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Abstract

Autism spectrum disorders (ASD) are subdivided into idiopathic (unknown) etiology and secondary, based on known etiology.
There are hundreds of causes of ASD and most of them are genetic in origin or related to the interplay of genetic etiology and
environmental toxicology. Approximately 30 to 50% of the etiologies can be identified when using a combination of available
genetic testing. Many of these gene mutations are either core components of the Wnt signaling pathway or their modulators. The
full mutation of the fragile X mental retardation 1 (FMRI) gene leads to fragile X syndrome (FXS), the most common cause of
monogenic origin of ASD, accounting for ~2% of the cases. There is an overlap of molecular mechanisms in those with
idiopathic ASD and those with FXS, an interaction between various signaling pathways is suggested during the development
of the autistic brain. This review summarizes the cross talk between neurobiological pathways found in ASD and FXS. These
signaling pathways are currently under evaluation to target specific treatments in search of the reversal of the molecular
abnormalities found in both idiopathic ASD and FXS.

Key Words Autism spectrum disorders - fragile X syndrome - targeted treatments - Wnt - retinoic acid - mTOR - ERK/MAPK -
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Introduction

Autism spectrum disorders (ASD) is a term used to diag-
nose a behavioral disorder seen in individuals presenting
with a combination of severe difficulties in the areas of
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social communication, social interaction, and repetitive be-
haviors and movements. This condition currently affects
1.7% of children between 3 and 17 years of age in the
USA [1]. Surveillance data from the Centers for Disease
Control and Prevention (CDC) reported a prevalence of 1
in 54 children before 8 years of age in 2016. Currently, for
every 4 boys, only 1 girl is diagnosed with ASD [2]. To
meet the diagnostic criteria established in 2013 by the
Diagnostic and Statistical Manual of Mental Disorders
(DSM), fifth edition, an individual must presently manifest
or have a history of deficits in social interaction and com-
munication across multiple contexts, as well as restricted
or repetitive behavioral patterns (e.g., repetitive speech or
motor movements such as hand flapping or hand biting)
and perseveration in areas of interest [3]. Most individuals
diagnosed with ASD fail to have a normal back-and-forth
conversation or to develop and/or maintain social interac-
tions and relationships [4]. Affected individuals also strug-
gle with the integration of verbal and nonverbal communi-
cation and exhibit abnormal eye contact and body language
[3]. About 25 to 30% of children with ASD remain mini-
mally verbal after the preschool years [5, 6]. Furthermore,
they might present with intellectual challenges as well as
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psychiatric symptoms such as aggression, sleep distur-
bances, and mood disorders [7, 8].

The umbrella term “spectrum” refers to the heteroge-
neous display of symptoms and variable severity found in
affected individuals. There are hundreds of causes of ASD
and most of them are genetic in origin with over 1000
gene mutations associated with ASD [9]. There is also
significant evidence that an interplay between genetic pre-
disposition to ASD and environmental exposures, such as
heavy metals, endocrine disruptors, phthalates, bisphenol
A, polychlorinated biphenyls, and even air pollution can
lead to or exacerbate ASD through further disruption of
CNS pathways important for normal development [9].
ASD is subdivided into idiopathic, in which the etiology
is unknown, and secondary based on known etiology.
With the advent of more detailed genetic testing including
microarray testing assessing for deletions and duplica-
tions, in addition to fragile X DNA testing and when these
are negative moving forward with whole exome sequenc-
ing (WES) or whole genome sequencing (WGS), then ~
30 to 50 % of the genetic etiologies of ASD can be iden-
tified [10, 11]. Many of these gene mutations are either
core components of the Wnt signaling pathway or their
modulators [12, 13]. All individuals who are diagnosed
with ASD require a full genetic evaluation [14].

Fragile X syndrome (FXS) is one of the well-
documented causes of ASD; in fact, it is the most com-
mon cause of ASD as a result of a monogenic mutation.
FXS is caused by the full mutation of the FMRI gene,
located in the X chromosome, leading to an abnormal
expansion of the CGG trinucleotide repeats (greater than
200) in the 5’ noncoding region causing the gene’s
methylation and reduction in transcription and a defi-
ciency or absence of the fragile X mental retardation
protein (FMRP), an important regulator involved in syn-
aptic development and plasticity [15, 16]. Due to the
absence of FMRP, individuals with FXS experience
cognitive, behavioral, and physical involvement [17,
18]. Approximately 60% of individuals with FXS also
receive an ASD diagnosis and these patients usually
present with increased behavioral challenges and lower
IQ compared to those with FXS without ASD [19-21].
In all cases of neurodevelopmental disorders, patients
with a comorbid diagnosis of ASD present with more
severe cognitive challenges compared to those affected
only by the genetic syndrome alone.

There is an overlap of molecular mechanisms in
those with idiopathic ASD and those with many genetic
causes of ASD including those with a full mutation of
FMRI. In this review, we present the shared neurobio-
logical pathways currently being studied to target spe-
cific treatments that have the potential to reverse the
abnormalities of these pathways.

@ Springer

Molecular Pathways and Novel/Potential
Drugs

Whnt Signaling Pathway

Wingless (Wnt) signaling pathway is a transduction pathway
involved in critical functions such as cell proliferation and
differentiation and neuronal development. Wnt proteins are
cysteine-rich glycosylated proteins that serve as intercellular
signaling molecules [22]. Wnt proteins interact with trans-
membrane receptors, Frizzled proteins, leading to stimulation
of various intracellular signal transduction cascades, including
the 3-catenin-dependent pathway, also known as the canoni-
cal pathway, that results in the transcription of Wnt-targeted
genes [23-25].

The Wnt signaling pathway governs the balance between
proliferation and differentiation in cortical neural progenitors
playing a fundamental role in embryonic development [26,
27]. The Wnt canonical signaling leads to the stabilization of
[3-catenin, allowing it to translocate to the nucleus and act as a
transcription factor as seen in Fig. 1. The Wnt/3-catenin path-
way plays a significant role in the etiology of ASD and is
therefore of interest in the search for targeted treatments.
Genes involved in the Wnt signaling pathway have an essen-
tial function in neurodevelopment and processes found to be
altered in ASD, such as neurogenesis, interneuron develop-
ment, and synaptic plasticity [13, 28, 29].

The CTNNBI gene is one of the critical regulators of the
Wnt canonical pathway. CTNNBI normally codes for 3-ca-
tenin, which mediates cell adhesion and cell signaling.
Mutations in CTNNB1, such as loss of function, result in dis-
ruption of normal Wnt pathway signaling and are associated
with intellectual disability (ID) and ASD [30]. Dong et al.
studied the impact of CTNNBI loss of function in murine
models. They found that CTNNBI knockout (KO) mice
displayed ASD-like behavior, including increased anxiety,
impairments in cognition and social interactions, and repeti-
tive behaviors [31].

CHDS is a gene that codes for chromo-helicase-domain
protein 8 (CHDS), a chromatin remodeling factor that is also
a negative regulator of the Wnt pathway by directly inhibiting
[3-catenin [32]. Mutations leading to CHDS insufficiency re-
sult in elevated canonical Wnt pathway signaling. The elevat-
ed Wnt signaling in embryonic neural progenitor cells leads to
excessive proliferation and contributes to macrocephaly [33].
Furthermore, CHDS regulates the expression of genes associ-
ated with a high risk of ASD [34]. Mutations in CHDS result
in the dysregulation of genes involved in neurodevelopment
and synaptic function [35-37]. CHDS haploinsufficiency in
the mouse model results in autistic phenotype, including
macrocephaly, motor delay, anxiety, and altered social behav-
ior [35, 36, 38]. Patients with CHDS mutations present a high
incidence of ASD, macrocephaly, facial dysmorphisms,
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Fig. 1 Canonical Wnt signaling pathway and activators. (a) Wnt proteins
are cysteine-rich glycolipoproteins that act as ligands to receptors of the
Wnt pathway. When Wnt is bound to the Frizzled receptor and its
coreceptors, such as lipoprotein receptor-related protein (LRP), cytoplas-
mic disheveled (Dsh) protein is recruited and activated. Dsh regulates the
inactivation of the destruction complex. This allows for (3-catenin to be
released from the destruction complex. Stabilized (3-catenin can then
enter the nucleus, displace Groucho/transducin-like enhancer of split
(TLE) (not shown) and activate the transcription of Wnt target genes.
(b) In the absence of Wnt, 3-catenin is degraded by the destruction com-
plex that includes molecules such as glycogen synthase kinase 3 beta

intellectual disability, and hypotonia [33, 39, 40]. Other genes
involved in the Wnt signaling that are high-risk candidate
genes for ASD include DEAD-box helices 3, X-linked
(DDX3X), and transcription factor 7-like 2 (TCF72L) [41].

Wnt Signaling in FXS

Glycogen synthase kinase-3 3 (GSK-3f3) is part of the [3-
catenin destruction complex and, therefore, a negative
regulator of the canonical Wnt signaling pathway [42].
It is also essential for neurogenesis, neuronal migration
and differentiation, and synaptic development [43].
There is dysregulation of GSK-3f3 in Fmr! KO mice with
GSK-3f protein being abnormally elevated [44, 45].
GSK-3f is regulated by serine phosphorylation, which
inhibits its activity [45, 46]. In Fmrl KO mice, a deficit
in serine phosphorylation of GSK-3f3 contributes to the
increased GSK-3f activity [47]. The dysregulation of
GSK-3 and Wnt pathway in FXS murine models explain
some of the behavioral phenotypes associated with ASD.

(GSK-3f3), casein kinase 1 alpha (CK1w), adenomatous polyposis coli
(APC), and axin. The destruction complex phosphorylates 3-catenin and
facilitates ubiquitination by 3-TrCP, leading to 3-catenin’s proteosomal
degradation. Dsh = disheveled; GSK-33 = glycogen synthase kinase 3
beta; APC = adenomatosis polyposis coli; LRP = lipoprotein receptor-
related proteins; 3-TrCP = beta-transducin repeats-containing proteins;
SSRI’s = selective serotonin reuptake inhibitors; VA = valproic acid.
Activators of the Wnt pathway: Lithium inhibits GSK-3(3 and therefore
activates the Wnt pathway. Selective serotonin reuptake inhibitors
(SSRIs) and valproic acid (VA) act by stimulating the expression of
Wnht-targeted genes

Drugs Modulating the Wnt Pathway

Many drugs interact with genes involved in the Wnt signaling
pathway and, therefore, represent a potential targeted treat-
ment for many types of ASD.

Valproic acid is an anticonvulsant and mood-stabilizing
drug used for conditions such as epilepsy and bipolar disorder.
It has been shown to inhibit GSK-3 and enhance the canonical
Wht signaling pathway [48—50]. Prenatal exposure of valproic
acid in mice results in autism-like phenotypes in the offspring,
such as repetitive stereotypic-like movements and decreased
number of social behaviors [51]. Sulindac, a nonsteroidal anti-
inflammatory drug, has been shown to attenuate valproic acid-
induced upregulation of the Wnt/[3-catenin signaling pathway,
improving autism-like phenotype in mice that have been pre-
natally exposed to valproic acid [52—54]. Lithium and selec-
tive serotonin reuptake inhibitors (SSRIs) also result in Wnt
activation [55, 56]. Lithium acts as an agonist of the canonical
Wnt signaling pathway by inhibiting GSK-33 [57] and has
also been shown to be helpful for the behavioral problems
including aggression in FXS [58].
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Data in young children with ASD have demonstrated in
positron emission tomography (PET) studies that serotonin
synthesis is delayed in children under 5 years of age [59,
60]. This finding led to the use of a partial agonist to the
SHT A receptor, specifically buspirone, in children ages 2 to
6 years old with ASD. A controlled trial of low dose (2.5 to
5.0 mg twice a day) buspirone compared to placebo was car-
ried out in 166 young children with ASD lasting 24 weeks.
The results demonstrated only limited improvement seen only
in repetitive behaviors with the 2.5-mg dose and not for the
5.0-mg dose [61].

The original PET studies in children with ASD stimulated a
trial of sertraline in young children with FXS ages 2 to 6 years
old [62]. Such a treatment was thought to benefit the emerging
anxiety that occurs in those with FXS around this early age
and stimulate language, as was documented in an open-label
trial of sertraline in children with FXS between 1 and 5 years
of age in which both the expressive and receptive language
trajectory was improved compared to those not treated with
sertraline [63]. A controlled randomized double-blind trial of
2.5 to 5.0 mg of sertraline/day over 6 months was carried out
in 52 children 2 to 6 years old with FXS, and 32 also had a
concomitant diagnosis of ASD. The results demonstrated im-
provements in the Mullen Scales of Early Learning (MSEL) in
the areas of fine motor coordination, visual reception, and the
composite development 7 score in those treated with sertraline
compared to placebo. Only those with FXS plus ASD dem-
onstrated a significant benefit in the expressive language raw
scores on sertraline versus placebo (23.5 vs 17.6; P <0.005)
[62]. This study has led to the common use of low-dose ser-
traline in young children with FXS. However, a similar study
in young children with ASD but without FXS did not demon-
strate benefit of sertraline versus placebo for the group [64].
Rajaratnam et al. have compared these studies and suggested
that the greater degree of anxiety in those with FXS compared
to those with idiopathic ASD may explain the better response
to sertraline [65]. With an improvement in anxiety, there can
be improvement in expressive language in those with FXS.
This is yet another reason to identify those with ASD who
have FXS.

Many other medications used to treat behavioral symptoms
of individuals with ASD also interact with the Wnt pathway
[12]. Antipsychotics such as haloperidol and clozapine have
been shown to modulate this pathway. Haloperidol leads to
the inhibition of GSK-3f3 [66] and promotes the expression of
components that increase Wnt canonical signaling such as
dishevelled-3 and [3-catenin [67]. Studies in rat models have
shown that antipsychotics may act on dishevelled-3 and other
components of the Wnt pathway through D2 dopamine recep-
tor antagonism [67, 68].

Methylphenidate is sometimes prescribed in individuals
with ASD, FXS, and attention deficit hyperactivity disorder
(ADHD). Methylphenidate and other stimulants have also
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been shown to modulate GSK-3f3 activity [69]. In contrast
to D2-antagonism-mediated inactivation of GSK-3, acute am-
phetamine administration activates GSK-3 by decreasing in-
hibitory serine phosphorylation. Activation of D2 receptors by
stimulants in mice led to decreased inhibitory phosphorylation
of GSK-3 mediated by Akt. It was shown in the mouse model
that the modulation of GSK-3 signaling after prolonged expo-
sure to stimulants is different across brain regions [45, 69]. In
FXS, a controlled trial was carried out years ago [70] compar-
ing methylphenidate, dextroamphetamine, and placebo.
Methylphenidate was found to be helpful over placebo and
amphetamine. Because ADHD symptoms are a problem for ~

90% of males and 50% of females with FXS, the use of stim-
ulants can be beneficial for the majority of patients; however,
when stimulants are used under the age of 5 years, irritability
can increase [71]. Therefore, it is recommended that the clini-
cian should wait until 5 years of age or older before the use of
stimulants and if needed under age 5 years that guanfacine
should be used to treat ADHD [71].

The challenges with modulating the Wnt signaling path-
way involve the temporal and spatial effects of this pathway.
For instance, increased activity of the Wnt pathway during
embryonal development is associated with ASD, whereas de-
creased signaling and decreased (3-catenin expression are as-
sociated with age-related disorders including Alzheimer’s dis-
ease [72]. Furthermore, in neurons, the different Frizzled re-
ceptors subtypes are expressed over different times and loca-
tions during development [73]. Another challenge involves
the cross signaling between the Wnt pathway and other sig-
naling pathways [25, 74] and the highly differential modula-
tion of the pathway after exposure to drugs. These challenges
explain the complexity of targeting the Wnt pathway in the
search for targeted treatments in ASD.

The UBE3A Gene
Function and Expression

The overexpression of ubiquitin protein ligase E3A (UBE3A)
gene influences the canonical Wnt and the retinoic acid (RA)
signaling pathways, whereas its loss of function affects the
bone morphogenetic protein (BMP) signaling [53]. UBE3A
is the only gene in the 15q11-13 region that is expressed
predominantly from the maternal allele in mature neurons
[75, 76]. UBE3A encodes a homologous to E6AP C-
terminus (HECT) domain E3 ubiquitin ligase and transfers
ubiquitin to protein substrates, including itself, in the
ubiquitin—proteasome proteolytic pathway [77], and it also
serves in nonproteolytic critical processes, including the main-
tenance of stem cells and the activation of several signaling
cascades [78]. The ubiquitin ligase activity of UBE3A must be
properly maintained to promote normal brain development. In
addition, phosphorylation of the gene by protein kinase A
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(PKA) at residue T485 regulates the gene’s activity. Missense
mutations at the phosphorylation site can cause an increase in
the activity leading to disruption of the gene control [79]. In
humans, there are three different UBE3A protein isoforms
localized in pre- and postsynaptic neuronal compartments
and in both the cytoplasm and the nucleus [80]. Many proteins
have been identified as substrates for UBE3A, but only a few
have the potential to become targets for treatment opportuni-
ties in ASD [81]. LaSalle and colleagues have nicely summa-
rized all known targeted proteins and interactors of UBE3A in
their 2015 review [82].

UBE3A and ASD

About 1 to 3% of ASD cases worldwide have the maternal
15q11.2—q13.3 duplication (Dup 15q syndrome) [83]. These
duplications are the second most prevalent genetic cause of
ASD next to FXS [84]. The major contributor for this de novo
copy number variation is the UBE3A gene. In Dupl5q syn-
drome, UBE3A is found to be 1.5- to 2-fold overexpressed at
both the transcriptional and protein levels [84]. A mutation in
UBE3A or deletion of the maternal UBE3A copy leads to
Angelman syndrome, whereas deletion of the paternal copy
of this 15q11.2 to q13.3 region leads to Prader—Willi syn-
drome [82, 85]. Both excess and deficient syndromes share
overlapping clinical features with FXS. Including, but not
limited to, the development of seizures during childhood, ex-
cessive chewing behavior, hand stereotypies, reduced expres-
sive language, and high rates of comorbid ASD (50-80%)
found most commonly in those patients with maternally de-
rived defects [86]. A subgroup of patients with FXS (< 10%)
have a Prader—Willi phenotype (PWP) with hyperphagia, lack
of satiation after meals, severe obesity, delayed puberty, and a
small phallus [87], but they do not have a 15q deletion.
Instead, Nowicki and colleagues documented in 2007 a 2- to
4-fold reduction of cytoplasmic FMRP-interacting protein 1
(CYFIP1) in patients with FXS with PWP compared to pa-
tients with FXS without PWP and controls [88]; this protein
partners with FMRP and is encoded by a gene located on the
15q11.2 region [89]. It is not known why the levels of
CYFIP1 are lower in the PWP of FXS, but this phenotype
has a higher rate of ASD than in FXS alone. CYFIP2 has also
shown its involvement in fragile X-like behaviors and binge
eating [90, 91]. Both CYFIP1 and CYFIP2 have been linked
to other neurological disorders besides ASD including schizo-
phrenia, Alzheimer disease, and epilepsy [89, 92].

Modulating the RA Signaling Pathway

UBE3A negatively regulates the expression of the rate-
limiting enzyme aldehyde dehydrogenase 1A2 (ALDH1A2),
affecting the retinoic acid (RA) signaling, causing the impair-
ment of RA-mediated synaptic plasticity in the autistic brain

[81]. The retinoic acid-related orphan receptors alpha, beta,
and gamma (ROR « v, RORA-C, or NR1F1-3) have also
been studied for their involvement in many neuropsychiatric
disorders including ASD [93, 94]. ROR« is associated with
the promoter region of a few ASD-associated genes. These
genes are downregulated in ROR«x-deficient neurons and
may increase the risk of ASD [95-99]. RORA is positively
regulated by female and negatively regulated by male sex
hormones, through one of'its transcriptional targets, aromatase
(CYPI19AI), involving the mechanism of sex bias in autism
[96, 98].

Retinol (vitamin A) is an important nutrient for embryonic
development [100, 101] and also for maintaining overall
health. Vitamin A deficiency (VAD) is the leading cause of
night blindness and it also impairs immunity causing an in-
creased risk of infections. In a recent nutritional study con-
ducted in China, ~77% of children with autism had VAD
[102]. Followed by a controlled study including 332 children
with ASD diagnosis and 197 age- and gender-matched con-
trols; they described that patients with severe ASD had lower
serum retinol than their controls (P < 0.05). Further analysis
showed a significant interaction between VA levels and the
Autism Behavior Checklist (ABC) total score (p =0.001)
[103]. Retinol is converted to RA through a sequence of oxi-
dative steps catalyzed by the ALDH family enzymes [104].
RA is the functional metabolite of VA and it is essential for
cortical generation of neurons, neuronal differentiation, syn-
aptic plasticity, brain development, brain function, and the
establishment of the neurotransmitter systems [105—107].
The ganglionic eminence is a unique transitory proliferative
structure of very high neuronal RA synthesis; located in the
ventral telencephalon in the human fetal brain, it contributes to
at least 35% to the population of cortical GABAergic inter-
neurons for the cerebral cortex [108, 109]. Studies in animal
models have detected significant reductions of some
GABAergic populations in embryonic mouse forebrains due
to VA perturbations. Both excess and deficiency in RA sig-
naling causes interneuron reduction in the brain cortex [109].
The subpopulation of GABAergic interneurons, particularly
parvalbumin +, is significantly reduced in the human autistic
brain [110, 111]. Exposure to known teratogenic medications
like valproic acid and isotretinoin during embryogenesis may
increase RA levels and contribute to autism [109]. RA treat-
ment is estimated to regulate expression of several thousand
genes by 2-fold or more based on in vitro studies on human
cell lines [112], but where and when endogenous RA influ-
ences gene expression in vivo depends on the cellular and
developmental context and is poorly understood. Oral replen-
ishment of RA in the overexpressing UBE3A mouse model
alleviated autistic-type behavior and recovered cellular RA
homeostasis [81]. Liu et al. conducted a pilot study in 2017
in which 64 children with ASD, aged 1 to 8 years old com-
pleted a 6-month follow-up study of VA supplementation;
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however, neither the Aberrant Behavior Checklist (ABC), the
Childhood Autism Rating Scale (CARS), nor the Social
Responsiveness Scale (SRS) showed significant changes after
6 months of treatment [113].

In FXS, studies in Fmrl KO mice indicated defects in synap-
tic RA signaling contributing to cognitive impairment [114, 115].
These findings were recently corroborated by Zhang and col-
leagues in 2018. They analyzed neurons generated from two
FXS patient-derived induced pluripotent stem (iPS) cell lines
and confirmed that the inactivation of FMRI blocks the synaptic
RA signaling in FXS resulting in a loss of RA-dependent ho-
meostatic plasticity and circuit dysfunction. Homeostatic plastic-
ity is a form of synaptic plasticity that maintains neural network
stability [116]. RA signaling is suggested by the results of this
study to be impaired by the absence of FMRP expression in
patients with FXS. To date, no open-label or controlled trials of
oral intake of RA have been conducted in patients with FXS. The
results from animal models and iPS cell research open the pos-
sibility for genomic medicine to find ways to reverse the abnor-
malities found in the RA signaling pathway during embryonic
brain development aiming to improve brain plasticity and func-
tionality in ASD and FXS.

PIBK/AKT/mTOR Pathway

The PI3K/AKT/mTOR (phosphoinositide 3-kinase/protein
kinase B/mechanistic target of rapamycin) pathway is often
abnormally regulated in those with ASD, so it is a pathway of
great interest for targeted treatments of ASD [117]. The
mTOR protein is an evolutionarily conserved checkpoint that
affects cell growth and proliferation by controlling many cel-
lular processes [118]. It is involved in regulating protein syn-
thesis, transcription, autophagy, and cellular metabolism. In
the nervous system, mTOR is thought to be involved in the
development of neuronal circuitry, synaptic plasticity, and
regulation of complex behaviors [119]. This pathway has been
found to be important in many human conditions, from cancer
to brain development [118].

There are several genetic abnormalities that directly affect
the mTOR pathway and are associated with ASD [119-122].
Tuberous sclerosis complex (TSC) results from a mutation in
either the TSC1 or TSC2 genes [123]. PTEN hamartoma tu-
mor syndrome (PHTS) results from a mutation in the PTEN
gene [124]. Both of these conditions are examples of genetic
disorders which impact the mTOR pathway signaling and are
associated with ASD [124].

Drugs Targeting PI3K/AKT/mTOR Pathway
Therapies targeting the PI3K/AKT/mTOR pathway were ini-
tially developed to prevent solid organ transplant rejection, for

cancer treatment, and to prevent neovascularization [119].
Even though the relationship between mTOR dysregulation
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and ASD is not fully understood, there is interest to see if these
therapies are useful for individuals with ASD.

Sirolimus (rapamycin) and everolimus are mTOR inhibi-
tors which have several approved indications, including im-
munosuppression and treating malignancies [122]. The use of
mTOR inhibitors for improving neurocognitive outcomes has
been studied in patients with TSC. TSC is a multisystem,
autosomal dominant, and genetic disorder which results in
overactivation of mTOR [123]. The estimated prevalence of
ASD is 40-50% in patients with TSC [125]. In the TSC
mouse model, treatment with rapamycin improved behavioral
deficits [126, 127] and social interactions [128]. An additional
trial using a rat model of TSC showed improvement in social
deficit behaviors after treatment with everolimus [129].

Everolimus has been approved to treat the common neo-
plasms associated with TSC, specifically subependymal giant
cell astrocytoma and renal angiomyolipoma [130]. A double-
blind randomized placebo-controlled trial of everolimus was con-
ducted to evaluate neurocognition and behavioral improvements
with the treatment. There were no significant improvements in
these outcomes with everolimus [131]. An additional double-
blind randomized placebo-controlled trial also did not find im-
provement in cognitive functioning, autism, or neuropsycholog-
ical deficits in children with TSC. The authors of this study
hypothesized that the medication may need to be initiated in very
young patients prior to the permanent alteration in
neurodevelopment caused by TSC [132]. Another study from
Japan did show a trend toward improvement of ASD symptoms
with everolimus [133]. More studies will need to be conducted to
determine if treatment with everolimus impacts ASD.

Idelalisib is a PI3K inhibitor targeting the PI3K$6 isoform
found in hematopoietic cells, which has been approved for
certain types of B cell malignancy [134]. Additional treat-
ments which target this pathway include copanlisib [135]
and alpelisib [136], which have been approved for use in
cancer patients. There is interest in studying the use of PI3K
inhibitors in treating PTEN hamartoma tumor syndrome
(PHTS) [137]. To date, no clinical study has targeted PI3K
as a way to treat ASD, but it is considered a plausible new
pharmacologic target for ASD [55, 138].

ERK/MAPK Pathway

The ERK/MAPK (extracellular signal-regulated kinase/
mitogen-activated protein kinase) pathway is another pathway
that has been tied to ASD [121]. It is involved in the control of
many intracellular processes that regulate proteins, control cell
growth, and trigger apoptosis [121, 139]. RASopathies are a
collection of syndromes with abnormalities in this pathway.
This includes genetic syndromes such as neurofibromatosis
type 1 and Noonan syndrome [140]. There is an increased
prevalence in autistic traits and ASD in children with
RASopathies [141, 142].
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Drugs Targeting ERK/MAPK Pathway

Similar to the PI3K/AKT/mTOR pathway, researchers are
interested in targeting ERK/MAPK for cancer treatment
[143]. Ulixertinib is a novel ERK1/2 inhibitor which is being
studied as an oncologic treatment [144]. The impact of
targeting the ERK/MAPK pathway for neurodevelopment
has been studied in animal models. Mice with 16p11.2
microdeletion, which is a deletion associated with ASD in
humans, had increased ERK activity and behavioral deficits.
Treatment with an ERK pathway inhibitor rescued some of
the behavioral deficit [145]. The effect of ERK upregulation
on neurodevelopment is also thought to occur during a critical
period. Transient blockage of phosphorylation of ERK at
postnatal day 6 in mice resulted in apoptosis in the forebrain,
social deficit, and impaired memory. When this was done at
postnatal day 14, the same effects were not seen [146].

PI3K/AKT/mTOR and ERK/MAPK Pathways in FXS

In FXS, both the PIBK/AKT/mTOR and ERK/MAPK pathways
are dysregulated. Normally, FMRP is thought to suppress the
mTOR and ERK/MAPK pathways. As a result, in FXS, signal-
ing through these pathways are elevated [147]. In both mice
model and human tissue, studies have found elevated levels of
mTOR [148, 149] and ERK [150]. Inhibition of these pathways
has been shown to reverse some of the deficits in the Fmrl!
knockout (KO) mouse [151, 152]. Medications targeting these
pathways are starting to be studied in patients with FXS.

Lovastatin, a 3-hydroxy-3 methylglutaryl-CoA reductase in-
hibitor, prevents cholesterol biosynthesis. It is a common treat-
ment for hyperlipidemia and hypercholesteremia. Lovastatin has
been found to inhibit ERK/MAPK pathway [153]. In the Fmr1
KO mouse, lovastatin corrects excessive hippocampal protein
synthesis and decreases seizures [152]. Lovastatin has also been
studied as part of a 12-week open-label trial in individuals with
FXS. Most patients had behavioral improvement with the treat-
ment [154]. The researchers also found that ERK activity nor-
malized after the treatment and that the change correlated with
the clinical response [155]. However, a more recent double-
blind, randomized control trial with lovastatin combined with
an open-label treatment of parent implemented language inter-
vention (PILI) did not find significant differences between the
group treated with PILI without lovastatin and the group treated
with PILI with lovastatin, although both groups showed im-
provement from baseline scores. This study also did not find
changes in the ERK level with treatment. Ultimately, this study
showed that behavioral interventions with PILI are just as effec-
tive as lovastatin treatment. [156].

Metformin is a medication that acts through the AMP-
activated protein kinase (AMPK) pathway [157], which then
impacts both the mTOR and ERK/MAPK pathways [157,
158]. Metformin is thought to inhibit mTOR through multiple

mechanisms. This includes AMPK directly phosphorylating a
component of mMTOR and AMPK activating the TSC2 gene
which inhibits the mTOR activator [159] (see Fig. 2). In the
mouse model, metformin has been shown to strongly inhibit
mTOR through AMPK [160]. There are also proposed
AMPK-independent mechanisms for metformin’s regulation
of mTOR [159]. Metformin also impairs the ERK/MAPK
signaling pathway, but mechanisms are not well understood
[161]. In the Fmrl KO mice, metformin has been shown to
rescue core phenotype and normalized ERK signaling [162].
In humans, metformin has been approved by the Food and
Drug Administration for patients with type 2 diabetes due to
its ability to lower blood glucose levels [163]. In a case series
following 7 patients with FXS ages 4.5 to 60 years who were
treated clinically with metformin, there was noted to be im-
provement in behavior and language [164]. Additionally, an-
other case series of nine children with FXS, ages 2 to 7, treated
oft-label with metformin for at least 3 months also showed
improvement in behavior and language [165]. Currently, there
is a multisite double-blind randomized controlled trial evalu-
ating the safety along with the efficacy of metformin in the
treatment of language deficit and behavioral issues in individ-
uals with FXS (NCT03862950, NCT03479476) [166, 167].

Endocannabinoid System

The endocannabinoid system has been found to be dysregu-
lated in FXS. Endocannabinoids can target this deficiency and
treat common symptoms in patients with FXS and ASD [168,
169]. For instance, cannabidiol (CBD), the primary
nonpsychoactive phytocannabinoid found in cannabis, has
therapeutic potential for the treatment of anxiety, sleep disor-
ders, and cognitive deficits [170]. FMRP has significant con-
trol over the endocannabinoid system because it regulates the
translation of hundreds of messages in the CNS. In the ab-
sence of FMRP, there is significant dysregulation of the
endocannabinoid system. Anxiety, which is one of the most
severe problems in FXS, is also correlated with ASD so that
the more severe the anxiety, the more severe the ASD [171,
172]. The presence of symptoms such as anxiety, poor sleep,
and seizures in individuals with FXS and communication is-
sues in individuals with ASD could be benefitted by the phar-
macological potential of CBD [173]. CBD is generally safe to
use and tolerated well [174]. Research indicates that CBD acts
in multiple ways such as N-arachidonoylethanolamine (anan-
damide; AEA) and 2-arachidonoylglycerol (2-AG) binding to
two G-protein-coupled receptors, cannabinoid 1 (CB;) and
cannabinoid 2 (CB,), and thus interacting with the
endocannabinoid system [170]. CBD may have positive ef-
fects on behavior issues through gamma-aminobutyric acid
(GABA) signaling by acting as a positive allosteric modulator
and anxiolytic effects through modulation of serotonin-1A
receptor (5-HTp) [175-177].
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Fig. 2 Metformin and the PI3K/AKT/mTOR pathway. Proposed
mechanisms for metformin’s regulation of the PI3K/AKT/mTOR
pathway. Black arrows represent activation pathways whereas red lines
represent inhibitory pathways. IGF-1 = insulin-like growth factor-1; IGF-
IR = insulin-like growth factor-1 receptor; IRS = insulin receptor sub-
strate; PI3K = phosphoinositide 3-kinase; PIP2 = phosphatidylinositol-
4,5-bisphosphate; PIP3 = phosphatidylinositol-4,5-triphosphate; PTEN =
phosphatase and tensin homolog; PDK1 = phosphoinositide-dependent

A phase 1/2 open-label multicenter trial of Zygel transder-
mal CBD gel in patients with FXS found anxiety and behav-
ioral improvements [178, 179]. A total of 20 patients, mean
age of 10.4 years, were treated during a 12-week period (6-
week titration period and 6-week maintenance period) at 3
possible doses—50 mg/day, 100 mg/day, or 250 mg/day—
based on tolerability and clinical response. The study’s prima-
ry outcome measure was the Anxiety, Depression, and Mood
Scale (ADAMS). Investigators reported a statistically signifi-
cant reduction in the mean ADAMS total score (t=—15.74,
p<0.001), as well as mean reductions on the manic/
hyperactive behavior, general anxiety, compulsive behavior,
and social avoidance subscales. Secondary outcome mea-
sures, including the ABC-Community version modified for
FXS (ABC-Cgxs), Pediatric Anxiety Rating Scale (PARS-
R), and the Pediatric Quality of Life Inventory (PedsQL) also
showed significant improvement [178]. A double-blind ran-
domized multicenter controlled trial of Zygel recently com-
pleted showed a significant improvement in behavior only in
patients with full methylation (over 90% methylation) of the
FMR1I gene [180]. This group represents roughly 70% of the
population of individuals with FXS and they demonstrated a
mean improvement of 40% of their social avoidance subscale
scores of the ABC-Cgxg [180]. Meanwhile, during an open-
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label phase 2 trial of Zygel in patients with ASD, it was ob-
served that after 6 months of treatment, patients experienced
greater autonomy, especially for activities like showering and
dressing independently [181]. They had a mean improvement
of 42.5% in the use of inappropriate speech, 39.1% in irrita-
bility, 36.4% in social withdrawal, and 35.6% in hyperactivity
as shown by the results of their ABC-C scores at week 14
from baseline [181]. These results are further represented in
the mean improvement of 46% from a baseline score of 40.8
measured by the Parent Rated Anxiety Scale - Autism
Spectrum Disorder (PRAS-ASD) and a 57% increase in
Clinical Global Impression-Improvement (CGI-I) scores
[181]. These results are impressive for both those with FXS
and ASD, but it is unclear at the time of this writing whether
the FDA will approve the use of this topical CBD preparation
for either disorder.

Glutamatergic-GABAergic Neurotransmitter System
Excitatory-Inhibitory Imbalance in ASD
In ASD, the synaptic excitatory—inhibitory balance is altered with

a decrease in inhibitory GABAergic signaling. Although GABA
is normally known for being the major inhibitory
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neurotransmitter, it causes chloride (Cl") efflux during early de-
velopment and leads to the excitation of immature neurons [182].
The balance in Cl levels and the shift from excitatory to inhib-
itory neurotransmission depends on the action of the sodium—
potassium—chloride (Na-K-2Cl) cotransporters (NKCC1), which
mediates Cl” influx, and potassium—chloride (K*-2Cl")
cotransporter 2 (KCC2) that mediates efflux. In early develop-
ment, GABA exerts an excitatory action in postsynaptic neurons.
The expression of KCC2 is low; therefore, intracellular C1 levels
are high, and GABA causes Cl efflux and postsynaptic depo-
larization. As neurons mature, there is increased expression of
KCC2, and intracellular C1™ levels diminish. This is known as the
excitatory-to-inhibitory GABA “switch.” As KCC2 expression
increases, NKCC1 activity decreases, which leads to lower intra-
cellular C1 levels and the change from GABA-induced depolar-
ization to hyperpolarization [183, 184]. In humans, the increase
in KCC2 and decreased in NKCCI1 activity begins at 40 weeks
after birth [182, 183]. It has been hypothesized that in individuals
with ASD, this GABA switch is unsuccessful and leads to the
well-described excitatory—inhibitory imbalance [185, 186].

Evidence from genetic studies, postmortem brain tissues,
and in vivo studies in patients with ASD and animal models
have shown different alterations of GABAergic signaling
[187], such as a reduction in the density of GABA, and
GABAg receptors in different brain regions [188—190], de-
creased number of GABAergic Purkinje cells [191], and re-
duction of GABA levels [192, 193]. Abnormalities in the
GABAergic signaling is also implicated in the pathophysiol-
ogy of FXS [194].

Aberrant glutamate signaling has been implicated in the
excitatory—inhibitory imbalance in ASD and FXS. Increased
excitatory transmission is mediated by higher expression of
amino-hydroxy-methyl-isoxazole propionic acid (AMPA)
and N-methyl-D-aspartate (NMDA) has also been identified
in ASD [195]. In FXS, there is excitatory—inhibitory imbal-
ance with increased neuronal cell excitability [196]. Fmrl KO
mice models have upregulation of metabotropic glutamate
receptors (mGIuR) and subsequent aberrant excitatory signal-
ing [197]. FXS hyperexcitability is also mediated by reduced
GABA, inhibition [196]. Therefore, targeting the glutamate
and GABA signaling pathway has been of interest for the
treatment of ASD and FXS.

Targeting the GABAergic System in ASD and FXS

Bumetanide in ASD and FXS Bumetanide is a loop diuretic that
works by inhibiting the Na-K-2Cl cotransporters NKCC1 and
NKCC2 in the thick ascending limb of Henle’s loop. NKCC1
is also expressed in the central nervous system and modulates
neuronal transmembrane chloride gradient by contributing to
CI" accumulation inside the cell [198]. Due to the NKCC1-
mediated excitatory actions in the CNS, bumetanide was pro-
posed to treat neonatal seizures [198]. Bumetanide has also

been studied to treat young patients with ASD because, if
administered early, it could lead to restoration of the neuronal
excitatory—inhibitory balance. It has been demonstrated in an-
imal models of ASD, such as rats with intrauterine exposure to
valproic acid or Fmrl KO mice, that the maternal administra-
tion of bumetanide before delivery restored the excitatory—
inhibitory imbalance [199, 200].

Early administration of bumetanide can potentially restore
the excitatory—inhibitory imbalance in ASD by promoting the
GABA switch. Zhang and colleagues [186] assessed the ef-
fects of bumetanide in the reduction of symptom severity in
patients with ASD. They randomized 83 patients aged 3 to
6 years old to bumetanide or control group (no treatment).
They assessed the change in score from baseline to after
3 months of intervention in the CARS and CGI. CARS is a
15-item clinical symptom scale, each item rated on a 7-point
scale [201]. They compared the change in total score and the
number of items with a score >3. They also assessed the
GABA/glutamate neurotransmitter concentrations ratio in
the insular cortex and visual cortex through magnetic reso-
nance spectroscopy (MRS) to evaluate whether the clinical
improvement was related to normalization in the excitatory—
inhibitory imbalance. Baseline CARS were similar between
both groups. After the 3-month period, patients assigned to
bumetanide had lower total CARS scores (p =0.0012) and
fewer items with a score of 3 or higher (p= 0.0053).
Improvement in CGI was also confirmed using the improve-
ment scale (CGI-I) (p= 0.000036) and efficacy index
(p= 0.00056) [186]. The researchers also found that the de-
crease in the number of items with a CARS score 3 or over
was associated with the change in GABA/glutamate ratio in
the insular cortex (Spearman’s r=0.42, p= 0.00194) [186].
Although this study had a small sample size, the results are
promising and suggest that bumetanide acts by restoring the
excitatory—inhibitory balance. Other clinical trials have found
that bumetanide administration reduces clinical symptom se-
verity [202-204] and shows better results when used as an
add-on therapy for applied behavior analysis (ABA) than
ABA alone [205].

Arbaclofen in ASD and FXS Enhancing GABA inhibitory sig-
naling has been studied in clinical trials in FXS with mixed
results. For instance, ganaxolone, a GABA -positive alloste-
ric modulator, found promising results in participants with
more severe anxiety and cognitive involvement in an open-
label trial [206, 207]. However, in a randomized, double-blind
controlled trial, ganaxolone did not demonstrate efficacy over-
all, although in those with severe anxiety it was helpful [208].
In contrast, arbaclofen, a GABAg agonist, failed to show an
improvement in the primary outcome of two phase 3 clinical
trials [209]. Erickson et al. conducted an open-label trial of
arbaclofen in 32 patients with ASD, with 25 patients complet-
ing the study [210]. After 8 weeks of arbaclofen
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administration, they found significant improvement in the
ABC-Irritability subscale. These results are limited due to lack
of placebo control, possible expectancy bias, and the trial’s
relatively short duration. Arbaclofen is currently being studied
in a subgroup of children with ASD (NCT03682978,
NCT03887676).

Acamprosate in ASD and FXS Acamprosate is a GABA analog
used to treat alcohol dependence. It activates both GABA 5
and GABAg receptors and has been studied in patients with
FXS and patients with idiopathic ASD [211-213]. Erickson
et al. conducted a 10-week open-label trial in 12 patients with
FXS and ASD and found improvement in 9 of the subjects on
the CGI-I. They also saw improvement in social behavior on
the ABC social withdrawal subscale (ABC-SW) and on the
ABC social avoidance scale (ABC-SA) [212]. The same
group studied acamprosate in individuals with idiopathic
ASD. They conducted an open-label study in six patients
[213] and later a single-blinded trial in which they enrolled
12 patients, but only six subjects completed the trial [211]. In
both, they found improvement in social behavior and reduced
inattention/hyperactivity. These findings are limited due to the
small sample size and lack of placebo control in both and
missing data with the last observation carried forward
(LOCF) analysis in the most recent one.

Allopregnanolone Allopregnanolone is a metabolite of preg-
nenolone, a natural neurosteroid produced in the CNS.
Allopregnanolone has been shown to positively modulate
GABA 4 receptors [214]. Administration of oral pregnenolone
has been studied in FXS and ASD. Fung et al. conducted an
open-label 12-week trial of oral pregnenolone in 12 adults
with ASD, of which 10 completed the trial, with changes in
ABC-Irritability scale (ABC-I) as their primary outcome
[215]. They found statistically significant improvement in
ABC-I, which must be taken with caution due to the study’s
small sample size and open-label nature. Ayatollahi et al. con-
ducted a randomized, double-blind, and placebo-controlled
trial in adolescents with ASD in which they evaluated the
effectiveness of pregnenolone as add-on therapy to risperi-
done [216]. They enrolled 64 patients, and 59 completed the
trial. Their results suggest improvement in irritability, stereo-
typical movements, and hyperactivity based on ABC, which
indicates a possible beneficial add-on effect.

Targeting Glutamate-Mediated Hyperexcitability

Despite the fact that the upregulation of mGIuR is implicated in
FXS pathogenesis, clinical trials assessing the effects of mGluR
antagonists, Mavoglurant or Basimglurant, have not shown pos-
itive results in adolescents and adults [217-219]. Mavoglurant is
currently being studied at multiple centers in young children 3 to
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6 years old with FXS and combined with PILI in all children
(NCT02920892), but the results are not yet known.

Memantine is an NMDA antagonist that is approved for the
treatment of Alzheimer’s disease. Memantine was studied in
three phase 2 trials in which 765 participants with ASD com-
pleted the study. The initial open-label phase found a clinical-
ly significant improvement in mean SRS scores. Despite this,
in the double-blind, placebo-controlled trial, they find no sta-
tistically significant efficacy parameters [220].

Ketamine is a widely used anesthetic agent that works as an
NMDAR antagonist [221]. Interest in this drug as a treatment
for ASD arises from its effect on multiple mechanisms linked
to ASD pathogenesis. Ketamine not only acts upon glutamate
receptors to restore their normal functioning, but preclinical
data has also shown that it acts upon the mTOR and BDNF/
TrkB signaling pathway [222-224]. Wink et al. conducted a
randomized, placebo-controlled, and crossover study of intra-
nasal ketamine in 21 adolescents and young adults with ASD
[225]. Intranasal ketamine was relatively well tolerated, but
researchers found no significant effects on ABC-SW or CGI-I.
These results must be viewed in light of the small sample size
and the use of clinician and caregiver-reported outcome
measures.

Oxytocin Oxytocin is a neuropeptide involved in social func-
tioning and relationship bonding formation. Animal models
have also revealed that similar to bumetanide, oxytocin medi-
ates GABA inhibition during delivery and may promote the
GABA excitatory—inhibitory shift [184, 199]. Oxytocin levels
are commonly found to be low in patients with ASD [226,
227]. Clinical trials have assessed intranasal oxytocin’s effects
on autistic behaviors [228-231]. Studying the effects of oxy-
tocin is challenging due to the differential effects between
acute and repeated dosing and the interactions between oxy-
tocin and other signaling pathways such as glutamatergic neu-
rotransmission, arginine vasopressin (AVP), and serotoniner-
gic pathway [231-234]. Yamasue et al. conducted a large-
scale, randomized, placebo-controlled, double-blind, and clin-
ical trial to assess the effects of intranasal oxytocin on the core
social symptoms of patients with ASD [235]. They enrolled
103 male participants aged 18-48 years old. Their primary
endpoint was a change in social reciprocity scores on the
ADOS module 4 after 6 weeks of intervention. There was a
reduction in the ADOS reciprocity scores in both oxytocin and
placebo groups with no significant group difference. They
found significant improvement in secondary outcomes such
as repetitive behavior and increased gaze fixation duration on
socially relevant regions in the treatment group. They con-
cluded that there was a high placebo effect in their trial.
Crossover designs assessing intranasal oxytocin can account
for a placebo effect but risk a carryover effect. Carryover
studies have detected significant effects of oxytocin improv-
ing social symptoms in ASD, such as social reciprocity [236,
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237]. Therefore, the results of trials assessing oxytocin for
social symptoms in ASD are conflicting, but this can be ex-
plained by differences in trial designs, the placebo effect, and
the type of oxytocin dosing administration (acute vs repeated
dosing) [238-240].

Vasopressin Similar to the oxytocin mechanism, AVP affects
social behavior in both animals and humans [241]. There is a
suggested link between the neuropeptide pathway and inci-
dence of ASD [242]. Social behavior regulatory receptors that
vasopressin binds to include arginine vasopressin receptor 1A
(V1aR), where V1aR specifically mediates behavioral func-
tion, and knockout mice demonstrated a decrease in social
interaction [241]. Vasopressin concentrations within cerebro-
spinal fluid (CSF) were found to be stable measures that could
predict lower social interaction for rhesus monkeys; thus, it
promoted confidence in using vasopressin as a biomarker for
ASD through blood testing and CSF collection [243].

The continued study of the effects of vasopressin led to the
phase 2 VANILLA clinical trial, in which researchers assessed
the effects and safety of balovaptan, a selective vasopressin
Vla receptor antagonist, in men with ASD. This was a ran-
domized, multi center, double-blind, and placebo-controlled
trial, in which patients received the intervention daily for
12 weeks. Two hundred twenty-three men were randomized
to either placebo or one of three balovaptan dose arms
(1.5 mg, 4 mg, and 10 mg). They found no statistically signif-
icant effect in the primary endpoint which was a change from
baseline in the SRS. They found improvements on Vineland-
II Adaptive Behavior Scales composite scores, mainly in so-
cialization and communication scores for those assigned to the
higher doses of balovaptan. There were no safety concerns
identified. This trial supports the potential for targeting the
vasopressin pathway for the treatment of social symptoms in
ASD [244].

Challenges in the Search for a Targeted
Treatment

Despite the large number of clinical trials in ASD, there is still
no evidence for the approval of routine use of a new drug to
manage the core social symptoms of ASD or for targeted
treatment. The only FDA-approved medications for symp-
tomatic management in ASD are risperidone and aripiprazole
[245]. What have been the challenges in the conduction of
clinical trials in ASD and FXS? Firstly, both ASD and FXS
are very heterogeneous with different clinical manifestations
and levels of involvement [245, 246]. There are also important
comorbidities such as epilepsy and ADHD, meaning many
patients participating in trials are receiving other medications
[247-249]. Aside from the clinical heterogeneity, the patho-
physiology is also very complex with multiple pathways

being involved. Searching for targeted treatments is further
complicated due to the cross talk between pathways such as
the Wnt and the mTOR pathways [53, 250] or the multiple
interactions of oxytocin with other molecular pathways [251].
The conduct of clinical trials faces challenges such as the high
placebo response in ASD [252, 253], observer and rater
biases, suboptimal metrics for primary and secondary out-
comes [245], adherence, and dropouts rates. It has also been
shown that the recruitment strategy can impact expectations
and play a crucial role in the placebo response [220, 252].
Lack of efficacy and conflicting outcomes between trials is
impacted by the different trial designs, small sample sizes
leading to underpowered studies, the use of subjective out-
come measures that are susceptible to observer/rater bias,
and the lack of molecular biomarkers. Electronic or digital
outcome measures such as gaze tracking or event-related po-
tentials (ERPs) can be a more objective outcomes with re-
duced observer/rater bias [254, 255]. For example, Yamasue
et al. found in their study that there was a higher placebo effect
on ADOS measurements compared to gaze tracking measure-
ments explaining the lack of correlation between improve-
ments on both measures. The placebo effect may have
accounted for this difference, highlighting that more objective
measurements such as eye gaze tracking measurements are
less susceptible to the placebo effect and might be more robust
in assessing the efficacy of interventions [235]. ASD and FXS
treatment is an active research field with many challenges to
address and many promising results.
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