y (NPY), vasointestinal peptide (VIP) or
reelin (Fishell & Rudy, 2011). All these different interneuron subtypes
develop and mature at different embryonic and early postnatal ages
(Fishell & Rudy, 2011).

Several studies performed in mouse models of ASD-epilepsy,
summarized in Table 1, show profound alterations in GABAergic
interneuron number and positioning. These studies revealed a
consistent defect of PV-positive interneurons in most of the analyzed
models (Cntnap2, En2, Fmrl, Nrp2 and Plaur), except for ARX and
Tscl mutants (in some models, such as reeler and Viaat-conditional
MeCP2 mutants, subtypes specifically
investigated). Defects in PV neurons have also been described in ASD
mouse models lacking an epileptic phenotype (Gogolla et al., 2009).

interneuron were not
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Fig. 1. Neural substrates of ASD/epilepsy comorbidity in rodent models. The figure schematically shows a multi-factorial model for the expression of ASD-like and
epileptic behaviors in rodents. Studies performed in mouse models of ASD with epilepsy (see Table 1) indicate that GABAergic and glutamatergic signaling deficits
of neurodevelopmental origin contribute to ASD/epilepsy comorbidity. Many ASD genes code for proteins involved in synaptic signaling, transcriptional/post-

transcriptional regulation and cell adhesion. Loss of function of these genes may resu
altered positioning or loss of PV, SST and other GABAergic interneuron subtypes,

It in decreased inhibition by impairing GABA signaling at multiple levels (e.g.
reduced expression of GABA receptors; blue arrows) or increased excitation

(due to impaired NKCC1/KCC2 switch and subsequent persistent excitatory action of GABA during postnatal development, or enhanced mGlur5/NMDA receptor
signaling; red arrows). Metabolic and immune dysfunctions, as well as environmental causes, may also contribute to ASD/epilepsy pathogenesis. As a consequence,
E/I imbalance and resulting altered circuit plasticity may ultimately lead to altered social behavior, epilepsy and cognitive impairment. Experimental evidence

suggests that similar mechanisms may also occur in the human brain (see text for d
Brain Atlas (http://www.brain-map.org/). Abbreviations as in the text.

More interestingly, PV knockout mice (W€ohr et al., 2015) and mice
conditionally lacking Navl.l sodium channels in PV- but not
SSTpositive interneurons (Rubinstein et al., 2015) both display ASD-

like deficits and increased seizure susceptibility. These studies suggest

that defects of PV interneurons exert a causal role in the pathogenesis

of ASD—epilepsy comorbidity.

In all these studies, PV-positive neurons were detected by
immunohistochemistry. It is important to understand whether the
observed reduction in PV immunostaining is the result of a decrease in
PV expression or a loss of the PV-expressing GABAergic interneuron
subtype; these two alternatives would likely lead to opposing effects
on the E/I balance. In fact, decreased PV expression would likely result
in enhanced inhibition due to increased presynaptic GABA release and
postsynaptic GABA-mediated currents (Vreugdenhil et al., 2003).
Conversely, loss of PV neurons would reduce inhibitory input to
principal excitatory neurons (Marn, 2012). A recent study addressed
this point using quantitative RT-PCR and immunoblotting analyses for
PV expression, combined with double staining immunohistochemistry

© 2026 Computer Engineering. All Rights Reserved.

etails). The sagittal brain section is a Nissl stain taken from the Allen Mouse

for PV and Vicia Villosa Agglutinin (VVA, a lectin recognizing the
extracellular matrix enwrapping PV interneurons). The results showed
that, in PV", Shankl’ and Shank3B’ ‘autistic’ mice, the observed
reduction in PV-positive interneurons was due to lower PV mRNA/
protein levels without loss of PV cells (Filice et al., 2016).
Dysregulation of GABAergic marker expression has been linked to
hyperexcitability, as seizures modify GAD, NPY and SST mRNA
levels (Takahashi et al., 2000). However, PV mRNA/protein
downregulation does not seem to be related to hyperexcitability, since
Shank1’/and Shank3B/mutant mice (contrary to PV/mice; Table 1) do
not show seizures (see data on https://gene.sfari.org). Conversely,
Shank3 overexpressing mutant mice do not display ASD-like
behaviors but do exhibit seizures and an epileptic EEG, consistent with
synaptic E/I imbalance (Han et al., 2013). Indeed, inhibitory
postsynaptic currents (IPSCs) and inhibitory (gephyrin/VGAT-
positive) synaptic puncta were reduced in cultured hippocampal
pyramidal neurons from Shank3 transgenic mice (Han et al., 2013).
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However, no data are available about the interneuron subtypes affected
in these mutants.

The recent findings by Filice et al. (2016) suggest that the loss of PV
expression, which shifts E/I balance toward enhanced inhibition, might
represent a common feature of some mouse models of ASD that are
not necessarily associated with epilepsy comorbidity. It remains to be
determined whether loss of PV expression but not PV-expressing cells
also occurs in the above-mentioned ASD—epilepsy models (Cntnap2,
En2, Fmrl, Nrp2 and Plaur mutants). Moreover, opto- and
pharmacogenetic modulation of PV cell activity could be used to
unravel the causal role of PV interneurons in the pathogenesis of ASD—
epilepsy comorbidity. For example, optogenetics or ‘designer
receptors exclusively activated by designer drugs’ (DREADDs; Wess
et al., 2013) might be used to inactivate PV interneurons in the brain
of wild-type mice to see whether this leads to an ASD-epilepsy
phenotype. Optogenetics could also be used to reactivate PV cell
function in specific brain areas of ASD mouse models, aiming to
rescue ASD-like and epileptic behaviors.

Electrophysiological and gene expression data: GABAergic
transmission

Studies performed in mouse models of ASD—epilepsy also showed
profound alterations in GABAergic transmission. In general, these
studies revealed a lower tone of basal inhibitory transmission. The
releasable pool of synaptic vesicles, quantal size and miniature
postsynaptic currents were reduced at inhibitory synapses in synapsin
I/11 (Synl/IT), MeCP2 and Scnl A mutant mice respectively. A reduced
number of GABAergic synapses was also detected in adult oxytocin
receptor knockout (Oxtr’) mice (Table 1). Gene expression studies also
suggest that GABAA receptor-mediated neurotransmission is
compromised in some mouse models. Reduced mRNA and protein
levels of GAD65/67 and/or GABAA receptor subunits were detected
in Fmrl (D’Hulst et al., 2009; Olmos-Serrano et al., 2010; Sabanov et
al., 2017), Gabrb3 (Sinkkonen et al., 2003), En2 (Provenzano et al.,
2015; our unpublished data) but not Ube3 A mutants (Sinkkonen et al.,
2003; see also Table 1). Thus, it appears that at least certain models of
ASD and epilepsy comorbidity (En2, Fmrl, Gabrb3, conditional
MeCP2, ScnlA and Syn mutants) are characterized by a markedly
reduced (and not enhanced) inhibitory transmission.

The role of excitatory GABA

In the immature brain, GABA exerts an excitatory action, promoting
depolarization of postsynaptic neurons. Brain maturation is associated
with a depolarizing-to-hyperpolarizing GABA shift, which is due to a
progressive reduction in intracellular CI concentration in GABA-
sensitive neurons. This excitatory-to-inhibitory GABA shift occurs
during early postnatal brain development and depends on the
decreased expression of the sodium-potassium-chloride cotransporter
1 (NKCC1, which imports Cl) and concurrent increased expression of
potassium-chloride cotransporter 2 (KCC2, which extrudes Cl) in
GABA-responding neurons (Ben-Ari, 2014). Recent studies
performed in animal models of ASD and epilepsy showed a persistent
excitatory action of GABA (Fmr1 knockout mice; Tyzio et al., 2014)
and an upregulation of NKCC1 and downregulation of KCC2 (Oxtr/
mice; Leonzino et al.,, 2016) in specific brain areas, such as the
hippocampus. Thus, ASD-epilepsy comorbidity appears to be
characterized by immature properties of GABA signaling, such as

© 2026 Computer Engineering. All Rights Reserved.

persistently high NKCC1/KCC2 ratio, high intracellular Cl
concentrations in GABA-responding neurons and excitatory action of
GABA. Oxytocin appears to regulate the excitatory-to-inhibitory
GABA switch. Recent results show that, in rodents, oxytocin
determines a short-lasting reduction in intracellular Cl concentration in
hippocampal neurons at birth, and this action of oxytocin is abolished
in the Fmrl ASD-epilepsy model during delivery. In Fmrl mutant
mice, maternal pretreatment with the NKCCl1-blocker bumetanide
restored a physiological phenotype in offspring, whereas the offspring
of na€1ve mothers treated with an oxytocin receptor antagonist showed
ASD-like behaviors and hyperexcitability (Tyzio et al., 2014; Ben-Ari,
2015). A study performed on hippocampal neurons from Oxtr' mice
recently confirmed the importance of oxytocin signaling in regulating
the GABA switch during early postnatal development. In this study,
the authors showed that Oxtr signaling controls the timing of the
GABA switch by upregulating KCC2 activity via phosphorylation.
Accordingly, Oxtr’ mature hippocampal neurons  show
electrophysiological alterations consistent with lower levels of KCC2
and epileptic phenotype observed in adult Oxtr’ mice (Leonzino et al.,
2016). Taken together, these results stress the importance of
oxytocinmediated GABAergic inhibition in the pathogenesis of ASD—
epilepsy comorbidity, indicating that NKCC1 antagonists, KCC2
agonists and oxytocin might exert potential therapeutic benefits.

Glutamate dysfunction in ASD and epilepsy: human subjects
and mouse model data

Evidence for excessive glutamate in ASD with epilepsy comes from
human genetics and mouse model studies. Increased levels of
glutamate have been detected in both blood and platelets of ASD
subjects (Aldred et al., 2003; Shinohe et al., 2006), but no data are
available for patients with ASD and epilepsy. Most importantly,
single-gene disorders characterized by ASD-epilepsy comorbidity
(such as FXS, TSC and Phelan-McDermid syndromes) are caused by
mutations in genes regulating glutamate receptor signaling (Fmrl1, Tsc
and Shank3 respectively). Mouse studies showed an increased
excitatory neurotransmission in some models of ASD-epilepsy
comorbidity. Miniature excitatory postsynaptic currents (mEPSCs)
have been detected in neocortical/hippocampal neurons of Fmrl’
(Tyzio et al., 2014), Oxtr’ (Leonzino et al., 2016) and ScnlA™
(Rubinstein et al., 2015) mice. Contrasting results have been instead
obtained in MeCP2 mutants (see Table 1). It is likely that increased
excitation in these mutant strains is a consequence of reduced
inhibition (see Table 1), but a direct impairment of glutamatergic
transmission cannot be excluded. Glutamatergic transmission
alterations have been poorly investigated in mouse models of ASD—
epilepsy, except for Fmrl’ mice (see Table 1). The Fmrl gene codes
for Fragile X mental retardation protein (FMRP), and its mutation
causes FXS, a severe condition characterized by mental retardation
and ASD. FMRP is an RNA-binding protein that regulates the
intracellular transport and translation of 4-8% of synaptic proteins
(Bassell & Warren, 2008). FMRP negatively regulates metabotropic
glutamate receptor 5 (mGIuRS5) signaling: in FXS, the absence of
FMRP leads to increased synthesis of synaptic proteins downstream of
mGluRS5 (Bear et al., 2004). mGluRS upregulation has been detected
in post-mortem brain samples from ASD patients, along with reduced
FMRP expression (Fatemi & Folsom, 2011; Fatemi et al., 2011).
Interestingly, upregulation of mGlur5 and downregulation of FMRP
has been reported in En2’ mice (Provenzano et al., 2015), which
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display an increased seizure susceptibility (Tripathi et al., 2009) and
share brain anatomical abnormalities with Fmr1’mice (Ellegood et al.,
2015).

Other mechanisms: metabolic, immune and environmental
factors

Metabolic and immune dysfunctions, as well as environmental factors,
have been implicated in ASD pathogenesis and E/I imbalance
associated with ASD. These mechanisms have been recently reviewed
by other authors (Estes & McAllister, 2015, 2016; Frye, 2015; Frye &
Rossignol, 2016; Frye et al., 2016) and will be only briefly discussed
here.

Alterations of GABAergic and glutamatergic transmission directly
occur as a consequence of several metabolic disorders. For example,
depletion of pyridoxal-5-phosphate (a cofactor of the GAD enzyme)
results in decreased GAD activity, GABA synthesis and cortical
inhibition, while untreated children suffering phenylketonuria may
develop ASD and epilepsy due to persistently elevated levels of
phenylalanine. Chronically high levels of phenylalanine lead to
upregulation of glutamate receptors, thus compromising E/I balance
(Frye et al., 2016; and references therein). Amino acid metabolism
dysfunctions also lead to autism, epilepsy and ID. Inactivating
mutations in branched chain ketoacid dehydrogenase kinase (BCKDK;
Novarino et al., 2012) or amino acid transporter (Slc7aS; Tarlungeanu
et al, 2016) result in altered brain amino acid profiles and
neurobehavioral deficits in both humans and mice. Interestingly,
Bckdk knockout mice positively responded to dietary supplementation
of branched-chain amino acids, thus indicating a novel therapeutic
strategy for ASD presenting with ID and epilepsy caused by BCKDK
mutations (Novarino et al., 2012).

Other metabolic disorders associated with ASD and epilepsy include
vitamin deficiencies (such as cobalamin and cerebral folate
deficiency), mitochondrial diseases and other disorders of energy
metabolism; all these conditions may be characterized by seizures and
ASD (Frye & Rossignol, 2016). Immune dysfunctions have been
widely associated with ASD, including increased levels of
autoantibodies against brain-specific proteins (both in ASD children
and mothers who have had children with ASD) and abnormal levels of
immunoglobulins in the blood. Microglia activation in post-mortem
brain samples and altered levels of cytokines in the blood, brain and
cerebrospinal fluid have been detected in ASD patients (Estes &
McAllister, 2015, 2016; Frye & Rossignol, 2016). Neuroinflammation
is known to markedly contribute to epileptogenesis (Aronica et al.,
2017), so it is likely that the above-mentioned immune dysfunctions
may be involved in seizure occurrence in ASD; however, a systematic
analysis of the role of immune dysregulation in ASD, epilepsy and ID
is still lacking. Finally, environmental factors may contribute to ASD
and associated comorbidities. Exposure to heavy metals such as
mercury is associated with ASD and the occurrence of epilepsy.
Although the mechanisms by which heavy metals may cause
neurodevelopmental disorders have not been elucidated, the toxic
effects of heavy metals on mitochondrial function, energy metabolism
and cell survival are known (Frye et al., 2016). Several clinical studies
have shown that exposure to the anti-convulsant and a mood stabilizer
valproic acid (VPA) in utero is associated with birth defects, cognitive
deficits and increased risk of ASD (Roullet et al., 2013). Molecular,
anatomical, electrophysiological and behavioral studies in rats and
mice confirmed that in utero exposure leads to VPA to ASD-like

© 2026 Computer Engineering. All Rights Reserved.

behaviors in the offspring, accompanied by GABAergic interneuron
defects (Gogolla et al., 2009) and E/I imbalance (Banerjee et al., 2013).
Therefore, environmental factors also seem to contribute to increased
excitability in ASD.

Therapeutic perspectives

Based on the data reported above, several strategies have been
followed to develop novel therapeutic agents against ASD—epilepsy
comorbidity (reviewed in Oberman, 2012; Loth et al., 2014; Jeste &
Tuchman, 2015; Frye & Rossignol, 2016). Here, we discuss the most
relevant, as they emerged from recent clinical and animal studies.

Reversal of delayed GABA switch

Treatment with the NKCC1 blocker bumetanide already gave
promising results in ASD and FXS patients (Lemonnier et al., 2012,
2013). A pilot study recently showed that chronic bumetanide
treatment improved the recognition of different facial expressions in
ASD adolescents, resulting in increased activation of brain areas
involved in face, emotional and social processing (e.g. the inferior
occipital cortex, amygdala and superior temporal cortex respectively;
Hadjikhani et al.,, 2015). Interestingly, a better behavioral
improvement was observed when ASD patients were exposed to a
combined educative and bumetanide treatment (Du et al., 2015). It is
important to point out that the effect of bumetanide on seizures
occurring in ASD children was not investigated since children with
epilepsies were not included in these trials (Ben-Ari et al., 2016). Some
promising results were obtained by treating temporal lobe epilepsy
patients with bumetanide (Eftekhari et al., 2013), but the phase I/II
NEMO trial designed to test the efficacy of bumetanide against
newborn seizures gave negative results (Pressler et al., 2015). Thus,
further studies are needed to understand whether bumetanide may be
useful to ASD patients with epilepsy. Another possibility to restore the
proper NKCC1/KCC2 balance would be to test drugs enhancing
KCC2 action in ASDepileptic patients. As an example, CI extrusion
enhancers activating KCC2 have been identified as novel therapeutic
agents against neuropathic pain (Gagnon et al., 2013), and might be
tested with ASD-epileptic patients.

Currently, there are 34 ongoing clinical trials testing the efficacy of
oxytocin in ASD (www.ClinicalTrials.gov), but none of them are
specifically designed to study ASD—epilepsy patients. In light of the
recent findings showing the role of oxytocin signaling in regulating
GABA switch through KCC2 in Fmr1 and Oxtr mutant mice (Tyzio et
al., 2014; Leonzino et al., 2016), it would be interesting to further test
oxytocin efficacy in other mouse models of ASD-epilepsy
comorbidity. If successful, these studies might create opportunities for
novel pilot studies and clinical trials.

GABA agonists

Data from both animal models and clinical studies suggest that
GABAergic transmission is reduced in subjects with ASD and
epilepsy (see above). Thus, it would be reasonable to assume that there
are beneficial effects of GABA agonists in cases of ASD—epilepsy
comorbidity. Indeed, Scnla mutant mice showed behavioral
improvements after treatment with the GABAA agonist clonazepam
(Han et al., 2012). However, the effect of benzodiazepines in other
ASD-epilepsy models has not been tested yet. It should also be kept
in mind that drugs acting on GABAA receptors may have paradoxical
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reactions in ASD patients that are likely due to persistent excitatory
GABA action. As an example, diazepam has been shown to increase
anxiety in some ASD patients (Marrosu et al., 1987). Recent studies
revealed that agonists specific to GABAA receptors containing a2/a3
subunits could rescue ASD-like deficits in mice (Han et al., 2014), thus
suggesting that drugs acting at selective GABAA receptor subtypes
might represent a valid alternative to classical benzodiazepines.
Further studies are, however, needed to test such drugs in ASD-
epilepsy models. Finally, the GABAB agonist R-baclofen (arbaclofen,
STX209) reversed disease-related phenotypes in Fmrl mutant mice
(Henderson et al., 2012) and other models of ASD (Silverman et al.,
2015). Clinical trials on FXS patients revealed that STX209 might
improve some symptoms in children with ASD (Berry-Kravis et al.,
2012; Veenstra-VanderWeele et al., 2016).

Finally, other GABAergic drugs such as riluzole, gaboxadol,
tiagabine and vigabatrin, have been proposed as potential therapeutics
in ASD—epilepsy syndromes (Lozano et al., 2014). However, evidence
supporting the beneficial effect of GABAergic drugs in ASD is still
limited and controversial (Brondino et al., 2016). GABA agonists
(benzodiazepines) may be less effective in certain forms of ASD-
epilepsy, such as 15q11.2 duplication (Jeste & Tuchman, 2015), and a
paradoxical response to treatment with conventional GABAergic
agonists has been reported in ASD (Bruining et al., 2015). Further
studies will be needed to replicate these findings and extend them to
cases of ASD-epilepsy comorbidity.

Neurosteroids

Neurosteroids act as positive allosteric modulators of GABAa
receptors (Lozano et al., 2015). Among these, ganaxolone (also known
as CCD-1042) is a synthetic analog of the progesterone metabolite
allopregnanolone. Ganaxolone treatment reduced seizures in a rat
model of infantile spasms (Yum et al., 2014) and neurobehavioral
deficits in two mouse models of ASD, namely Fmrl’ (Braat et al.,
2015) and BTBR mice (Kazdoba et al., 2016). Phase II clinical trials
showed ganaxolone’s efficacy and safety in the treatment of both
children and adults affected by refractory epilepsy. A phase II proof-
of-concept clinical trial is currently ongoing to investigate the
effectiveness and safety of ganaxolone in children and adolescents
with FXS (www.ClinicalTrials.gov, NCT01725152; Lozano et al.,
2015).

Glutamate receptor antagonists

Enhanced glutamatergic transmission has been linked to ASD in both
humans and animal models (see above and Table 1). Accordingly,
several glutamatergic anatgonists have been tested in syndromic ASD
and patients with FXS (reviewed in Oberman, 2012). In agreement
with the ‘mGluR theory’ of FXS pathogenesis mentioned above (Bear
et al., 2004), mGluR antagonists were able to rescue learning and
behavioral deficits associated with FXS in both young and adult mice
(D€olen et al., 2007; Michalon et al., 2012). However, several clinical
trials with mGluR antagonists failed in patients with FXS or other
syndromic forms of ASD (reviewed in Oberman, 2012; Lozano et al.,
2015; Scharf et al., 2015). The NMDA receptor antagonist memantine
has been shown to restore normal levels of glutamatergic synapses in
Fmrl/ mice (Wei et al., 2012) and to rescue ASD-like behaviors in
transgenic mice overexpressing the telomerase reverse transcriptase
(TERT; Kim et al., 2016). Interestingly, positive effects of memantine
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have been recently reported as the result of clinical trials in ASD
patients (see, e.g. Joshi et al., 2016; www.ClinicalTrials.gov). Thus,
NMDA glutamate receptor antagonism might be effective to reduce
hyperexcitability associated with ASD, but its specificity in cases of
ASDepilepsy comorbidity needs to be specifically investigated.

Insulin-like growth factor 1

Insulin-like growth factor 1 (IGF-1) is a polypeptide hormone
primarily released by hepatocytes in response to growth hormone but
is also produced in the brain, where it plays a crucial role in
development, growth and synapse maturation (Vahdatpour et al.,
2016; and references therein). Animal studies showed that IGF-1 could
rescue anatomical, physiological and behavioral deficits of MeCP2
mutant mice, leading to a series of clinical studies and a phase 2 trial
in Rett syndrome patients; phase 2 trials with recombinant human IGF-
1 have also been performed in FXS and PhelanMcDermid patients.
Based on the positive outcomes of these studies, other trials are
ongoing to test IGF-1 efficacy in Rett syndrome and ASD (reviewed
in Vahdatpour et al., 2016).

mTOR inhibitors

The mammalian target of rapamycin (mTOR) pathway is crucially
involved in the regulation of different cellular processes, including
growth, proliferation, survival and protein translation. In the brain,
components of the mTOR pathway are localized to synapses, in which
they control dendritic spine morphology and synaptogenesis.
Dysregulation of the mTOR pathway is detected in several human
diseases, including cancer and ASD. As an example, mutations in TSC
and phosphatase and tensin homolog (PTEN) lead to overactivation of
the mTOR pathway and are associated with syndromic forms of ASD
(Huber et al., 2015; Sahin & Sur, 2015). Several lines of evidence
indicate that the mTOR inhibitor rapamycin can rescue
neurobehavioral defects in mouse models of ASD (Huber et al., 2015).
Of interest, a phase 3 clinical trial showed efficacy in reducing seizure
frequency in refractory epilepsy associated with TSC (French et al.,
2016). Clinical trials are currently ongoing with mTOR inhibitors in
patients suffering TSC, ASD and PTEN-related disorders (Roach,
2016; www.ClinicalTrials.org).

Concluding remarks

Studies performed in ASD patients and mouse models indicate that the
E/l imbalance toward hyperexcitability may contribute to
ASDepilepsy comorbidity. Current research suggests that different
pharmacological treatments leading to delayed GABA switch,
potentiation of GABA signaling or inhibition of glutamate
transmission might represent effective therapeutic strategies against
ASD-epilepsy comorbidity. A deeper understanding of neural
development, receptor signaling pathways and synaptic transmission
in appropriate mouse models might help in the design of novel
therapeutic strategies to restore physiological inhibition. Moreover,
the comparative analysis of mouse models of ASD with or without
epilepsy might help to identify the underlying mechanisms of ASD—
epilepsy comorbidity. In this respect, the recent anatomical clustering
analysis of 26 different mouse models of ASD performed by Ellegood
etal. (2015) might provide some clues for further investigations. Based
on brain anatomy similarities, these authors classified these models
into three groups. Group 1 contains models showing ASD-like
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symptoms with (MecP2 and CNTNAP2 mutants) or without (Gtf2i
mutants) epilepsy. Group 2 is prevalently composed of models not
presenting with epilepsy (such as BTBR and neuroligin-3 mutants),
while Group 3 mostly contains models with increased seizure
susceptibility (such as Shank3, Fmrl and En2 mutants). Thus, further
comparative analyses of Group 2 vs. Group 3 models might help
identify molecular, anatomical, physiological or behavioral features
specific to ASD—epilepsy comorbidity. It is interesting to observe that
neuroligin-3 mutants display increased GABAergic transmission and
no seizures (Tabuchi et al., 2007; F€oldy et al., 2013), whereas Group
3 mice mainly show reduced GABAergic transmission and increased
seizure susceptibility (Table 1). Finally, in patients, a precision
medicine approach (Loth et al., 2016) to compare clinical cases of
ASD with or without epilepsy might help to identify novel biomarkers
and drug targets of ASD—epilepsy comorbidity.
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N-methyl-D-aspartate; NPY, neuropeptide Y; P, postnatal day; PET, positron
emission tomography; PTEN, phosphatase and tensin homolog; PTZ,
pentylenetetrazol; PV, parvalbumin; SPECT, single-photon emission computed
tomography; SST, somatostatin; Syn, synapsin, TERT, telomerase reverse
transcriptase; TSC, tuberous sclerosis complex; UBE3A, ubiquitin-protein
ligase E3A; Viaat vescicular inhibitory amino acid transporter; VIP,
vasointestinal peptide; VPA, valproic acid; VVA, Vicia Villosa agglutinin; WT,
wild-type.

© 2026 Computer Engineering. All Rights Reserved.

References

Aldred, S., Moore, K.M., Fitzgerald, M. & Waring, R.H. (2003) Plasma amino
acid levels in children with autism and their families. J. Autism Dev. Disord.,
33,93-97.

Aronica, E., Bauer, S., Bozzi, Y., Caleo, M., Dingledine, R., Gorter, J.A.,
Henshall, D.C., Kaufer, D. et al. (2017) Neuroinflammatory targets and
treatments for epilepsy validated in experimental models. Epilepsia, 58, 27—
38.

Ascoli, G.A., Alonso-Nanclares, L., Anderson, S.A., Barrionuevo, G.,
Benavides-Piccione, R., Burkhalter, A., Buzsaki, G., Cauli, B. et al. (2008)
Petilla terminology: nomenclature of features of GABAergic interneurons of
the cerebral cortex. Nat. Rev. Neurosci., 9, 557-568.

Baldelli, P., Fassio, A., Valtorta, F. & Benfenati, F. (2007) Lack of synapsin I
reduces the readily releasable pool of synaptic vesicles at central inhibitory
synapses. J. Neurosci., 27, 13520-13531.

Banerjee, A., Garcia-Oscos, F., Roychowdhury, S., Galindo, L.C., Hall, S.,
Kilgard, M.P. & Atzori, M. (2013) Impairment of cortical GABAergic
synaptic transmission in an environmental rat model of autism. Int. J.
Neuropsychop., 16, 1309-1318.

Bassell, G.J. & Warren, S.T. (2008) Fragile X syndrome: loss of local mRNA
regulation alters synaptic development and function. Neuron, 60, 201-214.

Bear, M.F., Huber, K.M. & Warren, S.T. (2004) The mGluR theory of fragile
X mental retardation. Trends Neurosci., 27, 370-377.

Ben-Ari, Y. (2014) The GABA  excitatory/inhibitory

developmental sequence: a personal journey. Neuroscience, 279,
187-219.

Ben-Ari, Y. (2015) Is birth a critical period in the pathogenesis of autism
spectrum disorders? Nat. Rev. Neurosci., 16, 498-505.

Ben-Ari, Y., Damier, P. & Lemonnier, E. (2016) Failure of the Nemo trial:
bumetanide is a promising agent to treat many brain disorders but not
newborn seizures. Front. Cell Neurosci., 10, 90.

Bernard, C. (2012) Alterations in synaptic function in epilepsy. In Noebels, J.L.,
Avoli, M., Rogawski, M.A., Olsen, R.W. & Delgado-Escueta, A.V. (Eds),
Jasper’s Basic Mechanisms of the Epilepsies [Internet], 4th edn. US National
Center for Biotechnology Information, Bethesda, MD, pp. 697-716.
Available http://www.ncbi.nlm.nih.gov/books/NBK98161/

Berry-Kravis, E.M., Hessl, D., Rathmell, B., Zarevics, P., Cherubini, M.,
Walton-Bowen, K., Mu, Y., Nguyen, D.V. et al. (2012) Effects of STX209
(arbaclofen) on neurobehavioral function in children and adults with fragile
X syndrome: a randomized, controlled, phase 2 trial. Sci. Transl. Med., 4,
152ral27.

Blackmon, K. (2015) Structural MRI biomarkers of shared pathogenesis in
autism spectrum disorder and epilepsy. Epilepsy Behav., 47, 172-182.

Blatt, G.J., Fitzgerald, C.M., Guptill, J.T., Booker, A.B., Kemper, T.L. &
Bauman, M.L. (2001) Density and distribution of hippocampal
neurotransmitter receptors in autism: an autoradiographic study. J. Autism
Dev. Disord., 31, 537-543.

Bozzi, Y., Casarosa, S. & Caleo, M. (2012) Epilepsy as a neurodevelopmental
disorder. Front. Psychiatr., 3, 19.

Braat, S., D’Hulst, C., Heulens, 1., De Rubeis, S., Mientjes, E., Nelson, D.L.,
Willemsen, R., Bagni, C. et al. (2015) The GABAA receptor is an FMRP
target with therapeutic potential in fragile X syndrome. Cell Cycle, 14,2985—
2995.

Brondino, N., Fusar-Poli, L., Panisi, C., Damiani, S., Barale, F. & Politi, P.
(2016) Pharmacological modulation of GABA function in autism spectrum
disorders: a systematic review of human studies. J. Autism Dev. Disord., 46,
825-839.

Bruining, H., Passtoors, L., Goriounova, N., Jansen, F., Hakvoort, B., de Jonge,
M. & Poil, S.S. (2015) Paradoxical benzodiazepine response: a rationale for
bumetanide in neurodevelopmental disorders? Pediatrics, 136, €539-¢543.

Buckley, A.W. & Holmes, G.L. (2016) Epilepsy and autism. Cold Spring Harb.
Perspect Med., 6, a022749.

Buxbaum, J.D., Silverman, J.M., Smith, C.J., Greenberg, D.A., Kilifarskim, M.,
Reichert, J., Cook, E.H. Jr, Fang, Y. et al. (2002) Association between a
GABRBS3 polymorphism and autism. Mol. Psychiatr., 7, 311-316.

Page 24


http://www.clinicaltrials.gov/
https://gene.sfari.org/
http://www.ncbi.nlm.nih.gov/books/NBK98161/

Computer Engineering

ISSN: 10003428

Volume 15 | Issue 1 | Year 2026

https://journalofcomputerengineering.com/

Buzsaki, G. & Wang, X.J. (2012) Mechanisms of gamma oscillations. Annu.
Rev. Neurosci., 35, 203-225.

Casanova, M.F., Buxhoeveden, D., Switala, A. & Roy, E. (2002) Minicolumn
pathology in autism. Neurology, 58, 428—432.

Casanova, M.F., Buxhoeveden, D. & Gomez, J. (2003) Disruption in the
inhibitory architecture of the cell minicolumn: implications for autism.
Neuroscientist, 9, 496-507.

Centonze, D., Rossi, S., Mercaldo, V., Napoli, 1., Ciotti, M.T., De Chiara, V.,
Musella, A., Prosperetti, C. et al. (2008) Abnormal striatal GABA
transmission in the mouse model for the fragile X syndrome. Biol. Psychiat.,
63, 963-973.

Chao, H.T., Chen, H., Samaco, R.C., Xue, M., Chahrour, M., Yoo, J., Neul,
J.L., Gong, S. et al. (2010) Dysfunction in GABA signaling mediates autism-
like stereotypies and Rett syndrome phenotypes. Nature, 468, 263-269.

Collins, A.L., Ma, D., Whitehead, P.L., Martin, E.R., Wright, H.H., Abramson,
R.K., Hussman, J.P., Haines, J.L. et al. (2006) Investigation of autism and
GABA receptor subunit genes in multiple ethnic groups. Neurogenetics, 7,
167-174.

Curia, G., Papouin, T., Seguela, P. & Avoli, M. (2009) Downregulation of tonic
GABAergic inhibition in a mouse model of fragile X syndrome.

Cereb. Cortex, 19, 1515-1520.

Dani, V.S., Chang, Q., Maffei, A., Turrigiano, G.G., Jaenisch, R. & Nelson,
S.B. (2005) Reduced cortical activity due to a shift in the balance between
excitation and inhibition in a mouse model of Rett syndrome. Proc. Natl.
Acad. Sci. USA, 102, 12560-12565.

De Rubeis, S., Pasciuto, E., Li, K.W., Fernandez, E., Di Marino, D., Buzzi, A.,
Ostroff, L.E., Klann, E. et al. (2013) CYFIP1 coordinates mRNA translation
and cytoskeleton remodeling to ensure proper dendritic spine formation.
Neuron, 79, 1169-1182.

DeLorey, T.M., Handforth, A., Anagnostaras, S.G., Homanics, G.E.,
Minassian, B.A., Asatourian, A., Fanselow, M.S., Delgado-Escueta, A. et al.
(1998) Mice lacking the beta3 subunit of the GABAA receptor have the
epilepsy phenotype and many of the behavioral characteristics of Angelman
syndrome. J. Neurosci., 18, 8505-8514.

DeLorey, T.M., Sahbaie, P., Hashemi, E., Li, W.W., Salehi, A. & Clark, D.J.
(2011) Somatosensory and sensorimotor consequences associated with the
heterozygous disruption of the autism candidate gene, Gabrb3. Behav. Brain
Res., 216, 36—45.

D’Hulst, C., Heulens, 1., Brouwer, J.R., Willemsen, R., De Geest, N., Reeve,
S.P., De Deyn, P.P., Hassan, B.A. et al. (2009) Expression of the GABAergic
system in animal models for fragile X syndrome and fragile X associated
tremor/ataxia syndrome (FXTAS). Brain Res., 1253, 176-183.

van Diessen, E., Senders, J., Jansen, F.E., Boersma, M. & Bruining, H. (2015)
Increased power of resting-state gamma oscillations in autism spectrum
disorder detected by routine electroencephalography. Eur. Arch. Psy. Clin.
N., 265, 537-540.

D€olen, G., Osterweil, E., Rao, B.S., Smith, G.B., Auerbach, B.D., Chattarji,
S. & Bear, M.F. (2007) Correction of fragile X syndrome in mice. Neuron,
56, 955-962.

Du, L., Shan, L., Wang, B., Li, H., Xu, Z., Staal, W.G. & Jia, F. (2015) A pilot
study on the combination of applied behavior analysis and bumetanide
treatment for children with autism. J. Child Adol. Psychop., 25, 585—588.

Eftekhari, S., Mehvari Habibabadi, J., Najafi Ziarani, M., Hashemi Fesharaki,
S.S., Gharakhani, M., Mostafavi, H., Joghataei, M.T., Beladimoghadam, N.
et al. (2013) Bumetanide reduces seizure frequency in patients with temporal
lobe epilepsy. Epilepsia, 54, e9—e12.

Egawa, K., Kitagawa, K., Inoue, K., Takayama, M., Takayama, C., Saitoh, S.,
Kishino, T., Kitagawa, M. et al. (2012) Decreased tonic inhibition in
cerebellar granule cells causes motor dysfunction in a mouse model of
Angelman syndrome. Sci. Transl. Med., 4, 163ral57.

Ellegood, J., Anagnostou, E., Babineau, B.A., Crawley, J.N., Lin, L., Genestine,
M., DiCicco-Bloom, E., Lai, J.K. et al. (2015) Clustering autism: using
neuroanatomical differences in 26 mouse models to gain insight into the
heterogeneity. Mol. Psychiatr., 20, 118-125.

Estes, M.L. & McAllister, A.K. (2015) Immune mediators in the brain and
peripheral tissues in autism spectrum disorder. Nat. Rev. Neurosci., 16, 469—
486.

© 2026 Computer Engineering. All Rights Reserved.

Estes, M.L. & McAllister, A.K. (2016) Maternal immune activation:
implications for neuropsychiatric disorders. Science, 353, 772-777.

Etholm, L., Bahonjic, E., Walaas, S.I., Kao, H.T. & Heggelund, P. (2012)
Neuroethologically delineated differences in the seizure behavior of
synapsin 1 and synapsin 2 knock-out mice. Epilepsy Res., 99, 252-259.

Fatemi, S.H. & Folsom, T.D. (2011) Dysregulation of fragile X mental
retardation protein and metabotropic glutamate receptor 5 in superior frontal
cortex of subjects with autism: a postmortem brain study. Mol. Autism, 2,
6.

Fatemi, S.H., Halt, A.R., Stary, J.M., Kanodia, R., Schulz, S.C. & Realmuto,
G.R. (2002) Glutamic acid decarboxylase 65 and 67 kDa proteins are
reduced in autistic parietal and cerebellar cortices. Biol. Psychiat., 52, 805—
810.

Fatemi, S.H., Reutiman, T.J., Folsom, T.D., Rooney, R.J., Patel, D.H. &
Thuras, P.D. (2010) mRNA and protein levels for GABAAalpha4, alpha5,
betal and GABABRI receptors are altered in brains from subjects with
autism. J. Autism Dev. Disord., 40, 743-750.

Fatemi, S.H., Folsom, T.D., Kneeland, R.E. & Liesch, S.B. (2011)
Metabotropic glutamate receptor 5 upregulation in children with autism is
associated with underexpression of both fragile X mental retardation protein
and GABAA receptor beta 3 in adults with autism. Anat. Rec., 294, 1635-
1645.

Filice, F., V€orckel, K.J., Sungur, A.O., W€ €ohr, M. & Schwaller, B. (2016)
Reduction in parvalbumin expression not loss of the parvalbumin-expressing
GABA interneuron subpopulation in genetic parvalbumin and shank mouse
models of autism. Mol. Brain, 9, 10.

Fishell, G. & Rudy, B. (2011) Mechanisms of inhibition within the
telencephalon: “where the wild things are”. Annu. Rev. Neurosci., 34, 535-
567.

F€oldy, C., Malenka, R.C. & S€udhof, T.C. (2013) Autism-associated
neuroligin-3 mutations commonly disrupt tonic endocannabinoid signaling.
Neuron, 78, 498-509.

French, J.A., Lawson, J.A., Yapici, Z., Ikeda, H., Polster, T., Nabbout, R.,
Curatolo, P., de Vries, P.J. et al. (2016) Adjunctive everolimus therapy for
treatment-resistant focal-onset seizures associated with tuberous sclerosis
(EXIST-3): a phase 3, randomised, double-blind, placebo-controlled study.
Lancet, 388, 2153-2163.

Frye, R.E. (2015) Metabolic and mitochondrial disorders associated with
epilepsy in children with autism spectrum disorder. Epilepsy Behav., 47,
147-157.

Frye, RE. & Rossignol, D.A. (2016) Identification and treatment of
pathophysiological comorbidities of autism spectrum disorder to achieve
optimal outcomes. Clin. Med. Insights Pediatr., 10, 43-56.

Frye, R.E., Casanova, M.F., Fatemi, S.H., Folsom, T.D., Reutiman, T.J.,
Brown, G.L., Edelson, S.M., Slattery, J.C. et al. (2016) Neuropathological
mechanisms of seizures in autism spectrum disorder. Front. Neurosci., 10,
192.

Fu, C., Cawthon, B., Clinkscales, W., Bruce, A., Winzenburger, P. & Ess, K.C.
(2012) GABAergic interneuron development and function is modulated by
the Tscl gene. Cereb. Cortex, 22,2111-2119.

Gagnon, M., Bergeron, M.J., Lavertu, G., Castonguay, A., Tripathy, S., Bonin,
R.P., Perez-Sanchez, J., Boudreau, D. et al. (2013) Chloride extrusion
enhancers as novel therapeutics for neurological diseases. Nat. Med., 19,
1524-1528.

Gant, J.C., Thibault, O., Blalock, E.M., Yang, J., Bachstetter, A., Kotick, J.,
Schauwecker, P.E., Hauser, K.F. et al. (2009) Decreased number of
interneurons and increased seizures in neuropilin 2 deficient mice:
implications for autism and epilepsy. Epilepsia, 50, 629-645.

Gantois, I., Vandesompele, J., Speleman, F., Reyniers, E., D’'Hooge, R.,
Severijnen, L.A., Willemsen, R., Tassone, F. et al. (2006) Expression
profiling suggests underexpression of the GABA(A) receptor subunit delta
in the fragile X knockout mouse model. Neurobiol. Dis., 21, 346-357.

Gehman, L.T., Stoilov, P., Maguire, J., Damianov, A., Lin, C.H., Shiue, L.,
Ares, M. Jr, Mody, L. et al. (2011) The splicing regulator Rbfox1 (A2BP1)
controls neuronal excitation in the mammalian brain. Nat. Genet., 43, 706—
711.

Page 25



Computer Engineering

ISSN: 10003428

Volume 15 | Issue 1 | Year 2026

https://journalofcomputerengineering.com/

Gibson, J.R., Bartley, A.F., Hays, S.A. & Huber, K.M. (2008) Imbalance of
neocortical excitation and inhibition and altered UP states reflect network
hyperexcitability in the mouse model of fragile X syndrome. J.
Neurophysiol., 100, 2615-2626.

Gogolla, N., Leblanc, J.J., Quast, K.B., Sudhof, T.C., Fagiolini, M. & Hensch,
T.K. (2009) Common circuit defect of excitatory-inhibitory balance in
mouse models of autism. J. Neurodev. Disord., 1, 172—-181.

Greco, B., Manago, F., Tucci, V., Kao, H.T., Valtorta, F. & Benfenati, F. (2013)
Autism-related behavioral abnormalities in synapsin knockout mice. Behav.
Brain Res., 251, 65-74.

Hadjikhani, N., Z€urcher, N.R., Rogier, O., Ruest, T., Hippolytem, L., BenAri,
Y. & Lemonnier, E. (2015) Improving emotional face perception in autism
with diuretic bumetanide: a proof-of-concept behavioral and functional brain
imaging pilot study. Autism, 19, 149-157.

Hammond, V., So, E., Gunnersen, J., Valcanis, H., Kalloniatis, M. & Tan, S.S.
(2006) Layer positioning of late-born cortical interneurons is dependent on
Reelin but not p35 signaling. J. Neurosci., 26, 1646—1655.

Han, S., Tai, C., Westenbroek, R.E., Yu, F.H., Cheah, C.S., Potter, G.B.,
Rubenstein, J.L., Scheuer, T. et al. (2012) Autistic-like behaviour in Scnla+/
mice and rescue by enhanced GABA-mediated neurotransmission. Nature,
489, 385-390.

Han, K., Holder, J.L. Jr, Schaaf, C.P., Lu, H., Chen, H., Kang, H., Tang, J., Wu,
Z. et al. (2013) SHANK3 overexpression causes manic-like behaviour with
unique pharmacogenetic properties. Nature, 503, 72—77.

Han, S., Tai, C., Jonesm, C.J., Scheuer, T. & Catterall, W.A. (2014)
Enhancement of inhibitory neurotransmission by GABAA receptors having
a2,3-subunits ameliorates behavioral deficits in a mouse model of autism.
Neuron, 81, 1282-1289.

Hawkins, N.A., Martin, M.S., Frankel, W.N., Kearney, J.A. & Escayg, A.
(2011) Neuronal voltage-gated ion channels are genetic modifiers of
generalized epilepsy with febrile seizures plus. Neurobiol. Dis., 41, 655-660.

Henderson, C., Wijetunge, L., Kinoshita, M.N., Shumway, M., Hammond,
R.S., Postma, F.R., Brynczka, C., Rush, R. et al. (2012) Reversal of disease-
related pathologies in the fragile X mouse model by selective activation of
GABAB receptors with arbaclofen. Sci. Transl. Med., 4, 152ral28.

Hogema, B.M., Gupta, M., Senephansiri, H., Burlingame, T.G., Taylor, M.,
Jakobs, C., Schutgens, R.B., Froestl, W. et al. (2001) Pharmacologic rescue
of lethal seizures in mice deficient in succinatesemialdehyde dehydrogenase.
Nat. Genet., 29, 212-216.

Huber, K.M., Klann, E., Costa-Mattioli, M. & Zukin, R.S. (2015) Dysregulation
of mammalian target of rapamycin signaling in mouse models of autism. J.
Neurosci., 35, 13836—-13842.

Hussman, J.P. (2001) Suppressed GABAergic inhibition as a common factor in
suspected etiologies of autism. J. Autism Dev. Disord., 31, 247-248.

lTossifov, 1., O'Roak, B.J., Sanders, S.J., Ronemus, M., Krumm, N., Levy, D.,
Stessman, H.A., Witherspoon, K.T. et al. (2014) The contribution of de novo
coding mutations to autism spectrum disorder. Nature, 515, 216—221.

Jacob, J. (2016) Cortical interneuron dysfunction in epilepsy associated with
autism spectrum disorders. Epilepsia, 57, 182-193.

Jeste, S.S. & Tuchman, R. (2015) Autism spectrum disorder and epilepsy: two
sides of the same coin? J. Child Neurol., 30, 1963-1971.

Jiang, X., Lachance, M. & Rossignol, E. (2016) Involvement of cortical
fastspiking parvalbumin-positive basket cells in epilepsy. Prog. Brain Res.,
226, 81-126.

Jin, X., Zhong, W. & lJiang, C. (2013a) Time-dependent modulation of
GABA(A)-ergic synaptic transmission by allopregnanolone in locus
coeruleus neurons of Mecp2-null mice. Am. J. Physiol. Cell Ph., 305,
C1151-C1160.

Jin, X., Cui, N., Zhong, W., Jin, X.T. & Jiang, C. (2013b) GABAergic synaptic
inputs of locus coeruleus neurons in wild-type and Mecp2-null mice. Am. J.
Physiol. Cell Ph., 304, C844-C857.

Joshi, G., Wozniak, J., Faraone, S.V., Fried, R., Chan, J., Furtak, S., Grimsley,
E., Conroy, K. et al. (2016) A prospective open-label trial of memantine
hydrochloride for the treatment of social deficits in intellectually capable
adults with autism spectrum disorder. J. Clin. Psychopharm., 36, 262-271.

© 2026 Computer Engineering. All Rights Reserved.

Judson, M.C., Wallace, M.L., Sidorov, M.S., Burette, A.C., Gu, B., van
Woerden, G.M., King, LF., Han, J.E. et al. (2016) GABAergic
neuronspecific loss of Ube3a causes Angelman syndrome-like EEG
abnormalities and enhances seizure susceptibility. Neuron, 90, 56—69.

Kazdoba, T.M., Hagerman, R.J., Zolkowska, D., Rogawski, M.A. & Crawley,
J.N. (2016) Evaluation of the neuroactive steroid ganaxolone on social and
repetitive  behaviors in the BTBR mouse model of autism.
Psychopharmacology, 233, 309-323.

Kim, K.C., Rhee, J., Park, J.E., Lee, D.K., Choi, C.S., Kim, JW., Lee, HW.,
Song, M.R. et al. (2016) Overexpression of telomerase reverse transcriptase
induces autism-like excitatory phenotypes in mice. Mol. Neurobiol., 53,
7312-7328.

Kotagiri, P., Chance, S.A., Szele, F.G. & Esiri, M.M. (2014) Subventricular
zone cytoarchitecture changes in autism. Dev. Neurobiol., 74, 25-41.

Kwon, C.H., Luikart, B.W., Powell, C.M., Zhou, J., Matheny, S.A., Zhang, W.,
Li, Y., Baker, S.J. et al. (2006) Pten regulates neuronal arborization and
social interaction in mice. Neuron, 50, 377-388.

Lawrence, Y.A., Kemper, T.L., Bauman, M.L. & Blatt, G.J. (2010)
Parvalbumin-, calbindin-, and calretinin-immunoreactive hippocampal
interneuron density in autism. Acta Neurol. Scand., 121, 99-108.

Lee, J.A., Damianov, A., Lin, C.H., Fontes, M., Parikshak, N.N., Anderson,
E.S., Geschwind, D.H., Black, D.L. et al. (2016) Cytoplasmic RbfoxI
Regulates the Expression of Synaptic and Autism-Related Genes. Neuron,
89, 113-128.

Lemonnier, E., Degrez, C., Phelep, M., Tyzio, R., Josse, F., Grandgeorge, M.,
Hadjikhani, N. & Ben-Ari, Y. (2012) A randomised controlled trial of
bumetanide in the treatment of autism in children. Transl. Psychiatry, 2,
€202.

Lemonnier, E., Robin, G., Degrez, C., Tyzio, R., Grandgeorge, M. & BenAri,
Y. (2013) Treating Fragile X syndrome with the diuretic bumetanide: a case
report. Acta Paediatr., 102, e288—e290.

Leonzino, M., Busnelli, M., Antonucci, F., Verderio, C., Mazzanti, M. & Chini,
B. (2016) The timing of the excitatory-to-inhibitory GABA switch is
regulated by the oxytocin receptor via KCC2. Cell Rep., 15, 96-103.

Liljelund, P., Handforth, A., Homanics, G.E. & Olsen, R.W. (2005) GABAA
receptor beta3 subunit gene-deficient heterozygous mice show parent-
oforigin and gender-related differences in beta3 subunit levels, EEG, and
behavior. Brain Res. Dev. Brain Res., 157, 150-161.

Liu, W.S., Pesold, C., Rodriguez, M.A., Carboni, G., Auta, J., Lacor, P., Larson,
J., Condie, B.G. et al. (2001) Down-regulation of dendritic spine and
glutamic acid decarboxylase 67 expressions in the reelin haploinsufficient
heterozygous reeler mouse. Proc. Natl. Acad. Sci. USA, 98, 3477-3482.

Loth, E., Spooren, W., Murphy, D.G. & EU-AIMS Consortium (2014) New
treatment targets for autism spectrum disorders: EU-AIMS. Lancet
Psychiatr., 1, 413-415.

Loth, E., Murphy, D.G. & Spooren, W. (2016) Defining precision medicine
approaches to autism spectrum disorders: concepts and challenges. Front.
Psychiatr., 7, 188.

Lozano, R., Hare, E.B. & Hagerman, R.J. (2014) Modulation of the GABAergic
pathway for the treatment of fragile X syndrome. Neuropsych. Dis. Treat.,
10, 1769-1779.

Lozano, R., Martinez-Cerdeno, V. & Hagerman, R.J. (2015) Advances in the
understanding of the Gabaergic neurobiology of FMRI1 expanded alleles
leading to targeted treatments for Fragile X spectrum disorder. Curr. Pharm.
Design, 21, 4972-4979.

Marm, O. (2012) Interneuron dysfunction in psychiatric disorders. Nat. Rev.
Neurosci., 13, 107-120.

Marrosu, F., Marrosu, G., Rachel, M.G. & Biggio, G. (1987) Paradoxical
reactions elicited by diazepam in children with classic autism. Funct.
Neurol., 2, 355-361.

Mattiske, T., Lee, K., Gecz, J., Friocourt, G. & Shoubridge, C. (2016)
Embryonic forebrain transcriptome of mice with polyalanine expansion
mutations in the ARX homeobox gene. Hum. Mol. Genet., 25, 5433-5443.

Medrihan, L., Tantalaki, E., Aramuni, G., Sargsyan, V., Dudanova, 1., Missler,
M. & Zhang, W. (2008) Early defects of GABAergic synapses in the brain
stem of a MeCP2 mouse model of Rett syndrome. J. Neurophysiol., 99, 112—
121.

Page 26



Computer Engineering

ISSN: 10003428

Volume 15 | Issue 1 | Year 2026

https://journalofcomputerengineering.com/

Mendez, M.A., Horder, J., Myers, J., Coghlan, S., Stokes, P., Erritzoe, D.,
Howes, O., Lingford-Hughes, A. et al. (2013) The brain GABA-
benzodiazepine receptor alpha-5 subtype in autism spectrum disorder: a pilot
[(11)  C]JRol5-4513  positron  emission  tomography  study.
Neuropharmacology, 68, 195-201.

Michalon, A., Sidorov, M., Ballard, T.M., Ozmen, L., Spooren, W., Wettstein,
J.G., Jaeschke, G., Bear, M.F. et al. (2012) Chronic pharmacological mGlu5
inhibition corrects fragile X in adult mice. Neuron, 74, 49-56.

Mori, K., Mori, T., Toda, Y., Fujii, E., Miyazaki, M., Harada, M. & Kagami, S.
(2012a) Decreased benzodiazepine receptor and increased GABA level in
cortical tubers in tuberous sclerosis complex. Brain Dev., 34, 478-486.

Mori, T., Mori, K., Fujii, E., Toda, Y., Miyazaki, M., Harada, M., Hashimoto,
T. & Kagami, S. (2012b) Evaluation of the GABAergic nervous system in
autistic brain: (123)I-iomazenil SPECT study. Brain Dev., 34, 648-654.

Nakamura, T., Arima-Yoshida, F., Sakaue, F., Nasu-Nishimura, Y., Takeda, Y.,
Matsuura, K., Akshoomoff, N., Mattson, S.N. et al. (2016) PX-RICSdeficient
mice mimic autism spectrum disorder in Jacobsen syndrome through
impaired GABAA receptor trafficking. Nat. Commun., 7, 10861.

Nebel, R.A., Zhao, D., Pedrosa, E., Kirschen, J., Lachman, H.M., Zheng, D. &
Abrahams, B.S. (2016) Reduced CYFIP1 in human neural progenitors
results in dysregulation of schizophrenia and epilepsy gene networks. PLoS
One, 11, e0148039.

Noebels, J.L. (2015) Single-gene determinants of epilepsy comorbidity. Cold
Spring Harb. Perspect Med., 5, 1-14.

Novarino, G., El-Fishawy, P., Kayserili, H., Meguid, N.A., Scott, E.M.,
Schroth, J., Silhavy, J.L., Kara, M. et al. (2012) Mutations in BCKDkinase
lead to a potentially treatable form of autism with epilepsy. Science, 338,
394-397.

Oberman, L.M. (2012) mGluR antagonists and GABA agonists as novel
pharmacological agents for the treatment of autism spectrum disorders.
Expert Opin. Inv. Drug, 21, 1819-1825.

Oblak, A.L., Gibbs, T.T. & Blatt, G.J. (2010) Decreased GABA(B) receptors
in the cingulate cortex and fusiform gyrus in autism. J. Neurochem., 114,
1414-1423.

Oblak, A.L., Gibbs, T.T. & Blatt, G.J. (2011) Reduced GABAA receptors and
benzodiazepine binding sites in the posterior cingulate cortex and fusiform
gyrus in autism. Brain Res., 1380, 218-228.

Ogiwara, 1., Miyamoto, H., Morita, N., Atapour, N., Mazaki, E., Inoue, I,
Takeuchi, T., Itohara, S. et al. (2007) Navl.l localizes to axons of
parvalbumin-positive inhibitory interneurons: a circuit basis for epileptic
seizures in mice carrying an Scnla gene mutation. J. Neurosci., 27, 5903—
5914.

Olmos-Serrano, J.L., Paluszkiewicz, S.M., Martin, B.S., Kaufmann, W.E.,
Corbin, J.G. & Huntsman, M.M. (2010) Defective GABAergic
neurotransmission and pharmacological rescue of neuronal hyperexcitability
in the amygdala in a mouse model of fragile X syndrome. J. Neurosci., 30,
9929-9938.

Ozkan, E.D., Creson, T.K., Kramar, E.A., Rojas, C., Seese, R.R., Babyan, A.H.,
Shi, Y., Lucero, R. et al. (2014) Reduced cognition in Syngapl mutants is
caused by isolated damage within developing forebrain excitatory neurons.
Neuron, 82, 1317-1333.

Patrylo, P.R., Browning, R.A. & Cranick, S. (2006) Reeler homozygous mice
exhibit enhanced susceptibility to epileptiform activity. Epilepsia, 47, 257—
266.

Pe~nagarikano, O., Abrahams, B.S., Herman, E.I., Winden, K.D., Gdalyahu,
A., Dong, H., Sonnenblick, L.I., Gruver, R. et al. (2011) Absence of
CNTNAP2 leads to epilepsy, neuronal migration abnormalities, and core
autism-related deficits. Cell, 147, 235-246.

Powell, E.M., Campbell, D.B., Stanwood, G.D., Davis, C., Noebels, J.L. &
Levitt, P. (2003) Genetic disruption of cortical interneuron development
causes region- and GABA cell type-specific deficits, epilepsy, and behavioral
dysfunction. J. Neurosci., 23, 622-631.

Pressler, R.M., Boylan, G.B., Marlow, N., Blennow, M., Chiron, C., Cross,
J.H., de Vries, L.S., Hallberg, B. et al. & NEonatal Seizure Treatment with
Medication Off-patent (NEMO) Consortium (2015) Bumetanide for the
treatment of seizures in newborn babies with hypoxic ischaemic

© 2026 Computer Engineering. All Rights Reserved.

encephalopathy (NEMO): an open-label, dose finding, and feasibility phase
1/2 trial. Lancet Neurol., 14, 469-477.

Price, M.G., Yoo, J.W., Burgess, D.L., Deng, F., Hrachovy, R.A., Frost, J.D. Jr
& Noebels, J.L. (2009) A triplet repeat expansion genetic mouse model of
infantile spasms syndrome, Arx(GCG)10 + 7, with interneuronopathy,
spasms in infancy, persistent seizures, and adult cognitive and behavioral
impairment. J. Neurosci., 29, 8752-8763.

Prilutsky, D., Kho, A.T., Palmer, N.P., Bhakar, A.L., Smedemark-Margulies,
N., Kong, S.W., Margulies, D.M., Bear, M.F. et al. (2015) Gene expression
analysis in FmrlKO mice identifies an immunological signature in brain
tissue and mGluR5-related signaling in primary neuronal cultures. Mol.
Autism, 6, 66.

Provenzano, G., Pangrazzi, L., Poli, A., Pernigo, M., Sgado, P., Genovesi, S.,
Zunino, G., Berardi, N. et al. (2014) Hippocampal dysregulation of
neurofibromin-dependent pathways is associated with impaired spatial
learning in engrailed 2 knock-out mice. J. Neurosci., 34, 13281-13288.

Provenzano, G., Sgado, P., Genovesi, S., Zunino, G., Casarosa, S. & Bozzi, Y.
(2015) Hippocampal dysregulation of FMRP/mGIuR5 signaling in
engrailed-2 knockout mice: a model of autism spectrum disorders.
Neuroreport, 26, 1101-1105.

Provenzano, G., Corradi, Z., Monsorno, K., Fedrizzi, T., Ricceri, L., Scattoni,
M.L. & Bozzi, Y. (2016) Comparative gene expression analysis of two
mouse models of autism: transcriptome profiling of the BTBR and En2 (-/-)
hippocampus. Front. Neurosci., 10, 396.

Roach, E.S. (2016) Applying the lessons of tuberous sclerosis: the 2015 Hower
award lecture. Pediatr. Neurol., 63, 6-22.

Robertson, C.E., Ratai, EIM. & Kanwisher, N. (2016) Reduced GABAergic
action in the autistic brain. Curr. Biol., 26, 80-85.

Rosahl, T.W., Spillane, D., Missler, M., Herz, J., Selig, D.K., Wolff, J.R.,
Hammer, R.E., Malenka, R.C. et al. (1995) Essential functions of synapsins
T'and IT in synaptic vesicle regulation. Nature, 375, 488—493.

Roullet, F.I., Lai, J.K. & Foster, J.A. (2013) In utero exposure to valproic acid
and autism—a current review of clinical and animal studies. Neurotoxicol.
Teratol., 36, 47-56.

Rubenstein, J.L. & Merzenich, M.M. (2003) Model of autism: increased ratio
of excitation/inhibition in key neural systems. Genes Brain Behav., 2, 255-
267.

Rubinstein, M., Han, S., Tai, C., Westenbroek, R.E., Hunker, A., Scheuer, T. &
Catterall, W.A. (2015) Dissecting the phenotypes of Dravet syndrome by
gene deletion. Brain, 138, 2219-2233.

Rudy, B., Fishell, G., Lee, S. & Hjerling-Leffler, J. (2011) Three groups of
interneurons account for nearly 100% of neocortical GABAergic neurons.
Dev. Neurobiol., 71, 45-61.

Sabanov, V., Braat, S., D’Andrea, L., Willemsem, R., Zeidler, S., Rooms, L.,
Bagni, C., Kooy, R.F. et al. (2017) Impaired GABAergic inhibition in the
hippocampus of Fmr1 knockout mice. Neuropharmacology, 116, 71—

81.

Sahin, M. & Sur, M. (2015) Genes, circuits, and precision therapies for autism
and related neurodevelopmental disorders. Science, 350, 6263.

Sahin, M., Henske, E.P., Manning, B.D., Ess, K.C., Bissler, J.J., Klann, E.,
Kwiatkowski, D.J., Roberds, S.L. et al. & Tuberous Sclerosis Complex
Working Group (2016) Advances and future directions for Tuberous
Sclerosis Complex research: recommendations from the 2015 strategic
planning conference. Pediatr. Neurol., 60, 1-12.

Sala, M., Braida, D., Lentini, D., Busnelli, M., Bulgheroni, E., Capurro, V.,
Finardi, A., Donzelli, A. et al. (2011) Pharmacologic rescue of impaired
cognitive flexibility, social deficits, increased aggression, and seizure
susceptibility in oxytocin receptor null mice: a neurobehavioral model of
autism. Biol. Psychiat., 69, 875-882.

Samaco, R.C., Hogart, A. & LaSalle, J.M. (2005) Epigenetic overlap in autism-
spectrum neurodevelopmental disorders: MECP2 deficiency causes reduced
expression of UBE3A and GABRB3. Hum. Mol. Genet., 14, 483—

492.

Scharf, S.H., Jaeschke, G., Wettstein, J.G. & Lindemann, L. (2015)
Metabotropic glutamate receptor 5 as drug target for Fragile X syndrome.
Curr. Opin. Pharmacol., 20, 124-134.

Page 27



Computer Engineering

ISSN: 10003428

Volume 15 | Issue 1 | Year 2026

https://journalofcomputerengineering.com/

Schroer, R.J., Phelan, M.C., Michaelis, R.C., Crawford, E.C., Skinner, S.A.,
Cuccaro, M., Simensen, R.J., Bishop, J. et al. (1998) Autism and maternally
derived aberrations of chromosome 15q. Am. J. Med. Genet., 76, 327-336.

Sché€ur, R.R., Draisma, L.W., Wijnen, J.P., Boksm, M.P., Koevoets, M.G.,
Jo€els, M., Klomp, D.W., Kahn, R.S. et al. (2016) Brain GABA levels across
psychiatric disorders: a systematic literature review and meta-analysis of (1)
H-MRS studies. Hum. Brain Mapp., 37, 3337-3352.

Selby, L., Zhang, C. & Sun, Q.Q. (2007) Major defects in neocortical
GABAergic inhibitory circuits in mice lacking the fragile X mental
retardation protein. Neurosci. Lett., 412, 227-232.

Sgado, P., Genovesi, S., Kalinovsky, A., Zunino, G., Macchi, F., Allegra, M.,
Murenu, E., Provenzano, G. et al. (2013a) Loss of GABAergic neurons in
the hippocampus and cerebral cortex of Engrailed-2 null mutant mice:
implications for autism spectrum disorders. Exp. Neurol., 247, 496— 505.

Sgado, P., Provenzano, G., Dassi, E., Adami, V., Zunino, G., Genovesi, S.,
Casarosa, S. & Bozzi, Y. (2013b) Transcriptome profiling in engrailed-2
mutant mice reveals common molecular pathways associated with autism
spectrum disorders. Mol. Autism, 4, 51.

Shahbazian, M., Young, J., Yuva-Paylor, L., Spencer, C., Antalfty, B., Noebels,
J., Armstrong, D., Paylor, R. et al. (2002) Mice with truncated MeCP2
recapitulate many Rett syndrome features and display hyperacetylation of
histone H3. Neuron, 35, 243-254.

Shinohe, A., Hashimoto, K., Nakamura, K., Tsujii, M., Iwata, Y., Tsuchiya,
K.J., Sekine, Y., Suda, S. et al. (2006) Increased serum levels of glutamate
in adult patients with autism. Prog. Neuropsychopharmacol. Biol. Psychiatr.,
30, 1472-1477.

Silverman, J.L., Pride, M.C., Hayes, J.E., Puhger, K.R., Butler-Struben, H.M.,
Baker, S. & Crawley, J.N. (2015) GABAB receptor agonist Rbaclofen
reverses social deficits and reduces repetitive behavior in two mouse models
of autism. Neuropsychopharmacol., 40, 2228-2239.

Sinkkonen, S.T., Homanics, G.E. & Korpi, E.R. (2003) Mouse models of
Angelman syndrome, a neurodevelopmental disorder, display different brain
regional GABA(A) receptor alterations. Neurosci. Lett., 340, 205-208.

Tabuchi, K., Blundell, J., Etherton, M.R., Hammer, R.E., Liu, X., Powell, C.M.
& S€udhof, T.C. (2007) A neuroligin-3 mutation implicated in autism
increases inhibitory synaptic transmission in mice. Science, 318, 71-76.

Takahashi, Y., Tsunashima, K., Sadamatsu, M., Schwarzer, C., Amano, S.,
Thara, N., Sasa, M., Kato, N. et al. (2000) Altered hippocampal expression of
neuropeptide Y, somatostatin, and glutamate decarboxylase in Ihara’s
epileptic rats and spontaneously epileptic rats. Neurosci. Lett., 287, 105—
108.

Tao, H., Manak, J.R., Sowers, L., Mei, X., Kiyonari, H., Abe, T., Dahdaleh,
N.S., Yang, T. et al. (2011) Mutations in prickle orthologs cause seizures in
flies, mice, and humans. Am. J. Hum. Genet., 88, 138-149.

Tarlungeanu, D.C., Deliu, E., Dotter, C.P., Kara, M., Janiesch, P.C., Scalise,
M., Galluccio, M., Tesulov, M. et al. (2016) Impaired amino acid transport
at the blood brain barrier is a cause of autism spectrum disorder. Cell, 167,
1481-1494.¢18.

Tilot, A.K., Bebek, G., Niazi, F., Altemus, J.B., Romigh, T., Frazier, T W. &
Eng, C. (2016) Neural transcriptome of constitutional Pten dysfunction in
mice and its relevance to human idiopathic autism spectrum disorder. Mol.
Psychiatr., 21, 118-125.

de la Torre-Ubieta, L., Won, H., Stein, J.L. & Geschwind, D.H. (2016)
Advancing the understanding of autism disease mechanisms through
genetics. Nat. Med., 22, 345-361.

Treiman, D.M. (2001) GABAergic mechanisms in epilepsy. Epilepsia, 42
(Suppl 3), 8-12.

Tricoire, L., Pelkey, K.A., Erkkila, B.E., Jeffries, B.W., Yuan, X. & McBain,
C.J. (2011) A blueprint for the spatiotemporal origins of mouse
hippocampal interneuron diversity. J. Neurosci., 31, 10948-10970.

Tripathi, P.P., Sgado, P., Scali, M., Viaggi, C., Casarosa, S., Simon, H.H.,
Vaglini, F., Corsini, G.U. et al. (2009) Increased susceptibility to kainic
acidinduced seizures in Engrailed-2 knockout mice. Neuroscience, 159, 842—
849.

Tyzio, R., Nardou, R., Ferrari, D.C., Tsintsadze, T., Shahrokhi, A., Eftekhari,
S., Khalilov, I., Tsintsadze, V. et al. (2014) Oxytocin-mediated GABA

© 2026 Computer Engineering. All Rights Reserved.

inhibition during delivery attenuates autism pathogenesis in rodent offspring.
Science, 343, 675-679.

Vahdatpour, C., Dyer, A.H. & Tropea, D. (2016) Insulin-like growthf 1 and
related compounds in the treatment of childhood-onset neurodevelopmental
disorders. Front. Neurosci., 10, 450.

Veenstra-VanderWeele, J., Cook, E.H., King, B.H., Zarevics, P., Cherubini, M.,
Walton-Bowen, K., Bear, M.F., Wang, P.P. et al. (2016) Arbaclofen in
children and adolescents with autism spectrum disorder: a randomized,
controlled, phase 2 trial. Neuropsychopharmacol., 42, 1390-1398.

Vreugdenhil, M., Jefferys, J.G., Celio, M.R. & Schwaller, B. (2003)
Parvalbumin-deficiency facilitates repetitive IPSCs and gamma oscillations
in the hippocampus. J. Neurophysiol., 89, 1414-1422.

Wagnon, J.L., Mahaffey, C.L., Sun, W., Yang, Y., Chao, H.T. & Frankel, W.N.
(2011) Etiology of a genetically complex seizure disorder in Celf4 mutant
mice. Genes Brain Behav., 10, 765-777.

Wei, H., Dobkin, C., Sheikh, A.M., Malik, M., Brown, W.T. & Li, X. (2012)
The therapeutic effect of memantine through the stimulation of synapse
formation and dendritic spine maturation in autism and fragile X syndrome.
PLoS One, 7, e36981.

Wess, J., Nakajima, K. & Jain, S. (2013) Novel designer receptors to probe
GPCR signaling and physiology. Trends Pharmacol. Sci., 34, 385-392.

We€ohr, M., Orduz, D., Gregory, P., Moreno, H., Khan, U., V€orckel, K.J.,
Wolfer, D.P., Welzl, H. et al. (2015) Lack of parvalbumin in mice leads to
behavioral deficits relevant to all human autism core symptoms and related
neural morphofunctional abnormalities. Transl. Psychiatry, 5, €525.

Yoon, K.J., Nguyen, H.N., Ursini, G., Zhang, F., Kim, N.S., Wen, Z., Makri,
G., Nauen, D. et al. (2014) Modeling a genetic risk for schizophrenia in
iPSCs and mice reveals neural stem cell deficits associated with adherens
junctions and polarity. Cell Stem Cell, 15, 79-91.

Yu, F.H., Mantegazza, M., Westenbroek, R.E., Robbins, C.A., Kalume, F.,
Burton, K.A., Spain, W.J., McKnight, G.S. et al. (2007) Reduced sodium
current in GABAergic interneurons in a mouse model of severe myoclonic
epilepsy in infancy. Nat. Neurosci., 9, 1142-1149.

Yum, M.S., Lee, M., Ko, T.S. & Velisek, L. (2014) A potential effect of
ganaxolone in an animal model of infantile spasms. Epilepsy Res., 108,
1492-1500.

Zeng, L.H., Rensing, N.R., Zhang, B., Gutmann, D.H., Gambello, M.J. &
Wong, M. (2011) Tsc2 gene inactivation causes a more severe epilepsy
phenotype than Tscl inactivation in a mouse model of tuberous sclerosis
complex. Hum. Mol. Genet., 20, 445-454.

Zhang, L., He, J., Jugloff, D.G. & Eubanks, J.H. (2008) The MeCP2-null mouse
hippocampus displays altered basal inhibitory rhythms and is prone to
hyperexcitability. Hippocampus, 18, 294-309.

Page 28



