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Summary: Two different mutations in the FMR1 gene may
lead to autism. The full mutation, with �200 CGG repeats in
the 5= end of FMR1, leads to hypermethylation and transcrip-
tional silencing of FMR1, resulting in absence or deficiency of
the protein product, FMRP. Deficiency of FMRP in the brain
causes fragile X syndrome (FXS). Autism occurs in approxi-
mately 30% of those with FXS, and pervasive developmental
disorders–not otherwise specified occur in an additional 30%.
FMRP is an RNA binding protein that modulates receptor-
mediated dendritic translation; deficiency leads to dysregula-
tion of many proteins important for synaptic plasticity. Group
I metabotropic glutamate receptor (mGluR1/5) activated trans-
lation is upregulated in FXS, and new targeted treatments that
act on this system include mGluR5 antagonists and GABA
agonists, which may reverse the cognitive and behavioral def-

icits in FXS. Matrix metalloproteinase 9 (MMP-9) is one of the
proteins elevated in FXS, and minocycline reduces excess
MMP-9 activity in the Fmr1 knockout mouse model of FXS.
Both minocycline and mGluR5 antagonists are currently being
evaluated in patients with FXS through controlled treatment
trials. The premutation (55–200 CGG repeats) may also con-
tribute to the mechanism of autism in approximately 10% of
males and 2–3% of females. Premutations with �150 repeats
exert cellular effects through a different molecular mechanism,
one that involves elevated levels of FMR1 mRNA, CGG-me-
diated toxicity to neurons, early cell death, and fragile X–as-
sociated tremor/ataxia syndrome. In those with large premuta-
tions (150–200), lowered levels of FMRP also occur. Key
Words: Fragile X syndrome, autism, ASD, mGluR, GABA,
treatment, animal model.

INTRODUCTION

Fragile X mutations cause a family of fragile X–associ-
ated disorders, including primary ovarian insufficiency
(FXPOI), the fragile X–associated tremor/ataxia syndrome
(FXTAS), and fragile X syndrome (FXS). Fragile X syn-
drome is caused by a CGG repeat expansion mutation
(�200 repeats, full mutation) in the promoter of the fragile
X mental retardation 1 gene (FMR1), and is the leading
inherited cause of intellectual disabilities and the most com-
mon single-gene disorder associated with autism.1-3 Fragile
X syndrome can be found in 1 in 2500–4000 individuals in
the general population.4,5 The FMR1 premutation (55–200
CGG repeats) is more common than the full mutation; it
occurs in 1 in 130–250 females and 1 in 250–810 males in
the general population.4-6

The FMR1 gene was identified in 1991.7 Subsequent
molecular advances have shown that FMRP is an RNA

binding and transport protein that regulates the transla-
tion of many other genes at the synapse. FMRP usually
acts in concert with multiple other signaling proteins to
inhibit the translation of numerous genes involved in
synaptic plasticity. Thus, the absence of FMRP, which
leads to FXS, is associated with upregulation of many
proteins.8,9 Some of the proteins that are regulated di-
rectly by FMRP or that interact with signaling cascades
through which FMRP modulates translation are also as-
sociated with autism when their genes are mutated, in-
cluding neuroligins, neurorexin 1, PTEN, PSD95,
MAPK1, and SHANK3. The molecular overlap between
FXS and autism is thus based on the dysregulation of
genes related to autism in the absence of FMRP (FIG. 1).
Males with the full mutation in FMR1 have �200

CGG repeats in the 5= untranslated region of the gene,
resulting in methylation and transcriptional silencing of
the gene and therefore significant deficiency or absence
of FMRP. This is the cause of FXS. The level of intel-
lectual ability in FXS correlates positively with the level
of FMRP.10,11 Those with both autism and FXS typically
have a lower IQ than do those with FXS but not au-
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tism.12,13 If the IQ level is controlled for, however, the
level of FMRP does not determine the presence or ab-
sence of autism.14 Seizures tend to co-occur with autism
in FXS, and additional genetic mutations can also pre-
dispose an individual with FXS to have autism.15

Females with FXS have a full mutation on one of the X
chromosomes but the other X has a normal allele. The
X-activation ratio, or the percentage of cells with the
normal X as the active X, determines how much FMRP
is produced and therefore determines the intellectual
level and physical involvement caused by the fragile X
mutation. Approximately 25% of females with a full mu-
tation have an IQ of �70, another 40% have an IQ in the
borderline range (70–85), and 35% have an IQ in the
normal range. Even with a normal IQ, however, learning
disabilities, executive function deficits, and emotional prob-
lems are common in females with the full mutation.16-18

PREMUTATION INVOLVEMENT

For many years, carriers with the premutation (55–200
CGG repeats) were thought to be clinically unaffected. In
1991, however, Cronister et al.19 reported a high preva-
lence of early ovarian failure, relative to noncarriers or to
those with the full mutation. This condition was con-
firmed at other centers and was renamed as primary
ovarian insufficiency (POI) or, more specifically, as frag-
ile X-associated POI (FXPOI). Ovarian failure before
age 40 (early menopause) occurs in approximately 20%
of premutation carriers, although an additional 20% ex-
perience hormonal dysregulation and menopause within
the very early end of the normal range, before age
45.20,21

In 2000, Tassone et al.22 reported elevated FMR1
mRNA in premutation carriers: the higher the CGG re-

FIG. 1. Pathway thought to be involved under the mGluR theory of mental retardation in cortex and hippocampus in fragile X syndrome
(FXS), indicating levels of interaction of proteins mutated in autism with this pathway, and potential strategies for targeted treatment in
the pathway. Left: In the normal dendritic spine, mGluR receptor activation by glutamate (glu) results in activation of dendritic translation
via a signaling cascade including but not limited to phospholipase C (PLC), PI3K, PDK 1/2, Akt, ERK 1/2, mTOR, S6K, and PP2A. This
cascade is modulated by numerous other synaptic signaling proteins. The main cascade proteins and modulators are represented as
“A” in the model, and many proteins that would fall in the “A” category have been implicated in the autism phenotype, including mTOR
and PTEN. Activation of the mGluR pathway results in mRNA release from FMRP and loss of inhibition of mRNA translation, giving an
increased level of FMRP-regulated proteins at the synapse, and AMPA receptor internalization. FMRP is generated during this process
as well, resulting in inhibitory feedback on translation, stabilization of synaptic protein levels at the needed levels based on neuronal
activity, and maintenance of correct levels of surface AMPA receptors and LTD. Proteins derived from RNA cargos of FMRP, whose
synaptic levels are regulated by FMRP represent category “B” of potential molecular overlap with autism-implicated proteins, including
proteins such as PSD95. Right: In the FXS dendritic spine, which is immature, when FMRP is missing, mGluR-mediated translation lacks
the inhibitory feedback balance normally provided by FMRP and is excessively and constitutively activated, leading to excessive
synthesis of specific synaptic proteins that are derived from FMRP RNA cargos. This results in excessive internalization of AMPA
receptors and other synaptic changes that result in excessive LTD and persistently weak and immature synapses. Potential strategies
for treatment are indicated on the model and include 1) reduction of mGluR signaling either through extracellular receptor blockers or
intracellular reduction of signaling pathway activity (MPEP and other mGluR5 blockers, lithium); 2) reduction of excessive activity of one
or more key proteins normally regulated by FMRP (minocycline); 3) direct activation or restoration of surface AMPA receptors
(ampakines/CX516); and 4) modulation of mGluR activity through other neurotransmitter receptors and systems (arbaclofen).
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peat, the greater the mRNA levels. Soon thereafter,
tremor and ataxia were reported in some males over 50
years of age with the premutation.23 FXTAS was later
reported in approximately 40% of older male carriers24

and in 8–16% of older female carriers.25-27

Elevated mRNA leads to a gain-of-function RNA tox-
icity that causes stress in the cells, with upregulation of
heat shock proteins and alpha-B crystallin.25,28,29 In cells
with the premutation, the lamin A/C ring on the inside of
the nucleus becomes disrupted and the cell may die more
easily.29 Clinical features of FXTAS include an intention
tremor, ataxia, neuropathy (which often includes pain in
the lower extremities), cognitive decline, and autonomic
dysfunction. Patients with FXTAS also have global brain
atrophy and white matter disease in periventricular and
subcortical regions, in addition to prominent involve-
ment of the middle cerebellar peduncles (MCP sign).30

Neuropathological changes include eosinophilic inclu-
sions in neurons and astrocytes throughout the brain,
with the greatest density of inclusions in the hippocam-
pus and limbic system.31 Inclusions can also occur out-
side of the CNS, including Leydig cells of the testicles32

and peripheral ganglia of the heart, GI system, and peri-
vertebral ganglia.33

Additional medical problems can be seen in female
carriers before the onset of FXTAS. Hypertension and
neuropathy symptoms (including numbness, tingling,
and pain in the lower extremities) are more common in
female carriers than in control subjects.26 In addition,
fibromyalgia (43%) and hypothyroidism (50%) are com-
mon diagnoses in female carriers with neurological prob-
lems, and these symptoms are more common in carriers
than in control subjects.26

Cell cultures of neurons with the premutation demon-
strate deficits in dendritic branching and early cell
death.34 These findings are consistent with the develop-
mental problems seen in some boys with the premuta-
tion. Farzin et al.35 compared boys with the premutation
who presented clinically (probands), their premutation
brothers identified by cascade testing (nonprobands), and
brothers who did not have the premutation (control sub-
jects). The rates of attention deficit hyperactivity disorder
(ADHD) and autism spectrum disorder (ASD) were 90%
and 73%, respectively, in the probands, which was sig-
nificantly higher than in the control subjects. The ele-
ments of ASD are autism, Asperger’s disorder, and per-
vasive developmental disorders–not otherwise specified
(PDD-NOS). The nonproband boys had rates of shyness
and social deficits that were higher than for the control
subjects, but the rate of ASD was only 8%.
Similar rates of ASD and ADHD problems were seen

in a study by Aziz et al.36 of boys with the premutation
or a gray zone allele, and also in a survey of �1200
families, some of whom had a son with the premuta-
tion.37 In 30 adult men with the premutation, however,

Hunter et al.38 did not find neuropsychological deficits
compared with control subjects. In a similar study by
Grigsby et al.,39 who conducted neuropsychological testing
in 28 men with the premutation but without FXTAS, there
were significant executive function deficits relative to con-
trol subjects. Cornish et al.40 and Moore et al.41 found
similar deficits in impulsivity in adult males with the pre-
mutation, relative to control subjects. Although differences
in ascertainment, age, and neuropsychological batteries
may yield different results, it is clear that a subgroup of
males with the premutation is likely to experience some
constellation of social difficulties, ADHD problems, and
executive deficits. Nonetheless, many males have no diffi-
culty with neurodevelopmental problems, and the relation-
ship between developmental difficulties and aging difficul-
ties, including FXTAS, is not known.
In females, the percentage with both the premutation

and ASD is 5%, which is lower than in male carriers
(10–15%).42 However, most females with the premuta-
tion do not experience developmental or behavioral
problems in childhood. The true frequency of ASD in
premutation carriers needs to be determined by further
evaluation in population samples with minimal bias.
Psychopathology has been studied extensively in adult

carriers, including women with the premutation. Depres-
sion and anxiety occur at higher rates in carriers, both
with and without FXTAS, compared with the general
population.43-45 Premutation knock-in mice have been
created, and they demonstrate enhanced cortisol release
with stress, compared with control subjects without the
premutation.46 In the context of human carriers, there is
often considerable stress due to raising children with
FXS or from participation in care of a parent who may be
suffering from FXTAS. In female carriers, higher levels
of anxiety, as measured by the Symptom Checklist-90,
correlate with more atrophy in the hippocampus.47

Although most individuals with the premutation have
a normal IQ, those in the upper range of the premutation
have a reduction of their FMRP level and may therefore
experience more developmental problems and symptoms
of FXS. Many of these individuals have a double hit,
with both lowering of FMRP and elevation of FMR1
mRNA levels. These individuals usually have a higher
IQ than those with the full mutation and FXS, although
additional phenotypic involvement is currently being ex-
plored, including the possibility of higher rates of psy-
chosis than are seen in FXS.

PHENOTYPE OF FRAGILE X SYNDROME

Males with FXS have characteristic behavioral fea-
tures that include hyperactivity, impulsivity, attention
problems, poor eye contact, shyness, self-talk, hand-flap-
ping, hand-biting, hyperarousal to sensory stimuli, mood
instability, and anxiety.18 They demonstrate an enhanced
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sympathetic response, as measured by the sweat response
in the hand, to all types of sensory stimuli; the enhanced
sympathetic response correlates inversely with the level
of FMRP.48 A variety of anxiety disorders are common
in both males and females with FXS, including selective
mutism, social phobia, and specific phobia (L. Cordiero
et al., personal communication). Aggression occurs in
approximately 30% of males, seen most commonly in
adolescence. Physical features include loose connective
tissue, leading to hyperextensible finger joints, double-
jointed thumbs, prominent ears, flat feet, and soft skin. In
addition, patients with FXS in adulthood usually have a
long face, macroorchidism (testicle volume �35 mL),
and a high arched palate.
Females with FXS and the full mutation have a vari-

able phenotype, depending on the activation ratio and the
level of FMRP. They often have prominent ears, atten-
tion problems, and impulsivity and executive function
deficits even when their IQ is in the normal range.18

Shyness, selective mutism, specific phobias, social anx-
iety, and social deficits are common (L. Cordiero et al.,
personal communication).

ASSOCIATION BETWEEN FRAGILE X
AND AUTISM

The strong association between FXS and autism is
based on the molecular overlap between the two disor-
ders. The Autism Diagnostic Interview-Revised (ADI-R)49

and the Autism Diagnostic Observation Schedule
(ADOS)50 are currently considered gold standard diag-
nostic tools for autism. From studies using these tools,
the prevalence of autism in individuals with FXS is
reported to be approximately 18%–36%.12,13,42,51 The
entire spectrum of autism is represented in children with
FXS. Approximately 43%–67% of individuals with FXS
have an element of ASD.13,42,51 An even larger percent-
age of individuals with FXS (i.e., 50%–90%) have some
symptoms of autism, such as poor eye contact, unusual
hand mannerisms, perseverative speech, and other fea-
tures seen in autism, even though they may not meet the
full criteria for an ASD.52-56 In females with FXS, how-
ever, the percentage of ASD is lower, at 20–23%.42,57

The fragile X mutation is the leading single-gene mu-
tation known to cause autism and ASD.1 Of those already
diagnosed with autism, 3–6% also have FXS.1-3,58-60

Although we do not know why some individuals with
FXS also have autism and others do not, it has been
suggested there may be secondary gene effects additive
to the FMR1 mutation that lead to the development of
autism.12 One example of a secondary genetic effect that
makes autism more common in FXS is the Prader-Willi
phenotype of FXS. Individuals with this phenotype have
FXS in addition to hyperphagia, obesity, and a lack of
satiation after meals, similar to features seen in Prader-

Willi syndrome. That syndrome is associated with a de-
letion of 15q11.2�q13, maternal uniparental disomy of
chromosome 15, or imprinting center mutations. Instead
of these classic Prader-Willi chromosome 15 abnormal-
ities, however, individuals with the Prader-Willi pheno-
type of FXS have lowered expression of the cytoplasmic
interacting FMR1 protein 1 gene (CYFIP1, located in the
15q deletion region of Prader-Willi syndrome), relative
both to normal control subjects and to subjects with FXS
but without the Prader-Willi phenotype.61 In addition,
approximately 70% of those with the Prader-Willi phe-
notype also have ASD. Why there is downregulation of
CYFIP1 in this subgroup of individuals with FXS is not
known, but the deficit of CYFIP1, a protein thought to be
important for neuronal migration and synaptic plasticity,
coupled with the FMRP deficit, apparently leads to hy-
pothalamic dysfunction, including smaller genitalia, de-
layed puberty, and appetite enhancement.61

Children with comorbid autism and FXS are more cog-
nitively impaired, have poorer verbal skills, more severe
social deficits, and lower adaptive functioning than do chil-
dren with FXS alone.12-14,62-65 Their language is more im-
paired in receptive language and theory of mind, even after
controlling for their lower nonverbal IQ relative to those
with only FXS.65 Seizures also appear to be more frequent
in children who have both FXS and ASD (28%) than in
children with FXS without autism (12%).15 Autism has
been found to co-occur more frequently in individuals with
FXS and seizures than in those without seizures (Berry-
Kravis et al., unpublished data).
Macrocephaly is another common phenotype seen

both in children with FXS and in those with idiopathic
autism.66,67 The rate of increase in head circumference
appears to be faster in children with FXS and ASD than
in children with FXS without ASD.66 PTEN, a gene
involved in regulation of cell growth, has been hypoth-
esized to be involved in this process, and a mutation in
PTEN was found in 18% of individuals with idiopathic
autism and macrocephaly.68 The lack of FMRP in FXS
also downregulates PTEN expression, and this is thought
to contribute to the etiology of macrocephaly in FXS
(J.C. Darnell, personal communication).
There are similarities in the underlying neuroanatomy of

FXS and of autism without FXS. Neuroimaging studies have
found hypoplasia of the cerebellar vermis both in individuals
with FXS69,70 and in those with autism.71-73 The posterior
cerebellar area is involved in motor function, cognition, sen-
sory perception, and possibly also communication and stereo-
typic behaviors.73,74 The size of the cerebellar vermis lobules
VI and VII has been found to be negatively correlated with
measures of communication impairment and stereotypic be-
haviors in children with FXS.74

There is also parietal lobe dysfunction in individuals
with FXS and in those with autism. Specifically, there
appears to be a deficit in the dorsal stream processing in
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both disorders. The dorsal stream is a processing stream
projected from V1 of the visual cortex dorsally through
the parietal lobe; it is necessary for visual control of
action. The ventral stream projects ventrally through the
temporal lobe and is important for pattern recognition
and object identification.75,76 Deficits in visuomotor
skills, visuospatial skills, and mathematical performance
in individuals with FXS may be tied to deficits in dorsal
stream processing.77 Likewise, in individuals with au-
tism, there are also impairments in elements of dorsal
stream processing that are important in biological motion
processing and smooth pursuit eye movements.78-80

Although there are many similarities in MRI abnor-
malities observed in FXS with and without autism, there
are also important differences. Hazlett et al.81 showed
that young children with both FXS and autism have a
larger caudate nucleus and a smaller amygdala than do
young children with autism but not FXS. Even though
the phenotype is similar in terms of degree of autism on
standardized testing, the genetic underpinning of the au-
tism appears to determine the CNS structure.
Multiple neurophysiological studies have shown hy-

perarousal of the autonomic nervous system through en-
hanced sympathetic responses48,82 and decreased vagal
tone83-85 in individuals with FXS. Individuals with co-
morbid FXS and autism experience even more hyper-
arousal and intolerance to environmental stimuli, partic-
ularly with transitions, than those affected by FXS but
not autism.83,86 Sensorimotor processing deficits have
also been shown in prepulse inhibition studies of chil-
dren with FXS87,88 and individuals with autism.89 Be-
cause this gating or filtering system is abnormal in FXS
and autism, these individuals experience a heightened
sensitivity to sensory stimulation, cannot attenuate sen-
sory responses well, and have a difficult time attending
selectively to a pertinent stimulus.88,90

The strong behavioral, neuroanatomical, and neuro-
physiological associations have important implications
for furthering our understanding of the neurobiology of
autistic spectrum behaviors, both in individuals with
FXS and in individuals with autistic disorder. Moreover,
it suggests possible overlapping mechanisms and com-
mon pathways for the two disorders. Through our knowl-
edge of FXS, a clearly delineated single-gene disorder
with alterations in gene expression and protein synthesis,
we gain more understanding about idiopathic autism, a
disorder with unclear and probably multiple etiologies.

MOLECULAR BIOLOGY AND
ANIMAL MODELS

The development of animal models of FXS has greatly
advanced our understanding of the pathophysiology of
this disorder.91 There is currently a model with loss of
activity of the FMR1 homolog in Drosophila,92 as well

as the Fmr1 knockout (KO) mouse model.93 The Dro-
sophila model has shown neuronal and behavioral phe-
notypes that are potential correlates to deficits observed
in FXS, exhibiting defects in circadian rhythms, synaptic
branching, courtship behavior, and cognition.92,94-97 The
Fmr1 KO also show features representative of FXS, such
as hyperactivity, increased sensitivity to audiogenic sei-
zures, macroorchidism, and dendritic spine abnormali-
ties, which may be explained by observed abnormalities
in synaptic plasticity in the Fmr1 KO, including exag-
geration of long-term depression (LTD) and deficits in
long-term potentiation (LTP).93,98,99

FMRP, an mRNA-binding protein, appears to repress
translation and inhibit protein synthesis at the synapse.100

The lack of FMRP in individuals with FXS leads to
excess basal translation and upregulation of several pro-
teins, including those normally regulated by group I
metabotropic glutamate receptor (mGluR1 and mGluR5)
activated pathways101 (FIG. 1). Bear et al.101 have pro-
posed the mGluR theory of fragile X, suggesting that the
deficits associated with FXS are related to upregulation
of mGluR1/5 pathways and that treatment with mGluR5
negative modulators would be reasonable targeted treat-
ments for FXS.98

The mGluR1 receptors are present mainly in the cer-
ebellum and hippocampus, whereas the mGluR5 recep-
tors are present throughout the brain except in cerebel-
lum.102 The broader distribution of mGluR5 receptors, in
conjunction with toxicity in the form of motor deficits
observed in animal models treated with mGluR1 block-
ers, point to mGluR5 receptors as the better initial target
for pharmacotherapy of FXS. Both FMRP and mGluRs
play important roles in synaptogenesis and synaptic plas-
ticity. Abnormal dendritic spine morphology is seen in
both humans and mice lacking FMRP.103-105 The cere-
bral cortex of adult Fmr1 KO mice and autopsy speci-
mens from individuals with FXS both show increased
density of long, thin, tortuous postsynaptic dendritic
spines, which are normally seen in early neocortical de-
velopment.103,104 As dendritic spines mature, they
change from being long and thin protrusions into short,
mushroom-shaped structures.106 The increased density
and increased length of these spines compared with con-
trol subjects indicates a deficit in the pruning of unnec-
essary synaptic contacts and an immaturity of the spines
in those with FXS. Thus, it appears that FMRP is re-
quired for the important processes of synapse stabiliza-
tion and pruning during synapse maturation.
Equally important is the role of group I mGluRs in

long-term synaptic plasticity, involving long-term de-
pression (LTD) in the hippocampus and at the parallel
Purkinje cell synapse of the cerebellum107-110 and long-
term potentiation (LTP) in the amygdala.111 Lack of
FMRP-mediated inhibitory control leading to excessive
mGluR1/5-activated protein synthesis also results in en-
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hanced mGluR-dependent hippocampal109 and cerebellar
LTD,112 reduction of synaptic AMPA receptors,101,113

immature-appearing elongated dendritic processes,114,115

and abnormal epileptiform discharges.116

Support for the mGluR theory comes from a study
with Fmr1 KO mice that are also heterozygous for a null
mutation in the gene coding for the mGluR5 receptor,
resulting in 50% reduction in mGluR5 expression.98 The
various phenotypes rescued by genetically reducing
mGluR5 expression in these Fmr1 KO mice included
abnormal ocular dominance plasticity, increased density
of dendritic spines on cortical pyramidal neurons, in-
creased basal protein synthesis in the hippocampus, ex-
aggerated inhibitory avoidance extinction, audiogenic
seizures, and accelerated body growth. This supports the
prior proposal of Bear et al.,102 that the excessive
mGluR5 signaling in the Fmr1 KO model could be re-
sponsible for the psychiatric and neurological symptoms
seen in FXS, such as poor cognitive development, sei-
zures, anxiety, and movement disorders (stereotypic mo-
tor movements), as well as the accelerated body growth.
Studies administering mGluR5 negative modulators in

animal models of fragile X lend further support to the
mGluR theory. MPEP (2-methyl-6-phenylethynyl pyri-
dine hydrochloride) is a potent, highly selective negative
modulator of mGluR5 receptors.117 In vitro, both MPEP
and fenobam, another mGluR5 negative modulator, were
able to rescue abnormal morphology of hippocampal
neurons from Fmr1 KO mice, and in vitroMPEP rescued
excessive AMPA receptor internalization in FMRP-de-
ficient cultured neurons.113 When given to Fmr1 KO
mice, MPEP reversed audiogenic seizures, epileptiform
discharges, and open field hyperactivity and rescued the
defect in prepulse inhibition of startle.116,118,119 When
MPEP or lithium (which reduces mGluR signaling to
activate translation) was given to dFmr1 loss-of-function
Drosophila mutants, abnormal phenotypes were re-
versed, including courtship behavior, memory, and brain
structural abnormalities, presumably through the reduc-
tion of mGluR activity.92 MPEP is too toxic for use in
humans, however, although other mGluR5 negative
modulators are being developed for use in humans with
FXS (discussed in the next section, Targeted Treatments
in Humans).
The GABAergic system has also been hypothesized to

play an important role in the pathogenesis of FXS.
Nearly 30–50% of all synapses in the CNS of mammals
are GABAergic.120 A major inhibitory neurotransmitter
receptors in the brain, GABA is important in anxiety,
depression, epilepsy, insomnia, and learning and memory.121

GABA-mediated inhibition is critical for terminating ic-
tal discharges and the spread of hyperexcitability, which
can lead to seizures.122 Direct binding between FMRP
and the mRNA of the �-subunit of the GABAA receptor
has been shown.123 In the absence of FMRP, expression

of this subunit is disrupted, with a reduction of protein
levels. Reduced expression and dysfunction of several
subunits of the GABAA receptor (�1, �3, �4; �1, �2; �1,
�2; �) has been shown in fragile X animal models.124-126

In Drosophila, dFmr1 mutants destined to die from glu-
tamate toxicity after eating glutamate-containing food
were rescued after administering molecules involved in
the GABAergic pathway.126 In addition, abnormal male
courtship behavior and mushroom body deficits were
reversed with exposure to these molecules.
GABAergic mechanisms to downregulate glutamate

release and modulate mGluR overactivity have been in-
vestigated. GABAB receptor agonists, such as baclofen,
inhibit both presynaptic release of glutamate and
postsynaptic transmission, as well as intracellular signal-
ing downstream from mGluR5.127,128 Baclofen has been
shown to be efficacious in treating irritability and self-
injurious behaviors in cognitively impaired individu-
als,129 as well as hyperactivity and marble burying130

and audiogenic seizure phenotypes in Fmr1 KO mice.131

TARGETED TREATMENTS IN HUMANS

These are exciting times for researchers and clinicians
who work with individuals with FXS, because of increas-
ing knowledge about the pathophysiology of the disorder
and treatments that may be effective in treating the core
deficits in FXS. We are beginning to see well-designed,
large-scale, double-blind, placebo-controlled clinical tri-
als of neuropharmacologic treatments aimed at the un-
derlying disorder for individuals with FXS (FIG. 1).
The first mGluR5 negative modulator (FIG. 1, mech-

anism 1) to be studied in humans with FXS was the
imidazole derivative fenobam, a highly selective mGluR5
blocker.132 The safety and pharmacokinetics of this med-
ication were studied in human subjects with FXS after a
single dose. Rapid reduction in hyperactivity and anxiety
was observed in most subjects with FXS, and 50% of the
cohort of 12 patients showed at least a 20% improvement
in prepulse inhibition.133 There were no safety concerns
in the single-dose trial. Clinical trials are currently un-
derway to study longer treatment with other mGluR5
negative modulators in individuals with FXS, including
STX107 (Seaside Therapeutics, Cambridge, MA; just
completed phase I testing, expected to enter phase II
trials in FXS this year), AFQ056 (Novartis, Basel, Swit-
zerland; recently completed phase II safety and efficacy
trial in FXS in Europe), and RO4917523 (Hoffmann–La
Roche, Basel, Switzerland; in phase II safety and explor-
atory efficacy trial in FXS in the USA). See further at
http://www.clinicaltrials.gov.
Lithium (FIG. 1, mechanism 1) is another targeted

treatment for FXS that can downregulate mGluR5 sig-
naling to activate translation by inhibiting inositol phos-
phate turnover, thereby attenuating phospholipase C en-
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zyme activity, and also by inhibiting glycogen synthase
kinase 3�.134 In the Drosophila model of FXS, lithium
improved naïve courtship behavior, as well as immediate
recall and short term memory.92 An open-label trial of
lithium in 15 patients with FXS demonstrated significant
improvement in behavior and verbal memory, in addition
to normalization of abnormal ERK phosphorylation rates
in lymphocytes.135

The deficit in cortical LTP observed in the Fmr1 KO
mouse model,136 coupled with reversal of hippocampal
LTP deficits in KO mouse BDNF137 induced by ampa-
kines, has inspired clinical trial of an ampakine known to
increase LTP (AMPA receptor activator; FIG. 1, mech-
anism 3). Specifically, a double-blind placebo-controlled
trial of the effects of CX516 (Ampalex; Cortex Pharma-
ceuticals, Irvine, CA) on safety and cognitive and behav-
ioral efficacy measures was conducted in a cohort of
individuals with FXS or autism138 (see also http://www.
clinicaltrials.gov). Conceptually, it was thought that
CX516 would help compensate or correct the AMPA
receptor deficit resulting from mGluR pathway overac-
tivity. However, CX516 is a very weak ampakine, and no
improvements were seen except in the group of patients
cotreated with an antipsychotic known to potentiate am-
pakine activity. A more potent ampakine molecule might
show success in FXS, but such molecules have not yet
come to clinical trial.
Minocycline (FIG. 1, mechanism 2), a widely used

antibiotic used to treat acne and skin infections, is an-
other promising drug that may target core symptoms of
FXS and autism. Minocycline inhibits matrix metallo-
proteinase-9 (MMP-9) and reduces inflammation in the
central nervous system. Matrix metalloproteinases are
enzymes involved in synaptic plasticity. MMP-9 trans-
lation is normally inhibited by FMRP, and thus the en-
zyme level is elevated in FXS and is associated with
immature dendritic spine morphology.139,140 Administra-
tion of minocycline to Fmr1 KO mice resulted in matu-
ration of their hippocampal dendritic spines and normal-
ization of behaviors, including decreased anxiety and
improved exploration skills.140 Off-label use of minocy-
cline to treat 50 individuals with FXS resulted in two-
thirds of families noticing positive improvements in the
child’s language, attention, or behavior while on the
medication.141 An open-label trial is ongoing to investi-
gate the effects of minocycline in children with regres-
sive autism, and an open-label trial has recently been
completed in adolescents and adults with FXS; in addi-
tion a double-blind, placebo-controlled clinical trial is in
progress for children and adolescents with FXS (http://
www.clincaltrials.gov).
Some of the most problematic and difficult symptoms

for parents to handle in their children with FXS and
autism are behavioral problems, including self-injurious
behaviors, aggression, and irritability.142 Risperidone, an

atypical antipsychotic, has recently been approved by the
U.S. Food and Drug Administration to treat irritability in
children with autism. Patients with FXS were included in
the cohort of patients with intellectual disability and
aggression who responded favorably to risperidone in the
trial reported by Aman et al.143 Adverse effects of ris-
peridone include increased appetite, weight gain (2.7 kg
over 8 weeks), and fatigue.
Aripiprazole causes less weight gain than risperidone,

and it has shown an overall response rate of �70% in
children with FXS when used in low doses: 2.5–5.0 mg
in adolescents and even lower doses for younger children
(e.g., �1 mg at bedtime).134 Aripiprazole targets hyper-
activity, aggression, anxiety, distractibility, mood insta-
bility, and aberrant social behaviors, resulting in multiple
benefits of treatment. Weight gain can be a significant
adverse effect of aripiprazole, however, so this should be
monitored closely. Aripiprazole has shown positive re-
sponse effects in a formal placebo-controlled trial target-
ing irritable behavior in autism,144 an open-label trial of
aripiprazole in FXS has just recently been completed
with positive results145 (see Erickson et al., page 258)
and a double-blind placebo-controlled trial is planned.
Understandably, however, the hope has been to find al-
ternative medications for clinical use that have even bet-
ter safety and tolerability profiles.
GABAB receptor-mediated signaling antagonizes the

effects of mGluRs in Fmr1 KO mice, and may be ther-
apeutically beneficial for individuals with FXS.131 A
double-blind, placebo-controlled, crossover trial to de-
termine the efficacy of the arbaclofen (FIG. 1, mecha-
nism 4) for improving aggression and irritability in in-
dividuals with FXS, ASD, or both FXS and ASD has just
been completed. Arbaclofen is the right-sided enantio-
mer of baclofen, and it is significantly more potent than
S-baclofen or racemic baclofen as a GABAB agonist.
Arbaclofen is thought to work indirectly on mGluR5
signaling in FXS by lowering the level of glutamate at
the synapse and thereby reducing glutamate-mediated
activation of the receptor.
For the future, we can expect various combinations of

targeted treatments (e.g., mGluR5 negative modulators,
arbaclofen, minocycline, lithium, ampakines, or other
modulators as yet unidentified) to work on neural path-
ways rendered abnormal by loss of FMRP and to nor-
malize synaptic plasticity. These will be combined with
enhanced educational and behavioral interventions to
maximize development of appropriate synaptic connec-
tions in FXS. The future looks promising for reversing
the intellectual and behavioral problems of individuals
with FXS, and perhaps also related phenotypes of autism
with overlapping molecular mechanisms.
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