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Cellular/Molecular

Fragile X Mental Retardation Protein Induces Synapse Loss
through Acute Postsynaptic Translational Regulation

Brad E. Pfeiffer and Kimberly M. Huber

Center for Basic Neuroscience, Department of Physiology, University of Texas Southwestern Medical Center, Dallas, Texas 75390

Fragile X syndrome, as well as other forms of mental retardation and autism, is associated with altered dendritic spine number and
structure. Fragile X syndrome is caused by loss-of-function mutations in Fragile X mental retardation protein (FMRP), an RNA-binding
protein that regulates protein synthesis in vivo. It is unknown whether FMRP plays a direct, cell-autonomous role in regulation of synapse
number, function, or maturation. Here, we report that acute postsynaptic expression of FMRP in Fmr1 knock-out (KO) neurons results in
a decrease in the number of functional and structural synapses without an effect on their synaptic strength or maturational state.
Similarly, neurons endogenously expressing FMRP (wild-type) have fewer synapses than neighboring Fmrl KO neurons. An intact K
homology domain 2 (KH2) RNA-binding domain and dephosphorylation of FMRP at S500 were required for the effects of FMRP on
synapse number, indicating that FMRP interaction with RNA and translating polyribosomes leads to synapse loss.
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Introduction

Altered dendritic spine number and structure is associated with
mental retardation and autism (Kaufmann and Moser, 2000;
Bagni and Greenough, 2005; Pickett and London, 2005), suggest-
ing that deficits in synaptic connectivity and function contributes
to the etiology of these prevalent diseases. Fragile X syndrome
(FXS) is the most common inherited form of mental retardation
and is caused by loss of function mutations in the Fragile X men-
tal retardation gene (FMRI). FXS affects ~1/4000 males and
1/8000 females and is characterized by several physical, behav-
ioral, and cognitive abnormalities, including mild to severe men-
tal retardation, hyperactivity, and autism (O’Donnell and War-
ren, 2002). Cortical neurons in patients with FXS and Fmrl
knock-out (KO) mice have increased dendritic spine density, as
well as longer spines, reminiscent of immature filopodia (Irwin et
al., 2001; Nimchinsky et al., 2001; Bagni and Greenough, 2005;
Antar et al., 2006; Grossman et al., 2006a,b). From these findings,
it has been suggested that the protein product of Fmrl, Fragile X
mental retardation protein (FMRP), facilitates synapse elimina-
tion or pruning and regulates synapse maturation (Weiler and
Greenough, 1999; Bagni and Greenough, 2005; Antar et al.,
2006). FMRP is an RNA-binding protein and functions to regu-
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late mRNA translation in neurons and synapses (Feng, 2002;
O’Donnell and Warren, 2002; Weiler et al., 2004; Bagni and
Greenough, 2005; Grossman et al., 2006a). Although the lifelong
loss of FMRP in humans and mice results in altered dendritic
spines, it is unknown whether FMRP directly regulates synapse
number, function, or maturation in a cell autonomous manner
or whether these changes can be reversed with postnatal expres-
sion of FMRP. Furthermore, no role for FMRP regulated trans-
lation in mammalian synapse development has been established.

Determining the function of FMRP in neurons is critical to
understanding deficits in neuronal function that result from its
absence, as in FXS. In the present study, we investigate the role of
FMRP in synaptic function and synapse maturation in vitro by
acutely expressing FMRP in Fmr]l KO neurons and directly com-
paring them to neighboring Fmnrl KO neurons using both elec-
trophysiological and immunocytochemical techniques. We find
that acute postsynaptic expression of FMRP in Frmrl KO neurons
in culture reduces the number of functional and structural syn-
aptic connections without altering the strength or maturational
state of the remaining synapses. As observed with acute exoge-
nous expression of FMRP, wild-type (WT) neurons have fewer
synapses than their Fmr] KO neighbors in dissociated cocultures.
Mutations of FMRP in the K homology domain 2 (KH2) RNA-
binding region or that mimic phosphorylated FMRP are unable
to affect synapse number or function. These results support the
idea that FMRP directly regulates synapse number postnatally
through postsynaptic interactions with RNA and regulation of
translation.

Materials and Methods

Hippocampal slice cultures and FMRP transfection. Organotypic hip-
pocampal slice cultures were prepared from postnatal day 6 (P6) WT or
Fmr1 KO mice bred from the congenic C57BL/6 mouse strain (Jackson
Laboratories, Bar Harbor, ME) using previously published protocols
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(Stoppini et al., 1991). Biolistic transfection and gold bullet preparation
were performed with the Helios Gene Gun system (Bio-Rad, Hercules,
CA) according to the manufacturer’s protocols (McAllister, 2004). All
FMRP-green fluorescent protein (GFP) constructs were obtained from
Dr. Jennifer Darnell at Rockefeller University and are driven by the hu-
man FMRI promoter. Construction of the GFP-tagged FMRP
(WtFMRP-GFP) as well as I304N FMRP and arginine/glycine-rich box
(RGG) deletion (ARGG) FMRP have been described previously (Darnell
et al., 2005b). The S500A and S500D mutations were introduced into
wtFEMRP-GFP by QuikChange site-directed mutagenesis (Stratagene, La
Jolla, CA) of the Kpnl-fragment, which was subcloned into pBluescript
for mutagenesis and then replaced in the WT construct.

Dissociated culture and immunocytochemistry. Dissociated CA3—-CA1
hippocampal cultures (dentate gyrus was cutoff) were prepared from
PO-P1 WT and Fmrl KO mice using modified, previously published
protocols (Brewer et al., 1993). Neurons were plated at a density of 250
neurons/mm 2 on poly-p-lysine/laminin or matrigel coated coverslips. At
7 days in vitro (DIV), cultures were transfected with either calcium phos-
phate or Lipofectamine 2000 (Invitrogen, Eugene, OR). At 12 DIV, cells
were fixed in 4% paraformaldehyde (PFA)/4% sucrose for 15 min at
37°C, blocked in PBS/10% goat serum and labeled with 1° antibody
against the extracellular N terminus of glutamate receptor 1 (GluR1;
1:50; Calbiochem, La Jolla, CA). For the postsynaptic marker 95 kDa
postsynaptic density protein (PSD-95) and synapsin, neurons were per-
meabilized with 0.2% Triton-X for 1 h before treatment with 1° antibod-
ies to PSD-95 (1:800; Affinity Bioreagents, Golden, CO), synapsin (1:
1,000; provided by Dr. Thomas Sudhof, University of Texas
Southwestern Medical Center), or 2F5 monoclonal FMRP antibody (1:
400) (Gabel et al., 2004) (provided by Dr. Justin Fallon, Brown Univer-
sity, Providence, RI, and Dr. Jennifer Darnell, Rockefeller University,
New York, NY) for 1 h and AlexaFluor-conjugated 2° antibodies (1:300,
1 h; Invitrogen). Hippocampal slice cultures were fixed in 4% PFA (4°C,
overnight) permeabilized with 0.7% Triton-X (4°C, overnight). The
slices were treated with 2F5 FMRP antibody (1:400) and AlexaFluor 2°
antibody (1:300 both overnight at 4°C).

Fluorescence was detected using a Nikon (Tokyo, Japan) TE2000 in-
verted microscope equipped with a cooled CCD camera (dissociated
neuron culture) or a Zeiss (Oberkochen, Germany) LSM 510 Meta con-
focal microscope (slice sections). Images were analyzed and quantitated
using MetaMorph software (Universal Imaging, Downingtown, PA).
Healthy neurons are first identified by their smooth soma and multiple
processes under differential interference contrast (DIC) microscopy. For
synaptic staining, immunoreactive puncta are defined as discrete points
along a dendrite (within 50 um from the soma) with fluorescence inten-
sity at least twice the background staining of a region adjacent to the
dendrite. Significant differences between Frmrl KO neurons and WT or
FMRP-transfected neurons were determined with an unpaired ¢ test. For
all group data, averages +SEM are plotted and n (number of cells) is on
each bar (*p < 0.05; **p < 0.01; ***p < 0.001).

Electrophysiology. Simultaneous whole-cell recordings were obtained
from CA1 pyramidal neurons in slice cultures visualized using infrared-
DIC and GFP fluorescence to identify transfected and nontransfected
neurons (Gibson et al., 2006). Recordings were made at 30°C in a sub-
mersion chamber perfused at 3 ml/min with artificial CSF (ACSF) con-
taining the following (in mm): 119 NaCl, 2.5 KCI, 26 NaHCO3, 1
NaH,PO,, 11 p-Glucose, 3 CaCl2, 2 MgCl2, 0.1 picrotoxin, 0.002
2-chloro-adenosine, 0.1% DMSO, pH 7.28, 320 mOsm and saturated
with 95% O,/5%CO,. For all intracellular recordings, the neuron was
clamped at —60 mV through whole-cell recording pipettes (~3-7 M)
filled with an intracellular solution containing the following (in mm): 2.5
BAPTA, 125 Cs-Meth, 6 CsCl, 3 NaCl, 10 HEPES, 10 sucrose, 2 QX-314,
10 tetraethylammonium-Cl, 4 ATP-Mg, 0.4 GTP-Na, 14 phospho-
creatine-Tris, pH 7.2, 285 mOsm. For isolated NMDA receptor
(NMDAR) measurements, the ASCF was supplemented with 20 um
DNQX and 20 uMm glycine and the neuron was clamped at +50 mV. For
mEPSC measurements, the ACSF was supplemented with 1 um TTX.
Synaptic responses were evoked by single bipolar electrode placed in
stratum radiatum of area CA1l (along the Schaeffer collaterals) 50200
um from the recorded neurons with monophasic current pulses (5-40
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A, 200 ps). For minimal stimulation experiments, a glass theta-tube
electrode was filled with ACSF and positioned in the stratum radiatum
along the Schaeffer collaterals ~20—50 wm from the recorded neurons.
Once a synaptic response was obtained, the stimulation intensity was
gradually decreased until synaptic failures and synaptic successes could
be clearly distinguished in both neurons (typically 0.5-5 nA). Capaci-
tance, series resistance, and input resistance were measured in voltage
clamp with a 400 ms, —10 mV step from a —60 mV holding potential
(filtered at 30 kHz, sampled at 50 kHz). The capacitance was calculated
by first obtaining the decay time constant of a current transient induced
by a voltage step (the faster time constant of a double-exponential decay
fitted to the first 20 ms) and then dividing this by the series resistance.
Cells were only used for analysis if the series resistance was <30 M() and
was stable throughout the experiment. Input resistance ranged from 75
to 350 M{). Data were not corrected for junction potential.

Synaptic potentials were filtered at 2 kHz, acquired and digitized at 10
kHz on a personal computer using custom software (Labview; National
Instruments, Austin, TX). Time constants (7) of the decay of isolated
NMDAR EPSCs were determined by fitting the decay of the maximum
amplitude of NMDAR EPSC with a double exponential in LabView using
the Levenberg-Marquardt algorithm to determine the least-squares set of
coefficients that best fit the set of input data points (X, Y) as expressed by
anonlinear function y = f(x,a), where a is the set of coefficients. Minia-
ture EPSCs (mEPSCs) were detected off-line using an automatic detec-
tion program (MiniAnalysis; Synaptosoft, Decatur, GA) with a detection
threshold set at a value greater than at least 2 SD of the noise values,
followed by a subsequent round of visual confirmation. The detection
threshold remained constant for the duration of each experiment. Fail-
ures and successes were defined as responses with amplitudes less than or
>10 pA, respectively, followed by a subsequent round of visual confir-
mation for each qualification without knowledge of the transfection state
of the neuron. The percentage of silent synapses calculated as 1 — In(fail-
ure rate at —60 mV)/In(failure rate at +50), as described previously (Liao
et al., 1995). Significant differences between transfected and nontrans-
fected neurons were determined using a paired ¢ test.

Results
Acute expression of FMRP reduces evoked excitatory
synaptic transmission
To determine whether FMRP acutely regulates evoked excitatory
synaptic transmission, we acutely expressed a GFP-tagged hu-
man FMRP (wtFMRP-GFP) in organotypic hippocampal slice
cultures prepared from P6 Fmrl KO mice. Neurons were biolis-
tically transfected at 3 DIV with wtFMRP-GFP driven via the
endogenous human FMRI promoter to avoid strong overexpres-
sion. wtFMRP-GFP displays similar polyribosome association
and localization as endogenous FMRP, suggesting that addition
of the N-terminal GFP does not affect the protein’s function
(Antar et al., 2004, 2006; Darnell et al., 2005b). Consistent with
the pattern of endogenous FMRP expression, wtFMRP-GFP was
punctate throughout the soma and dendritic arborization (Fig.
1A) (Antar et al., 2004). To quantify the levels of wtFMRP-GFP
expression after transfection, immunocytochemistry for FMRP
in untransfected wild-type and transfected Fmrl KO slice cul-
tures was performed (supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material). Somatic wtFMRP-GFP
expression in transfected Fmrl KO neurons was ~180% of that
observed in WT neurons (supplemental Fig. 1B, available at
www.jneurosci.org as supplemental material). Although trans-
fected FMRP levels are greater than endogenous FMRP levels in
unstimulated WT neurons, these levels are within the physiolog-
ical range of FMRP induced by experience or neuronal activity
(Weiler et al., 1997; Todd and Mack, 2000; Hou et al., 2006).
Three to 7 d posttransfection (equivalent postnatal day 12—
16), simultaneous whole-cell patch-clamp recordings were ob-
tained from untransfected Fmrl KO and neighboring transfected
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Figure 1. Acute postsynaptic FMRP expression reduces evoked AMPAR and NMDAR medi-
ated EPSGs. A, Expression pattern of FMRP-GFP fusion protein in a CA1 pyramidal neuron in
hippocampal slice culture. Scale bars, 10 um. B, €, Dot plot of the peak amplitude of the evoked
AMPAR- (B) or NMDAR-mediated EPSCs (C) of paired recordings from an untransfected fmr7 KO
versus a neighboring FMRP transfected neuron. In this and all figures, the diagonal line repre-
sents the values where the EPSCamplitudes from transfected and untransfected cells are equal.
The large diamond represents mean == SEM. Inset, Average of 25 consecutive traces from a
representative experiment. Black trace is the untransfected neuron, gray trace s the transfected
neuron. Scale bar is 20 pA and 20 ms. Stimulation artifact has been digitally removed for clarity.
D, Average AMPAR and NMDAR EPSC amplitude from untransfected KO and FMRP transfected
cells. E, As in A, but image shows GFP expression pattern. F, G, As in B and C, but dot plots
represent peak evoked AMPAR-mediated (F) and NMDAR-mediated (G) EPSCs from neighbor-
ing untransfected and GFP-expressing fmr7 KO neurons. H, Average AMPAR and NMDAR EPSC
amplitude from untransfected KO and GFP transfected cells. In this and all figures, averages are
plotted + SEM and n is plotted on each bar. *p << 0.05; **p << 0.01.

wtFMRP-GFP-expressing CA1 pyramidal neurons (hereafter re-
ferred to as “neuron pairs”). AMPA receptor (AMPAR)-
mediated EPSCs were evoked with extracellular stimulation of
Schaffer collateral axons and were measured in the neuron pairs
held at —60 mV. We observed an ~20% reduction in the ampli-

Pfeiffer and Huber  FMRP Induces Synapse Loss

tude of EPSCs in neurons transfected with wtFMRP-GFP (Fig.
1B,D). No significant difference was observed between trans-
fected and untransfected neurons in resting membrane potential,
input resistance, or whole-cell capacitance (supplemental Table
1, available at www.jneurosci.org as supplemental material), in-
dicating that overall neuronal health, subthreshold membrane
conductances, and size were unaffected by transfection of
wtFMRP-GFP.

Although AMPA and NMDA receptors typically colocalize at
excitatory synapses, they can be differentially regulated (Petralia
et al., 1999; Groc and Choquet, 2006). To determine whether
wtFMRP-GFP expression affects NMDAR-mediated EPSCs, we
measured the peak amplitude of isolated NMDAR-mediated
EPSCs in neuron pairs, by voltage clamping neurons at +50 mV
in the presence of the AMPAR antagonist, DNQX. Like AMPAR-
mediated EPSCs, isolated NMDAR-mediated EPSCs were re-
duced by ~20% after FMRP expression (Fig. 1C,D). Although
the amplitude of NMDAR-mediated EPSCs was reduced in
wtFMRP-GFP-expressing neurons, there was no change in the
time constants of decay of the isolated NMDAR-mediated cur-
rents (supplemental Table 1, available at www.jneurosci.org as
supplemental material). Because the decay rate of NMDAR-
mediated currents declines over the course of synapse maturation
and is regulated by the NMDAR subunit composition (Cull-
Candy et al., 2001), these results indicate that wtFMRP-GFP does
not alter NMDAR subunit composition or functional synapse
maturation. Transfection of GFP alone in FmrI KO slice cultures
had no effect on AMPAR- or NMDAR-mediated EPSCs (Fig.
1E-H). These data indicate that acute, postnatal expression of
FMRP reduces evoked synaptic transmission.

FMRP reduces the frequency of miniature EPSCs

An FMRP-induced decrease in evoked EPSCs may occur through
a decrease in synapse number, strength of individual synapses, or
presynaptic release probability. To begin to differentiate between
these possibilities, we measured the effects of FMRP on sponta-
neous (action-potential independent) mEPSCs in neuron pairs
in the presence of TTX (1 um) (Fig. 2A). mEPSC amplitude is
indicative of the strength of individual functional synapses,
whereas mEPSC frequency is dependent on synapse number as
well as presynaptic release probability. The frequency of mEPSCs
was reduced by ~35% in wtFMRP-GFP-expressing cells as com-
pared with untransfected Fimrl KO neurons, whereas the ampli-
tude of mEPSCs was unchanged (Fig. 2 B-D). Neither the fre-
quency nor the amplitude of mEPSCs was altered after GFP
expression (Fig. 2 E-H ). Therefore, postsynaptic FMRP expres-
sion reduces synaptic transmission not by reducing the strength
of individual synapses, but by either decreasing presynaptic glu-
tamate release probability or the number of synapses.

Acute expression of FMRP increases synaptic failures, but
does not affect short-term plasticity or the percentage of
silent synapses

To determine effects of postsynaptic wtFMRP-GFP expression
on glutamate release probability, we measured paired-pulse facil-
itation of EPSCs after rapid, successive stimuli (Fig. 3A) in neu-
ron pairs. Paired-pulse facilitation is inversely proportional to
presynaptic release probability and provides a relative indicator
of this measure (Manabe et al., 1993). Although wtFMRP-GFP
expression reduced the amplitude of the first EPSC (Fig. 3C,D,
S1), similar to our previous results (Fig. 1 B), there was no effect
on paired-pulse facilitation at a range of interstimulus intervals
(Fig. 3B). These results indicate that postsynaptic expression of
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Figure2. Postsynaptic FMRP reduces the frequency, but not amplitude of miniature EPSCs.
A, Representative traces of mEPSCs simultaneously recorded from an untransfected Fmr7 KO
and a neighboring FMRP transfected neuron. Calibration: 10 pA, 500 ms. B, €, Dot plot repre-
sentation of the frequency (B) and amplitude (C) of mEPSCs in paired recordings. Inset, Cumu-
lative probability distributions for both untransfected neurons (solid black line) and transfected,
FMRP-expressing neurons (dotted line). Each point on the curve represents the average mEPSC
frequency and amplitude from an individual neuron. The x-axis is the mEPSC frequency (B) or ampli-
tude (C). The y-axis is the cumulative probability. D, Average mEPSC frequency and amplitude in
untransfected KO and FMRP transfected cells. E, Representative traces from untransfected and neigh-
boring GFP-expressing Fmr7 KO neurons. Calibration: 20 pA, 500 ms. F, G, Dot plots of mEPSC fre-
quency (F) and amplitude (G) from neighboring untransfected and GFP-expressing Fmr1 KO
CA1 pyramidal neurons. Inset, Cumulative probability distribution for both untransfected neu-
rons (solid black line) and transfected, GFP-expressing neurons (dotted line). H, Average mEPSC
frequency and amplitude in untransfected KO and GFP transfected cells. **p << 0.01.

FMRP does not affect the presynaptic release probabilities of ax-
ons providing input to that neuron.

One explanation that can account for the observed reduction
in evoked synaptic responses and mEPSC frequency in FMRP
expressing neurons, without a change in mEPSC amplitude or
presynaptic release probability, is a reduction in the number of
functional synaptic connections. To examine this idea, we used a
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“minimal stimulation” protocol to stimulate a small number of
axons, allowing us to compare the relative number of functional
synaptic connections one axon makes onto both an Fmrl KO
untransfected and wtFMRP-GFP-expressing neuron. Because of
the probabilistic nature of glutamate release, we observed both
failures and successes of synaptic transmission (Fig. 3E). Simul-
taneous voltage-clamp recordings of neuron pairs revealed a
~60% increase in synaptic failures in neurons expressing
wtFEMRP-GFP (Fig. 3F). Furthermore, the amplitude of suc-
cesses, or synaptic potency, was reduced by ~35% in neurons
expressing wtFMRP-GFP (Fig. 3F). Because mEPSC amplitude is
unchanged (Fig. 2C,D), the decrease in synaptic potency is likely
caused by a decrease in the number of synaptic contacts per axon.
Itis important to note that the failure rate is also representative of
the presynaptic release probability of a synaptic bouton. There-
fore, it is possible that the changes we observe in failure rate with
wtFMRP-GFP expression could be presynaptic in nature. How-
ever, based on the findings that FMRP does not alter paired-pulse
facilitation, we hypothesize that FMRP results in a decrease in
functional synapse number.

A hallmark of excitatory synapse maturation is the insertion of
postsynaptic of AMPARs, which occurs after NMDARs (Wu et
al., 1996; Petraliaetal., 1999). As aresult, there is a developmental
decline in the number of “silent synapses,” synapses that contain
NMDARs, but not AMPARSs (Durand et al., 1996). To determine
whether FMRP regulated functional synapse maturation, we
measured silent synapses in simultaneous recordings of neuron
pairs. Synaptic failures and successes in response to minimal
stimulation of presynaptic axons were measured at holding po-
tentials of —60 mV and +50 mV. Expression of wtFMRP-GFP
increased synaptic failures measured at both —60 mV and +50
mV, but did not affect the percentage of silent synapses (Fig. 3F).
Thus, FMRP expression appears to reduce the number of synap-
tic connections without altering the function or maturational
state of the remaining synapses.

Exogenous and endogenous postnatal expression of FMRP
reduces structural synapse number

To examine whether acute FMRP expression resulted in a de-
crease in the number of structural synapses, we acutely expressed
wtFMRP-GFP into dissociated hippocampal cultures prepared
from Fmrl KO mice. After transfection of wtFMRP-GFP, neu-
rons were stained for the AMPAR subunit GluR1 (surface), the
postsynaptic marker PSD-95, or the presynaptic marker synap-
sin. Synapsin puncta were quantified at synapses on dendrites
expressing or not expressing FMRP. wtFMRP-GFP expression
reduced the number of synapses as measured with all three syn-
aptic markers by 30—40% as compared with neighboring un-
transfected KO neurons (Fig. 4 A—C). wt-FMRP did not affect the
fluorescent intensity of remaining synaptic puncta, but did re-
duce PSD-95 puncta size (supplemental Table 2, available at
www.jneurosci.org as supplemental material). As a control for
transfection and GFP expression, exogenous expression of two
different FMRP-GFP mutants with single site mutations had no
effect on synapse number (Figs. 4A-C, 6 M,N). These results,
together with our functional synapse measurements in slice cul-
ture, indicate that acute postsynaptic FMRP expression reduces
the number of structural and functional synapses.

In the above experiments, we have used exogenous, acute ex-
pression of FMRP to evaluate its effects on synapses. To deter-
mine whether WT neurons expressed fewer synapses than Fmrl
KO neurons, we prepared dissociated cocultures containing both
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WT and Fmrl KO neurons. This allowed
us to make side-by-side comparisons of
synapse number on FMRP-expressing
(WT) and KO neurons on the same cover-
slip as performed with wtFMRP-GFP
transfected neurons (Fig. 4 D). Immuno-
cytochemistry for both FMRP and synap-
tic markers was performed on these cocul-
tures at 11-12 DIV to identify synapses on
WT and Fmrl KO neurons. As observed
with acute FMRP expression, WT neurons
displayed 20—35% fewer synapses as mea-
sured with all synaptic markers compared
with neighboring Fmrl KO neurons (Fig.

4D-G). WT neurons also displayed
smaller PSD-95 puncta similar to
wtFMRP-GFP  transfected  neurons

(supplemental Table 2, available at www.
jneurosci.org as supplemental material).
Importantly, the number of synaptic
puncta in WT neurons is not different
from Fmrl KO neurons transfected with
wtFMRP-GFP, indicating that the in-
creased synapse number in Fmrl KO neu-
rons can be rescued by acute, postnatal,
exogenous FMRP expression (supplemen-
tal Table 2, available at www.jneurosci.org
as supplemental material). This data fur-
ther indicates that decreases in synapse
number are not merely a result of acute,
exogenous FMRP expression, but reflect
the function of endogenous FMRP.

Synaptic function in WT versus Fmnrl
KO mice

Our findings of reduced synapse number
and function after FMRP expression sug-
gest that WT neurons may have reduced
synaptic function compared with Fmrl
KO neurons. We measured evoked
AMPAR-mediated EPSCs and mEPSCs
in single neurons of WT organotypic
slice cultures and compared these values
with those obtained from untransfected
Fmrl KO neurons in previous experi-
ments. We failed to detect any differ-
ences in synaptic function between WT
and Fmrl KO slice cultures (AMPAR-
mediated EPSCs: WT, 109.6 = 10.3 pA,
n = 72; Fmrl KO, 100.4 £ 54 pA, n =
126; p = 0.4; mEPSC frequency: WT,
1.89 = 0.23 Hz, n = 34; Fmr1 KO, 1.60 *
0.14 Hz, n = 95; p = 0.3; mEPSC ampli-
tude: WT, 28.2 * 0.8 pA, n = 34; Fmrl
KO, 25.9 * 0.6 pA, n = 95 p = 0.1).
However, there is a high level of variability in
evoked EPSCs and mEPSCs between slice
cultures, even between slices prepared from
the same animal. Specifically, the mathemat-

ical variance and SD were greater (~40%) between neurons on dif-
ferent slices than between neurons within the same slice. These data
suggest that side-by-side comparisons of FMRP expressing and
Fmr] KO neurons are required to detect the 20—35% differences in
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Representative experiment. Raw, Average of 25 consecutive traces simultaneously recorded from an untransfected Fmr7 KO and
aneighboring FMRP transfected neuron. Calibration: 20 pA, 20 ms. Scaled, Traces from Raw have been scaled so that the ST EPSC
amplitude of the transfected neuron is equal to that of the untransfected neuron. B, Paired-pulse facilitation values (mean =
SEM) at a range of interstimulus intervals is not different between FMRP transfected and untransfected KO neurons as determined
with a repeated measures ANOVA (F, 3p) = 0.642; p = 0.42). C, Dot plot representation of the peak amplitude of the first
response (S1) in paired recordings from an untransfected Fmr7 KO neuron and FMRP-transfected neuron (n = 18). D, Average
EPSC amplitude for S1. E, Representative minimal stimulation experiment. Evoked responses were obtained in simultaneous
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synaptic function which we observe after acute FMRP transfection.
In support of this view, when we minimize variability by coculturing
wild-type and Fmrl KO neurons, we observe a difference in the
number of synapses between neighboring neurons (Fig. 4 D-G).
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The KH2 RNA-binding domain, but not
the RGG box is required for FMRP
regulation of synapse number and
function

FMRP is an RNA-binding protein that
binds to as many as 400 brain mRNAs and
associates with large polyribosome com-
plexes in brain and synaptoneurosomes
(Feng et al., 1997a; O’Donnell and War-
ren, 2002; Khandjian et al., 2004; Stefani et
al.,, 2004). FMRP interacts with RNA
through several RNA-binding motifs, in-
cluding two heterogeneous nuclear ribo-
nucleoprotein  (hnRNP)-KH domains
(KH1 and KH2) and an arginine/glycine-
rich RNA-binding motif (RGG box) (Dar-
nell et al., 2001, 2005a; Schaeffer et al.,
2001). The KH, domain associates with a
specific RNA structure termed a “kissing
complex” (Darnell et al., 2005a). A single
point mutation in the KH, domain of
FMRP (an Ile to Asn switch at residue 304,
originally found in a patient with a partic-
ularly severe form of FXS) abolishes FMRP
interactions with kissing complex RNAs,
but also reduces dimerization with other
FMRP molecules and polyribosome asso-
ciation (Feng et al., 1997b; Laggerbauer et
al., 2001; Darnell et al., 2005a,b). To test
whether the FMRP-dependent reduction
in synaptic function required interaction
with kissing complex RNAs or polyribo-
somes, we expressed the 1304N-FMRP-
GFP construct in Fmrl KO slice cultures
and examined synaptic function. Al-
though the total level of expression of this
construct was not different, the expression
pattern of I304N-FMRP-GFP in dendrites
was more diffuse than wtFMRP-GFP
(Figs. 4A—C, 5A, supplemental Table 1,

<«

Figure4. Acuteexogenousand endogenous FMRP reduce
the number of synapses as measured with immunocyto-
chemical markers. 4, Left, Representative dendrites of Fmr1
KO dissociated hippocampal cultures transfected with either
WtFMRP-GFP or 1304N-FMRP-GFP (green) and labeled for
surface GIuR1 (red). Right, Average number of surface GluR1
puncta in neurons transfected with either wtFMRP-GFP or
[304N-FMRP-GFP and neighboring untransfected KO neu-
rons. B, Left, As in 4, except red is PSD-95 immunofluores-
cence. Right, Average number of PSD-95 puncta. C, Left, Asin
A, except red is synapsin immunofluorescence. Right, Aver-
age number of synapsin puncta. D, Left, Representative im-
age of side-hy-side wild-type and Fmr7 KO neurons in cul-
ture. Green is endogenous FMRP immunofluorescence. Red is
surface GluR1 immunofluorescence. Right, Dendrites of the
wild-type and Fmr7 KO neuron. E, As in A, except red is
PSD-95 immunofluorescence. F, As A, except red is synapsin
immunofluorescence. G, Average number of surface GluR1,
PSD-95, and synapsin puncta in wild-type neurons and
neighboring Fmr1 KO neurons. *p << 0.05; **p < 0.01;
**%1) < 0.001. Scale bars: A-C, 10 wm; D, left, 10 wm; D,
right, 5 wm; E, F, 10 m
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available at www.jneurosci.org as supple-
mental material). The diffuse expression
pattern of 1304N-FMRP-GFP in neurons
is consistent with previous reports that
I304N-FMRP associates with a smaller
messenger RNP and is diffusely distrib-
uted in cultured cell lines (Feng et al,
1997b; Schrier et al., 2004; Darnell et al.,
2005b). Transfection of I304N-FMRP-
GFP into Fmrl KO neurons had no effect
on evoked synaptic transmission, mEPSC
frequency, or amplitude (Fig. 5B—F). Sim-
ilarly, I304N-FMRP-GFP expressed in
Fmrl KO dissociated hippocampal cul-
tures did not affect the number, size, or
intensity of synapse marker puncta (Fig.
4A-C, supplemental Table 2, available at
www.jneurosci.org as supplemental mate-
rial). These results indicate that postsynaptic
interactions of FMRP with polyribosomes or
kissing complex mRNAs are required for
regulation of synapse number.

The RNA-binding domain of FMRP
with the highest reported affinity for RNA
is the RGG-box, which associates with a
tertiary RNA structure termed a “G-
quartet” (Darnell et al., 2001; Schaeffer et
al., 2001). To examine whether association
of FMRP with G-quartet containing
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mRNAs is important for the regulation of
synapse function by FMRP, a mutant con-
struct was used in which the entire RGG-
box was deleted (ARGG-FMRP-GFP)
(Fig. 5G-L) (Darnell et al., 2005b). When
this construct was introduced into Fmrl
KO neurons, the expression level and pat-
tern was similar to wtFMRP-GFP (Fig. 5G,
supplemental Table 1, available at www.
jneurosci.org as supplemental material).
Expression of ARGG-FMRP-GFP reduced
both the amplitude of evoked AMPAR-
mediated responses and the frequency of mEPSCs without alter-
ing the amplitude of mEPSCs (Fig. 5H-L), implying that, like
wild-type FMRP, this mutant construct reduced the number of
functional synaptic connections. These results suggest that
postsynaptic FMRP interactions with G-quartet containing
RNAs are not required to regulate synapse number.

0 2 4
Untransfected (KO) Neuron (pA)

Figure 5.

A nonphosphorylatable form of FMRP at S500 mimics wild-
type FMRP and induces synapse loss

Our data suggest that acute expression of FMRP in Fmrl KO
neurons decreases synapse number through the ability of FMRP
to regulate translation, as expression of the I304N-FMRP-GFP
construct, which is unable to regulate translation, has no effect on
synapse number. In mammalian neurons, FMRP is associated
with translating polyribosomes and is required for glutamate
stimulated translation at synapses, suggesting FMRP functions to
allow or stimulate translation (Todd et al., 2003; Stefani et al.,
2004; Weiler et al., 2004; Hou et al., 2006). However, in vitro
FMRP suppresses translation of its target mRNAs (Laggerbauer
et al.,, 2001; Li et al., 2001; Sung et al., 2003), and the brains of
Fmrl KO mice have elevated protein synthesis rates in vivo, and
increased levels of specific proteins (Sung et al., 2003; Zalfa et al.,
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Anintact KH2 RNA-binding domain of FMRP, but not an RGG box, is required to reduce synapse function. 4, Expres-
sion pattern of I304N-FMRP-GFP fusion protein in a CA1 pyramidal neuronin slice culture. B, Dot plot of the peak amplitude of the
evoked AMPAR-EPSCs from paired recordings of untransfected Fmr1 KO versus 1304N-FMRP transfected neurons. Inset, Repre-
sentative evoked EPSCs from one neuron pair. €, Representative traces of mEPSCs simultaneously recorded from an untransfected
Fmr1 KO and 1304N-FMRP transfected neuron. D, E, Dot plot representation of the frequency (D) and amplitude (E) of mEPSCs in
Fmr1KO versus neighboring 1304N-FMRP transfected neurons. Inset, Cumulative probability distribution of mEPSC frequency and
amplitude for both untransfected neurons (solid black line) and transfected 1304N-FMRP-expressing neurons (dotted line). F,
Group data (mean + SEM) of B, D, and E. G-L, As in A—F, except the transfected neurons express ARGG-FMRP-GFP. *p << 0.05.
Scale bars: A, G, 10 m. Calibrations: B, H, insets, 20 pA, 20 ms; C, /, 10 pA, 500 ms.

2003; Qin et al., 2005; Hou et al., 2006). These results are more
consistent with a role for FMRP as a translational suppressor.
Furthermore, translational suppression of target mRNAs by the
Drosophila homolog of FMRP, dFXR, is implicated in regulation
of axonal and dendritic development (Zhang et al., 2001; Lee et
al., 2003). Previously, it has been proposed that phosphorylation
of FMRP on a conserved serine residue (Ser500 in human FMRP)
switches FMRP from a translational activator to a suppressor
(Ceman et al., 2003). An FMRP mutant, S500A-FMRP, which
cannot be phosphorylated (mimicking the dephosphorylated
state), is largely associated with actively translating polyribo-
somes, whereas a phosphorylation site mimic of FMRP, S500D-
FMRP, is more strongly associated with stalled polyribosomes.
To determine whether FMRP association with stalled or translat-
ing polysomes resulted in synapse loss, we transfected either of
the phosphorylation site FMRP mutants (S500A-FMRP-GFP or
S500D-FMRP-GFP) into Fmrl KO slice cultures. Both S500A-
FMRP-GFP and S500D-FMRP-GFP displayed a similar expres-
sion level and punctate expression pattern to wtFMRP-GFP (Fig.
6A,G, supplemental Table 1, available at www.jneurosci.org as
supplemental material). SS00A-FMRP-GFP expression resulted
ina35-40% decrease in both evoked AMPAR EPSCs and mEPSC
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loss and suggests that at least some of
wtFMRP-GFP exists in a dephosphory-
lated state which leads to a reduction in
synapse number. Furthermore, these data
imply that FMRP association with trans-
lating polyribosomes leads to synapse loss.

Transfected (S500A)
L Y
Untransfected (KO)

Discussion

FMRP negatively regulates

synapse number

Changes in dendritic spine number and
shape have been observed in FXS patients
and Fmrl KO mice, both in vivo and in
cultures (Braun and Segal, 2000; Irwin et
al., 2001; Nimchinsky et al., 2001; Bagni
and Greenough, 2005; Antar et al., 2006;
Grossman et al., 2006a,b). How these mor-
phological changes relate to functional
synapses and whether FMRP plays a direct
role in determining synapse number or
function was unknown. Here, we demon-
strate that acute expression of FMRP in
Fmrl-KO neurons at near-endogenous
levels reduces synapse number without
changing the function or maturational
state of the remaining synapses. Further-
more, FmrI-KO neurons have more syn-
apses compared with their wild-type
neighbors in dissociated culture and acute
postnatal expression of FMRP is sufficient
to reverse this overabundance. Our results
are supported by observations of increased
dendritic spine number on cortical neu-
rons of FXS patients and Fmrl KO mice
that have developed in vivo (Irwin et al.,
2001; Nimchinsky et al., 2001; Bagni and
Greenough, 2005; Grossman et al., 2006b).
Our results extend on these structural
studies and find that postsynaptic FMRP
directly regulates functional synapse
number.
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frequency, similar to wtFMRP-GFP, with no change in mEPSC
amplitude (Fig. 6 B—F ) or paired-pulse facilitation (supplemental
Table 1, available at www.jneurosci.org as supplemental mate-
rial). Consistent with its effects on synapse function in slice cul-
tures, transfection of S500A-FMRP-GFP into dissociated Fmrl
KO neuron cultures reduced synapse number by 25-30% as mea-
sured with immunocytochemistry for presynaptic and postsyn-
aptic markers, similar to wtFMRP-GFP (Fig. 6 M, N). In contrast,
S500D-FMRP-GFP had no effect on any measure of synaptic
function or number (Fig. 6G—N, supplemental Table 1, available
at www.jneurosci.org as supplemental material). Therefore,
S500A-FMRP-GFP mimics wtFMRP-GFP with regard to synapse

Does FMRP regulate synapse formation,
maturation, or pruning?

The abundance of filopodial-like spines in
FXS patients and Fmrl KO mice have
prompted the idea that synapses in Fmrl
KO are more immature (Braun and Segal,
2000; Irwin et al., 2001, 2002; Nimchinsky
etal., 2001; Antar et al., 2006; Grossman et
al., 2006b). Acute FMRP expression did
not effect short-term plasticity, mEPSC
amplitude, the decay of NMDAR EPSCs, or percentage of silent
synapses (Figs. 1-3), indicating that FMRP is not regulating pre-
synaptic release probability, the strength of individual synapses,
or their functional maturation. FMRP may play a role in the
earliest stages of synapse development that occur before gluta-
mate receptor insertion, making it less likely that a synapse is
created (Waites et al., 2005). Alternatively, FMRP may facilitate
elimination or pruning synapses after they are formed. Drosoph-
ila FMRP (dFXR) reduces synaptic bouton number at the neuro-
muscular junction as well as dendritic arborization in the CNS
(Zhang et al., 2001; Pan et al., 2004), which could also be attrib-
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utable to either inhibition of growth or pruning. In support of a
role for FMRP in dendritic pruning, spiny stellate cells in the
barrel cortex of Fmrl KO mice fail to prune their dendrites from
the barrel septa (Galvez and Greenough, 2005). More experi-
ments are needed to determine the roles for FMRP in synapse
formation and elimination.

Here, we observed that acute postsynaptic FMRP expression
resulted in a reduction in synapse function and number com-
pared with neighboring untransfected Frmrl KO neurons (Figs.
1-4). Similarly, fewer synapses were observed in WT neurons in
dissociated neuron cultures compared with their Frnrl KO neigh-
bors, indicating that our results with acute expression of FMRP re-
flect endogenous FMRP function (Fig. 4). Because the effects of
acute FMRP expression on synapse function are moderate
(20-35%), the large variability across slice culture preparations may
make it difficult to detect differences in evoked EPSCs and mEPSCs
between WT and Fmrl KO cultures. It may be necessary to make
comparisons between neighboring neurons in the same culture. Al-
ternatively, or in addition, there may be intercellular interactions
between FMRP-expressing and Fmrl KO neurons, which result
in Fmrl KO neurons having more synapses. This would be rele-
vant to females with FXS who have a mosaic expression of FMRP.

FMRP regulates synapse number through postsynaptic KH2
domain interactions

Previous work has focused on two RNA tertiary structures that
are important for FMRP-RNA interactions. The RGG box of
FMRP binds with high specificity and affinity to mRNAs contain-
ing a G-quartet structure and is implicated in their translational
suppression (Brown et al., 2001; Darnell et al., 2001; Schaeffer et
al., 2001), whereas the KH domains KH1 and KH2 interact with
kissing complex RNA structures (Darnell et al., 2005a). FMRP
with a deleted RGG box (ARGG-FMRP) functioned just as well as
wtFMRP in reduction of synapse number (Fig. 5). This result
suggests that interactions of FMRP with postsynaptic G-quartet-
containing mRNAs such as microtubule-associated protein 1b
(MAP1D), or the PSD-95-associated protein SAPAP4 are not re-
quired for FMRP regulation of synapse number in mammals
(Brown et al., 2001; Darnell et al., 2001). In contrast to the RGG
box deletion, a single point mutation in the KH2 domain (1304N
FMRP) abolished the effects of FMRP on synapse number. [304N
FMRP, which was first discovered in a patient with a particularly
severe form of FXS (De Boulle et al., 1993), fails to dimerize and
associate with large translating polyribosomes (Feng et al., 1997b;
Laggerbauer et al., 2001; Darnell et al., 2005b). 1304N FMRP
abolishes binding to kissing complex RNAs and no longer acts as
a translational suppressor (Laggerbauer et al., 2001; Darnell et al.,
2005a). Thus, it is likely that FMRP regulation of translation,
either through interaction with kissing-complex-containing mR-
NAs or polyribosomes, is critically important for the ability of
FMRP to reduce synapse number. In addition, whereas wild-type
FMRP and all other mutant constructs of FMRP displayed a
punctate expression pattern, the I304N-FMRP mutant construct
was much more diffuse (Figs. 4, 5), as observed in cultured cell
lines (Schrier et al., 2004; Darnell et al., 2005b). These puncta
observed with endogenous or wtFMRP-GFP may be polyribo-
somes or RNA granules because they contain RNA and move via
microtubules in dendrites (Antar et al., 2004, 2005; Kanai et al.,
2004). This result indicates that FMRP association with polyribo-
somes and/or RNA granules is required to induce synapse loss
and implicates translational regulation of FMRP target mRNAs
in this process.
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FMRP mutant that associates with translating polyribosomes
leads to synapse loss

FMRP has been implicated in both translational suppression and
activation. Such dual translational regulation by RNA-binding
proteins is important to mediate specific and localized protein
expression (Huang and Richter, 2004; Kindler et al., 2005; Wells,
2006). Phosphorylation of RNA-binding proteins such as cyto-
plasmic polyadenylation-binding protein (CPEB) and zip code-
binding protein (ZBP) is a mechanism by which the switch from
repression to activation (or derepression) occurs (Huang and
Richter, 2004; Huttelmaier et al., 2005; Wells, 2006). Like CPEB
and ZBP, phosphorylation of FMRP on a conserved serine (406 in
Drosophila, 499 in mouse, and 500 in human) has been suggested
to be a mechanism to regulate translational suppression and ac-
tivation by FMRP. In vitro phosphorylation of Drosophila FMR
affected binding to poly U, but not poly G RNA (Siomi et al.,
2002). However, mimicking phosphorylation of murine FMRP at
Ser499 with Asp does not affect binding to known target mRNAs,
but rather increases association of FMRP with stalled polysomes
in vivo. Substitution of Ala for Ser, thereby mimicking the de-
phosphorylated form, recruited FMRP to translating polysomes
(Ceman et al., 2003). From these findings, it was suggested that in
the phosphorylated state, FMRP binds mRNAs that are initiated
but not actively elongating (stalled polysomes); FMRP dephos-
phorylation results in a conformational change to facilitate elon-
gation (Ceman et al., 2003). A dephosphomimic of FMRP
(S500A) reduces synapse function and number in the same man-
ner as wild-type FMRP, whereas the phosphomimic of FMRP
(S500D) had no effect (Fig. 6). These results suggest that the
ability of FMRP to regulate synapse number requires association
with translating polyribosomes, whereas suppression of protein
synthesis prevents synaptic regulation. Although we cannot rule
out the possibility that the S500 mutation affects other aspects of
FMRP function, we propose a model in which FMRP dephos-
phorylation and stimulation of translation of mRNA target(s)
leads to synapse loss. This idea is in contrast to conclusions in the
dFXR-null fly that translational suppression of MAP1b or Racl is
thought to lead to a reduction in presynaptic and postsynaptic
structures, respectively (Zhang et al., 2001; Lee et al., 2003). How-
ever, it is likely in both species that FMRP-mediated translational
suppression and activation are important for proper synapse de-
velopment. Determining how FMRP phosphorylation is regu-
lated and, in turn, how FMRP phosphorylation regulates trans-
lation in neurons and dendrites will provide more detailed
insight into how FMRP controls synapse number.

Translational regulation by FMRP is also implicated in acute
long-term synaptic depression (LTD) in mature neurons (>P21)
(Huber et al., 2002; Koekkoek et al., 2005; Hou et al., 2006;
Nosyreva and Huber, 2006). Therefore, FMRP may regulate
translation of the same or different proteins to coordinate rapid
changes in function with long-term changes in synapse structure.
Because FMRP binds to as many as 4% of brain mRNAs, the
challenge now lies in determining which mRNAs of postsynapti-
cally expressed proteins are regulated by FMRP and lead to LTD
and synapse loss (Sung et al., 2000; Brown et al., 2001; Miyashiro
et al., 2003). We would anticipate that these mRNA targets are
dendritically expressed and require an intact KH2 domain of
FMRP for translational regulation.
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