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Fragile X syndrome (FXS) is a common inherited cause of mental
retardation resulting from the absence of the fragile X mental
retardation protein (FMRP). FMRP is thought to regulate the
translation of target mRNAs, including its own transcript. Here we
show that the levels of FMRP are rapidly up-regulated in primary
cortical neurons in response to the type-I metabotropic glutamate
receptor (mGluR) agonist S-3,5-dihydrophenylglycine. These
changes require new protein synthesis but not transcription and
are specific to mGluR activation. We also demonstrate that the
mRNA for PSD-95, a scaffolding protein involved in synaptic plasticity, contains a highly conserved canonical binding site for FMRP
within its 3ⴕ UTR. Furthermore, PSD-95 is rapidly translated in
response to S-3,5-dihydrophenylglycine. Finally, we show that
these mGluR-dependent changes in PSD-95 expression are lost in
neurons derived from FMRP knockout mice, a model of FXS. Taken
together, these studies suggest that FMRP is required for mGluRdependent translation of PSD-95 and provide insights into the
pathophysiology of FXS.

F

ragile X syndrome is the most common inherited cause of
mild to moderate mental retardation (1, 2). The syndrome
typically results from transcriptional silencing of the fragile X
mental retardation gene, FMR1, and loss of the fragile X mental
retardation protein (FMRP) (for a review, see ref. 3). Through
RGG and KH domains, FMRP binds up to 4% of total brain
mRNA, including its own transcript (4–7). FMRP is highly
expressed in the cytoplasm and dendrites of neurons (8), often
in large messenger ribonucleoprotein particles, implicating
FMRP in translational regulation (9–12).
FMRP is translated in response to activation of metabotropic
glutamate receptors (mGluRs) (13, 14) and may be required for
mGluR-dependent translation (15). Moreover, FMRP is required for normal type-I mGluR-dependent long-term depression, a process that requires protein synthesis (16). Thus, we
hypothesized that FMRP-bound mRNAs would be translated in
cultured neurons in response to application of a type-I mGluR
agonist.
Here we show that application of the type-I mGluR agonist
S-3,5-dihydrophenylglycine (DHPG) onto cortical cultures leads
to the rapid and robust translation of both FMRP and the
synaptic scaffolding protein PSD-95, whose mRNA contains a
canonical FMRP binding site. Furthermore, the mGluRdependent translation of PSD-95 is lost in cultures derived from
FMR1 knockout (KO) mice. Taken together, these findings
support a role for FMRP in activity-dependent translation and
may provide insights into mGluR-dependent synaptic plasticity.
Methods
Animals and Cortical Cultures. C57兾B6 FMR1⫺/⫺ mice [generously
provided by W. T. Greenough (University of Illinois at Urbana–
Champaign, Urbana) (15, 17)] were obtained by backcrossing
FVB FMR1⫺/⫺ lines for more than six generations. High-density
(2,500兾mm2; ref. 18) and low-density (160兾mm2; ref. 19) primary
cortical cultures were prepared from E17 WT or FMR1 KO
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C57兾B6 mice (see Figs. 4 and 5) or Sprague–Dawley rats
(Harlan–Sprague–Dawley) (see Figs. 1–3) and used at 14–15
days in vitro. Western blots were performed and analyzed as
described (14) with anti-FMRP (mAb 2160, Chemicon), antiPSD-95 (7E3-1B8, Affinity BioReagents, Neshanic Station, NJ),
anti-mGluR 1 and 5 (Upstate Biotechnology, Lake Placid, NY),
and anti-␤-actin (Sigma). For FMRP, only the top band was
quantitated and normalized to ␤-actin.
Immunofluorescence and Immunoblotting. For immunofluores-

cence, low-density cultures fixed in 4% paraformaldehyde and
dehydrated with methanol were incubated with primary antibodies in 0.5% BSA, 0.2% Triton X-100, and 5% normal goat
serum in PBS overnight at 4°C followed by Cy5-linked secondary
antibodies (Jackson ImmunoResearch). Images of more than
five stained cells per cover slip were captured with a cooled
charge-coupled device camera on a Nikon inverted microscope
with a ⫻60兾1.4-NA oil immersion objective. Background subtraction, shading correction, and data analysis were performed
in a blinded fashion by using METAMORPH (19). Data are
expressed as the average pixel intensity of traced dendrites or
soma as a percentage of vehicle-treated controls.

Results
To test our hypothesis that FMRP would be translated in
cultured neurons in response to type-I mGluR activation, we
applied 100 M DHPG to high-density primary cortical neurons.
Twenty minutes after DHPG, FMRP levels were ⬎2-fold above
untreated cultures for at least 4 h (Fig. 1 a and b). DHPG at 100
M was optimal (Fig. 1c), and this concentration was used
thereafter. To assure that this increase in FMRP was, in fact,
mediated by activation of type-I mGluRs, we pretreated cultures
with either vehicle or the potent type-I mGluR-specific antagonist N-phenyl-7-(hydroxyimino)cyclopropachromen-1 ␣ carboxamide (PHCCC) (20) and then stimulated with DHPG.
As with previous experiments, FMRP expression was significantly elevated after treatment with DHPG for 20 min, which
was completely blocked by PHCCC (Fig. 1 d and i). Thus, DHPG
induction of FMRP production appears to depend on type-I
mGluR activation.
FMRP is rapidly translated in synaptoneurosomes in response
to DHPG (13); therefore, we examined whether the increase in
FMRP was regulated at the level of transcription or translation.
Actinomycin D (5 g兾ml) had no effect on the DHPGAbbreviations: FMRP, fragile X mental retardation protein; mGluR, metabotropic glutamate receptor; DHPG, S-3,5-dihydrophenylglycine; PHCCC, N-phenyl-7-(hydroxyimino)cyclopropachromen-1␣-carboxamide; KO, knockout.
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dependent increase in FMRP levels (Fig. 1 e and i). In contrast,
pretreatment with the protein synthesis inhibitor anisomycin (40
M) completely abrogated DHPG-dependent FMRP expression
(Fig. 1 f and i).

Fig. 2. PSD-95 mRNA contains a conserved FMRP binding site. The published RNA selection consensus sequence and FMRP binding site in the FMRP mRNA (6,
22) are aligned with the putative G-quartet in the 3⬘ UTR of the human, rat, and mouse PSD-95 mRNA. N, any ribonucleotide; D, any ribonucleotide except C.
W represents A or U. Nucleotides listed in bold are conserved among rats, humans, and mice.
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Fig. 1. FMRP expression is up-regulated in cortical cultures in response to
activation of type-I mGluRs. (a) A representative immunoblot of FMRP (Upper)
and ␤-actin (Lower) expression in cultured neurons treated with vehicle or 100
M DHPG for the times shown. (b) Summary of multiple experiments (more
than five in all cases) evaluating the effect of DHPG on FMRP expression. (c)
Representative immunoblot showing the effects of different concentrations
of DHPG on FMRP expression at 20 min. Lanes from left to right are 0, 1, 10, and
100 ⌴. (d) Effect of mGluR antagonist on DHPG-mediated FMRP expression.
Immunoblot of FMRP after vehicle alone (Veh), the type-I mGluR antagonist
PHCCC (P), 20 min of DHPG alone (D), or PHCCC and DHPG together (P兾D) is
shown. (e and f ) Representative immunoblots showing FMRP expression after
treatment with actinomycin D (AD) (e) or anisomycin (An) ( f). After a 10-min
pretreatment, cells were treated with either vehicle (AD) or DHPG (AD兾DHPG)
for 20 min. (g) FMRP after 20 min of 50 mM KCl. (h) FMRP after 20 min of 50
M glutamate. (i) Summary of experiments shown in d–h on the expression of
FMRP in cultured neurons. Throughout figure, y axes are percentage vehicle
controls, and error bars represent SEM. **, P ⬍ 0.0001 versus control; *, P ⬍
0.05 versus control; ⫹, P ⬍ 0.05 versus 20-min DHPG treatment alone.

In synaptoneurosomes, increases in mRNA loading onto
polyribosomes and subsequent protein synthesis can be activated
by depolarization with KCl as well as mGluR agonists (21). To
test the specificity of the changes in FMRP levels seen in cultured
cortical neurons, we applied either 50 mM KCl or 50 M
glutamate and measured FMRP expression. No changes in
FMRP levels were seen after 20 min of either glutamate or KCl
treatment, suggesting that these changes are specific to activation
of mGluRs (Fig. 1 g–i).
Two separate groups have recently identified an mRNA
sequence motif that is specifically bound by FMRP (6, 22). The
so-called purine or G-quartet sequence is present in semaphorin,
munc13, and Rab6-interacting protein mRNAs among others
(24). Using sequence analysis, we noted a highly conserved
G-quartet in the 3⬘ UTR of PSD-95 mRNA (Fig. 2). PSD-95 is
a multi-PDZ domain containing protein that participates in the
synaptic scaffolding at the postsynaptic density. PSD-95 is a
critical component in synaptic plasticity, as demonstrated by
learning deficits and abnormal long-term potentiation and longterm depression in PSD KO mice (23, 24). Furthermore, PSD-95
has been implicated in synapse maturation, with overexpression
of PSD-95 in cultured hippocampal neurons leading to increases
in ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor clustering, dendritic spine size and number, and associated changes in miniature excitatory postsynaptic potential
amplitude and efficacy (24).
Based on this evidence, we hypothesized that DHPG would
affect PSD-95 expression in primary cortical neurons. PSD-95
expression was maximally elevated 20 min after the onset of
DHPG stimulation (Fig. 3 a and b). However, unlike FMRP,
PSD-95 increases were transient, returning to baseline by 4 h
after the onset of treatment (Fig. 3 a and b). As with FMRP,
these DHPG-dependent effects were blocked by pretreatment
with the type-I mGluR antagonist PHCCC (Fig. 3f ). To localize
these changes, we used immunofluorescence in low-density
cortical cultures to examine PSD-95 expression. As described,
PSD-95 staining within cultured neurons was diffuse within the
cell soma with discrete puncta seen throughout the dendritic
arbor (Fig. 3c). At 20 min and 1 h from the onset of DHPG
treatment, PSD-95 staining within these neurons was elevated
2-fold compared with controls, and these changes were seen both
in the cell soma and within the dendrites (Fig. 3 c–e). By 4 h,
these changes returned to basal levels within the soma, with a
small residual increase seen in dendritic staining (Fig. 3e). When
neurons were pretreated with actinomycin D, there was no
significant effect on the DHPG-mediated increases in PSD-95
(Fig. 3 g and k). In contrast, these increases were blocked by
pretreatment with anisomycin (Fig. 3 h and k). Furthermore, as
with FMRP, PSD-95 expression was not affected by treatment
with KCl or glutamate (Fig. 3 i–k).
Thus, application of DHPG rapidly increases the translation of
two different putative FMRP targets in cortical neurons. To test
the hypothesis that PSD-95 increases were mediated through an
FMRP-dependent mechanism, we prepared primary cortical

Fig. 3. PSD-95 is rapidly translated in response to type-I mGluR activation in cortical cultures. (a) Immunoblot of PSD-95 (Upper) and ␤-actin (Lower) from
neurons treated with vehicle (Veh) or 100 M DHPG for the times shown. (b) Summary of immunoblot data of DHPG treatment on PSD-95 expression in cultured
neurons. (c) Representative image of an untreated primary cortical neuron at 14 days in vitro stained for PSD-95. (d) Representative image of a neuron treated
with DHPG for 1 h stained for PSD-95. (e) Summary of three independent experiments (⬎20 neurons per group) quantifying the effect of DHPG on PSD-95
immunofluorescence. Data represent the average intensity of the PSD-95 signal as a percentage of vehicle-treated controls in either the soma or dendrites at
20 min, 1 h, or 4 h after treatment with 100 M DHPG. ( f) Immunoblot of FMRP after vehicle alone (Veh), the type-I mGluR antagonist PHCCC (P), 20 min of DHPG
alone (D), or PHCCC and DHPG together (P兾D). (g and h) Representative immunoblots showing PSD-95 expression after treatment with actinomycin D (AD) (g)
or anisomycin (An) (h). After a 10-min pretreatment, cells were treated with either vehicle (An) or DHPG (An兾DHPG) for 20 min. (i) PSD-95 after 20 min of 50 mM
KCl. (j) PSD-95 after 20 min of 50 M glutamate. (k) Summary of multiple experiments evaluating the expression of PSD-95 in cultured neurons. **, P ⬍ 0.0001
vs. controls; *, P ⬍ 0.05 vs. controls.

neurons from C57兾B6 FMR1⫺/⫺ mice. Basal levels of PSD-95
within these cortical cultures were not significantly altered from
nontransgenic controls (Fig. 4b). As in cultures from rats,
application of DHPG to cultures derived from C57兾B6 WT mice
for 20 min significantly elevated expression of PSD-95 (Fig. 4e).
In contrast, treatment of cortical cultures derived from KO mice
with DHPG had no effect on PSD-95 expression as measured by
Western blot (Fig. 5 a and b). Furthermore, in low-density
cultures DHPG had no effect on PSD-95 immunofluorescence
within the cell soma or dendrites of FMR1⫺/⫺ neurons (Fig. 5
c–e). The absence of a response to DHPG was not a result of lost
or reduced expression of mGluRs, because there were no
differences in either mGluR1 or mGluR5 by Western blot
analysis of WT and KO cultures or brain homogenates (Fig. 4 c
and d).
Discussion
We have shown that both FMRP and the putative FMRP mRNA
target PSD-95 are rapidly translated in cultured cortical neurons
in response to activation of type-I mGluRs. These changes are
specific to the activation of type-I mGluRs, because neither
depolarization with KCl nor application of glutamate replicates
14376 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.2336265100

these activity-dependent increases in FMRP and PSD-95. Furthermore, mGluR-dependent expression of PSD-95 is absent in
primary cortical neurons derived from FMR1 KO animals,
suggesting that FMRP is required for this activity-dependent
translation event. Because FMRP is associated with both
mRNAs and ribosomes in neurons and can inhibit translation
in vitro (8, 11, 12), our observations suggest that FMRP plays
a direct role in translational regulation in vivo as well.
The kinetics of both PSD-95 and FMRP up-regulation are
surprisingly fast, especially for PSD-95, which has previously
been shown by 35S pulse–chase experiments to be relatively
stable under basal conditions (25). The most likely explanation
for this difference is that PSD-95 produced in response to DHPG
is unstable compared with the majority of preexisting PSD-95
before stimulation. That is, there may be two pools of PSD-95:
one that is stable and slowly turned over, likely in association
with the postsynaptic density or other macromolecular complexes, and a second pool of unassociated PSD-95 that is more
rapidly degraded (25). There are some data to support this
hypothesis. In young (2- to 4-day-old) cultured neurons, PSD-95
is produced in the cell soma and then condensed into perinuclear
homomultimer complexes before transport into synaptic sites in
Todd et al.

Fig. 4. Characterization of FMRP WT and KO cultures. (a) Expression of FMRP
(Upper) or actin (Lower) by immunoblot of primary cortical neuronal cultures
derived from C57兾B6 WT and FMR1⫺/⫺ (KO) mice. (b) Representative immunoblot of mGluR 1 expression in WT or KO primary cortical neuronal cultures.
(c) Expression of PSD-95 (Upper) in WT or KO neuronal cultures. (d) Representative immunoblot of mGluR 5 expression in WT or KO cultures. (e) Representative immunoblot of PSD-95 in WT cultures after treatment with vehicle (Veh)
or 20 min of DHPG. ( f) Summary of multiple experiments evaluating the
effects of DHPG on PSD-95 expression in WT cultures.
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Fig. 5. DHPG-dependent expression of PSD-95 is absent in FMR1 KO neurons.
(a) Representative immunoblot of PSD-95 (Upper) and ␤-actin (Lower) in
FMR1⫺/⫺ neurons treated with vehicle (Veh) or 100 M DHPG for 20 or 60 min.
(b) Summary of three independent experiments quantifying PSD-95 expression by immunoblot after treatment with DHPG. (c) Representative image of
an untreated neuron at 14 days in vitro derived from an FMR1⫺/⫺ mouse
stained for PSD-95. (d) Image of an FMR1⫺/⫺ neuron treated with DHPG for 20
min and stained for PSD-95. (e) Quantification of immunofluorescence data
for PSD-95 expression after DHPG treatment of FMR1⫺/⫺ neurons. Histograms
are as in Fig. 1.

response element-binding protein (CREB) activity, rather than
CREB phosphorylation and brain-derived neurotrophic factor
expression (33). Bath application of glutamate and KCl depolarization on our cortical neurons would be expected to activate both
synaptic and nonsynaptic NMDA receptors, leading to the proapoptotic effects described above. In synaptoneurosomes, the cell
bodies are removed; therefore, activation by glutamate or KCl can
occur in the absence of any soma-derived nonsynaptic ‘‘override.’’
In support of this, pretreatment of synaptoneurosomes with NMDA
inhibits mGluR-dependent changes in polyribosome profiles in a
calcium-dependent manner (34). Thus, by activating type-I mGluRs
alone, we may be producing a more physiologically appropriate
signal for the cells that drives local protein translation.
Our findings represent the identification of specific proteins that
are translated in response to activation of type-I mGluRs in intact
cells, although a number of studies suggest that there are likely
multiple proteins translated in response to such a stimulus (13, 21,
36). Weiler and colleagues (13, 21) were able to detect a general
increase in [35S]methionine incorporation after stimulation of
mGluRs in synaptoneurosomes, a cortically derived subcellular
preparation of dendritic endings, and they were able to show that
one of the mRNAs translated in this manner encoded FMRP. More
recently, Job and Eberwine (36) demonstrated that GFP mRNA
transfected into cultured neurons is translated in both the dendrites
and cell soma after addition of DHPG.
Recent experiments using cDNA microarray techniques to
evaluate FMRP complexes immunoprecipitated from mouse
brains have identified a number of possible mRNA targets for
PNAS 兩 November 25, 2003 兩 vol. 100 兩 no. 24 兩 14377
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dendrites (26–28). The majority of dendritic PSD-95 under basal
conditions in cultures at 2–3 weeks is incorporated into postsynaptic densities in spines (29, 30), and the turnover of PSD-95
within these spines is relatively slow, with a half-life of ⬎24 h. In
contrast, PSD-95 that is either diffuse within the shaft or
associated with clusters in the shaft is much less stable, with
virtually complete turnover over a 24-h period and dissociation
of specific clusters occurring in ⬍1 h (29, 31). Thus, the
localization of PSD-95 within cells influences its stability. We
observed increases in both diffuse and clustered PSD-95 staining
within dendrites after DHPG treatment, although we have not
quantified whether these new clusters are within spines or are
associated with synapses.
The mechanism for rapid turnover of newly synthesized
PSD-95 is unclear. One possibility is calpain-mediated degradation of PSD-95, which is operative in early postnatal development (32). As activation of type-I mGluRs increases calcium
levels through release from intracellular stores, calpain activation and degradation of PSD-95 may be increased after DHPG.
It is worth noting that, although most of the PSD-95 produced
in response to DHPG is gone by 4 h after the stimulus onset,
there is a significant increase in residual dendritic PSD-95
protein in the cultures. Thus, some of the protein produced may
be incorporated into a more stable PSD-95 pool as a component
of either new or already existing synaptic PSD clusters.
We show that neither depolarization with KCl nor activation of
all ionotropic and mGluRs with the endogenous ligand glutamate
leads to changes in expression of FMRP or PSD-95 in cultured
neurons, in agreement with some previous studies (25). At first,
these results seem somewhat surprising, given that past studies in
synaptoneurosomes have shown that KCl or glutamate can activate
translation of dendritic mRNAs (21) and that glutamate is activating type-I mGluRs in addition to other glutamatergic receptors.
Our findings suggest that the context of mGluR activation is
important. This idea is supported by recent studies that show a
difference in outcome between activation of synaptic and nonsynaptic glutamate receptors (33). In these studies, bath application of
glutamate onto cells triggers signaling cascades different from
activation of synaptic N-methyl-D-aspartate (NMDA) receptors,
triggering activation of apoptotic pathways and decreases in cAMP

FMRP, and a subset of these mRNAs also contains the Gquartet sequence identified as the preferred FMRP binding site
(22, 37). To date, the best evidence that one of these mRNAs is
actually regulated by FMRP in vivo comes from work in Drosophila, where the fly homolog of FMRP, Drosophila fragile
X-related protein (dFXR), has recently been identified (38, 39).
dFXR binds to the futsch mRNA in vitro, and expression of
futsch is inversely related to expression of dFXR, suggesting that
dFXR acts to inhibit futsch translation under normal conditions
(39). The mRNA for the mammalian homolog of futsch, the
microtubule-associated protein MAP1B, is found in FMRP
complexes in mouse brain and contains a G-quartet (22, 37).
Because both FMRP and PSD-95 mRNAs contain G-quartet
sequences and PSD-95 translation appears to require FMRP, we
anticipate that other structurally related mRNAs will be similarly
regulated.
The function of mGluR-dependent production of FMRP and
PSD-95 remains to be determined, but activation of type-I mGluRs
by DHPG in slices and cultures induces numerous downstream
effects that require protein synthesis. Application of DHPG onto
either hippocampal or cerebellar slices induces a long-term depression that requires dendritic protein synthesis but not transcription
(35, 40, 41). Furthermore, DHPG application has also been reported to enhance both hippocampal long-term potentiation and
the epileptogenic effects of picrotoxin in a protein synthesisdependent fashion (42, 43). The requirements for protein synthesis
in these various paradigms are very brief (10–15 min), suggesting
that a ‘‘pulse’’ of translation is rapidly activated and then turned off
(42, 44). Our data suggest that both FMRP and PSD-95 are
translated during such a short time frame in response to DHPG,

supporting the possibility that these proteins may be involved in
these types of mGluR-dependent synaptic plasticity.
Recent work by Huber et al. (16) demonstrates that type-I
mGluR-dependent long-term depression is actually enhanced in
fragile X KO mice, suggesting that FMRP may act in a negative
feedback manner to inhibit mGluR-activated translation. Yet
our results in FMR1 KO cultures show that there is a loss rather
than an enhancement of mGluR-dependent translation of PSD95, indicating that FMRP may also play a role in activitydependent translational initiation of some bound mRNAs. This
hypothesis is supported by recent observations in synaptoneurosomes that demonstrate a decrease in DHPG-dependent
mRNA loading onto ribosomes and new protein translation in
preparations from FMR1 KO mice (15).
In summary, we demonstrate the rapid mGluR-dependent
translation of two proteins, FMRP and PSD-95, and provide
evidence that these effects are mediated in part through an
FMRP-dependent mechanism. Because both proteins are involved in dendritic spine maturation and morphology (24, 45),
our data suggest some of fragile X syndrome neuropathology
may be due to aberrant PSD-95 expression and mGluRdependent synaptic plasticity. In addition, they provide a framework for future experiments targeted at defining the specific
functions of FMRP and its downstream mRNA targets.
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