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ABSTRACT Local translation of proteins in distal den-
drites is thought to support synaptic structural plasticity. We
have previously shown that metabotropic glutamate receptor
(mGluR1) stimulation initiates a phosphorylation cascade,
triggering rapid association of some mRNAs with translation
machinery near synapses, and leading to protein synthesis. To
determine the identity of these mRNAs, a cDNA library
produced from distal nerve processes was used to screen
synaptic polyribosome-associated mRNA. We identified
mRNA for the fragile X mental retardation protein (FMRP)
in these processes by use of synaptic subcellular fractions,
termed synaptoneurosomes. We found that this mRNA asso-
ciates with translational complexes in synaptoneurosomes
within 1-2 min after mGluR1 stimulation of this preparation,
and we observed increased expression of FMRP after mGluR1
stimulation. In addition, we found that FMRP is associated
with polyribosomal complexes in these fractions. Ir vivo, we
observed FMRP immunoreactivity in spines, dendrites, and
somata of the developing rat brain, but not in nuclei or axons.
We suggest that rapid production of FMRP near synapses in
response to activation may be important for normal matura-
tion of synaptic connections.

Changes in synaptic connectivity are likely to be a key mech-
anism by which nervous system organization is permanently
changed by experience. Local translation of some proteins in
dendrites is increasingly considered to be important for
changes in synaptic structure and receptor composition. Cer-
tain mRNAs are known to be targeted to dendrites (1, 2), and
polyribosomal aggregates are observed in or near dendritic
spines, more frequently at newly forming synapses (3-5).
Dendrites have been shown to be equipped with components
necessary for protein synthesis (6), and synthesis of proteins
has been demonstrated directly in synaptoneurosomes (7, 8)
and in preparations of dendrites isolated from hippocampal
neurons in culture (9). Local translation of transfected report-
er-tagged mRNA has been demonstrated in transected den-
drites (10).

Protein translation induced by metabotropic receptor stim-
ulation has previously been proposed to play a role in long-
term potentiation (LTP), a model for synaptic plasticity (1, 11,
12). LTP induction also alters levels of specific mRNAs in
tissue slices (13), and isotope-tagged leucine is taken up in
dendritic regions of hippocampal slices in response to stimu-
lation (14). We have demonstrated that phosphoinositide-
linked metabotropic glutamate receptors (mGluR1), known to
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trigger a phosphorylation cascade, cause certain mRNAs to
associate rapidly with protein translation complexes in synap-
toneurosomes (15); this process is modulated by ionotropic
receptors (16). Furthermore, we have shown that depolariza-
tion by 40 mM K™ or stimulation by phosphoinositide receptor-
specific mGluR agonists increases [*3S]methionine incorpora-
tion into trichloroacetic acid-precipitable polypeptides (15,
17), indicating that de novo protein synthesis at the synapse
occurs as a result of these activities.

Protein translation near synapses may play a role in activity-
dependent modification of synapses; for example, synaptic
maturation and stabilization during development appear to
result, in part, from patterns of presynaptic activation (18).
Similar mechanisms have been postulated to affect activity-
specific modification of adult synapses (19).

We report here that the mRNA for fragile X mental
retardation protein (FMRP) rapidly associates with synaptic
polyribosomal complexes in synaptoneurosomes after stimu-
lation by a specific mGluR agonist. Moreover, immunostaining
of the synaptosomal proteins at short intervals after stimula-
tion shows increased FMRP expression relative to unstimu-
lated samples, indicating rapid synthesis of FMRP in response
to synaptic activation.

MATERIALS AND METHODS

Materials. mGluR specific agonists 1S,3R-trans-ACPD
[(1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid] and
DHPG (3,5-dihydroxyphenylglycine) were obtained from Toc-
ris Neuramin (Bristol, U.K.). Isotopically labeled nucleotides
were obtained from Amersham. Biotinylated secondary anti-
bodies were supplied by Kirkegaard & Perry Laboratories;
Vector Laboratories supplied avidin-biotin complex Kkits.
Pierce supplied SuperSignal CL-HRP kits. Antibody to glial
fibrillary acid protein (GFAP) was from ICN; horseradish-
conjugated goat anti-mouse antibody was from Sigma. FMRP
specific antibody 1C3-1a (20) was purchased from Chemicon.
All other reagents were from Sigma.

Sense and antisense oligonucleotide probes were made to a
portion of the human FMRI sequence (nucleotides 118-162)
that has 100% homology to the published sequence (21) of
FMRI and mouse Fmrl (GenBank accession no. L23971) and
67% homology with FXR1, an autosomally encoded protein
with substantial homology to FMRP (22). Another 48 mer
synthetic oligonucleotide (sense and antisense) was made to
the 3’ coding region of the human FMRI sequence (GenBank
accession number X69962, nucleotides 2023-2070), a stretch
with 92% homology to mouse Fmrl, and no homology to any

Abbreviations: FMRP, fragile X mental retardation protein; GFAP,
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known fragile X-related gene family members, including
FXR1 and FXR2.

Synaptoneurosomes. Synaptoneurosomes, a preparation en-
riched in resealed presynaptic terminals still attached to re-
sealed postsynaptic processes, were prepared as described (17,
23); briefly, pooled occipital-parietal cortices of 4—8 decapi-
tated juvenile (12-15 d) Long-Evans rats were homogenized in
chilled homogenizing buffer (125 mM NaCl/2 mM potassium
acetate/100 mM sucrose/50 mM Hepes, pH 7.5/2 mM dithio-
threitol/0.2 mg/ml heparin). The suspension was filtered
through nylon filters of decreasing pore size (final filter, 10 um
pore), and divided into aliquots for stimulation. Each prepa-
ration was standardized by reference to an unstimulated
control aliquot. The experiments were completed within 40
min of animal sacrifice.

Polysome Gradients. Synaptoneurosomes were lysed by
addition of Triton X-100 (final concentration, 1.2%), deoxy-
cholate to 0.6%, cycloheximide to 100 ug/ml, in 100 mM Tris
(pH 7.6) in the presence of RNase inhibitors. The lysates were
layered over 1 M sucrose in a polysome buffer (RKB; 0.01 M
Tris, pH 7.6/1.5 mM MgCl,/1 mM potassium acetate/2 mM
2-mercaptoethanol), and centrifuged at 400,000 X g for 11 min
in a Beckman TL-100 ultracentrifuge. The resultant polysomal
pellets were resuspended in 80 mM Tris (pH 8), 80 mM NaCl,
3 mM MgCl,, 1.2% Triton N-101 (RP; 24, 25). Equal amounts
of polysomal pellet RNA were layered on a 12-ml, 15-45%
continuous sucrose gradient in 20 mM Tris (pH 9), 80 mM
NaCl, 3 mM MgCl,, 0.05% 2-mercaptoethanol with 7-10 units
RNasin and 1 mg/ml heparin, and centrifuged for 90 min at
41,000 rpm in a SW41 rotor (most non-polyribosome-
associated RNAs are thus not included in the gradient).
Samples were collected with an ISCO spectrophotometer-
coupled gradient fraction collector, diluted with an equal
volume of 12X SSC/14.8% formaldehyde, heated 15 min at
60°C, and frozen in dry ice (26, 27). Samples were dotted on
nylon membrane with a Schleicher & Schuell dot blot appa-
ratus, UV crosslinked, and hybridized to oligonucleotides
labeled with [32P]dCTP using terminal deoxynucleotide trans-
ferase; cDNA inserts were labeled by random hexamer priming
with Klenow enzyme.

For probing with oligonucleotides, blots were hybridized in
a solution containing 10% dextran sulfate, 1 X SSPE, 2 X
Denhardt’s solution, 2% SDS, 200 ug/ml salmon sperm DNA,
200 ug/ml yeast tRNA, and 400 ug/ml poly(A); hybridization
occurred overnight at 56°. Blots were washed 2 X 5 min and
2 X 30 min at room temperature (RT) in 1X SSPE, 0.5% SDS,
0.1% skim milk; 2 X 30 min at RT in 1% SDS, 0.2X SSPE; 30
min at 40° in 0.5% SDS, 0.1X SSPE.

For fractionation of ribosome-associated proteins, lysates
were centrifuged through 1 M sucrose (as above) and poly-
somes were washed in buffer containing 50 mM Tris (pH 7.5),
1 mg/ml heparin, 20 mM EDTA, 2 mM EGTA, with 0.1 mg/ml
PMSF, 10 pg/ml leupeptin, 20 pg/ml aprotinin, and 100 uM
sodium orthovanadate. This was followed with sequential
washes in buffers containing 0.5, 1, or 2 M K" in 50 mM Tris
(pH 7.5), with the same protease inhibitors. The eluates were
concentrated with Centricon-30 microconcentrators, sepa-
rated on 8% SDS polyacrylamide gels, blotted to nitrocellu-
lose, and stained with antibody to FMRP.

To measure FMRP expression in synaptoneurosome prep-
arations, a t+ = 0 sample was removed from a homogeneous
suspension, which was then split into two samples. Aliquots
were removed from the untreated sample at ¢ = 2 min and ¢ =
5 min. For the treated sample, 10~ M DHPG was added at ¢ =
0 and aliquots were taken at f = 2 min and ¢ = 5 min. Samples
were lysed by the addition of Triton X-100 (1% final concen-
tration) in 50 mM Tris (pH 8), with 50 mM NaCl, 100 pg/ml
PMSF, 10 pg/ml leupeptin, and 20 ug/ml aprotinin.

Protein samples were separated on an 8% SDS polyacryl-
amide gel and blotted to nitrocellulose. The membrane was
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blocked overnight with 4% nonfat dry milk in Tris-buffered
saline (0.1% Tween). The blot was incubated for 1 hr with
FMRP-specific antibody (1C3, dilution 1:600), then reacted
with horseradish-peroxidase-conjugated goat anti-mouse
v-chain antibody (1:4,500). The immunocomplexes were re-
vealed with chemiluminescence. The blots were then reincu-
bated with specific antibody against GFAP and developed in
the same manner.

For quantitative analysis of immunoblots, films were
scanned using a flatbed scanner. FMRP and GFAP signals
were quantified using NIH IMAGE 6.0. Three circles with a radius
of less than the width of the FMRP band to be measured were
placed on each band, and the “mean gray” value for the pixels
within each circle was obtained. These measurements were
averaged for each band, and the “mean gray” background for
an area spanning all of the lanes was subtracted from each. The
final value for each band was then divided by the average
“mean gray” value (obtained in the same fashion) of the GFAP
band from the same lane.

Electron Microscopy. Rats (P12-P15) were anesthetized
(sodium pentobarbital) and intracardially perfused with 4%
paraformaldehyde and 0.1% glutaraldehyde in 0.1 M sodium
phosphate buffer (PB; pH 7.2). Brains were fixed 1 hr to
overnight at 4°C. Methods used for preembedding immuno-
cytochemistry were described previously (28, 29). Briefly,
coronal 40-50 wm sections of dorsal hippocampus, cerebral
cortex, and cerebellum were cut on the vibratome into cold PB.
Nonspecific binding sites were blocked with 3% normal horse
serum (NHS), with 1% BSA and 0.1% Triton X-100 in PB.
Sections were incubated in primary antibody [1C3, 1:500 in PB
with 1% NHS and 1% BSA (HBPB)] for 24 hr, followed by 1
hr of incubation in biotinylated anti-mouse secondary antibody
(1:100) diluted in HBPB. The tissue was washed in HBPB,
incubated in avidin-biotin-peroxidase complex for 1 hr, then in
0.05% DAB and 0.01% hydrogen peroxide in PB. After
terminating the reaction the tissue was fixed for 10 min in 2%
glutaraldehyde in PB, postfixed in 1% osmium tetroxide,
dehydrated, and flat-embedded in resin. Ultrathin sections (60
nm) were stained with 4% uranyl acetate in methanol and
0.25% lead citrate and visualized in a CM200 Philips electron
microscope (Philips Electronic Instruments, The Nether-
lands).

RESULTS

We screened 24 clones from a cDNA library made from distal
processes of cultured hippocampal neurons (30) against dot
blots of total brain RNA and synaptoneurosomal RNA, and
determined that 10 of them were enriched in synaptoneuro-
somal preparations. Previously, by fractionating synaptoneu-
rosomal lysates on sucrose density gradients (17), we had
observed that a subset of mRNAs shows a changed distribution
along the polyribosome profile, from a broad distribution in an
unstimulated preparation to concentration in the small poly-
ribosome fractions immediately after stimulation. We re-
screened these 10 synapse-associated cDNAs against dot blots
of synaptoneurosomal polyribosomal gradients to test for
participation in neurotransmitter-triggered association with
translation complexes. Of these, eight mRNAs (as well as the
mRNA for a constitutively expressed gene, CoA reductase)
were not affected by neurotransmitter stimulation; however,
an mRNA with homology to the fragile X mental retardation
gene family was one of two associating with ribosomes at the
synapse in response to stimulation (the other mRNA has not
yet been characterized). Using this cDNA, we isolated a 1.8-kb
clone (termed 8-10b) from a rat hippocampal cDNA library
(2 X 10° independent clones; average insert size, 1.5 kb); this
longer clone likewise was shown to redistribute into small
polysomes immediately after neurotransmitter stimulation.
Clone 8-10b has extensive amino acid homology (Fig. 1) with
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farl: MEELV Y ITVAFENNWQPDRQIPFHOVRFPPPYV YSRAN
fxrl: MADVT YKGFI TVVFENNWQPERQVPFNEVRLPPPPDIKKEISEGDEVEVYSRAN
816b:

fxr2: MGGLASGGDVEPGLPVEVRGSNGAFYKGFVKDVHEDSVTIFFENNWQSERQIPFGDVRLPPPADYNKEITEGDEVEVYSRAN

fmrl: EKEPCOWWLAKVRMIKGEFYVIEYAACDATYNEIVTIERLRSVNPNKPATKDTFHKIKLOVPEDLRQMCAKEAAHKDFKKAV
fxrl: DQEPCGWWLAKVRMMKGEFYVIEYAACDATYNEIVTFERLRPVNQNKTVKKNTFFKCTVOVPEDLREACANENAHKDFKKAV
810b:

fxr2: EQEPCGWWLARVRMMKGDFYVIEYAACDATYNEIVTLERLRPYNPNPLATKGSFFKVTMAVPEDLREACSNENVHKEFKKAL

fmrl: GAFSYTYDPENYQLVILSINEVTSKRAHMLIDMHFRSLRTKLSLIMRNEEASKQLESSRQLASR
fxrl: GACRIFYHPETTQLMILSASEATVKRVNILSDMHLRSIRTKLMUMSRNEEATKHLECTKQLAAAI
810b:
fxr2: GANCIFLNITNSELFILSTTEAPVKRASLLGDMHFRSLRTKLLLMSRNEEATKHLETSKQLAAAFQ

KH1
fmrl: HGANIQQARKVPGVTAIDLD .. ..ootititiiiinirieearireeiineiniaaanss
fxrl: HGSNIQQARKVPGVTAIELDY ........... orphan sequence ..........
810b: PSSKLTLTKGNKSWSSTAVAAALELVDPPGCRNSAR
fxr2: RKVPGVTATELG . ..o v ovveviennnsnasnncstostonsnranannans

KH2
fmrl: RSFLEFAEDVIQVPRNLVGKVIGKNGKLIQEIVDKSGVVRVRIEAENEKNVPQEEE IMPPNSLPSNNSRVGPNAPEEKKHLD
fxrl: RGFLEFVEDFIQVPRNLVGKVIGKNGKVIQEIVDKSGVVRVRIEGDNENKLPRED. .....ovvverenanennnnnnnans
810b: RGFLEFVEDFIQVPRNLVGKVIGKNGKVIQEIVDKSGVVRVRIEGONENKLI . vees
fxr2: RSYLEFSEI LVGKVIGKNGKVIQEIVDKSGVVRVRVEGDNDKKNPREE . .. . o cveeavnnrnacnannananes

fmrl: IKENSTHFSQPNSTKVQRVLVAS!
fxrl:
81eb:
fxr2:

VFVGTKDSIANATVLLDYHLNYLKEVDQLRLERLQID
-GMVPFVFVGTKESIGNVQVLLEYHIAYLKEVEQLRMERLQID
GMVPFVFVGTKESIGNVQVLLEYHIAYLKEVEQLRMERLQID
.GMVPFIFVGTRENISNAQAL LEYHLSYLQEVEQLRLERLQID

fmrl:
fxrl:
810b:
fxr2:

forl:
fxrl: R
810b: RGPLNYTSGYGTNSELSNPS//---- missing data

fxr2: RTG.G..PAYGPSSDVSTASETESEKREE.PNR. .A.GPGDRDPPURGEESRRRPTGGRGRGPPP

fmrl: RPRNPREAKGRTTDGSLQIRVDCI TLONTSSEGSRLRTGKDRNQKKEKPDSYDGQQP. .. oo vvuvnnenns
2 T P GRG.RGR. . .PR.GGKS
810b:

2 2 A.P.RPT...SR.YNSS

fmrl:
fxrl:
310b:
fxr2:

fmrl:
fxrl: RRRYDEDAVLMOGMTESDTASVNENGL.......c.coitiinennnnninnnnnnnns VTVADYISRAESQSRQRNLPRET
810b: issing data ----//VADYISRAESQSRQRNLPRET
fxr2: RRRTDEDRTVMDGGLESDGPNMTENGLEDESRP TDGSI VIVADYISRAESQSRQ. ......

L O R AR LT R
fxrl: GEEKINTLKEEN
810b: GEEKTKTLKEDS
fxr2:  .........SAPLERTKPSE........DSLSGQKGDSV.......SKLP.. .KGPSENGELSAPLELGS............

fmrl:
fxrl:
210b:
fxr2:

Fi1G. 1. Amino acid homologies of FMR1, FXR1 and 2, and the as
yet incomplete sequence of clone 8—10b. The consensus sequence for
human and mouse FMRI is taken from Ashley et al. (21). The
sequences for FXR1 and FXR2 are from GenBank accession numbers
HSU25165 and HSU31501, respectively. Boxes indicate KH and RGG
domains of interest; a dotted line indicates either gaps in matching
sequences or portions of the 8-10b sequence not yet available.

both FMRP and FXR1 [a fragile X-related protein that also
contains the RNA-binding KH domains (22)]. The 8-10b clone
contains a 43-aa insert between two KH domain elements that
is not present in FMRP or FXR1.

Consequently, sense and antisense oligonucleotides de-
signed from the FMR1 sequence (nucleotides 118-162) were
used to probe polysome gradient-derived dot blots of stimu-
lated and unstimulated synaptoneurosomal lysates. Hybridiza-
tion with the antisense probe shows that rat mRNA homolo-
gous to FMRI was concentrated in polyribosomes 1 min after
stimulation by DHPG (31), a specific agonist for phosphoi-
nositide-coupled (group 1) metabotropic glutamate receptors
(Fig. 2; data from one of eight replications). Although the
presence of FMRI mRNA is increased in polysomes of all sizes,
the increase is most striking in the 80S and small polyribosome
region of the profile. Hybridization of a parallel set of dot blots
from the same experiment with a control sense probe showed
no difference between stimulated and unstimulated lysates.
The process was abolished in the presence of the protein
synthesis inhibitor puromycin (0.2 mM; data not shown). The
3" FMRI oligonucleotide probe (nucleotides 2023-2070),
which has no homology to other fragile X-related family
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F1G. 2. A representative sucrose gradient-derived dot blot probed
with oligonucleotides designed from human FMR1 (nucleotides 118—
162) shows that FMRI mRNA moves into small polyribosomes shortly
after mGluR stimulation by 1072 M DHPG; unstimulated and stim-
ulated aliquots were processed in parallel. Abscissa: dots from serial
samples, starting at the top of a 15-45% continuous sucrose gradient.
Ordinate: pixel density of dot image, measured on a Fujix BAS 1000
phosphorimager. The original dot images are shown at the base of the
figure, along with a tracing of the OD2go polysomal profile.

members, also revealed a shift of mRNA into polyribosomes
following mGluR1 stimulation (five replications; data not
shown).

The initial association of FMRI mRNA with small polyri-
bosomes is succeeded by association with larger polyribo-
somes, as shown by a comparison of polysome profiles (Fig. 3)
of samples taken after 2 min and 5 min of exposure to another
metabotropic glutamate agonist treatment [10~> M quisqual-
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F1G6. 3. A polysome gradient dot blot from samples stimulated for
2 or 5 min with 107> M quisqualate (in the presence of 4 X 1073 M
CNQX to eliminate the ionotropic glutamate receptor response) was
probed with the same oligonucleotide (nucleotides 118-162). Abscissa
and ordinate are as in Fig. 2.
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ate in the presence of 4 X 1073 M 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX)]. This suggests that a larger proportion of
longer polypeptide chains is present after 5 min of stimulation.

By using trichloroacetic acid precipitation of [3*S]methi-
onine-labeled samples taken at short intervals from stimulated
and nonstimulated synaptoneurosomal suspensions, we re-
peatedly observed a temporary acceleration of ongoing pro-
tein translation as a result of stimulation (17). Western blot
analysis was now used to demonstrate specifically that the rat
homologue of FMRP is present in protein preparations from
synaptoneurosomes. Fig. 4 shows that there was a steady
increase of FMRP relative to GFAP (a glial protein that is not
expected to be translated in this preparation) in both stimu-
lated and unstimulated synaptoneurosomes in the course of 5
min of observation, suggesting that FMRP is being synthesized
continuously in these preparations. Moreover, after stimula-
tion with the mGluR1 agonist DHPG, FMRP translation was
substantially accelerated (Fig. 5).

FMRP has been shown to be associated with ribosomes and
to be part of the fraction eluted at 0.5 M K* (32). To test for
polysome-associated FMRP, polyribosomes were concen-
trated from a stimulated synaptoneurosome suspension; fol-
lowing a wash with buffer containing heparin, polyribosome-
associated proteins were eluted with 0.5 M K*, separated on
SDS/PAGE, blotted, and stained with monoclonal antibody.
Fig. 6 shows the presence of FMRP in the polyribosome-
associated proteins near synapses.

Preembedding immunolabeling for electron microscopy re-
vealed FMRP immunoreactivity within spines, in dendrites
and in somata, but not in axons, neuronal nuclei, or glia of
developing rat brain. Immunoreactivity is located in spines
near postsynaptic densities (Fig. 7).

DISCUSSION

We have shown that mRNA complementary to human FMRI
and murine Fmrl moves into close association with polyribo-
somes isolated from rat cortex synaptoneurosomes within 1
min after mGluR1 stimulation. This suggested that translation
of this protein could occur near synapses; in accordance with
this we observed a slight increase in FMRP expression over
time in synaptoneurosomal preparations, as demonstrated by
staining with FMRP-specific monoclonal antibody. This indi-
cates that there is a low constitutive level of translation in
synapses. This translation is markedly accelerated during the
first 5 min after stimulation by the mGluR1 agonist DHPG,
which suggests that in vivo synthesis of FMRP might be under
the control of afferent activation.

Time after t=0 (min.)

Unstim. Stim.
MW (D) | 0 2 51| 2 5
§2.0 m=m
"""'1""‘"3 FMRP
483 mmm | GFAP

F1G. 4. Western blot of protein from synaptoneurosomes lysed at
indicated intervals (min) after ¢+ = 0, either untreated (control) or
stimulated by 10~ M DHPG. (Upper) Staining by anti-FMRP. (Lower)
Same blot restained with anti-GFAP.
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Fi1G. 5. Quantitative analysis of the densitometric data obtained
from Fig. 4, as described. The three bands stained by anti-FMRP were
evaluated separately and standardized to the GFAP protein band.

Fragile X syndrome is one of the most common inherited
forms of mental retardation in humans, with an estimated
population incidence of 1/2,000 in males (33). It is inherited
as an X-linked genetic trait with reduced penetrance (34);
phenotypic traits for the syndrome include moderate to severe
mental retardation, autistic behavior, macroorchidism, and
facial abnormalities (35, 36). The FMRI gene contains a
trinucleotide repeat [(CGG)n] in the 5’ untranslated region;
expansion of the repeat length beyond 200 usually leads to a
hypermethylation of the promotor region and transcriptional
suppression of the FMRI gene (37-41). The protein product,
FMRP, is enriched in nervous tissue (20, 42-44). Although its
function is still unknown, it has been demonstrated that it
contains three regions (two KH domains and one RGG box)
that are known to bind RNA (32, 37, 45) and ribosomes (46).
A patient with a point mutation in one of the KH domains
exhibited severe mental retardation symptoms (47), strongly
suggesting that RNA binding is vital to the function of the
protein.

It is, by now, widely accepted that specific mRNAs are
transported to dendrites and translated locally (1, 9). Both
subcellular localization of translation (10) and localized trans-
lational control (48) have been shown for a subset of mMRNAs
in neurons. FMRP contains both nuclear localization signals
(NLS) and nuclear export signals (49-51), and it has recently
been shown that FMRP can be found in ribonucleoprotein
particles (52), suggesting that nascent FMRP could enter the
nucleus to assemble into mRNP particles prior to export back
into the cytoplasm. In the case of CaMKlle, transfection of
constructs containing NLS has shown that protein is found

MW (kD)

82,0 mm E

FiG. 6. Polyribosome-associated proteins eluted with 0.5 M K*
buffer were separated on an 8% SDS polyacrylamide gel, blotted to
nitrocellulose, stained with anti-FMRP, and visualized by enhanced
chemiluminescence.
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FiG. 7 Electron micrographs demonstrating FMRP localization in
dendritic spines in cerebral cortex and hippocampus. (¢ and b)
Dendritic spines in s. radiatum of CAl area of hippocampus. (c¢)
Dendritic spine in the visual cortex containing dark immunoperoxi-
dase precipitate (*). Presynaptic axonal terminals (A) are not labeled.
(d) Unlabeled (—) spine in the visual cortex. Bars = 500 nm.

both near the soma and in distal (but not proximal) dendrites,
implying that nuclear localization machinery is overruled in
the more distal regions of the dendrites (53). Thus, the
presence of a nuclear localization signal does not mean that
FMREP is restricted to the region of the soma; indeed, FMRP
is predominantly localized in cytoplasm (20, 42).

FMRP may be involved in dendritic spine maturation, as
both patients and Fmrl knockout mice exhibit an immature
spine morphology. Autopsy results indicate that forebrain
synapses in fragile X patients exhibit a thin, elongated mor-
phology in Golgi preparations and a reduced synaptic contact
size in electron microscopy, both of which are characteristic of
immature or experience-deprived synapses in the cerebral
cortex (54, 55). Studies of visual cortical synapses in monoc-
ularly deprived brains indicate a similar failure of morpholog-
ical synaptic maturation, suggesting the importance of expe-
rience-driven neuronal/synaptic activity to the synaptic stabi-
lization process (56, 57). It has recently been shown that fragile
X knockout mice share this immature synapse morphology
(58). This suggests that synaptically regulated synthesis of
FMRP may be involved in dendritic spine maturation, and it
is not unreasonable to postulate that this process may be
impaired in cases of fragile X syndrome.

Although the specific function of FMRP that leads to spine
abnormalities has not been determined, FMRP has been
shown to bind to ribosomes (46, 52). Polyribosomal aggregates
are seen in dendritic spines, particularly during development
and synaptogenesis, and we have previously shown that protein
translation occurs in developing synapses in response to neu-
rotransmitter stimulation (17). We have now shown that a rat
homologue of FMRP is produced at synapses and its transla-
tion is accelerated upon mGluR1 stimulation. This protein is
observed in dendrites and dendritic spines in normal P12-P14
rats in the hippocampus, cerebral cortex, and cerebellum. We
propose that FMRP may be involved in regulating translation
of protein at the synapse, and that its absence might impede
this synthesis and consequently impair synaptic maturation.
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