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New insights into fragile X syndrome:
from molecules to neurobehaviors
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Fragile X syndrome - a common form of inherited
mental retardation - is caused by the loss of the fragile
X mental retardation 1 protein (FMRP). FMRP is an
RNA-binding protein which forms a messenger ribo-
nucleoprotein (mMRNP) complex that associates with
translating polyribosomes. It has been proposed that
FMRP is involved in synaptic plasticity through the
regulation of mRNA transportation and translation.
Recent advances in the identification of the mRNA
ligands that are bound by FMRP, the RNA sequence and
structure required for FMIRP-RNA interaction, and the
physiological consequences of FMRP deficiency in
the brain are important steps towards understanding
the molecular pathogenesis of fragile X syndrome, and
learning and memory in general.

Fragile X syndrome is the most common form of inherited
mental retardation, with the estimated prevalence of one
in 4000 males and one in 8000 females. In addition to
cognitive deficits, the phenotype of fragile X syndrome
includes mildly abnormal facial features (a prominent jaw,
high forehead and large ears), MACROORCHIDISM (see
Glossary) in postpubescent males and subtle connective
tissue abnormalities [1]. Many patients also manifest
attention-deficit hyperactivity disorder and autistic-like
behavior. As one of the first identified human disorders
caused by trinucleotide repeat expansion, fragile X
syndrome is the result of a massive CGG trinucleotide
repeat expansion within the gene fragile X mental
retardation 1 (FMR1). FMRI is a highly conserved gene
that consists of 17 exons, and spans ~ 38 kilobases (kb).
Within the 4.4-kb FMR1 transcript, a CGG trinucleotide
repeat is located in the 5 untranslated region (UTR) [2].
Among normal individuals, this CGG repeat is highly
polymorphic in length and content, often punctuated by
AGG interruptions. The normal repeat size ranges from 7
to ~54, with 30 repeats found in the most common allele.
In most affected individuals, CGG repeats are massively
expanded over 230 repeats (full mutation) and become
abnormally hypermethylated, which results in the tran-
scriptional silencing of FMR1 [1]. Identification of other
mutations in FMR]1 (e.g. deletions and a point mutation
among patients with the typical phenotype, but without
FRAGILE SITE expression) has confirmed that the FMR1
gene is the only gene involved in the pathogenesis of fragile
X syndrome and the loss of FMRI product — fragile X
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mental retardation protein (FMRP) — causes fragile X
syndrome [1]. A mouse model of fragile X syndrome was
created using gene targeting; the FmrI-knockout mice
exhibit macroorchidism and subtle deficits in learning and
memory, which mimic the human phenotype [3].

In this review, we discuss the recent progress in
understanding the biological functions of FMRP and the
physiological consequences of its absence that lead to
mental retardation.

Features of FMIRP

FMRP is widely expressed in fetal and adult tissues, with
the most abundant expression in brain and testes [4].
FMRP, and its autosomal paralogs the fragile-X-related
protein FXR1P and FXR2P, consists of a small family of
RNA-binding proteins (fragile X-related gene family) [5,6].
These proteins share >60% amino acid identity and
contain two types of RNA-binding motifs: two ribonucleo-
protein K homology domains (KH domains) and a cluster of
arginine and glycine residues (RGG box). Owing to their
similarities, it has been postulated that FXR1P and
FXR2P can partially compensate for the loss of FMRP,
although expression levels of both FXR1P and FXR2P are
not altered in the cells from fragile X patients or the Fmr1I-
knockout mice [7]. The fragile X-related gene family has
been well conserved during evolution. The orthologs of the
genes encoding FMRP, FXR1P and FXR2P are all
identified in mouse, chicken and Xenopus. However,
Drosophila contains only a single gene of the fragile X-
related gene family, dfimrl (http:/flybase.bio.indiana.edu;
dfmrl has higher overall similarity to human FXR2 and
also is called dfxr for this reason) [8,9].

Glossary

Dendritic spine dysgenesis: misregulation of dendritic spine formation during
the development of nervous system.

Fragile site: specific chromosomal regions that form gaps, breaks and
rearrangements when cells are cultured under conditions that inhibit DNA
replication.

G-quartet: hydrogen-bonded structures formed from four guanosine residues
in a square-planar array that are stabilized preferentially by K* and disrupted
by the presence of Li™.

Macroorchidism: the condition (as in fragile X syndrome) of having enlarged
testicles.

RNA homopolymer: large molecules consisting of > fifty repeated ribonucleo-
tides.

Synaptic boutons: the smallest ‘unit synapses’, which release approximately
one vesicle per stimulus.
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As an RNA-binding protein, FMRP has been shown to
bind to RNA HOMOPOLYMERS as well as a subset of brain
transcripts in vitro [10]. FMRP is associated with actively
translating polyribosomes in an RNA-dependent manner
via messenger ribonucleoprotein (mRNP) particles [7]. A
missense mutation in the second KH domain of FMRP
(I304N), which results in severe mental retardation,
prevents this polyribosome association, suggesting that
the association of FMRP with polyribosomes is function-
ally important [7].

Although FMRP is predominantly localized in the
cytoplasm, both a functional nuclear localization signal
(NLS) and a nuclear export signal (NES) have been
identified within FMRP, suggesting that FMRP might
shuttle between the nucleus and cytoplasm [11]. It has
been demonstrated that FMRP exists in the nucleus, and
has been observed, using electron microscopy, in transit
through the nuclear pore [12]. Pathological studies from
the brains of both human patients with fragile X syndrome
and from Fmri-knockout mice have shown abnormal
dendritic spines, which implicates a role for FMRP in
synaptic plasticity [13—15]. Indeed, FMRP has been
observed associated with polyribosomes in the synapses
of wild-type neurons [12].

These biochemical and pathological studies have led to a
proposed model of FMRP neuronal function (Fig. 1). FMRPis
transported into the nucleus of neurons via its nuclear
localization signal and, there, assembles into a mRNP
complex thereby interacting with specific RNA transcripts
and other proteins. Subsequently, the FMRP-mRNP
complex is transported out of the nucleus via the NES of
FMRP. Alternatively, FMRP might bind to RNA and
associate with the mRNP complex in the cytoplasm. Once
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in the cytoplasm, the FMRP-mRNP complex can either
associate with ribosomes in the cell body, or it can be
transported into dendrites and perhaps regulate local
protein synthesis of specific mRNAs in response to
synaptic stimulation signals. When FMRP is absent, the
mRNAs normally associated with FMRP-mRNP com-
plexes might be translationally misregulated, which would
lead to impaired synaptic plasticity and cognitive deficit.
However, in this model, two key pieces of data had been
missing until recently: the identity of mRNA ligands
specifically regulated by FMRP, and physiological con-
sequences associated with the loss of FMRP. Using
biochemical, genetic, genomic and electrophysiological
approaches together with different model systems, several
recent studies have provided new insights into the
molecular basis of fragile X syndrome, and could lead to
the development of effective intervention for this disease.

FMRP-mRNP complex: protein components, mRNA
ligands and its role in translation

The majority of cytoplasmic FMRP is a component of a
large mRNP complex, which contains multiple proteins
and FMRP and/or mRNA ligands. Using a murine cell
culture system expressing epitope-tagged FMRP, several
protein components of the FMRP—mRNP complex that are
co-immunoprecipitated with tagged FMRP have been
identified, including FXR1P, FXR2P, nucleolin and
YB1/p50 [16,17]. Also through co-immunoprecipitation,
using an antibody against Pur o, FMRP was found to be
part of an mRNP complex containing Pur a and mStaufen
proteins in mouse brain [18]. Pur proteins are predomi-
nantly expressed in neuronal cytoplasm and are trans-
located into dendrites [19]. mStaufen is involved in the
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Fig. 1. Model of fragile X mental retardation protein (FMRP) function in the neuron. FMRP is dimerized in the cytoplasm (i), and enters the nucleus of neurons via its nuclear
localization signal (ii). FMRP then assembles into a complex with messenger ribonucleoprotein (mMRNP), and interacts with specific RNA transcripts and other proteins (iii).
The FMRP-mRNP complex is subsequently transported out of the nucleus via the nuclear export signal of FMRP (iv). Alternatively, FMRP might bind to RNA and associate
with the mRNP complex in the cytoplasm (v,vi). Once in the cytoplasm, the FMRP-mRNP complex can associate with ribosomes in the cell body (vii) to produce the pro-
teins (viii), some of which might be important for axon guidance (ix). Alternatively, the FMRP-mRNP complex itself can be transported into dendrites (x) and perhaps regu-
late local protein synthesis of specific RNAs in response to synaptic stimulation signals such as metabotropic glutamate receptor (mGluR) activation (xi).
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delivery of RNA to dendrites, and has been suggested to
play a role in the transport of neuronal RNA granules,
which might form a link between RNA localization and
activity-dependent translation within dendrites [20,21]. In
addition, this type of mRNP appears to reside on rough
endoplasmic reticulum (rER) that is equipped with a
kinesin motor [18], which might provide the basis for the
transportation of the FMRP-mRNP complex into the
dendrites. In fact, using a newly developed PC12 cell line
with an inducible expression of the FMRP—green fluor-
escent protein (GFP) fusion protein, the trafficking of
FMRP-GFP granules into the neurites of living cells has
been demonstrated [22]. Motile FMRP-GFP granules
display two types of movement: oscillatory (bidirectional)
and unidirectional anterograde. The movement of FMRP—
GFP granules is microtubule-dependent [22]. In addition,
using a yeast two-hybrid screen, several FMRP-interact-
ing proteins [nuclear FMRP-interacting protein 1
(NUFIP1), cytoplasmic FMRP-interacting protein 1
(CYFIP1) (KTAA0068, p140Sra-1) and CYFIP2 (PIR121)]
have been identified [23,24]. However, whether they are
part of the FMRP-mRNP complex remains to be deter-
mined. Interestingly, despite the high similarity between
FMRP and FXR1P or FXR2P, NUFIP1 and CYFIP1 only
interact with FMRP. This suggests that these two proteins
might be involved in the transportation and/or transla-
tional control of a subset of mRNAs specifically regulated
by FMRP [24].

Although FMRP has been shown to bind to 4% of brain
mRNAs in vitro, the identity of the mRNA ligands
specifically regulated by FMRP has remained elusive
[10]. Several groups have taken different approaches to
identify the mRNAs that are specifically bound by FMRP
and the structure required for FMRP—-RNA interaction
[25—-27]. To identify the in vivo mRNA targets for FMRP,
our group used microarrays to perform a genome-wide
search [25]. The mRNA was co-immunoprecipitated with
the FMRP-mRNP complex from mouse brain and used for
microarray analysis. By comparing the input RNA used for
immunoprecipitation and the immunoprecipitated RNA
from the Fmri-knockout-mouse brain, we have acheived
en masse identification of the mRNAs associated with the
FMRP—-mRNP complex. As FMRP is involved in trans-
lation and has been found associated with polyribosomes,
in parallel studies we compared the mRNA profiles in
polyribosomal fractions of normal and fragile X cells. We
have identified the mRNAs that display an abnormal
polyribosome profile in the absence of FMRP, but have an
equivalent cytoplasmic abundance [25]. Because in fragile
X cells the distribution of FXR1P and FXR2P in polysomes
is not changed, the change that we observed here must be
specifically caused by the absence of FMRP. Comparing
these two sets of mRNAs led us to identify 14 homologous
mouse and human transcripts. Consistent with the
abnormal dendritic spines found in both fragile X patients
and FmrI-knockout mouse, we have identified several
FMRP mRNA ligands that are involved in synaptic
functions, including Munc13, NAP-22, Rab6 interacting
protein 1, SAPAP4, and Sec7-related guanine-nucleotide
exchange factor (GEF) (Table 1). In addition, several
mRNA ligands have been found important for axon

http://tibs.trends.com

Table 1. Fragile X mental retardation protein (FMRP) ligands
related to synaptic plasticity and axon guidance

Synaptic plasticity Axon guidance

Fragile X mental retardation protein 1 MAP1B

Munc13 NAP-22

NAP-22 Semaphorin 3F
Rab6-interacting protein 1 Inhibitor protein ID3
SAPAP4

Sec7-related guanine-nucleotide exchange factor

guidance, such as MAP1B, NAP-22, semaphorin3F and
ID3 (Table 1). Another interesting observation from these
microarray experiments is that in fragile X cells, the
polyribosomal mRNA profiles show a much greater change
compared with the expression profiles of whole cells.
Indeed, <0.05% of the RNAs were substantially changed
when comparing wildtype with knockout whole-brain
lysates, indicating that FMRP deficiency does not result
in widespread mRNA changes at steady state and is
consistent with the notion that FMRP is a translation
regulator. Thus, the polyribosomal mRNA profile rep-
resents the molecular phenotype of fragile X cells more
accurately and could be, potentially, used as a functional
assay for drug development.

To identify the RNA sequence and structure that is
required for FMRP—-RNA interaction, two groups have
independently found that an intramolecular G-QUARTET
structure is essential for FMRP—-RNA interaction [26,27].
Using the FMR1 mRNA, which has been previously shown
to bind to FMRP in vitro, as a template Schaeffer et al. have
reported that FMRP binds to the RGG-box coding region of
FMR1 mRNA, which contains a purine-quartet motif [27].
Darnell et al. have taken a more systematic approach by
using an in vitro selection of random RNA sequences
(SELEX) that bind to FMRP [26]. They identified a
consensus sequence with successive pairs of Guanosine
residues, which forms an intramolecular G-quartet struc-
ture, and is crucial for binding. G quartets are hydrogen-
bonded structures formed from four guanosine residues in
a square-planar array that are stabilized preferentially by
K" and disrupted by the presence of Li* (Fig. 2a).
Recognition of RNA by FMRP requires not only the
G-quartet structure, but also specific sequences for the
loop surrounding the G-quartet element because
mutagenesis of nucleotides that are not involved in either
the G quartet or the stem are able to markedly reduce
FMRP binding. Based on the consensus sequence and
structural requirement for FMRP binding, Darnell et al.
have used a bio-informatic approach to search the
UniGene database (www.ncbi.nih.gov/UniGene) and
identified 71 potential FMRP binding sites. By making a
series of truncated FMRP, they found that the RGG box,
but not the KH domain, is responsible for the binding of
specific mRNAs that contain this structure to FMRP. This
is rather surprising given that the RGG box has long been
considered as a nonspecific RNA-binding domain that
unstacks adjacent nucleotide bases and unfolds RNA
secondary structure to enable sequence-specific RNA
binding. Examination of the mRNAs identified in the
microarray analysis showed that nearly 70% of those
transcripts that associate with FMRP in vivo and display
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Fig. 2. (a) Schematic representation of G-quartet and stem structure required for fragile X mental retardation protein (FMRP)-mRNA interaction. The structure was gener-
ated based on the sequence of Sec7-related guanine-nucleotide exchange factor (GEF), one of the most enriched mRNAs in the immunoprecipitations from mouse brain.
(b) Position of the G-quartet in the FMRP-mRNA ligands. The effects on polyribosomal association in fragile X patients are indicated (N/A, not available).

abnormal polyribosome profiles in the absence of FMRP
contain a G-quartet structure [25,26]. Considering that
<4% of a random collection of cDNAs are predicted to be
possible FMRP targets, this suggests that the G-quartet
structure is physiologically relevant in fragile X syndrome.

Although it has been proposed that FMRP is involved in
translational control, the exact role of FMRP in translation
(as activator or suppressor) remains unclear. Several in
vitro studies have shown that pre-incubation of mRNAs
with FMRP leads to translation inhibition [28,29].
However, this effect showed little or no specificity of
mRNA sequence. Using the immortal FmrI-knockout cell
line and transient transfections, it was shown that
trapping of mRNA by FMRP into cytoplasmic granules
can induce repression of translation [30]. The only in vivo
data that might suggest the role of FMRP in translation
has come from Drosophila studies [31]. In flies, the dfmri1
protein was shown to repress expression of the futsch
protein (microtubule-associated protein 1B ortholog) [31].
However, from these data we can not conclude that FMRP
is a translational repressor because there is only a single
gene encoding FMRP in Drosophila rather than the three
genes that are present in mammals. Identification of the
FMRP mRNA ligands and the RNA structure that is
required for the FMRP-RNA interaction will help us
address the in vivo role of FMRP in translation, although it
appears to be more complex than previously thought.
First, the microarray studies showed that the mRNAs
associated with FMRP in vivo display different polyribo-
some profiles in the absence of FMRP; some are increased,
whereas others are decreased [25]. Second, the G-quartet
structure was found at different positions within the
mRNA: within the 5 UTR, coding region and 3' UTR
(Fig. 2b). There appears to be no correlation between the
change in polyribosomes and the location of the G-quartet
structure.

It has been proposed that post-translational modifi-
cation of FMRP regulates its activity. However, the type of
modification had not been identified until recently [32].
Now, it has been shown that both human FMRP and fly
dfmrl protein are phosphorylated in vivo [33]. The
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phosphorylation site is conserved through evolution at
Ser406 in dfmrl protein and Ser500 in human FMRP. In
Drosophila, the homomer formation and RNA-binding
activities of dfmrlI protein are modulated by phosphoryl-
ation in vitro. In addition, Drosophila casein kinase II
(dCKII) directly interacts with, and phosphorylates, dfmrI
protein in vitro. The alteration of the conserved serine
residue in both FMRP and dfmrl protein abolishes
phosphorylation by CKII in vitro [33]. However, it will
be important to determine which kinase phosphorylates
FMRP and dfmrl protein in vivo, and how the phos-
phorylation regulates FMRP activity in vivo.
Intriguingly, dfmrl was recently observed associated
with RNA-induced silencing complex (RISC), a sequence-
specific nuclease complex that mediates RNA interference
(RNAIi) in Drosophila [34,35]. RNAI is a conserved gene-
silencing response to double-stranded RNA (dsRNA).
Silencing is initiated when dsRNA triggers are processed
into small interfering RNAs (siRNAs); this is catalyzed by
a group of related RNase III enzymes, now known as the
Dicer family [36]. The siRNAs are then incorporated into
the effector complex, RISC, which uses siRNA as a guide to
select complementary mRNA substrates [36]. The same
pathway has also been shown to process short hairpin
RNAs that have been transcribed from endogenous genes,
producing 21-nucleotide single-stranded microRNAs,
putative translational regulators [37,38]. MicroRNAs
can silence gene expression by repressing the translation
of complementary mRNA transcripts [38]. But what is the
physiological relevance of the association of dfimrl protein
with RISC? It is unlikely that it affects mRNA degradation
because microarray analysis has shown that very few
mRNAs are substantially changed in either human
patient cells or Fmril-knockout mouse brain [25]. But it
is possible that — similar to small temporal RNAs (stRNAs)
lin-4 and let-7 in Caenorhabditis elegans — the transla-
tional regulation by FMRP is mediated through micro-
RNAs [39]. FMRP could be targeted to its mRNA ligands as
part of a RISC that is guided by FMRP itself or associated
microRNAs. However, as Drosophila possesses only one
gene from the fragile X-related gene family, it will be
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important to determine whether all three proteins (FMRP,
FXR1P and FXR2P) or selective proteins are associated
with RISC in mammals, as well to identify their associated
microRNAs.

Physiological consequences of FMRP deficiency in the
brain

To improve our understanding of the physiological func-
tions of FMRP in the brain, both the FmrI-knockout
mouse and the recently developed dfmri-mutant flies have
been studied [3,9,15,31,40,41]. Previous research has
shown that the FmriI-knockout mouse has subtle defects
in behavior and spatial learning compared with wild-type
mice [3]. Using various experimental paradigms, the
Fmri-knockout mouse has been reported to display
increased sensitivity to audiogenic epileptic seizures,
and greater response to low-intensity auditory stimuli
[42—44]. In addition, abnormal responses to fear con-
ditioning have been observed in some experiments but not
in others, which might be because of strain differences
[45—47]. Some of these manifestations could be correlated
with the behavioral phenotype in fragile X patients.
Overexpression of FMRP in Fmri-knockout mice over-
corrects this phenotype and produces opposing behavioral
responses. The Fmril-knockout mice have increased
anxiety (i.e. they are hyperactive), whereas mice over-
expressing FMRP display hypoactivity, suggesting that
FMRP acts in a dose-dependent manner [48]. Moreover,
increased rates of cerebral glucose metabolism have been
observed in FmrI-knockout mice; and the regions most
affected are consistent with behavioral deficiencies and
regions with highest FMRP expression [49]. Recently,
Drosophila has been used as a model system to explore the
function of FMRP. Adult dfmril-mutant flies exhibit
arrhythmic circadian activity and impaired coordinated
behavior, indicating potential deficits in locomotor func-
tions [9,40,41]. dfmrI-mutant males also display reduced
courtship activity, which appears to result from their
inability to maintain courtship interest [40]. All of these
behavioral phenotypes can be rescued or even reversed
(corrected) by overexpression of dfimrl [9,40,41]. This is
consistent with the observation that regulation by FMRP
is dosage-dependent in Fmril-knockout mice. As Droso-
phila encode only a single gene from the fragile X-related
gene family, it is not certain which of these phenotypes are
related to fragile X syndrome in human, particularly
considering that Fxr2-knockout mice have more severe
behavioral phenotypes than the Fmr1-knockout mice. One
way to address this question is to use mammalian Fmrl,
Fxrl and Fxr2 to rescue the fly dfmrl mutant separately.
Despite this, the establishment of the fragile X fly model
should provide us with a powerful genetic model tool for
conducting genetic screens for enhancers and suppressors,
and to enable dissection of multiple genetic pathways that
are regulated by dfmrl because the genetic pathways are
commonly conserved across species during evolution.

How does the loss of FMRP lead to these behavioral
phenotypes in fly, mouse and human?

The accumulating data suggest that FMRP regulates
synaptic plasticity. The involvement of FMRP in synaptic
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plasticity was first indicated by the observation of
abnormally long dendritic spines with increased density
in fragile X patients, which is consistent with the idea that
DENDRITIC SPINE DYSGENESIS is associated with human
mental retardation [14,50]. Studies in both FmrI-knock-
out mice and dfmrl-mutant flies have confirmed that
abnormal development of dendritic spines is associated
with the loss of FMRP [15,31]. In the Fmri-knockout mice,
the dendritic spines are abnormal early in postnatal life
[15]. Using the single-neuron labeling technique and two-
photon microscopy, it has been found that the abnormal-
ities of dendritic spines in the developing brain are most
pronounced in the somatosensory cortex during the period
of greatest synaptogenesis in that region. Interestingly,
these anomalies appear to be transient, and subside
largely by the end of the first postnatal month. Based on
this strong developmental dependence of the abnormality
in the intact brain, it has been suggested that FMRP might
not function simply to maintain dendritic spines but,
rather, to coordinate with normal activity. Additional
supporting evidence includes increased expression of
FMRP by afferent stimulation and elevation of local
translation of FMRP in response to metabotropic gluta-
mate receptor stimulation [51,52]. Several types of neuron
have been examined in dfmrl mutant flies. In the
neuromuscular junction (NMJ), synaptic terminals exhibit
more growth and branching, and the number of SYNAPTIC
BOUTONS is increased by 50%. Conversely, overexpression
of dfmrl in either pre- or post-synaptic compartments
results in a decrease in the number of synaptic boutons
[31]. The size of synaptic boutons also increases when
dfmrl is overexpressed presynaptically. The dfinrl synaptic
phenotypes in the NMdJ mimic defects observed in mutants
with altered levels of futsch, which is an mRNA ligand of
FMRP in mammals. Interestingly, a dfimrl—futsch double
mutant restores the dfmrl synaptic structural and
functional defects, which is a surprising finding given
the potentially large number of mRNA ligands of the
mammalian FMRP protein [31]. In fly dorsal cluster (DC)
neurons, both loss and gain of dfmr1 function leads to the
loss of neurite extension and irregular branching, as well
as axon guidance defects. Lateral neurons (LNv), which
control circadian rhythms, show variable defects in
extension and guidance [9,40]. However, unlike the
NMJ, defects in LNv can not be rescued by the introduc-
tion of a futsch loss-of-function mutation, which might
imply that dfmr1 differentially regulates diverse targets in
the brain [9,40]. Nonetheless, these data from different
model systems strongly suggest that FMRP is involved in
the regulation of synaptic plasticity.

How does FMRP perform this role?

Protein synthesis has long been considered a necessary and
important component of synaptic plasticity, and different
lines of evidence suggest that specificity of synaptic
plasticity is established in part through local protein
synthesis at individual synapses in dendrites [51,52].
Intriguingly, using electron microscopy, FMRP, as a
translational regulator, has been detected in dendrites
and dendritic spines, and also associated with translating
polyribosomes in dendrites [12]. Thus, it has been
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suggested that the loss of FMRP will result in the
misregulation of local protein synthesis of specific
mRNAs, leading to altered synaptic plasticity. However,
the physiological connection between the misregulated
local translation of FMRP mRNA ligands and morphologi-
cal defects of synapses in the absence of FMRP has
remained elusive until recently. This missing link has now
been identified as a form of protein-synthesis-dependent
long-term depression (LTD) triggered by activation of
metabotropic glutamate receptors (mGluR-LTD) [53].
There are two major types of protein-synthesis-dependent
synaptic plasticity: long-term potentiation (LTP) and LTD.
LTP is a long-term increase in synaptic strength in
response to high-frequency stimulation, whereas LTD is
a decrease in the strength of the same synapses after
prolonged, low-frequency stimulation. There are two well-
studied forms of LTD, N-methyl-D-aspartate receptor-
mediated LTD (NMDAR-LTD) and mGluR-LTD [54].
Although LTP is unaffected in the hippocampus of FmrI-
knockout mice, mGluR-LTD, but not NMDAR-LTD, is
significantly altered [53,55]. Using two distinct induction
protocols (synaptic stimulation and induction by the
highly specific group 1 mGluR agonist DHPG), it was
found that mGluR-LTD is significantly increased in the
hippocampus of Fmri1-knockout mice. The role of FMRP in
this form of synaptic plasticity is further indicated by the
fact that FMRP is one of the proteins known to be
synthesized in response to mGluR activation [52]. It has
been proposed that FMRP regulates mGluR-LTD through
local mRNA translation [53]. With the identification of
FMRP mRNA ligands, it will be interesting to examine the
role of those ligands in LTD expression, particularly those
mRNAs located in dendrites, and also to study how FMRP
regulates dendritic protein synthesis in vivo. However, if
mGluR activation is the bridge between FMRP loss and
spine dysgenesis, mGluR antagonists make an attractive
therapeutic approach.

Concluding remarks

Recent advances in fragile X syndrome have provided new
avenues to understand the molecular pathogenesis of this
disease. Identification of FMRP mRNA ligands and the
RNA structure required for the FMRP—-RNA interaction
will help to understand the role of FMRP in protein
synthesis during neuronal development. The establish-
ment of fly models will be very useful and important to
dissect the physiological pathways regulated by FMRP
using genetic approaches. Moreover, finding enhanced
mGluR-LTD in Fmri-knockout mice could open up new
pharmalogical approaches for treating fragile X syndrome.
By integrating biochemical, genetic, genomic and physio-
logical approaches, the connection between molecules and
neurobehaviors has been established, which is an import-
ant step towards understanding the molecular basis of
fragile X syndrome and developing effective interventions
for this disease.
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