Molecular medicine of fragile X syndrome: based on
known molecular mechanisms
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Background: Extensive research on fragile X mental
retardation gene knockout mice and mutant Drosophila
models has largely expanded our knowledge on
mechanism-based treatment of fragile X syndrome (FXS).
In light of these findings, several clinical trials are now
underway for therapeutic translation to humans.

Data sources: Electronic literature searches
were conducted using the PubMed database and
ClinicalTrials.gov. The search terms included "fragile
X syndrome", "FXS and medication", "FXS and
therapeutics" and "FXS and treatment". Based on the
publications identified in this search, we reviewed the
neuroanatomical abnormalities in FXS patients and the
potential pathogenic mechanisms to monitor the progress
of FXS research, from basic studies to clinical trials.

Results: The pathological mechanisms of FXS were
categorized on the basis of neuroanatomy, synaptic structure,
synaptic transmission and fragile X mental retardation
protein (FMRP) loss of function. The neuroanatomical
abnormalities in FXS were described to motivate extensive
research into the region-specific pathologies in the
brain responsible for FXS behavioural manifestations.
Mechanism-directed molecular medicines were classified
according to their target pathological mechanisms, and the
most recent progress in clinical trials was discussed.

Conclusions: Current mechanism-based studies and
clinical trials have greatly contributed to the development
of FXS pharmacological therapeutics. Research examining
the extent to which these treatments provided a rescue
effect or FMRP compensation for the developmental
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impairments in FXS patients may help to improve the
efficacy of treatments.
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Introduction

ragile X syndrome (FXS) is the most frequently
Fencountered form of inherited intellectual

disability and the most common monogenic cause
of autism, with an estimated prevalence of 1 in 7143
males and 1 in 11 111 females.""” The vast majority
of cases are caused by a trinucleotide CGG expansion
in the 5’-untranslated region of the fragile X mental
retardation gene (FMRI). Normal alleles contain 6-44
CGG repeats and intermediate alleles contain 45-54
CGG repeats, but premutation alleles contain 55-200
unmethylated CGG repeats. During either oogenesis
or early postzygotic events, premutations may undergo
further size expansions to methylated full mutations
with more than 200 CGG repeats. Hypermethylation
and epigenetic silencing of FMRI result in the loss
of its protein product, fragile X mental retardation
protein (FMRP), which causes FXS." The affected
individuals may suffer from a cascade of developmental
impairments in cognitive functioning and manifest
specific behavioural and emotional problems, of which
attention dysfunction, hyperactivity, social anxiety,
aggression and self-injury are typically the greatest
concerns reported by parents and professionals.'*’!
In females with a full mutation, the profile is similar
in quality to that of males, but with less severe
impairments due to the second, normal functioning X
chromosome.”

To date, there are no particularly efficient interventions
for FXS, though symptom-based medications have
been used for maximal functioning of FXS patients.
The symptoms most frequently targeted for treatment
in males include anxiety (42%), attention (37%),
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hyperactivity (27%) and anger or aggression (24%);
those less commonly targeted include mood swings
(18%), sleep (11%), self-injury (11%), seizures (8%)
and depression (8%)."”) A number of medications
have been used to manage these symptoms, including
stimulants, selective serotonin reuptake inhibitors
(SSRIs), antipsychotics and alpha-2 agonists.” Several
case studies reported a high response rate of symptom-
based pharmacological treatments for FXS patients;
however, the interpretation of such results was limited
by the use of small non-representative study populations
and undetermined side effects.”'” To address these
issues, the efficacy and safety of two stimulants
(methylphenidate and dextroamphetamine), two SSRIs
(fluoxetine and sertraline), lithium and aripiprazole
have been evaluated in pilot trials."”"* At present, FXS
patients have limited treatment options and there are no
Food and Drug Administration-approved medications.
Moreover, the available options do not effectively
address the core impairments in FXS, but only help the
secondary symptoms."”!

Recent research in Fmrl knockout (KO) mice
and dFmrl mutant Drosophila models has elucidated
the basic neurobiology of FXS, unravelled disease-
oriented pharmacological approaches and revealed
the challenges of translating mechanism-targeted
therapeutics from animal models to human trials.””

Table. Mechanism-based molecular medicines in FXS

Translation of FXS-targeted treatments from animal
models to humans was previously summarized by
Berry-Kravis et al®" and Wijetunge et al.*” In the
present review, we discuss the neuroanatomical
changes in FXS and the corresponding mechanism-
based treatments from the perspectives of neuroanatomy,
synaptic structure, signal transmission, and FMRP loss
of function. We also present the most recent progress in
translational molecular medicine and drug effects using
corresponding outcome measures.

Neuroanatomy of FXS

Over the past decade, structural and functional magnetic
resonance imaging (MRI) studies in FXS patients have
revealed abnormalities in specific brain structures.
Much effort has been made to integrate the findings of
these studies, concerning the inconsistencies associated
with mixed gender populations, combined sampling,
differential morphometric methods and the analytical
strategies used to measure specific brain regions.
One of the most striking findings is a significantly
enlarged caudate nucleus (CN). The CN is part of
the basal ganglia and plays a key role in the frontal-
subcortical circuits that are important for maintaining
and shifting attention, executive function, emotional

Target Agent Phenotypes reversed in Fmrl KO mouse Translational progress in human trials
mGIuR Fenobam Protrusion morphology, associative motor learning and PPI improved, hyperactivity and anxiety reduced
system avoidance behavior (open-label)
AFQO056 PPI and spine shape, sociability behavior Behavior improved in 7 fully methylated patients
(phase IIb), no overall improvement (phase IIb/I1I),
extension trials discontinued
RO4917523 Phase II trial completed
Lithium Learning deficit, open-field hyperactivity, passive avoidance  Global behavior improved, some adaptive functioning
and social behaviors, partially normalize anxiety level and and language use improved, ERK biomarker
spine morphology, macroorchidism, audiogenic seizures, normalized (open-label)
cognitive impairments
GABA Ganaxolone Audiogenic seizures Phase II trial recruiting
system STX209 Audiogenic seizures, open-field hyperactivity, spine density ~ Social and language function improved in the most
severely socially impaired subgroup (phase II), no
overall improvement (phase I1I), extension trials
discontinued
AMPAR CX516 No overall improvement (phase 1)
system and - Riluzole No overall improvement, ERK biomarker normalized
others (open-label)
Acamprosate Language and socialization improved in 3 patients,

social behavior improved and inattention/
hyperactivity reduced (open-label)

Polyribosome Minocycline Dendritic spine morphology and anxiety, vocalization deficits, Global behavior improved (phase II)

stalling

FMRI LAC
reactivation

locomotor activity, partially attenuates audiogenic seizures

Social behavior improved and hyperactivity reduced
(phase II)

FXS: fragile X syndrome; FMRI: fragile X mental retardation gene; PPI: prepulse inhibition; ERK: extracellular signal-regulated kinase; GABA: gamma-
aminobutyric acid; LAC: acetyl-L-carnitine; AMPAR: aminomethyl phosphonic acid receptor; KO: knockout; mGluR: metabotropic glutamate receptor.

20 World J Pediatr, Vol 12 No 1 - February 15, 2016 - www.wjpch.com



Molecular medicine of fragile X syndrome

liability, motor programming and oculomotor functions,
all of which are disrupted in FXS.!""*?* Correlations
between focal CN topography and frontal lobe-
associated cognitive and behavioural deficits in FXS
patients indicate that an enlarged CN is associated with
the abnormal orbitofrontal-caudate and dorsolateral-
caudate circuitry in FXS.” Neurometabolite levels
measured by proton magnetic resonance spectroscopy
have further revealed reduced ratios of choline/creatine
and glutamate+glutamine/creatine in the CN of FXS
patients.””

Another consistent finding in both FXS males
and females is a smaller posterior cerebellar vermis,
a structure that is important for processing sensory
stimuli and performing sensorimotor integration.”>***"
Correlations between the findings from MRI and
cognitive/behavioural tests have revealed that the
size of the posterior cerebellar vermis as a significant
predictor of an individual's performance on most of the
cognitive measures examined is negatively correlated
with stereotypic/restricted behaviour measures,
communication dysfunction and autistic items.”'"’”
Neurometabolite profiling of FXS pediatric patients
fails to reveal statistically significant differences in the
ratios of choline/creatine, N-acetyl aspartate/creatine
and choline/N-acetyl aspartate in cerebellar vermian
voxels."””

FXS patients have shown reduced volumes in
the insula, a sensory integration region increasingly
associated with anxiety. This deficiency could account
for the prominent hyperarousal and gaze aversion
symptoms in FXS patients.” FXS children and
adolescents have demonstrated increased ventricular
cerebral spinal fluid volumes and reductions in the size
of the amygdala and superior temporal gyrus.”**>*"
However, earlier findings in FXS patients regarding the
size of the hippocampus, a key structure in learning and
memory that has high FMRI mRNA levels during fetal
development, remain inconclusive."”

Recent longitudinal neuroimagings have elucidated
early neurodevelopmental patterns in young FXS
children. Hoeft et al” observed an enlarged voxel-
wise grey matter volume (GMV) in the caudate,
thalamus and fusiform gyri, as well as a reduced GMV
in the cerebellar vermis in 1- to 3-year-old FXS boys.
The initial GMV of the orbital gyri, basal forebrain
and thalamus in FXS patients was similar to that of
the controls; however, the patients showed the GMV
increases on an altered growth trajectory, suggesting
disrupted postnatal synaptic pruning. Larger white
matter volume in the striatal-prefrontal regions has also
been reported. Hazlett et al®® monitored the structural
brain volumes of FXS boys at the age of 2-3 years and
again at the age of 4-5 years. In contrast to children

with idiopathic autism with generalized cortical lobe
enlargement, FXS children showed specific enlargement
in the temporal lobe white matter, cerebellar grey matter
and CN, but a significantly smaller amygdala, which
might help to differentiate between FXS and idiopathic
autism.

Current understanding of the molecular and cellular
mechanisms in FXS is mostly derived from studies on the
hippocampus and cortex of Fmrl KO mice. Amygdala
dysfunction has also been tentatively linked with the
strong emotional symptoms of FXS.”**** However, how
these anatomical abnormalities could cause synaptic
dysfunction in FXS patients remains largely unexplored.
Neurometabolite profiling in FXS patients revealed
aberrant basal ganglia metabolism.” Identification of
specific neurometabolites within hippocampus-centric
and multiple brain sites may help to provide critical
metabolic signatures and biomarkers for determining the
efficacy of disease-specific pharmacological treatments. It
is also important to find synaptic dysfunction within these
aberrant brain areas, which may unravel site-specific
pathogenic mechanisms and their associated behavioural
manifestations.

Targeted treatment of FXS

The translation of mechanism-based therapeutics from
animal models to clinical populations is organized
by the impaired transmission system, including the
metabotropic glutamate receptor (mGluR), gamma-
aminobutyric acid (GABA) and aminomethyl
phosphonic acid receptor (AMPAR) as well as their
presynaptic systems, and the aspect of FMRP loss-of-
function to outline the progress from basic research
studies to clinical trials (Table).

mGluR system in FXS

An early neuroanatomical study of the Fmri KO
mouse brain using in vivo MRI found no evidence for
size alterations in the brain regions that are typically
abnormal in FXS patients, including the cerebellar
vermis, subcortical grey (e.g., caudate, lenticular and
thalamic nuclei), hippocampus and total brain.””
Further characterization of the anatomical changes in
Fmrl KO mice revealed significant decreases of volume
in two deep cerebellar nuclei, the nucleus interpositus
and fastigial nucleus, whereas how neuronal loss in
these regions might contribute to the pathogenesis of
FXS remains to be investigated.”® Although murine
MRI studies showed no significant differences in
Fmrl KO mice, a morphology pattern of long, thin,
tortuous dendritic spines was observed in the Golgi-
impregnated cerebral cortex of Fmrl KO mice similar
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to that observed in FXS patients, as well as a reduced
seizure threshold.””*" mGIuR long-term depression
(LTD) is exaggerated in the hippocampus of Fmrl
KO mice, and FMRP is normally synthesized after the
stimulation of group 1 mGluRs. Based on these findings,
Bear et al™™*" first proposed the current prevailing
mGIuR theory. Normally, mGluR activation stimulates
synthesis of proteins involved in LTD stabilization and
FMRP, which inhibits further synthesis and halts LTD.
Consistent with this mechanism of mGluR overactivity
in FXS, 2-methyl-6-(phenylethynyl)-pyridine and other
mGluRS5 negative modulators (CTEP, AFQ056) could
reverse learning deficits and multiple phenotypes in
the Fmrl KO mouse that included audiogenic seizures,
epileptiform discharges, open field hyperactivity,
spine dysmorphology and neural activity patterns.”*”>”
Furthermore, a 50% reduction in mGluRS5 expression
in the Fmrl KO mice, which specifically rescued the
immature spine phenotype, elevated synaptic protein
synthesis and fewer audiogenic seizures, strongly
supports this theory and identifies potential targets for
FXS pharmacological therapeutics.”™

However, trials for mGluRS5 antagonists in FXS
adults have shown limited effects. Berry-Kravis et al”*"
conducted a pilot open-label, single-dose trial with
fenobam in 12 adult FXS males and females. No
significant adverse reactions to fenobam were observed,
and the patients showed a positive behavioural response
that included improvements in communication,
eye contact and prepulse inhibition deficits. The
next mGIuRS5 antagonist, AFQ056, was studied in a
European phase II trial (randomised, double-blind,
crossover design; Novartis) including 30 FXS male
patients aged 18-35 years. Seven patients with full
FMRI promoter methylation significantly responded to
AFQO056 treatment according to their primary outcome
measures, the Aberrant Behaviour Checklist (ABC)
and the Clinical Global Impression (CGI) scale, in
addition to most of the secondary outcome measures
compared with placebo.”” More recently, Novartis
has discontinued the development of mavoglurant
(AFQO056) in FXS and closed the current open-label
extension trials, based on the phase IIb/III studies with
mavoglurant (AFQO056), in which FXS adolescents
and adults did not meet the primary and secondary
endpoints of showing improvement in abnormal
behaviours compared with placebo.” Another mGluR5
antagonist is currently being assessed in multicentre
clinical trials (RO4917523, Roche Pharmaceuticals). A
phase II randomized, double-blind, placebo-controlled,
parallel-arm study of RO4917523 in fragile X adults
was recently completed, but the outcome measure
results are pending. Studies on RO4917523 in pediatric,
adolescent and adult patients using a longer treatment

period (12 weeks) are currently in progress. We anticipated
that these prospective studies may introduce fresh and
inspiring outcomes for FXS-targeted treatment.

Activation of signalling pathways under the mGluR
system, such as the extracellular signal-regulated kinase
(ERK)-mitogen-activated protein kinase and phosphatidyl
inositol 3-kinase-mammalian target of rapamycin (mTOR)
pathways, is dysregulated in Fmrl KO mice and has been
targeted for specific treatment.”"** Lithium, associated
with normalization of excessive ERK and glycogen
synthase kinase-3f in the Fmr! KO mouse, improved
both immediate and short-term memory deficits in
dfxr mutant flies and alleviated impaired cognition,
behavioural and morphological abnormalities in the
Fmrl KO mouse.””* A pilot open-label trial in 15 FXS
patients aged 6-23 years showed significant behavioural
improvement on measures including the total ABC-C
score, ABC-Social Withdrawal subscale and CGI scale.!"”

The GABA system in relation to FXS
A lack of FMRP in animal models was found to be
associated with deficient GABA signalling.!”* GABA-A
receptor expression is significantly downregulated in the
cortex of Fmrl KO mice, and mRNAs encoding GABA-A
receptor subunits are direct targets of FMRP.”* GABA-A
agonists ganaxolone and taurine, which act to directly
compensate for the GABA-A subunit deficiencies, reduce
audiogenic seizures and improve learning in a passive
avoidance test, respectively.”>*” The Medical Investigation
of Neurodevelopmental Disorders Institute (UC Davis, CA,
USA) is now actively recruiting participants for a phase II,
double-blind, randomized, placebo-controlled, crossover
study to investigate ganaxolone treatment in FXS children.
Improvements in anxiety and attention are anticipated.
GABA-B receptor agonists inhibit presynaptic
glutamate release, postsynaptic transmission and
intracellular signalling cascades downstream of mGIuRS5
and thus may indirectly serve as an inhibitor of the
mGIuRS pathway.'”” The GABA-B agonist STX209
(arbaclofen, R-baclofen) rescued the audiogenic
phenotype, corrected the increased dendritic spine
density and elevated basal protein synthesis and AMPAR
internalization in the FmrI KO mouse.™ In a randomized,
double-blind, placebo-controlled crossover phase II trial,
Berry-Kravis et al®” found that STX209 was well tolerated
with mild side effects. However, no improvement was
seen on the ABC-Irritability subscale, the study's primary
endpoint, whereas the post hoc analysis with the ABC-
Social Avoidance scale showed signs of improvement in
social function, particularly in the most severely socially
impaired subgroup. Unfortunately, in a recent phase
III trial, STX209 treatment missed its main goal of
reducing social withdrawal in FXS patients, which lead to
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the termination of planned extension studies of STX209.""”

The AMPAR system and other factors related to FXS
In addition to the mGluR5 and GABA systems, the
effects of other neurotransmission systems including the
AMPAR, the N-methyl-D-aspartate receptor (NMDAR),
and brain-derived neurotrophic factor (BDNF) have
also been explored in FXS with available modulators.

Dysregulated mGluR-dependent translation of
AMPAR subunits (GluR1/2) was discovered in the
synaptoneurosomes of Fmrl KO mice.”" It was also
found that FMRP reduction leads to excessive mGIluR5-
dependent internalisation of the AMPAR subunit GluR1
in the dendrites of cultured rat hippocampal neurons.”
A 4-week randomized, double-blind, placebo-controlled
phase II clinical trial with CX516 treatment, a direct
AMPAR-positive modulator that can increase long-term
potentiation and BDNF levels,”’" found no significant
improvement in CX516-treated subjects compared with
those treated with placebo, which is likely because
CX516 is a very weak ampakine and provides only
weak BDNF induction.

Riluzole, a sodium channel blocker and glutamate
uptake activator, was hypothesized to attenuate
glutamate-induced excitotoxicity and potentiate
postsynaptic GABA-A receptor activity. In combination
with early positive reports on targeting treatment-
resistant depression and obsessive-compulsive disorder,
a 6-week open-label prospective pilot study on riluzole
(100 mg/day) was conducted in six FXS adults. Despite
uniform correction of peripheral ERK activation,
riluzole was not associated with significant clinical
improvement."”

Acamprosate, a novel agent with potential
pleiotropic effects and acting as an NMDA glutamate
receptor antagonist, potential mGIluRS antagonist and
GABA-A agonist in animal studies, was evaluated in an
initial pilot open-label study in three patients with FXS
and a comorbid diagnosis of autistic disorder for over
21.3 weeks. This trial showed marked improvement in
communication in all patients as rated using the CGls-
Improvement scale.”” A subsequent open-label 10-week
trial with acamprosate in 12 FXS patients aged between
6 and 17 years indicated an association with significant
improvement in social behaviour and a reduction in
inattention/hyperactivity with general safety and tolerance.
In addition, an increase in BDNF that occurred with
treatment may be a useful pharmacodynamic marker in
future acamprosate studies.””

Presynaptic deficits in FXS

The aforementioned therapeutic targets for FXS
have largely focused on postsynaptic deficits. The

potential roles of FMRP at the presynaptic apparatus
have been gradually examined.”® FMRP is expressed
in presynaptic terminals and axons of fragile X
granules (FXG)-enriched brain circuits and regulates
FXG number and developmental profile.””” High
throughput sequencing of RNA isolated by crosslinking
immunoprecipitation indicated that FMRP interacts
directly with mRNA encoding nearly one-third of
the presynaptic proteome.”” Enhanced responses
to high-frequency stimulation in Fmrl KO mice
are associated with an exaggerated calcium influx
in presynaptic neurons, enhanced vesicle recycling
and enlarged readily releasable and reserved vesicle
pools.” Loss of FMRP also leads to excessive
action potential broadening during repetitive activity,
enhanced presynaptic calcium influx and elevated
neurotransmitter release in cornu ammonis fields
CA3 pyramidal neurons.™ It was recently reported
that FMRP controls synaptic vesicle exocytosis by
modulating N-type calcium channel density.*” As
a potential contributor to neurological impairment
in FXS, presynaptic dysfunction deserves extensive
research to identify potential intervention targets.

FMRP and polyribosome stalling in FXS

A body of literature has shown that FMRP is a neuronal
polyribosome-associated RNA-binding protein that
binds to approximately 4% of all brain mRNAs and
subsequently modulates translation of a set of synaptic
plasticity-related proteins by stalling ribosomal
translocation on target mRNAs.""* Recently, Darnell et
al™! have proposed an interesting point that a secondary
consequence of dysregulation of the primary mRNA
targets of FMRP could account for the deficits observed
in FXS patients and animal models. Given that FMRP
normally inhibits the expression of mGIuRS receptors,
NMDARs and components of downstream ERK and
mTORCI pathways, as well as several potentially limiting
and elongation factors, excess translation of these proteins
in the chronic absence of FMRP could lead to secondary
increases in global protein synthesis. It has also been
proposed that small molecules to stall ribosomes in the
absence of FMRP have the potential to be translated into
new therapeutic avenues for the treatment of FXS."*"!

In consistency, genetic reduction of p70 ribosomal
protein S6 kinase 1, targeting direct translation
machinery, has been reported to restore proper
translational control and protein synthesis, normal
mGIluR-LTD and dendritic morphology in FXS model
mice, as well as weight gain, macro-orchidism and
multiple autism spectrum disorder-like behavioural
phenotypes, including social interaction deficits,
impaired novel objection recognition and behavioural
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inflexibility." Double KO mice of Fmrl and
cytoplasmic polyadenylation element binding protein
1 gene, which were predicted to bind many of the
same mRNAs and mediate a translational homeostasis,
also ameliorated the biochemical, morphological,
electrophysiological and behavioural phenotypes
associated with FXS."*” In addition, application of
minocycline, a second-generation tetracycline analogue
that inhibits matrix metalloproteinase-9 and stalls
mammalian ribosomal translocation, also reverses synaptic
abnormalities and aberrant behaviours in Fmrl KO mice
and FmrI null mutant flies.**”” A randomized double-
blind, placebo-controlled, crossover trial of minocycline
in 55 FXS children and adolescents (3.5-16 years old) has
been conducted for 3 months. In spite of the placebo effect,
significant improvements have been shown in primary CGI
scores, anxiety and mood-related behaviours.”"!

FMRI reactivation

Attempts have been made to reactivate FMRI
transcription by removing the transcriptional blockade
induced by excess promoter methylation. Demethylation
agents such as 5-azadeoxycytidine can increase FMRI
mRNA levels and protein in the lymphoblasts of FXS
patients;”” however, the high toxicity of its long-term
use and requirements of incorporating it into dividing
cells have limited its application. Histone hyper-
acetylating drug that can reduce in vitro expression
of the fragile site of FXS without affecting DNA
methylation, the acetyl-L-carnitine (LAC), has been
explored in a randomized, double-blind, placebo-
controlled, parallel and multicenter study.”” LAC
appears to be well tolerated in the overall population
and could reduce hyperactivity in FXS boys with
attention deficit hyperactivity disorder (ADHD),
whereas another multi-site 16-week pilot randomized
controlled trial found that LAC was ineffective in
ADHD children (n=122)."" The efficacy of LAC on
ADHD needs to be further evaluated.

Conclusions
FXS is the most common inherited form of intellectual
disability and the most common known cause of autism.
The extraordinary research progress with FXS animal
models has provided explicit insights into potential
mechanism-targeted medications. Extensive effort
has been made to standardize a set of disease-specific
outcome measures for comprehensive evaluation of
drug efficacy. Current clinical trials have documented
several promising agents of positive behavioural effects.

It should be emphasized that FMRP is expressed
ubiquitously in different types of neurons beginning in

the fetal developmental period. The extent to which that
late-stage pharmacological therapeutics could rescue
the established deficits at specific neuroanatomical sites
in FXS patients requires further investigation. Although
genetic and pharmacological manipulations of Fmrl
KO mice could partly reverse synaptic abnormalities,
evaluation of recovery of normal synaptic functioning
has been limited by the lack of consistent medical
biomarkers. FMRP targets approximately 30% of the
postsynaptic density and presynaptic proteome, and
regulates protein translation through multiple roles in
polyribosome stalling, mRNA transport and microRNA
pathway. Insufficient expression of FMRP thus leads
to a broad array of effects on synaptic transmission,
structure and function.

Therefore, the ideal FXS treatment should meet
two conditions. First, it should compensate for the
temporary functioning of FMRP or at least the major
function responsible for the targeted symptoms. Second,
it should restore the developmental deficits caused
by long-term chronic loss of FMRP. To facilitate this
goal, a better understanding and incorporation of FXS
pathology, from the developmental neuroanatomical
changes, immature dendritic spines, altered pre- and
postsynaptic transmissions to secondary consequence
of dysregulated FMRP targets, must pave the way to a
comprehensive and efficacious treatment strategy for the
cognitive and behavioural problems associated with FXS.
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