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Fragile X syndrome is the most common cause of mental
retardation known to be inherited. The syndrome results
from the suppressed expression of a single protein, the
fragile X mental retardation protein (FMRP). Understand-
ing the function and regulation of FMRP can, therefore,
offer insights into both the pathophysiology of fragile X
syndrome and the molecular mechanisms of learning and
memory. We provide an overview of current concepts of
how FMRP functions in the nervous system, with special
emphasis on recent evidence that FMRP has a role in
metabotropic glutamate receptor-activated protein
translation and synaptic plasticity. © 2002 Wiley-Liss, Inc.
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FRAGILE X SYNDROME
Fragile X syndrome (FXS) affects approximately

1:4,000 males and 1:8,000 females worldwide, making it
the most common known monogenic cause of mental
retardation (Turner et al., 1996; de Vries et al., 1997). The
syndrome is characterized clinically by mental retardation,
with notable deficits in language and executive functions
(de Vries et al., 1998). Behaviorally, patients often have
problems with hyperactivity, and about 20% of patients
meet DSM IV criteria for autism (Hagerman, 1999). In
addition, about 20% of FXS males develop seizures during
their lives. FXS is also associated with a specific set of
physical manifestations, including distinctive facial dys-
morphisms, connective tissue abnormalities, and macro-
orchidism in postpubertal males (de Vries et al., 1998).
Most of these same behavioral and physical features are
also seen in female patients, although they tend to have a
less severe and more variable presentation (Riddle et al.,
1998).

Although neuropathological studies reveal few con-
sistent gross morphological changes (Rudelli et al., 1985;
Reyniers et al., 1999), FXS patients have an increased
number of long, thin dendritic spines (Rudelli et al., 1985;
Hinton et al., 1991; Wisniewski et al., 1991; Irwin et al.,
2001). Elongated spines are normally present during de-
velopment, but in FXS they persist into adulthood despite
normal neuronal numbers and density within the neocor-

tex (Rudelli et al., 1985; Hinton et al., 1991; Irwin et al.,
2001). The specificity of these findings to FXS, though, is
suspect, insofar as similar dendritic changes are seen in
nonsyndromic mental retardation (Purpura, 1974). How-
ever, a mouse model of the disease (FMR-1 knockout
mice; see discussion below) shows similar patterns of den-
dritic dysmorphology (Comery et al., 1997; Nimchinsky
et al., 2001).

FXS normally results from the expansion of a CGG
repeat in the 5�-untranslated region (UTR) of the fragile
X mental retardation gene FMR1 (Oberle et al., 1991;
Vincent et al., 1991; Parrish et al., 1994). In normal
individuals, this region contains between 5 and 50 repeats
with intervening AGG sequences and is relatively stable.
In some cases, though, there is repeat expansion to an
intermediate length of between 55 and 200 CGGs. The
underlying mechanism is unclear, but it can occur with or
without loss of the intervening AGG sequences (Dom-
browski et al., 2002). Until recently, it was thought that
these intermediate “premutations” carriers were asymp-
tomatic, but there is now evidence for premature ovarian
failure in female carriers and a parkinsonian-like neurode-
generative disorder in male carriers despite the absence of
typical FXS symptoms (Sherman, 2000; Hagerman et al.,
2001). These premutations are highly unstable over suc-
cessive generations and tend to expand. Once the expan-
sion reaches 200 or greater repeats, the 5�-UTR and
surrounding regions of the FMR1 gene become hyper-
methylated and histone deacetylated, resulting in chroma-
tin condensation. These events prevent FMR1 transcrip-
tion and lead to the absence of the fragile X mental
retardation protein (FMRP; Oberle et al., 1991; Verkerk
et al., 1991; Yu et al., 1991; Verheij et al., 1993; for review
see Jin and Warren, 2000).
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In other trinucleotide repeat disorders, such as myo-
tonic dystrophy, the disease symptoms result not only
from the altered expression or function of the affected
gene but also from the suppressed production of nearby
genes on the same chromosome (Cummings and Zoghbi,
2000). This does not appear to be the case in FXS, for
which considerable evidence now implicates the loss of
FMRP expression as the sole causative agent in the disor-
der. For example, a number of FXS patients have normal
CGG repeats but a deletion or non-sense mutation within
the FMR1 gene itself (Trottier et al., 1994; Lugenbeel et
al., 1995). These patients generally have a phenotype that
is within the clinical spectrum for the syndrome. There is
also a reported patient with a very severe FXS phenotype
who had a single mis-sense point mutation of I304N in the
coding region of the FMR1 gene (De Boulle et al., 1993).
Furthermore, as discussed below, the FMR gene product
is highly expressed in the FXS target tissues and many
aspects of the syndrome are reproduced in FMR-1 knock-
out mice. Thus, although these findings do not rule out
the possibility that other closely linked genes have their
expression affected by any methylation-dependent down-
regulation of FMR1 expression, it appears that such effects
are not critical to the major phenotypic features of the
disease.

ANIMAL MODELS OF FXS
A strain of FMR-1 knockout mice on an FVB/129

background was produced in 1994. These mice, which
survive into adulthood, show many features that are sim-
ilar to the human phenotype, including macroorchidism,
hyperactivity, and increased susceptibility to audiogenic
seizures (Dutch-Belgian Fragile X Consortium, 1994).
However, some questions about these findings have arisen
because of concerns over a possible background strain
effect. Recent studies in other strains, though, have pro-
vided a number of consensus findings. First, FMR-1
knockout mice have normal long-term potentiation (LTP)
in the hippocampus for at least 4 hr after induction (God-
fraind et al., 1996; Paradee et al., 1999), although there is
one report of a problem with cortical LTP (Li et al., 2002).
This relatively intact synaptic plasticity occurs in the face
of decreased synaptic activity and connectivity when hip-
pocampal cells derived from knockout mice are grown in
dissociated cultures (Braun and Segal, 2000). Second,
FMR-1 knockout mice have an increased susceptibility to
audiogenic seizures across different strains and ages (Mu-
sumeci et al., 2000; Chen and Toth, 2001). In contrast,
these mice do not have an increased sensitivity to epilep-
togenic drugs, such as kainic acid or pentylethylenetetra-
zole (PTZ; Chen and Toth, 2001). Third, FMR-1 knock-
out mice do have some consistent learning deficits,
including an impaired performance in a fear-conditioning
paradigm (Paradee et al., 1999). As in FXS patients,
FMR-1 mice also have problems with hypersensitivity,
including an increase in prepulse inhibition and auditory
startle responses (Chen and Toth, 2001; Nielsen et al.,
2002). Fourth, as mentioned previously, FMR knockout
mice have dendritic spines that are on average longer and

more numerous than those of wild-type controls (Comery
et al., 1997; Nimchinsky et al., 2001). These changes are
most marked early in development; green fluorescent pro-
tein (GFP)-transfected cortical neurons visualized in vivo
show robust differences at 1 week postnatally but few or
no significant changes by 4 weeks (Nimchinsky et al.,
2001). These changes are not seen when neurons derived
from knockout mice are grown in either dissociated or
organotypic cultures (Braun and Segal, 2000; Nimchinsky
et al., 2001).

In addition to mammalian models of FXS, a Dro-
sophila homolog of FMRP, dFXR, has recently been
identified (Wan et al., 2000). This protein shows about
60% homology to FMRP and its two autosomal homo-
logues in mammals, FXR1 and FXR2. Flies lacking
dFXR show significant alterations in synapse size, axonal
and dendritic branching and guidance, and synaptic trans-
mission (Zhang et al., 2001). Furthermore, overexpression
of dFXR leads to malformation of wings and eyes and an
increase in presynaptic bouton size (Wan et al., 2000;
Zhang et al., 2001). dFXR null flies also have defects in
circadian rhythms and mating behaviors (Dockendorff et
al., 2002; Morales et al., 2002).

FMRP
In recent years, focus within the field has turned to

identifying the functions of the FMRP (for additional
reviews see Khandjian, 1999; Jin and Warren, 2000).
There are 12 different FMR1 mRNAs detectable by re-
verse transcription-polymerase chain reaction (RT-PCR)
secondary to alternative splicing at the 3� end, but North-
ern blot analysis of brain tissue typically reveals a single
4.4 kb message, with some minor, smaller bands (Ashley et
al., 1993a). These mRNAs encode for different isoforms
of the protein, ranging in size from 70 to 85 kD, with the
most common isoform in the brain containing 614 amino
acid residues (see Fig. 1; Ashley et al., 1993a). Both FMR1
mRNA and protein are widely expressed throughout the
body in development and adulthood, with the highest
expression levels found within the brain and testes (Devys
et al., 1993). The subcellular localization of the protein is
largely cytoplasmic, with high levels found near the rough
endoplasmic reticulum (rER; Feng et al., 1997a). In ad-
dition, a small amount (5%) of the protein is found within
the nucleus (Feng et al., 1997a). In the brain, FMRP
expression appears to be highest in neurons with expres-
sion throughout the neocortex. Intense staining is seen
within the cell bodies of the hippocampus and granular
cell layer of the cerebellum, although this may simply
reflect the density of cell bodies in these regions. Impor-
tantly, the protein is found at the bases of dendrites and
within dendritic spines and has been reported for mature
presynaptic boutons in the brain (Feng et al., 1997a;
Weiler et al., 1997).

Analysis of the amino acid structure reveals the pres-
ence of two hnRNP K homology domains (KH domains)
and an RGG box, both of which are RNA binding
domains (see Fig. 1; Ashley et al., 1993b; Siomi et al.,
1993). In vitro, the full-length protein binds with high
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affinity but low specificity to mRNAs, with a preference
for poly-G sequences over other single, monoribonucle-
otide polymers (Ashley et al., 1993b; Siomi et al., 1993;
Brown et al., 1998; Laggerbauer et al., 2001). Specific
binding of the protein to mRNA was originally thought to
be mediated through the two KH domains along with
regions within the N-terminus (Siomi et al., 1994; Adi-
nolfi et al., 1999; Sung et al., 2000). Recent work, though,
has pointed to the C-terminal region, including the RGG
box, as the major site of specific mRNA interaction (Dar-
nell et al., 2001; Schaeffer et al., 2001).

The consensus binding site for FMRP was defined
by RNA selection (Selex) and consisted of a set of four
quartets of purines that are predicted to form a structure
called a G-quartet (Darnell et al., 2001). The binding
affinity to this quartet by FMRP was near 10 nM and

required the presence of the RGG box but not the
KH domains (Darnell et al., 2001). At the same time,
another group independently came to similar conclu-
sions through a different approach. Schaeffer and col-
leagues (2001) defined the sites of interaction between
FMRP and the FMR1 mRNA. They found that the
highest affinity interactions occurred via the RGG box
of FMRP and a G-quartet structure within the 3�
coding region of the FMR1 mRNA. Furthermore,
when a G-quartet sequence from another gene was
swapped with the binding site in FMR1, the interaction
was maintained. Taken together, these studies provide
strong evidence that G-quartets represent the specific
mRNA binding site for FMRP, at least in vitro, and
confirm that FMRP binds to its own mRNA (Ashley et
al., 1993b).

Fig. 1. Hypothetical model of the function of FMRP in the nervous system. Under basal conditions,
FMRP is bound to a subset of polysome-associated brain mRNAs and acts to inhibit their translation
tonically (1). Stimulation of type I mGluRs by agonists or physiological activation derepresses FMRP’s
actions on these bound mRNAs, allowing for their rapid translation (2). Among the mRNAs
translated is its own mRNA, and this newly produced FMRP can then act to shut off the translational
activation by once again binding its target mRNAs (3).
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As well as binding mRNA, FMRP associates with
ribosomes both in vivo and in vitro (Khandjian et al.,
1996; Feng et al., 1997b). FMRP associates preferentially
with polyribosomes, and this association is greatest with
actively translating complexes (Corbin et al., 1997; Feng et
al., 1997b). The interaction of FMRP with ribosomes is an
mRNA-dependent event, which is sensitive both to high
salt concentrations and to RNAse treatment (Eberhart et
al., 1996). However, at least one study suggests that
FMRP interacts with the 60S ribosomal subunit via a
coiled-coil motif in exon 7 (Siomi et al., 1996). The
association with mRNA and the binding of FMRP to
polyribosomes are critical to its function in vivo, in that
the I304N point mutation that results in a severe clinical
phenotype occurs within the second KH domain and
disrupts these interactions (Feng et al., 1997b).

Given the ability of FMRP to interact with mRNAs
and its association with ribosomes in vivo, it was proposed
that FMRP might play a role in regulating the translation
of bound mRNAs. There are now some in vitro experi-
ments to support this hypothesis. Recombinant FMRP
can inhibit translation with limited specificity in rabbit
reticulocyte lysates and injected Xenopus oocytes (Lagger-
bauer et al., 2001; Li et al., 2001). Interestingly, translation
inhibition is lost in the I304N point mutant of FMRP,
despite normal mRNA binding (Laggerbauer et al., 2001).
The inhibition of translation results from a sequestration of
the bound mRNAs that prevents ribosomal initiation
(Laggerbauer et al., 2001; Li et al., 2001). Although the
mechanism of this sequestration is still unclear, there is
some evidence that FMRP must first form a homodimer,
which the I304N point mutant is unable to do (Lagger-
bauer et al., 2001). Thus, one function of FMRP may be
to inhibit translation of bound mRNAs, but there is still
no direct evidence for such inhibition in an in vivo setting.

FMRP-ASSOCIATED PROTEINS
AND mRNA LIGANDS

FMRP contains a number of other functional do-
mains, including two coiled-coil domains that mediate
protein–protein interactions and both a functional nuclear
localization sequence and a nuclear export signal (Eberhart
et al., 1996). FMRP interacts with a number of proteins as
part of a large, 600 kD messenger ribonucleotide protein
complex. These proteins include two autosomal homologs
of FMRP, FXR1 and FXR2 (Zhang et al., 1995), the
mRNA binding proteins YB-1 and nucleolin (Ceman
et al., 1999, 2000), and three novel proteins (NUFIP,
CYFIP1, and CYFIP2) that also bind mRNA indepen-
dently of their interactions with FMRP (Bardoni et al.,
1999; Schenck et al., 2001). Furthermore, FMRP can
form homomultimers (Tamanini et al., 1999).

Until recently, the only known mRNA binding
target for FMRP was its own mRNA (Ashley et al.,
1993b). Although initial estimates suggested that up to 4%
of total brain mRNA was bound by FMRP, attempts to
identify other mRNA targets by FMRP pull-down assays
and other in vitro methods have had only limited success
(Ashley et al., 1993b; Siomi et al., 1993; Brown et al.,

1998; Sung et al., 2000). Very recently, Brown et al.
(2001) immunoprecipitated FMRP from brain lysates of
either wild-type or FMR-1 knockout mice and used the
associated mRNAs to screen for candidates via cDNA
microarrays. The technique yielded more than 100 puta-
tive FMRP-associated mRNAs, including numerous mol-
ecules that are known to play a role in synaptic plasticity
(Brown et al., 2001; Darnell et al., 2001). Furthermore,
some of the identified mRNAs contain a G-quartet (Dar-
nell et al., 2001). Although this list is likely neither
exhaustive nor completely accurate because of limitations
of the technology used, these studies reflect a major
step forward in identifying potentially FMRP-responsive
mRNAs.

ACTIVITY-DEPENDENT EXPRESSION
OF FMRP

There is now considerable evidence both in vitro
and in vivo that FMRP expression is an activity-
dependent event (Weiler et al., 1997; Irwin et al., 2000;
Todd and Mack, 2000). Transgenic mice with a 2.8 kb
FMR1 promoter/lac-Z fusion gene, including the FMR1
5�-UTR with the CGG repeat and a CpG island, mim-
icked normal expression of the gene in vivo (Hergersberg
et al., 1995). In vivo footprinting analysis revealed four
intereaction sites in the proximal 1.1 kb of the FMR1
promoter that match consensus sequences for NRF1, Sp1,
USF1, USF2, and c-myc. Among these, the NRF1 and
USF1/2 interactions are the most critical to transcriptional
regulation in PC-12 cells (Kumari and Usdin, 2001).
Interestingly, binding is methylation sensitive, suggesting
that one component of the transcriptional suppression seen
in FXS is due to decreased transcription factor binding
(Schwemmle et al., 1997; Kumari and Usdin, 2001).

The CGG repeat sequence likely participates in sup-
pressing transcription of FMR-1 under normal conditions
through a recently characterized CGG repeat binding
protein (CGGBP1, or p20; Muller-Hartmann et al.,
2000). Unexpectedly, premutation carriers with expanded
repeats actually have a higher level of FMR1 mRNA
transcription, but increased FMR1 mRNA is offset by a
CGG-mediated translational suppression (Feng et al.,
1995; Tassone et al., 2000, 2001; Kenneson et al., 2001).
In fact, this CGG-mediated translational suppression is
likely the causative agent for FXS in some patients with
greater than 200 repeats but unmethylated promoters
(Feng et al., 1995; Tassone et al., 2001). These findings
suggest not only a possible site of activity-dependent reg-
ulation of FMR1 but also a potential evolutionary expla-
nation for the presence of the CGG repeat.

At a posttranscriptional level, the FMR1 mRNA
contains an extensive and highly conserved 3�-UTR (�2
kb) and a functional internal ribosomal entry site (IRES) in
its 5�-UTR that may be important for translational regu-
lation (Chiang et al., 2001). The first evidence of such
regulation came from cultured mouse kidney cells ap-
proaching quiescence, in which FMRP levels increased as
both the cellular proliferation rate and the FMR1 mRNA
levels declined (Khandjian et al., 1995). Further evidence
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comes from studies of protein synthesis in synaptoneuro-
somes, a subcellular fraction of cortical homogenates en-
riched for intact pre- and postsynaptic components
(Weiler and Greenough, 1993). Application of high po-
tassium or metabotropic glutamate receptor (mGluR) ago-
nists leads to an increase in overall protein synthesis that
includes FMRP (Weiler and Greenough, 1993; Weiler et
al., 1997).

To date, there are limited data on whether either
FMR1 or FMRP levels change in response to neuronal
activity in vivo. Todd and Mack (2000) showed that
FMRP increases in the barrel cortex after whisker stimu-
lation, a model of experience-dependent plasticity, but not
after a kainic acid-induced seizure. These changes were
seen only in subcellular fractions enriched for synapto-
somes and polyribosomes, suggesting site-specific produc-
tion of the protein. FMRP levels increased in the visual
and motor cortices after extended exposure to an enriched
environment, although similar changes were also seen after
exercise alone, suggesting that the effects may be nonspe-
cific to the environment. In contrast to the case for
FMRP, no significant changes in cortical levels of FMR1
mRNA were seen within 2.5 hr after a PTZ-induced
seizure (Godfraind et al., 1996) or within 6 hr of induction
of in vivo hippocampal LTP (Valentine et al., 2000).

FMRP IN mGluR-MEDIATED PLASTICITY
A growing body of evidence now suggests that

FMRP plays a role in type I mGluR-mediated plasticity.
mGluRs are a large family of G-protein-coupled receptors
expressed throughout the nervous system. The two type I
mGluRs, mGluR1 and mGluR5, are coupled to Gq pro-
teins that activate protein kinase C and release of calcium
from intracellular stores via phospholipase C, inositol
triphosphate (IP-3), and diacylglycerol (DAG). In addi-
tion, activation of type I mGluRs increases conductance
through potassium channels and leads to activation of the
mitogen-activated protein (MAP) kinase/extracellular
signal-related kinase (ERK) pathway through a non-G-
coupled mechanism (Bordi and Ugolini, 1999; Ferraguti
et al., 1999).

Application of the type I mGluR-specific agonist
DHPG induces a dendritic protein synthesis-dependent
form of long-term depression (LTD) both in the CA1
region of the hippocampus (Huber et al., 2000) and in the
cerebellum (Karachot et al., 2001). DHPG also triggers a
protein synthesis-dependent augmentation of epileptiform
activity in hippocampal slices and can elicit limbic system
seizures in vivo (Tizzano et al., 1995; Merlin and Wong,
1997; Merlin et al., 1998). Furthermore, type I mGluR
agonists lower the threshold for N-methyl-D-aspartate
(NMDA) receptor-mediated LTP in a protein synthesis-
dependent fashion (Cohen et al., 1998; Raymond et al.,
2000). DHPG application is also associated with internal-
ization of both NMDA and AMPA receptors in dissoci-
ated hippocampal cultures (Snyder et al., 2001), and this
process is required for DHPG-dependent LTD in the
hippocampus (Xiao et al., 2001). Type I mGLuRs also
play a role in neuronal plasticity and pathology in vivo,

insofar as mice lacking either mGluR1 or mGluR5 show
significant impairments in both the Morris water-maze
and fear-conditioning paradigms (Conquet et al., 1994; Lu
et al., 1997). Thus, type I mGluR activation is critical for
normal cortical development and some forms of synaptic
plasticity, and these effects appear to be mediated by a
rapid burst of protein synthesis that occurs within 10–15
min of receptor activation (Raymond et al., 2000; Kara-
chot et al., 2001).

Multiple lines of evidence now point to a role for
FMRP in these mGLuR-mediated processes. First,
FMRP inhibits translation of bound mRNAs in vitro,
including its own mRNA (Laggerbauer et al., 2001; Li et
al., 2001), suggesting that FMRP could act as a regulator
of activity-dependent translation. Second, FMRP is trans-
lated in synaptoneurosomes in response to activation of
type I mGluRs (Weiler et al., 1997). Furthermore, recent
unpublished results suggest that mGluR activation of pro-
tein synthesis is reduced in synaptoneurosomes derived
from FMR-1 knockout mice, implicating FMRP as a
necessary component in mGluR-dependent translational
activation (Greenough et al., 2001). Finally, mGluR-
dependent LTD in the hippocampus has recently been
shown to be enhanced in slices from FMR-1 knockout
mice (Huber et al., 2002).

Data from our laboratory add further support to the
hypothesis that FMRP is involved in mGluR-mediated plas-
ticity. First, we find that whisker stimulation-dependent in-
creases in FMRP involve type I mGluR activation and
require new protein translation but that they are not associ-
ated with any changes in FMR1 mRNA production, sug-
gesting posttranscriptional and mGluR-dependent regulation
in vivo (Todd et al., 2002b). Second, in vitro stimulation of
primary cortical neurons with the type I mGluR agonist
DHPG rapidly increases translation of FMRP (Todd et al.,
2002a). Concomitantly, PSD-95 is also rapidly translated in
response to mGluR activation, with maximal responses by
20 min from the onset of stimulation in both the dendrites
and the cell soma. Of note is that these mGluR-dependent
increases in PSD-95 expression are absent in neurons derived
from FMR-1 knockout mice (Todd et al., 2002a). Analysis
of the 3�-UTR of PSD-95 reveals a near-canonical
G-quartet sequence that may serve as a binding site for
FMRP.

Therefore, we propose the following working model
for the function of FMRP in the nervous system (see Fig.
1). Under basal conditions, FMRP is associated with a
subset of G-quartet-containing mRNAs, including
PSD-95 and FMRP, in association with numerous other
proteins and ribosomes in both the soma and the dendrites.
In the absence of activity, FMRP acts as a tonic inhibitor
of translation of bound mRNAs. Translational inhibition
may require formation of an FMRP homodimer complex
and an intact KH domain (Laggerbauer et al., 2001; Os-
tareck et al., 2001). Activation of type I mGluRs, by the
pharmacological agonist DHPG, patterned stimulation
(e.g., PP-LFS) in slices, or physiological experience in
vivo, leads to the FMRP modification, which derepresses
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the translational inhibition. Because these mRNAs are
already associated with the translational machinery
(Corbin et al., 1997; Feng et al., 1997b), they are imme-
diately and reiteratively translated, leading to a rapid and
robust site-specific increase in FMRP, PSD-95, and pro-
tein products of other FMRP target mRNAs. The in-
creased PSD-95 and other FMRP target proteins may act
as “effector” molecules that mediate the protein synthesis-
dependent forms of mGluR plasticity, such as LTD, LTP
priming, and augmentation of epileptiform activity. This
increase in protein translation is transient; both FMRP and
PSD-95 reach maximal levels by 20 min, and mGluR-
dependent forms of plasticity, such as cerebellar LTD,
require protein synthesis for only 15 min (Raymond et al.,
2000; Karachot et al., 2001). Thus, this “pulse” of new
protein synthesis must be rapidly repressed, possibly as a
result of translational inhibition by newly produced (and
unmodified) FMRP (see Fig. 1). In agreement with this
hypothesis, addition of recombinant (and previously un-
modified) FMRP to a rabbit reticulocyte lysate suppresses
translation despite significant amounts of FMRP already
present (Li et al., 2001).

For FXS, we predict a loss of temporally and site-
specific mGluR-dependent translation of FMRP-bound
mRNAs. As is the case for PSD-95, there may be no
change in the basal expression of these proteins because of
translation in a non-FMRP-dependent fashion. Despite
the presence of the two FMRP homologues, FXR1 and
FXR2, which may partially compensate for the absence of
FMRP, mGluR-coupled translation remains deficient.
This is consistent with data showing that neither FXR1
nor FXR2 can inhibit the translation of mRNAs in vitro
(Laggerbauer et al., 2001).

CONCLUSIONS AND FUTURE DIRECTIONS
FXS represents both a significant cause of mental

retardation and a model system for the study of learning
and memory. The syndrome results from the lack of
expression of a single protein, FMRP, which acts as a
regulator of translation in vitro and is associated with
mRNAs and ribosomes in vivo. It appears, based on the
available evidence, that FMRP may play a role in the
transport, localization, and activity-dependent translation
of bound mRNAs in the nervous system. Future studies
will be needed to delineate both the mechanisms by which
FMRP acts to regulate the translation of bound mRNAs
and how these newly synthesized proteins influence syn-
aptic plasticity. Still, we are approaching a mechanistic
understanding of the molecular systems that are affected in
FXS, and for the first time we can speak with optimism
about the possibilities of developing rational and effective
therapies for patients.
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