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Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental
disorder characterized by impairment in social-communica-
tion skills, and restricted and repetitive interests in which
manifestations of behavioral symptomology vary widely in
severity.1 This condition has been diagnosed in an increasing
number of children over the past 20 years, with the current
prevalence estimates nearing 1% of the children.2 Due to the
recent increase in prevalence rates of ASD, there is a strong
need for efficient and cost-effective treatments for this
population.2,3 In 2013, during the Child and Adolescent
Neuropsychopharmacology Network of the European

College of Neuropsychopharmacology (ECNP) in Barcelona,
13 experts held the Targeted Network Meeting (TNM) and
identified the list of the largest unmet needs.4 To date,
interventions commonly used for children and adolescents
with ASD include behavioral therapy and medications.
Despite considerable progress in understanding the neuro-
biology of ASD, established treatments for core symptoms
are still needed. Drug interventions are focused on comorbid
symptoms for the majority of psychiatric disorders with
childhood or adolescence onset.5–7 However, all the medica-
tions prescribed to manage the comorbid symptoms (e.g.,
anxiety, depression) for this population are used “off
label.”8,9
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Abstract Pharmacological treatments for core symptoms of Autism Spectrum Disorder (ASD)
are still lacking. The clinical heterogeneity observed in this population (e.g., differences
in cognitive functioning or in autism symptom severity) should be taken into account
when a new drug is tested. Stratifying this population according to its neurobiological
substrate could significantly improve our knowledge regarding the most appropriate
pharmacological treatment for individual needs. In this review, we discuss the possible
genetic and biological pathways, including the Glutamatergic, GABAergic, and mTOR
systems, involved in the pathophysiology of autism, as well as the mechanisms that
may be targeted by new drug interventions. Finally, we describe the current progress
from the preclinical and clinical studies on some potential therapeutic options for ASD
core symptoms.
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Ideally, the development of evidence-based treatment
protocols combining pharmacological and behavioral inter-
ventions might help to improve outcomes and facilitate
greater independence for individuals with ASD.10

Risperidone and aripiprazole have been approved by
the U.S. Food and Drug Administration (FDA) for treating
children with ASD accompanied by disruptive behavior (e.g.,
tantrums, aggression).11–14 Atypical antipsychotics mainly
affect the activity of the classic neurotransmitter systems
through binding to presynaptic or postsynaptic receptor
systems. They are more potent as serotonin 2A (5-HT2A)
than dopamine (DA) D2 antagonists; also, they are direct- or
indirect-acting 5-HT1A receptor partial agonists.15 Despite
the efficacy of these medications for treating behavioral
problems, these medications do not improve the core symp-
toms of autism, suggesting that the main neurotransmitter
systems do not directly affect the central pathophysiological
pathways of this condition.4

By far, the main reason for the lack of effective drug
interventions for the core symptoms of ASD is the limited
understanding of its molecular and neurobiological bases.16

Moreover, thewide variety of genetic variants present in ASD
that converge in differentmolecular pathwaysmediating the
phenotypic expression in some identifiable core symptoms,
make the development of new drug intervention challenging
in this population. Translating the knowledge of molecular
and neurobiological bases into individualized molecular
therapies undoubtedly represents the most important
long-term goal of genetic researches in autism.17

This article illustrates the possible genetic and neurobio-
logical mechanisms involved in the pathophysiology of aut-
ism, and describes ways in which these mechanisms might
be used for the development of new drug interventions by
targeting the core symptoms of ASD. In addition, we provide
an overview of the major challenges for the development of
new effective drugs in this population. Finally, the unmet
needs and future directions on drug treatments for core
symptoms of ASD will be discussed.

Genetic and Biological Pathways Involved in
ASD: A Starting Point for New Treatments

The understanding of the relationships between genetic
variations and behavioral phenotypes is in its beginning.
High number of genetic variants have been identified either
as causal or contributing to autism, suggesting a substantial
genetic heterogeneity of the disorder. However, the identi-
fication of specific biological pathways involved in ASD is
particularly important since they could represent a starting
point for the development of new drug interventions.18 In
fact, there are significantly more chances of finding new,
effective molecules affecting a limited number of abnormal
biological pathways than developing a unique pharmacolo-
gical agent for every single gene involved in the etiology of
autism that has been identified so far.

Recent years have seen a rapid increase in the investiga-
tion of the pathophysiological pathways in ASD.19 Genetic
and biological pathways play a role in drug sensitivity or

resistance. Therefore, an essential step to robustly identify
new drug interventions is to improve the knowledge on the
pathways contributing to ASD.9

An example of a relevant biological pathway in ASD is the
SH3 and multiple ankyrin repeat domains 3 (Shank3) path-
way.20 Shank3 is a postsynaptic scaffold protein regulating
synaptic development, function, andplasticity by coordinating
the assembly of postsynaptic density (PSD) macromolecular
signaling complex.21 It has been demonstrated that in mice
germline, deletion of SHANK3 leads to autistic-like behaviors,
including anxiety, social interaction deficits, and repetitive
behaviors, by disrupting the protein composition of the PSD
and reducing the neurotransmission efficiency.22 In the adult
mice brain, restoration of Shank3 expression can promote
spine formation; efficiently recruit major scaffolding and
signaling proteins to the synapse; and assemble the PSD
protein network even after the developmental period.21 Also,
restoration of Shank3 expression highlights a correspondence
between the biological substrate and the behavioral pheno-
type. Finally, in restoring Shank3 expression, mice have re-
porteda significantly reducedgrooming timeandanenhanced
social interaction compared with the wild type mice.21

Other recent studies have shown that ASD may be asso-
ciated with an alteration of the excitatory/inhibitory (E/I)
balance with abnormalities in the glutamate and GABA sys-
tem, including neurotransmitters, receptors, and enzymes.23

The E/I imbalance refers to both the increased and the de-
creased E/I ratios, and is affected by factors controlling the
formation and functioning of excitatory and inhibitory sy-
napses in thebrain.24 The E/I ratio is highly asymmetric across
development; it depends on the levels of ionotropic and
metabotropic glutamate and GABA receptors, and on the
extracellular glutamate and GABA concentrations.25 Indeed,
recent studies have shown that the same genemutation leads
to distinct synaptic E/I imbalances in different synapses and
brain regions at different time points.25 Specific factors that
have a role in the synaptic E/I balance can include E/I synapse
development and transmission; downstream signaling path-
ways; and homeostatic synaptic plasticity.26 At another level,
E/I balance has a role in the local circuits such as the interplay
between GABAergic interneurons and target pyramidal neu-
rons, which would modulate brain network and connections.
Furthermore, results of postmortem studies showed a mod-
ification in GABAergic circuits in ASDwith an alteration in the
GABA-A and GABA-B receptors in postmortem brains of
autistic individuals.27 At the clinical level, the E/I imbalance
could explain the high occurrence of epilepsy in individuals
withASD. In fact, itmay be the result of widespread changes in
the GABA innervation and/or release, which may lower the
threshold fordeveloping seizures.28 Several researches explor-
ing the comorbidity between ASD and epilepsy suggest het-
erogeneous changes in the glutamatergic and GABAergic
systems in the brain of autism individuals and an overall
increased ratio of E/I, whichmight lead to epileptic symptoms
and atypical behaviors.29

In this context, the excitation and inhibition imbalances
may have a role in the development and maintenance of
autistic symptoms, and could be considered important
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therapeutic targets for future studies using animal models of
ASD.

Treatment of Core Symptoms: The
Contribution of Syndromic Forms of ASD

To date, strategies to improve drug development that aim at
regulating the pathophysiological anomalies of a complex
disorder have primarily been established through the study
of single-gene disorders frequently associated with it.30 This
could be a promising approach because these single-gene
disorders might be treated by developing specific pharma-
cological compounds based on cellular, molecular, and
animal models of well-known genetic syndromes. Subse-
quently, the same compounds might target different syn-
dromes with similar pathological mechanisms.30 Promising
results in humans have already been communicated for
some of these drugs initially aimed at treating the original
single-gene disorders.31

In this context, understanding the neurobiological altera-
tion that a specific drug might target, is based on the study of
new medications acting on known syndromic forms asso-
ciated with autism, such as Joubert syndrome, Smith-Lemli-
Opitz syndrome, tuberoussclerosis, or fragileX syndrome.32 In
fact, abnormal biological pathways and causative genetic
factors have been identified in these syndromic forms of
autism.17 Different genes independently associated with aut-
ism, such as the tuberous sclerosis complex (TSC, i.e., TSC1 and
TSC2),33 the phosphatase and tensin homolog (PTEN),34 and
the neurofibromatosis type 1 (NF1),35 are all biologically and
strictly related to themammalian target of rapamycin (mTOR)
pathway.36 Inmore detail, signaling through themetabotropic
glutamate receptor 5 (mGluR5) as linked to themTORpathway
has been implicated in the development of ASD in fragile X
syndrome and TSC.37,38 The mTOR signaling pathway plays a
role in regulating numerous cellular processes in the devel-
oping brain, including neuronal cell morphology, GABAergic
interneurons development, and white matter connectivity.39

Therefore, thefinal commonpathway in thedevelopmentofan
autistic brain might be a neuronal connectivity perturbation,
in which abnormalities of local network information proces-
sing can interfere with the development of appropriate long-
range connections among affected brain regions.40 Altered
interneurondevelopment, includingadisruption inGABAergic
interneurons,mayaccount for an abnormal balance of E/I ratio
that canexplain the concomitant presenceofepilepsyandASD
in infants with TSC.

The mTOR pathways have recently been considered for
the development of new effective drugs with novel mechan-
isms—by interacting with abnormal intracellular pathways
and targeting core symptoms of ASD17,41 (see section “Treat-
ment Targets On mTOR System”).

Among the syndromic forms, fragile X syndrome is the
most common genetic cause of autism, with a co-occurrence
rate ranging from 2 to 6%.42 Fragile X syndrome is a genetic
syndrome caused by the significant expansion of CGG triplet
repeat within the fragile Xmental retardation 1 (FMR1) gene
on the X chromosome.43 The FMR1 gene provides instruc-

tions for making a protein called fragile Xmental retardation
protein (FMRP) that is widely expressed in neurons and glial
cells, and acts as an “interactor” regulating the mRNA
stability, translational control, and the synaptic plasticity
in several encephalic regions.44 Indeed, its binding targets
include the glutamate receptor 1 (GluR1) and the glutamate
receptor 2 (GluR2) subunits of the amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) glutamate recep-
tor, and several other synaptic proteins important for neu-
rotransmission and structure.45 Although the precise
mechanism is less clear, deficiencies in FMRP are associated
with increase in the mammalian target of rapamycin com-
plex 1 (mTORC1) signaling.46

Animal models of fragile X syndrome (Fmr1-knockout
[KO] mice) have been analyzed, and these animal studies
have shown diverse abnormal features in mice, such as
increased anxiety, locomotor activity, and cognitive deficits
in different behavioral tasks.47 An analysis of synaptic plas-
ticity in Fmr1-KO mice revealed that long-term depression
(LTD) triggered by the metabotropic glutamate receptors
(mGluRs) is enhanced, whereas the N-methyl-D-aspartate
receptor (NMDA)-dependent LTD is normal.48 These results
led to the proposal of “mGluR theory of fragile X Syndrome.”
This theory is based on the assumptions that many lasting
consequences of group1 metabotropic glutamate receptor
(Gp1 mGluR) activation require protein synthesis, and these
are exaggerated in the absence of FMRP. Abnormal mGluR
signaling could explain the peculiar clinical phenotypes of
this syndrome. Therefore, an interesting line of research for
future studies might focus on testing drug therapies that
specifically target signaling by Gp1 mGluRs. This concept
suggests a scientific rationale for the treatment of fragile X
syndrome: if symptoms of fragile X syndrome arise from
excessive signaling through Gp1mGluRs, in principle, then it
should be possible to treat them with drugs that inhibit the
receptors and/or the downstream intracellular signals they
initiate.

Research on Pharmacological Treatment in
ASD

Different classes of pharmacological agents acting on differ-
ent targets have been found to be effective in improving core
symptoms of ASD.49 Studies in animal models on medica-
tions aimed at normalizing the E/I imbalance through the use
of mGluR antagonists50 and GABA agonists have shown
promising results.51 Following the animal studies, clinical
trials have been performed to test the potential role of
glutamatergic and GABAergic agents in reversing the core
social dysfunction in ASD.52,53

Treatments Targeting the Glutamatergic Systems
Among glutamatergic drugs, different therapeutic strategies
have been developed to improve the core symptoms of
autism that target metabotropic glutamate receptors (e.g.,
mGlu5 antagonists), AMPA receptors (e.g., the AMPA recep-
tor potentiating drugs, ampakines), or NMDA receptors (e.g.,
the NMDA receptor antagonist, memantine).54
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ThemGlu5 antagonists that showed some effects on social
and stereotypic behaviors in preclinical models of autism50

were then tested in patients with ASD and fragile X syn-
drome, and have shown promising results in a subgroup of
these patients.31

In an autismmousemodel (the BTBRmice), the 2-methyl-
6-(phenylethynyl)-pyridine (MPEP), an antagonist of the
mGluR5 receptor, reduced repetitive self-grooming, whereas
GRN-259, a selective negative allosteric modulator of the
mGluR5 receptor, reduced repetitive behaviors in three
cohorts of BTBR mice. Both compounds exhibited an in-
creased improvement in the behavioral conditions and com-
munication skills in these cohorts.52

Also, the experimental animal model on BTBR mice has
been testedwith ampakine compounds (CX1837 and CX1739,
active on AMPA receptors). These succeeded in recovering the
social impairment; however, these compounds exhibited in-
consistent findings on repetitive self-grooming.52

Memantine, an affinity, partial antagonist of N-methyl-D-
aspartic acid (NMDA) glutamate receptor has also been
tested in ASD clinical trials with contrasting results.55 A
randomized, double-blind, placebo-controlled trial in 40
children with ASD treated with memantine reported a sig-
nificant improvement of irritability, stereotypic behavior,
and hyperactivity.56 In line with these results, Nikvarz et al,
comparing the efficacy and side-effects ofmemantine versus
risperidone for the treatment of ASD symptoms, suggested
that memantine may have beneficial effects in improving
several autism core symptoms.57 On the other hand, a recent
randomized, placebo-controlled study in 121 children with
ASD showed no clinical efficacy of memantine in this
population.58

Treatment Target on GABAergic Systems
Animal models of Engrailed2 (En2) knockout mice have been
proposed as a model for ASD, and a link between the altered
function of En2, deficits of GABAergic systems, and the
pathogenesis of ASD have also been postulated.59–61

In clinical trials, arbaclofen, a GABA-B receptor agonist that
acts upstream of mGluR5 receptor signaling, has been inves-
tigated in fragile X syndrome, reporting promising findings in
social domains.62Arecentopen-label trialwith STX209, a form
of arbaclofen, was conducted in patients with ASD and dis-
played improvements in several outcomemeasures, including
the Aberrant Behavior Checklist (ABC) Social Responsiveness,
Social Withdrawal, and Lethargy subscale scores.63

Treatment Target on mTOR System
The dysregulation of intracellular signaling through the
activation of mTOR pathway could play a direct role in
determining the susceptibility to autism, and it is involved
in the maintenance of the physiological synaptic E/I ra-
tio.39,40 Furthermore, a deregulation of mTOR signaling
pathway has been linked to a wide variety of neurodevelop-
mental disorders including TSC.64 In this context, it can be
hypothesized that mTOR inhibitors, a class of drugs selec-
tively inhibiting mTOR complex and including rapamycin
and everolimus, might also have a beneficial effect on ASD

symptoms.65 Everolimus has an established role in deter-
mining the shrinkage of TSC related lesions, such as sub-
ependymal giant cell astrocytomas66 and renal
angiomyolipomas.67 More recently, its efficacy has been
proved in reducing the seizure frequency in patients with
TSC-related resistant focal seizures.68

Preclinical studies have also demonstrated that the admin-
istration of rapamycin, a selective inhibitor of mTOR complex
to amousemodel of an early-onset epilepsy co-occurringwith
autism was not only able to reduce seizure susceptibility but
could also attenuate autistic-like behaviors.39,69

Finally, there is also some preliminary clinical evidence of
beneficial effects ofmTOR inhibitors, including rapamycin and
its analogue everolimus, on autistic symptoms in a few pa-
tients.65 Several clinical trials are already in progress to
investigate the neurocognitive disorders and autism in TSC,
as well as the possible efficacy and safety of mTOR inhibitors
(Efficacy of RAD001/Everolimus in Autism and NeuroPsycho-
logical Deficits in Children With Tuberous Sclerosis Complex
[RAPIT]—NCT01730209; Rapalogues for Autism Phenotype in
TSC: A Feasibility Study [RAPT]—NCT01929642; and Trial of
RAD001 and Neurocognition in Tuberous Sclerosis Complex—
NCT01289912).

Other Experimental Treatments

Oxytocin in ASD
A large number of studies have also investigated the promi-
nent role of oxytocin (OXT) as a potential treatment for the
core symptoms of ASD with highly conflicting and hetero-
geneous findings.70,71

OXT receptors are localized in multiple regions of the
brain, with especially high density in areas implicated in
affective and social processing, thus supporting the role of
this hormone in social behaviors.72 OXT is a neurosecretory
hormone, synthesized by hypothalamic neurons that regu-
lates the hypothalamic-pituitary-adrenal axis.73,74 In mam-
mals, OXT is mainly involved in the regulation of
reproduction, particularly in females, with peripheral OXT
influencing parturition and lactation, and central OXT affect-
ing mother– offspring bonding and recognition.73 More
recently, OXTwas also shown to stimulate trust and prosocial
behaviors in typically developing individuals. Therefore, it is
currently being evaluated for the treatment of autism symp-
toms.70,71,75 In support of an OXT contribution in ASD,
studies have shown that children with autism have lower
plasma OXT levels compared with the controls.76 Addition-
ally, pharmacologic or genetic alterations in the OXT system
have been associated with changes in the functional Mag-
netic Resonance Imaging (fMRI) of brain regions implicated
in autism, includingmedial prefrontal cortex, hypothalamus,
and amygdala. Genes coding for OXT (i.e., the OXT receptor,
and the CD38) were found to be altered in certain cases of
autism.77,78 Notably, preliminary data suggest that OXT
treatment in individuals with autism can improve social
skills.79–81 A double-blind, randomized, placebo-controlled,
crossover clinical trial investigated the efficacy of OXT treat-
ment in 31 children with autism and demonstrated that
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children receiving OXT showed significantly more improve-
ments in social responsiveness compared with the children
receiving placebo.71 However, despite a growing literature
on OXT as a potential treatment for the core symptoms of
autism, the mechanisms underlying OXT influence on com-
plex social processes still remain largely unknown.71

Bumetanide in ASD
Recently, bumetanide, a medication approved by the FDA for
treating edema related to congestive heart failure or kidney
diseases, has been proposed as a promising treatment for the
core symptoms of ASD.82 Studies on the offspring rodent
models of autism have shown that maternal pretreatment
with bumetanide may restore the control of electrophysio-
logical and behavioral phenotypes.82–84 Following these
encouraging animal studies, a randomized controlled study
(RCT) demonstrated the effect of bumetanide in reducing
autistic symptoms, compared with placebo in 60 children
with autism or Asperger syndrome. Moderate side-effects
restricted to an occasional mild hypokalemia were re-
ported.85 These results have been supported by a recent
pilot study investigating the effects of combined bumetanide
and applied behavior analysis (ABA) treatment compared
with ABA treatment alone, in 60 children with autism. This
study showed that the combined treatment (bumetanide þ
ABA treatment) may result in a better outcome in children
with autism than ABA therapy alone.82 Therefore, bumeta-
nide can be a promising novel therapeutic treatment for
autism symptoms; however, larger trials are warranted.

Folinic Acid in ASD
Recent studies have identified several abnormalities in the
metabolism of folate, showing that supplementation with
folate during the prenatal and conception period might lower
the risk of ASD in offspring.86 Low levels of cerebrospinal fluid
(CSF) folate concentrations have been observed in up to 23% of
children with ASD.87 Several case reports showed that a high
dose of folinic acid markedly improves the symptoms in
childrenwithASDand lowCSF folate concentrations. Recently,
a randomized, double-blind, placebo-controlled trial demon-
strated that 48 childrenwith ASD,whowere treatedwith high
dose of folinic acid improved in verbal communication as
compared with the children treated with placebo.88

Conclusion and Future Directions

Despite remarkable advances in the knowledge of autism
made in the past decade, the treatment of core symptoms
remains a major challenge in ASD. The investigation of novel
medications requires a robust preclinical phase with a vali-
dated animal model that displays a clinical phenotype similar
to the core symptoms exhibited by the clinical population
studied. Translating the knowledge from animalmodels to the
clinic represents the most important long-term goal of re-
search in the autism field. Defining the neural networks
underlying ASD is crucial to identify the developmental cor-
relates and cause of thedisease, and establish the correct brain
circuits for definite medications. Furthermore, studying the

alterationof theneural networks consequent to a specific drug
treatment might help to identify definite biological markers.
Recent advances in the neuroimaging methodologies could
undoubtedly help to address some of the challenges concern-
ing the dynamic investigation of these neural substrates.

From a clinical stand point, to develop new medications
targeting core symptoms, a critical point for the ASD research
community is the need to develop a better definition of
which symptoms are present in each individual affected by
an ASD. By diagnosing comorbid disorders and defining ASD
more clearly, we will be able to distinguish with greater
accuracy the symptoms of comorbidities from the core
symptoms of this condition. Until symptoms of ASD and
comorbid disorders will not be defined more precisely,
researchers will have difficulties in delineating clearly the
outcome of pharmacologic interventions. It is possible that
the phenotypic heterogeneity of autism may be reduced
when more homogeneous subgroups based on shared bio-
logical etiology are considered. In this context, the stratifica-
tion of patients according to their neurobiological substrate
could significantly improve our knowledge about which
specific pharmacological treatment is more appropriate for
each individual’s need. Furthermore, by identifying ASD
subtypes, researchers might then be able to design new
medications targeting specific autism symptoms. It is also
crucial to take into account the different developmental
stages when various treatments are used. For example, the
measurement of E/I imbalance is influenced by subtypes of
ASD (e.g., Fragile X, TSC, high-functioning, or low function-
ing) but also by the developmental period (e.g., GABAexerts a
depolarizing and excitatory action early in postnatal life). It is
possible that different intervention strategies need to be
created according to the developmental phase of the brain.

Future studies should also use samples that are epide-
miologically ascertained within both cross-sectional and
longitudinal frameworks. Longitudinal clinical trials that
begin as early as a diagnosis can be established; these could
be very helpful in clarifying the relationships between
developmental abnormalities and functional deficits in au-
tistic children, and should be a priority for future research.
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