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Evidence for a Fragile X Mental Retardation Protein-
Mediated Translational Switch in Metabotropic Glutamate
Receptor-Triggered Arc Translation and Long-Term
Depression

Farr Niere, Julia R. Wilkerson, and Kimberly M. Huber

Department of Neuroscience, University of Texas Southwestern Medical Center, Dallas, Texas 75390

Group 1 metabotropic glutamate receptor (mGluR)-stimulated protein synthesis and long-term synaptic depression (mGluR-LTD) are
altered in the mouse model of fragile X syndrome, FmrI knock-out (KO) mice. Fmr1 encodes fragile X mental retardation protein (FMRP),
a dendritic RNA binding protein that functions, in part, as a translational suppressor. It is unknown whether and how FMRP acutely
regulates LTD and/or the rapid synthesis of new proteins required for LTD, such as the activity-regulated cytoskeletal-associated protein
(Arc). The protein phosphatase PP2A dephosphorylates FMRP, which contributes to translational activation of some target mRNAs.
Here, we report that PP2A and dephosphorylation of FMRP at S500 are required for an mGluR-induced, rapid (5 min) increase in
dendritic Arc protein and LTD in rat and mouse hippocampal neurons. In Fmrl KO neurons, basal, dendritic Arc protein levels and
mGluR-LTD are enhanced, but mGluR-triggered Arc synthesis is absent. Lentiviral-mediated expression of wild-type FMRP in Fmr1 KO
neurons suppresses basal dendritic Arc levels and mGluR-LTD, and restores rapid mGluR-triggered Arc synthesis. A phosphomimic of
FMRP (S500D) suppresses steady-state dendritic Arc levels but does not rescue mGluR-induced Arc synthesis. A dephosphomimic
of FMRP (S500A) neither suppresses dendritic Arc nor supports mGluR-induced Arc synthesis. Accordingly, S500D-FMRP expression in
Fmrl KO neurons suppresses mGluR-LTD, whereas S500A-FMRP has no effect. These data support a model in which phosphorylated
FMRP functions to suppress steady-state translation of Arc and LTD. Upon mGluR activation of PP2A, FMRP is rapidly dephosphory-

lated, which contributes to rapid new synthesis of Arc and mGluR-LTD.

Introduction

Fragile X syndrome is caused by loss-of-function mutations in
the fragile X mental retardation gene (Fmrl) and is the most
common inherited form of intellectual disability and autism
(Penagarikano et al., 2007; Abrahams and Geschwind, 2008).
Fmrl encodes fragile X mental retardation protein (FMRP), an
RNA-binding protein that may regulate dendritic mRNA trans-
lation (Bassell and Warren, 2008; Zukin et al., 2009). Synaptic
plasticity that relies on dendritic protein synthesis is abnormal in
Fmrl knock-out (KO) mice. Specifically, activation of group 1
(Gpl) metabotropic glutamate receptors (mGluRs) in hip-
pocampal CA1 neurons results in a long-term depression of ex-
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citatory synaptic transmission (mGluR-LTD) that requires rapid,
dendritic protein synthesis and is mediated by a reduction in
postsynaptic AMPA receptor number (Waung and Huber, 2009).
In Fmrl KO mice, mGluR-LTD is enhanced and independent of
new protein synthesis (Huber et al., 2002; Hou et al., 2006;
Nosyreva and Huber, 2006). One function of FMRP is to sup-
press translation of its target mRNAs (Napoli et al., 2008; Darnell
et al., 2011). Therefore, in Fmrl KO mice, loss of FMRP-
mediated translational suppression may lead to elevated steady-
state levels of “LTD proteins” and LTD that occurs in the absence
of new protein synthesis (Nosyreva and Huber, 2006).

A candidate “LTD protein” is the activity-regulated cytoskeletal-
associated protein (Arc) (Park et al., 2008; Waung et al., 2008).
Arc is an immediate-early gene that is induced in neurons in
response to salient experience (Link et al., 1995; Lyford et al.,
1995). Arc translation likely contributes to encoding of these ex-
periences because it is necessary for learning and experience-
dependent synaptic and behavioral plasticity (Bramham et al.,
2010). Upon induction, Arc mRNA is rapidly transported to den-
drites, where it is dendritically translated in response to mGluR
stimulation (Steward et al., 1998b; Park et al., 2008; Waung et al.,
2008). Arc is required for mGluR-LTD in both wild-type (WT)
and Fmrl KO mice (Park et al., 2008; Waung et al., 2008), where
it functions to stimulate endocytosis of AMPARs (Chowdhury et
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al., 2006). Arc mRNA interacts with FMRP (Zalfa et al., 2003;
Tacoangeli et al., 2008), but it is unknown whether or how FMRP
regulates dendritic Arc translation under basal conditions or dur-
ing plasticity.

Although FMRP functions as a translational suppressor, re-
cent work demonstrates that mGluRs trigger PP2A-mediated de-
phosphorylation of FMRP, which functions to de-repress or
activate translation of FMRP target mRNAs (Bassell and Warren,
2008). Phosphorylation of FMRP at a conserved serine (Ser500 in
humans) is more associated with stalled polyribosomes and also
stabilizes a microRNA—AGO2 complex with Psd95 mRNA, sup-
pressing its translation (Ceman et al., 2003; Muddashetty et al.,
2011). mGluR stimulation of neurons rapidly (<1 min) activates
PP2A, which dephosphorylates FMRP at Ser500, and stimulates
translation of the FMRP target mRNAs, Sapap3 and Psd95
(Narayanan etal., 2007, 2008; Muddashetty et al., 2011). The role
of rapid translational regulation by FMRP or its dephosphoryla-
tion in neuronal or synaptic function is unknown. Here, we pro-
vide evidence that PP2A and FMRP dephosphorylation function
as a translational switch in mGluR-stimulated dendritic Arc
translation and LTD.

Materials and Methods

Dissociated hippocampal neurons

Neuronal cultures were prepared from the CA1/CA3 hippocampal re-
gions of PO—P2 male hooded Long—Evans rats, and male and female WT
or Fimmrl KO (C56BL/6CR strain) or Arc KO mice as described previously
(Volk et al., 2007; Waung et al., 2008). Arc KO mice were obtained from
Dr. Kuan Hong Wang (National Institute of Mental Health-NIH,
Bethesda, MD) (Wang et al., 2006) and backcrossed to C57BL/6CR mice.
Neurons were plated in Neurobasal A medium supplemented with B27,
0.5 uM glutamine, and 1% fetal bovine serum at a density of ~400 neu-
rons/mm? onto glass coverslips coated overnight with 50 ug/ml poly-p-
lysine and 25 ug/ml laminin. Cultures were fed at 1 d in vitro (DIV), and
medium was replaced once a week thereafter with glial-conditioned me-
dia from wild-type mouse glial cultures as described previously (Viviani,
2006). Experiments were performed at 18—21 DIV.

Immunocytochemistry

All experiments were performed on at least three independent cultures
with two to three different coverslips per condition. For Arc, tubulin, and
GFP immunofluorescence, neurons were fixed and permeabilized with
ice-cold methanol (10 min), or fixed in 4% paraformaldehyde (37°C, 15
min) and permeabilized in 0.2% Triton X (10 min). Fixed cells were
incubated in primary anti-Arc [1:600; Synaptic Systems; 1:100; gift from
Dr. Paul Worley (The Johns Hopkins University, Baltimore, MD) (Ly-
ford et al.,, 1995)], primary anti-B83-tubulin (1:600; Abcam), primary
anti-microtubule-associated protein 2 (MAP2) (1:1000; Millipore), and
primary anti-GFP (1:600; Aves Labs). Primary antibodies were detected
with subsequent application of the appropriate Alexa Fluor 555
(AF555)-, AF546-, AF488-, or AF633-conjugated secondary antibody
(Invitrogen). To confirm the specificity of both anti-Arc antibodies used
in this study, we performed immunocytochemistry in dissociated hip-
pocampal neuron cultures prepared from WT and Arc KO littermates
(Wangetal., 2006). Figure 1 E demonstrates the results with the Synaptic
Systems antibody. Similar results were observed using the Arc antibody
provided by Dr. Paul Worley (data not shown). Fluorescence images
were acquired on a Nikon TE2000 microscope with a cooled CCD cam-
era (CoolSnap HQ; Roper Scientific) and quantified with MetaMorph
Meta Imaging Series software (Molecular Devices). For a given experi-
ment, images of cells across all conditions were collected on the same day
using the same duration and intensity of excitation light. For acquisition
of dendritic images, an oil-immersion, 63 X objective lens was used; and
for somatic images, a 20X objective lens was used. Healthy neurons were
first identified by their smooth soma and multiple processes under dif-
ferential interference contrast (DIC) microscopy. Using MetaMorph,
images used for somatic and dendritic analyses were set at a threshold
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value of at least thrice above background, which remained constant
within an experiment. For dendritic images, background values for each
image were obtained by measuring the average fluorescence intensity in a
circular region of ~70 wm? adjacent to a neuron. The product of the
total area and intensity above threshold of dendritic fluorescence that
was at least thrice the background was quantified and normalized to the
control (untreated or basal) conditions for each experiment. Dendritic
Arc immunofluorescence was analyzed in the most proximal 50 pwm
section of secondary dendrites (three per cell). The fluorescence values of
three dendrites were averaged and represented the value for a cell. A cell
equals an nof 1. Ten to 15 cells were analyzed per coverslip per condition.
For somatic Arc measurement, we quantified the product of the total area
and intensity above threshold in a circular area of ~60 wm 2 which was
placed in the center of a cell body. The threshold value was at least thrice
the background. To obtain background values for somatic imaging anal-
ysis, we measured the average fluorescence intensity in a circular area of
~60 um? within each region that was imaged. Five to 10 regions from
each coverslip were taken. Ten to 30 cell somas from each coverslip were
analyzed. Two to three different coverslips were used for each condition.
To aid the visualization of images in the figures, background fluorescence
was manually subtracted using the “adjust levels” tool in Adobe Photo-
shop. For a given experiment, levels were adjusted in exactly the same
manner as to maintain the same ratio of intensities across experimental
conditions.

Lentivirus production

FMRP “*P was cloned into the lentiviral vector FUGW (Lois et al., 2002)
obtained from Dr. Thomas Sudhof (Stanford University, Stanford, CA).
The FUGW vector was digested with EcoRI and BamHI, and the 9136 bp
product was gel purified. The human wt-FMRP “**-hpr construct de-
scribed previously (Darnell et al., 2005; Pfeiffer and Huber, 2007) was
digested with EcoRI, and the 5411 bp product was gel purified and di-
gested with BamHI. The 2593 bp product from the BamHI digestion of
wt-FMRP S*P_hpr was gel purified and ligated to the 9136 bp product of
the FUGW digestion. The lentiviral constructs of SSOODEMRP “** and
S500AFMRP “** were made similarly as the FUGW-EMRP “**, using the
FMRP-S500D-EGFP-hpr and FMRP-S500A-EGFP-hpr, respectively, as
described previously (Pfeiffer and Huber, 2007). For the production of
lentivirus, HEK293 cells were transfected with FMRP “** or FMRP phos-
phomutants and three helper plasmids (pRSV, pMDLg, and VSVG)
using the FuGENE transfection reagent (Roche) according to the man-
ufacturer’s directions. After 48 h, the medium was collected, filtered
through a 0.45 um filter, aliquoted, and stored at —80°C. Hippocampal
cultures were infected at 7-10 DIV at a titer (~250-300 U/ul) to infect
~85% of neurons and analyzed at 18—-21 DIV.

Fluorescence in situ hybridization

Antisense and sense oligonucleotide probes to Arc mRNA were obtained
from Dr. Gary Bassell (Emory University, Atlanta, GA) and labeled with
digoxigenin (Dig) (Roche). Fluorescence in situ hybridization (FISH)
was performed as previously described (Antar et al., 2004; Dictenberg et
al., 2008). Summarily, probes were detected by immunofluorescence
with a Cy3-conjugated mouse anti-Dig antibody and a Cy3-conjugated
anti-mouse IgG antibody (Jackson ImmunoResearch). Sense oligonucle-
otides against Arc were used as negative controls. Experiments were per-
formed on at least three separate cultures.

Electrophysiology

Slices. Hippocampal slices (400 wm) were prepared from postnatal day
21-55 hooded Long—Evans rats as described previously (Volk et al.,
2007). Dissected hippocampi were sliced in ice-cold dissection buffer
containing the following (in mwm): 2.6 KCl, 1.25 NaH,PO,, 26 NaHCO;,
0.5 CaCl,, 5 MgCl,, 212 sucrose, and 10 dextrose using a vibratome
(Leica VT 1000S). The slices were transferred into a recovery chamber
filled with ACSF containing the following (in mm): 124 NaCl, 5 KCI,
1.25 NaH,PO,, 26 NaHCO,, 2 CaCl,, 1 MgCl,, and 10 dextrose for
1-5 h. For recordings, slices were transferred to a submerged record-
ing chamber, maintained at 30°C, and perfused continuously with
ACSF at a rate of 2-3 ml/min. Extracellular field potentials (FPs) were
recorded with glass electrodes (1 MQQ) filled with ACSF and placed in
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the stratum radiatum of area CAl. FPs were evoked by monophasic
stimulation (200 us duration) of Schaffer collateral/commissural af-
ferents with a concentric bipolar tungsten stimulating electrode. Sta-
ble baseline responses were collected every 30 s using a stimulation
intensity (10-30 pA) yielding 50—60% of the maximal response. The
initial slope of the FPs was used to measure stability of synaptic re-
sponses and quantify the magnitude of LTD. Chemically induced
mGIuR-LTD was elicited by application of 100 um (RS)-3,5-
dihydroxyphenylglycine (DHPG) for 5 min.

Dissociated neuron cultures. Whole-cell voltage-clamp recordings were
performed on dissociated hippocampal neurons from WT, Fmrl KO,
and infected Fmrl KO (GFP, wild-type FMRP ¥, S500A-FMRP
S500D-FMRP “*F). All experiments were performed on at least three
separate cultures. Cells were visualized using infrared-DIC and GFP flu-
orescence to identify infected and noninfected neurons. Patch electrodes
(3-7 MQ) were filled with the following (in mm): 0.1 EGTA, 125
K-gluconate, 2.6 KCl, 1.3 NaCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na, 14
phosphocreatine-Tris, pH 7.2, adjusted to 285 mOsm with sucrose or
H,O. Cells were perfused at room temperature at 0.5 ml/min in Tyrode’s
solution composed of the following (in mm): 150 NaCl, 4 KCI, 2
MgCl,-6H,0, 10 glucose, 10 HEPES, 2 CaCl,-2H, 0, 0.1 picrotoxin, 0.001
TTX, pH 7.4, adjusted to 310 mOsm. Cells were voltage clamped at —60
mV. Series resistance and input resistance were measured in voltage
clamp with 400 ms, —10 mV step from a —60 mV holding potential
(Pfeiffer and Huber, 2007). Only cells with a holding current of <200 pA
and a series resistance of <40 M{) were used for analysis. In addition,
only cells that had a stable series resistance (<25% change) after DHPG
application were used. On average, DHPG did not affect series resistance
within any experimental group (Table 1). mEPSCs were detected off-line
using an automatic detection program (MiniAnalysis; Synaptosoft) with
a detection threshold set at a value of 5X the RMS noise.

Drug application

For extracellular field potentials and Western blotting in slices, the
slices were allowed to recover for 1 h and then incubated for at least
3 h in either ACSF/H,O or ACSF/100 nm okadaic acid (OA). Brief
DHPG application (100 wM, 5 min) was used to induce LTD in all of
the experiments. Dissociated rat hippocampal neurons were preincu-
bated in either 10 or 100 nm OA, or 100 num fostriecin for 2 h. Cultured
mouse neurons were preincubated in 10 nm OA for 1 h because this
was sufficient to enhance P-FMRP levels (see Fig. 3C), and we found
100 nm OA to be toxic to cultured mouse neurons. Similarly, incuba-
tion of acute mouse hippocampal slices in 100 nm OA (1-3 h; as we
used in rat slices; see Fig. 1A) severely reduced their viability as ob-
served by small or nonexistent FP recordings, which precluded us
from investigating the role of PP2A in mGluR-LTD in slices from WT
or Fmrl KO mice. PP2A inhibitors were present before, during, and
after DHPG stimulation. For protein synthesis inhibition, cultures
were incubated in anisomycin (20 um, 20 min) before DHPG appli-
cation and for the duration of the experiment.

Western blot analysis

For Western blots on dissociated hippocampal neurons (P18—-P21), neu-
rons were plated at a density of 4.5-5.0 X 104 cells, on 12-mm-diameter
coverslips, harvested in SDS sample buffer, and boiled at 90°C for 10 min.
A minimum of three coverslips were used for each condition. For West-
ern blots in hippocampal slices, slices were prepared as described for
electrophysiology from 21- to 28-d-old WT and Fmrl KO mice, and 21-
to 35-d-old hooded Long—Evans (Nosyreva and Huber, 2006). Slices
were homogenized in RIPA buffer, and protein concentrations were
measured with BCA protein assay (Pierce). Proteins were separated
by SDS-PAGE and immunoblotted with primary antibodies against
Arc (1:20,000; Synaptic Systems), FMRP [2F5-1 antibody; 1:2000
(Gabel et al., 2004); provided by Dr. Jennifer Darnell (Rockefeller
University, New York, NY)], phospho-FMRP (1:400; Abcam), Akt
(Cell Signaling; 1:5000), phospho-Akt (Cell Signaling; 1:5000), 83-
tubulin (1:5000; Abcam), ERK1/2 (1:5000; Cell Signaling), and actin
(1:100,000; Millipore). Blots were washed and incubated in appropri-
ate HRP-conjugated secondary antibody (1:5000; MP Biomedicals).
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Bands were detected using enhanced chemiluminescence, and densi-
tometric images from scanned films were analyzed with Image]J. For
optical density quantification, Arc and P-FMRP were normalized to a
loading control. Actin, total ERK, or tubulin was used as loading
controls because the levels were unchanged with the experimental
manipulations. For total ERK, bands at 42 and 44 kDa were quanti-
fied. All experiments were performed on at least three separate cul-
tures or three separate pairs (WT/Fmrl KO) of animals.

Statistical analysis

Student’s t test or two-way ANOVA, and post hoc Bonferroni’s or New-
man-Keuls multiple-comparison tests were used for statistical analysis,
where indicated: *p < 0.05, **p < 0.01, ***p < 0.001.

Results

PP2A is necessary for an early, immediate phase of
mGluR-triggered LTD and increases in dendritic Arc protein
To determine whether FMRP dephosphorylation and PP2A play
arole in mGluR-LTD, we preincubated acute hippocampal slices
prepared from mature Long—Evans rats in the PP2A inhibitor
OA. We chose to use 100 nM OA because OA is 100 times more
effective against PP2A compared with PP1 (Swingle et al., 2007)
and 3 h incubation of rat brain slices in 100 nM OA selectively
inhibits PP2A over PP1 or PP2B (Gong et al., 2000). Further-
more, OA treatment of hippocampal slices (100 nm; 1-3 h) is
sufficient to increase phosphorylation of FMRP (at S499) and
that of another PP2A substrate (Akt) (Padmanabhan et al., 2009)
as observed with Western blotting using phosphospecific anti-
bodies (Fig. 1 B). Population or field EPSPs (FPs) were measured
in stratum radiatum of area CAl in response to extracellular
stimulation of CA3 Schaffer collateral axons as described previ-
ously (Huber etal., 2000). LTD was induced with the Gpl mGluR
agonist DHPG [100 uM; 5 min (Huber et al., 2000)]. Preincuba-
tion in OA reduced LTD magnitude measured at 30 —40 min after
DHPG (86 = 3% of baseline; n = 13) compared with interleaved
vehicle-treated slices [vehicle (water); 76 = 2% of baseline; n =
13 slices; p < 0.05; Fig. 1 A]. However, at 1 h after DHPG, LTD
magnitude of OA-treated slices returned to similar levels as
vehicle-treated controls (OA, 80 = 2%; vehicle, 76 = 3%). These
results suggested that PP2A is required for an early, but not a late
phase of mGluR-LTD.

Brief mGluR stimulation results in a rapid (5 min) and persis-
tent increase in Arc levels lasting at least 1 h after DHPG applica-
tion. Previous work demonstrated that the rapid increases in Arc
in response to the Gpl mGluR agonist, DHPG, were due to local
translational activation of Arc in dendrites from preexisting
mRNA (Park et al., 2008; Waung et al., 2008), whereas the later
increases in Arc protein are likely due to mGluR-induced tran-
scription of Arc (Park et al., 2008; Taylor et al., 2010). We hypoth-
esized that the role of PP2A in mGluR-LTD is to regulate rapid,
FMRP-mediated translational control of LTD proteins, such as
Arc, in dendrites. To test this idea, we examined the effects of
PP2A inhibitors on DHPG-induced increases in dendritic Arc
protein in dissociated hippocampal neuron cultures using im-
munocytochemistry. Pretreatment of cultures with OA (10
nM; 1 h) blocked mGluR-induced increases in dendritic Arc
levels observed at 5 min after DHPG treatment, but did not
affect basal dendritic Arc levels nor late increases in dendritic
Arc at 60 min after DHPG (Fig. 1C). Fostriecin (100 nMm), a
PP2A inhibitor that is structurally different from OA and
10,000 times more selective for PP2A over PP1 (Swingle et al.,
2007), also blocked mGluR-induced increases in early den-
dritic Arc (Fig. 1 D). Interestingly, 100 nM fostriecin (Fig. 1D,)
or a higher concentration of OA (100 nwm; basal, 100 = 8%; 100
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Figure1.  PP2Ainhibitors reveal a rapid, early phase of mGluR-induced LTD and synthesis of dendritic Arc. A, Incubation of acute rat hippocampal slices in the PP2A inhibitor, OA (100 nw; 1-3 h),
significantly reduces mGIuR-LTD by DHPG (100 um; 5 min) at 30— 40 min (ACSF, 76 == 2%; 0A, 86 == 3%; *p << 0.05) but not at 50— 60 min (ACSF, 76 == 3%; 0A, 80 = 2%). Plotted are average
(==SEM) initial slope values of FPs normalized to the pre-DHPG baseline. Inset, FP waveforms from a representative experiment are taken at the time points indicated on the graph (1, 2, and 3).
Calibration: 0.2 mV, 10 ms. B, Pretreatment of acute rat hippocampal slices with 100 nm OA (3 h) increased the phosphorylated (5499) FMRP (P-FMRP) and phosphorylated Akt (P-Akt). Top panel,
Representative Western blot of P-FMRP and total FMRP, and P-Akt and total Akt from vehicle (H,0)- and OA-treated slices. Bottom panel, Quantification of P-FMRP normalized to total FMRP (Veh,
1.00 == 0.05; 0A, 1.51 = 0.19; n = 3 rats) and P-Akt normalized to total Akt (Veh, 1.00 == 0.19; 0A, 1.73 = 0.17; n = 2 rats). Statistical analysis was by Student’s ¢ test, p << 0.05. €, Application
of OA (10 nw; 1 h) prevents the rapid but not late increase in dendritic Arc in response to the Gp1 mGluR agonist DHPG (100 wum; 5 min) in dissociated rat hippocampal neurons (DIV 18 -21). (;,
Representative images of Arc immunofluorescence at 5 min after DHPG application. Scale bars: 20 and 5 um. C,, C;, Group averages (= SEM) of quantified dendritic Arc immunofluorescence
intensity at 5 min (C,) and 60 min (C;) after treatment with vehicle (H,0) or DHPG for each condition. Arc levels are normalized to basal, vehicle-treated neurons of the same culture preparation. C,,
Vehicle, 1.00 = 0.06; DHPG (normalized to basal vehicle), 1.46 == 0.08; 0A, 0.92 == 0.06; OA plus DHPG, 0.99 = 0.07.C;, Vehicle, 1.00 = 0.05; DHPG, 1.30 == 0.05; 0A, 1.05 == 0.05; A plus DHPG,
1.30 == 0.05. D, Pretreatment of neuronal cultures with a structurally distinct PP2A inhibitor, fostriecin (100 nm; 1h), lowers basal Arc and prevents the rapid increase in dendritic Arcin response to
DHPG. D,, Representative images of Arc staining in dissociated hippocampal neurons (DIV 18-21) at 5 min after DHPG application. Scale bars, 20 and 5 wm. D,, Quantification of dendritic Arc
immunofluorescence at 5 min after treatment with vehicle (H,0) or DHPG for each condition. Arc levels are normalized to basal, vehicle-treated cells. Vehicle, 1.00 = 0.06; DHPG, 1.47 == 0.09; Fos,
0.75 = 0.07; Fos plus DHPG, 0.82 = 0.07. For group data in Cand D, N = number of cells per condition. Ten to 15 cells/culture were obtained for each condition, and the experiment was repeated
in three to four independent culture preparations. Statistical analysis was as follows: two-way ANOVA, Bonferroni's post hoc comparison, *p << 0.05, ***p << 0.001. E, Representative Arc
immunofluorescence (Synaptic Systems c-Arc antibody) and DICimages from cultures prepared from WT and Arc KO littermates demonstrating the specificity of the antibody. Scale bar, 20 m.
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Figure2.  FMRP suppresses dendritic Arc protein levels. A, Total Arc levels in Fmr7 KO are unchanged as assessed by Western blotting of hippocampal homogenates from WT and Fmr7 KO mice.
Left panel, Representative Western blot. Right panel, Group average of Arc/actin levels normalized to WT. N = 12 mice per genotype. B, Dendritic Arcimmunofluorescence is greater in Fmr7 KO
neurons. B,, Representative images of Arcimmunofluorescence in dissociated hippocampal neurons (DIV 18 —21) from WT and Fmr7 KO. Scale bars, 20 and 5 um. B,, Group averages of quantified
somatic and dendritic Arcimmunofluorescence levels. Soma: WT, 1.00 = 0.02; Fmr7KO, 0.78 == 0.02. Dendrite: WT, 1.00 = 0.13; Fmr1 KO, 2.88 = 0.18. €, Double immunofluorescence images of
GFP (green) and FMRP (red) in hippocampal CAT1 tissue sections of GFP/Fmr7 mosaic mice demonstrating the coexpression of GFP and FMRP. Scale bar, 20 um. D, Basal dendritic Arc levels are
elevated in Fmr1 KO neurons of GFP/Fmr1 mosaic mice. D, Double immunofluorescence images of GFP (green) and Arc (red) in dissociated hippocampal neurons (DIV 18 —21). The white arrows
indicate Fmr7 KO (GFP—) cell. D, Left panel, Quantification of somatic and dendritic Arc immunofluorescence levels from neighboring WT and Fmr1 KO neurons using a rabbit polyclonal Arc
antibody from Synaptic Systems in GFP/FmrT mosaic cultures. Values are normalized to WT (GFP +) basal [vehicle (H,0)-treated] neurons of the same culture. Soma: WT, 1.00 == 0.03; K0, 0.91 ==
0.04; dendrite: WT, 1.00 == 0.08; KO, 3.21 == 0.32. DHPG treatment of GFP/Fmr1 mosaic cultures increases dendritic Arc levels in WT neurons, but not in neighboring Fmr7 KO neurons, where Arc
levels are greatly elevated in basal conditions. WT (DHPG), 1.62 == 0.13; KO (DHPG), 2.84 == 0.23. Right panel, Quantification of the ratio of dendritic Ar/MAP2 immunofluorescence in neighboring
WT and Fmr1 KO neurons from GFP/Fmr1 mosaic cultures. D;, Quantification of somatic and dendritic Arc immunofluorescence levels from neighboring WT and Fmr7 KO neurons cultured from
GFP/Fmr1 mosaic mice using different Arc polyclonal antibody provided by Dr. Paul Worley (Lyford et al., 1995). Soma: WT, 1.00 == 0.03; KO, 0.83 == 0.02. Dendrite: WT, 1.00 == 0.11;K0, 2.5 = 0.87.
E, FISH reveals similar dendritic Arc mRNA levels in dissociated cultured WT and Fmr7 KO neurons prepared from hippocampi of GFP/Fmr1 mosaic mice. «-GFP column, GFP staining identifies WT
(GFP+) and Fmr7 KO (GFP—) cells. ce-dig column, Digoxigenin staining identifies hybridized digoxigenin-labeled antisense and sense (control) oligo-probes. Arc sense probes are unstained. DIC
column, DICimages of dendrites. Overlay column, Overlay images of digoxigenin-labeled probes (red) on DICimages of respective dendrites. Scale bar, 5 pm. F, Neuronal activity does not affect the
difference in basal dendritic Arc levels between WT and Fmr1 KO. Left panel, Representative images of Arc staining in WT and Fmr1 KO neurons from GFP/FmrT mosaic mice. Scale bar, 5 um. Right
panel, Quantification of basal dendritic Arc levels in vehicle (H,0) and TTX (1 wm; 14—18h). Values are normalized to WT in vehicle. Veh: WT, 1.00 == 0.06; Fmr1 KO, 1.90 == 0.18; TTX: WT, 0.61 £
0.05; Fmr7K0, 1.30 == 0.10. For group datain B, D, and F, N = number of cells per condition. Ten to 15 cells/culture were obtained for each condition, and experiment was repeated in three to four
independent culture preparations. Statistical analysis was by two-way ANOVA, Bonferroni’s post hoc comparison: *p << 0.05, **p << 0.01, ***p << 0.001.

nM OA, 72 £ 6%) that causes hyperphosphorylation of FMRP
(Narayanan et al., 2007) suppressed basal dendritic Arc levels.
To confirm the specificity of the anti-Arc antibody, we per-
formed immunocytochemistry in dissociated hippocampal
neuron cultures prepared from wild-type and Arc KO litter-
mates (Wang et al., 2006) (Fig. 1E).

Dendritic Arc levels are elevated in Fmr1 KO neurons
To determine how FMRP and its phosphorylation regulate Arc,
we next used WT and Fmrl KO mice. Arc mRNA interacts with

FMRP, either directly and/or indirectly, but it is unclear whether
or how FMRP regulates protein levels of Arc (Zalfa et al., 2003;
Park et al., 2008). Because Arcis an “LTD protein,” we hypothesized
that hippocampal Arc levels are elevated in Fmrl KO neurons and
contribute to the enhanced and protein synthesis-independent
LTD. However, we did not observe any difference in total Arc
levels in the hippocampi of WT and Fmrl KO mice (Fig. 2A).
FMRP has been suggested to function as a dendritic translational
suppressor (Bassell and Warren, 2008). Therefore, we examined
dendritic Arc levels using immunocytochemistry in dissociated
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neuron cultures prepared from WT and Fmrl KO mouse hip-
pocampi. Consistent with a translation suppression function of
EMRP, Arclevels, as measured by immunofluorescence intensity,
were enhanced in the dendrites of Fmr]1 KO neurons (Fig. 2 B). In
contrast, Arc levels were reduced in the soma of Fmrl KO neu-
rons compared with WT neurons in sister cultures. To determine
whether the enhanced dendritic Arc reflected a cell-autonomous
effect of FMRP, we prepared dissociated hippocampal neurons
from GFP/FmrI mosaic mice that were generated by crossing the
FmrI KO line with mice that carry a GFP vector on the X chro-
mosome (Hadjantonakis et al., 1998; Hanson and Madison,
2007). Due to X inactivation, cells of heterozygous females are
mosaic; that is, GFP+ cells express FMRP (“wild type”) and are
intermingled with GFP— cells that are Fmrl KO. Coexpression of
FMRP and GFP in the hippocampus of GFP/Fmr] mosaic mice
was confirmed using immunohistochemistry (Fig. 2C). In disso-
ciated neuron cultures of GFP/Fmr] mosaic mice, we observed
similar results to that in the complete Fmrl KO. Fmrl KO
(GFP—) cells had elevated dendritic Arc levels compared with
neighboring WT (GFP+) cells on the same coverslip (Fig.
2D,,D,), whereas the opposite trend was observed in the cell
soma of KO (GFP—) neurons compared with WT (GFP+) neu-
rons. Furthermore, Arc levels, when normalized to immunoflu-
orescence for the dendritic marker MAP2, were elevated in Frmrl
KO dendrites (Fig. 2 D,). This same compartment-specific regu-
lation of Arc levels was confirmed with two different rabbit poly-
clonal antibodies to Arc (from Synaptic Systems; Fig. 2B, D,; or
from Dr. Paul Worley; Fig. 2 D;) (Lyford et al., 1995).

Arc is an activity-dependent gene, and elevated Arc levels
could be a result of enhanced activity or excitability of Fmrl KO
neurons driving Arc transcription (Link et al., 1995; Lyford et al.,
1995). We tested this idea in two ways, by examining the level of
Arc mRNA in dendrites and the effects of activity blockade on
dendritic Arc protein levels in WT and Fmrl KO neurons. To
measure dendritic Arc mRNA, we performed FISH for Arc
mRNA in the GFP/Fmr] mosaic cultures as described previously
(Dictenberg et al., 2008). Previous work demonstrated that hip-
pocampal Fmrl KO neurons have normal steady-state and
mGluR-induced trafficking of Arc mRNA (Steward et al., 1998a;
Dictenberg et al., 2008). Consistent with these reports, we did not
detect a difference in the levels of dendritic Arc mRNA between
WT (GFP+) and neighboring Finrl1 KO (GFP—) neurons in cul-
ture [Fig. 2 E; WT: 1.00 * 0.08, n = 53; KO: 0.90 = 0.08 (Arc FISH
intensity; normalized to WT neurons), n = 52]. To test the role of
neuronal activity, GFP/Fmrl mosaic cultures were treated for
14-18 h with TTX (1 um) to block action potentials. TTX re-
duced dendritic Arclevels in both WT and Fmr1 KO neurons but
did not abolish the difference between genotypes (Fig. 2F). In
other words, dendritic Arc levels remain elevated in Fmrl KO
neurons in the presence of TTX. These results indicate that the
elevated dendritic Arc in Fmrl KO dendrites is not a consequence
of increased activity-dependent Arc transcription or dendritic
mRNA levels and support a cell-autonomous role for FMRP in
suppression of dendritic Arc translation.

FMRP and PP2A are necessary for rapid, but not late,
mGluR-induced expression of dendritic Arc protein

To determine the role of FMRP phosphorylation in mGluR-
triggered dendritic Arc increases, dissociated hippocampal cul-
tures from WT and Fmrl KO mice were pretreated with OA (10
nM; Fig. 3). As observed in slices, OA treatment of WT cultures
increased phosphorylated FMRP levels (Fig. 3C) (Narayanan et
al., 2007). OA also blocked the rapid, mGluR-induced increases
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in dendritic Arc protein observed with immunocytochemistry
(Fig. 3A,) and total Arc protein observed with Western blotting
(Fig. 3B). As observed in rat cultures, the late increases in den-
dritic Arc, observed at 1 h after DHPG, were resistant to OA (Fig.
3A;). In contrast to WT cultures, DHPG treatment of Fmrl KO
neuron cultures failed to evoke a rapid expression of dendritic
Arc. However, DHPG evoked small, but significant increases in
dendritic Arc in Frmrl KO neurons at late time points (Fig. 3D;)
(Park et al., 2008). In the presence of OA, there was a trend for
DHPG to increase dendritic Arc at late time points, but this did
not reach statistical significance despite the large number of cells
(p = 0.058; OA, n = 85; OA+DHPG, n = 97; Fig. 3D;). There-
fore, the role of PP2A in the late Arc increases in Fmrl KO
neurons is unclear. To determine whether FMRP plays a cell-
autonomous role in mGluR-triggered and rapid increases in den-
dritic Arc levels, we treated GFP/Fmrl mosaic cultures with
DHPG and obtained similar results to those obtained in the com-
plete Fmrl KO cultures—a rapid increase in dendritic Arc levels
in WT (GFP+) neurons, but not in neighboring Fmrl KO
(GFP—) dendrites (Fig. 2 D,). Interestingly, the level of dendritic
Arc in DHPG-treated WT neurons did not reach that observed
basally in Fmrl KO neurons (Fig. 2D,). These results provide
support for two phases of mGluR-triggered Arc translation—an
early, immediate phase that is mediated by PP2A and FMRP,
and a late phase that is independent of these proteins and
mediated either by other translational or transcriptional con-
trol mechanisms.

The translation inhibitor anisomycin blocks mGluR-LTD in
hippocampal slices prepared from WT, but not Fmrl KO mice
(Hou et al., 2006; Nosyreva and Huber, 2006). Because of the
evidence for Arc as an LTD protein (Park et al., 2008; Waung et
al., 2008), we considered the possibility that mGluR-triggered,
late increases in dendritic Arc in Fmrl KO neurons may be, like
LTD, independent of de novo translation. Therefore, we tested the
effects of anisomycin on the late increases in dendritic Arcin WT
and Fmrl KO neurons. In WT cultures, anisomycin completely
blocked DHPG-induced dendritic Arc expression consistent with
the anisomycin block of mGluR-LTD (Fig. 3A,). Although
DHPG evoked a small increase in dendritic Arc in anisomycin-
treated Fmrl KO neurons, this was not statistically significant
(Fig. 3D,). Therefore, this result indicates that the late increases
in dendritic Arc in Fmrl KO neurons rely on translation (Fig.
3D,), likely from mGluR-triggered increases in Arc mRNA (Park
etal.,2008; Taylor etal., 2010). The fact that mGIluR-LTD persists
in Fmrl KO mice in the presence of anisomycin suggests that
mGluR-LTD does not use the mGluR-induced, late Arc increases
but instead relies on preexisting Arc protein (Park et al., 2008).

Phosphomimic FMRP at S500 suppresses basal Arc, and
dephosphorylation of FMRP is necessary for mGluR-induced,
early dendritic Arc expression

To determine whether the phosphorylation state of FMRP regulates
basal and mGluR-triggered dendritic Arc expression, we performed
rescue experiments with an N-terminally GFP-tagged wild-type
FMRP (FMRP “**) and phosphorylation site mutants of FMRP. Our
immunohistochemistry results in WT and Fmr1 KO mice suggested
that FMRP suppresses basal dendritic Arc levels and is necessary for
the mGluR-induced, rapid dendritic Arc synthesis. Consistent with
this prediction, expressing FMRP ™ in dissociated Fmr1 KO hip-
pocampal neurons reduced basal dendritic Arc levels by 30% com-
pared with sister Frmrl KO cultures infected with GFP only (Fig.
4A,). Furthermore, expression of FMRPS™ restored mGluR-
induced, early dendritic Arc synthesis in these neurons (Fig. 4A).
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Figure3.  FMRP and PP2A are necessary for a rapid, mGluR-induced increase in dendritic Arc expression. 4, Application of OA (10 nm; 1 h) blocks the rapid but not late increase in dendritic Arc
protein in response to mGluR activation by DHPG (100 wum; 5 min) in dissociated WT mouse hippocampal neurons. 4,, Representative images of Arc immunofluorescence at 5 min after DHPG or
vehicle (H,0) treatment. Scale bars, 20 and 5 .um. Quantification of dendritic Arc levels at 5 min (4,) and 60 min (A;) after addition of DHPG. Values are normalized to basal, vehicle-treated cells. 4,
Vehicle, 1.00 = 0.08; DHPG, 1.43 = 0.08; 0A, 1.09 = 0.06; OA plus DHPG, 1.04 == 0.07. 4;, Vehicle, 1.00 = 0.04; DHPG, 1.31 = 0.04; 0A, 0.99 = 0.05; OA plus DHPG, 1.19 = 0.05. 4,, The
translation inhibitor, anisomycin (20 m; 20 min before DHPG application), blocks mGluR-induced, late expression of dendritic Arc by DHPG. Values are normalized to basal, vehicle-treated cells.
Vehicle, 1.00 = 0.04; DHPG, 1.34 == 0.05; Aniso, 1.13 == 0.06; Aniso plus DHPG, 0.95 == 0.05. B, Pretreatment of OA (10 nm; 1h) prevents DHPG-induced, rapid, total Arc synthesis in dissociated WT
mouse hippocampal neurons. Top panel, Representative Western blot of Arc and actin. Bottom panel, Quantification of Arc levels normalized to basal, vehicle-treated cells. Vehicle, 1.00 == 0.03;
DHPG, 1.49 = 0.13; 0A, 1.20 == 0.12; OA plus DHPG, 1.07 == 0.11; n = 6 cultures. Actin was used as a loading control. C, P-FMRP level is elevated in OA-treated (10 nm; Th), dissociated WT mouse
hippocampal neurons. Top panel, Western blot of whole-cell lysates from WT neurons in the presence of vehicle or OA. Bottom panel, Quantification of P-FMRP/tubulin normalized to vehicle-treated
cells. Veh, 1.00 = 0.12; 0A, 1.62 == 0.23. Statistical analysis was by Student’s t test, p << 0.05. D, mGluR-induced, rapid synthesis of dendritic Arc by DHPG (100 wum, 5 min) is absentin Fmr1K0. D,
Representative images of Arcimmunofluorescence at 5 min after DHPG in vehicle- or OA-pretreated neurons. Scale bars, 20 and 5 m. Quantification of dendritic Arc levels at 5 min (D) and 60 min
(D,) after addition of DHPG. Values are normalized to basal, vehicle-treated cells. D,, Vehicle, 1.00 = 0.06; DHPG, 1.05 = 0.07; 0A, 1.11 == 0.09; OA plus DHPG, 1.10 == 0.07. D, Effects of mGIuR
stimulation on dendritic Arclevels at 1h after DHPGin vehicle- (basal, 1.00 = 0.06; DHPG, 1.26 == 0.05) or OA-treated cultures (0A, 1.09 = 0.05; OA plus DHPG, 1.24 == 0.06; p = 0.058). D,,, Effects
of mGluR stimulation on dendritic Arc levels at 1 h after DHPG in vehicle- (basal, 1.00 == 0.04; DHPG, 1.17 == 0.04) or anisomycin-treated cultures (Aniso, 0.92 == 0.04; Aniso plus DHPG, 1.04 == 0.05).
Values are normalized to basal, vehicle-treated cells. For allimmunofluorescence quantification figures in Aand D, N = number of cells per condition. Ten to 15 cells/culture were obtained for each
condition, and experiment was repeated in three to fourindependent culture preparations. For all four group comparisons (4, B, D), statistical analysis was by two-way ANOVA, Bonferroni’s post hoc
comparison: *p << 0.05; **p < 0.01; ***p < 0.001.

The suppression of dendritic Arc levels by FMRP was not due to a
general inhibition of dendrite size or protein expression because
FMRP “** had no effect on dendritic immunofluorescence of 83-
tubulin (Fig. 4C). Lentiviral transfection of FMRP “*" into Fmr1 KO
neurons did not affect total levels of Arc as assessed by Western
blotting (Fig. 4B,), similar to what we observe in WT cultures (Fig.
2A). This is likely because FMRP “** increased basal somatic Arc by
185 £ 10% (n = 191; p < 0.001) compared with GFP-transfected
neurons (n = 127). However, FMRP“™ transfection rescued
DHPG-induced increases in total Arc levels in contrast to GFP-
infected Fmrl KO cultures (Fig. 4B;).

Since our findings implicate the FMRP phosphatase, PP2A,
in mGluR-triggered dendritic Arc expression, we examined

whether the dephosphorylation of FMRP at S500 regulated the
mGluR-induced, early dendritic Arc synthesis. We used lentivirus to
transfect dissociated hippocampal neurons of Finrl KO mice with
GFP-tagged phosphorylation site mutants of FMRP “", namely a
dephosphomimic (S500A) and a phosphomimic (S500D). The
S500A-EMRP “** and S500D-FMRP “** are expressed at similar lev-
els to FMRP ™ in hippocampal neurons and are properly localized
to dendrites (Pfeiffer and Huber, 2007). Like wild-type FMRP, ex-
pression of S500D-FMRP “** in Fmr1 KO neurons suppressed basal
dendritic Arc expression compared with GFP-infected sister cul-
tures. However, S500D-FMRP did not rescue DHPG-induced stim-
ulation of dendritic Arc levels (Fig. 5A). Expression of SS00A-FMRP
neither suppressed dendritic Arc protein nor rescued mGluR-



Niere et al. @ FMRP Regulation of Arc and mGIuR-LTD J. Neurosci., April 25,2012 - 32(17):5924 -5936 * 5931

A Fmr1 KO A
FMRPG 2 aBasal
N =DHPG
_ ro .
o 515 ——
3 B ey
©
$S10
5%
c o
o 8£05
e £
o
o <00

GFP  FMRPSF

B
D
B1 Fmr1 KO + FMRPS* | Fmrl KO + GFP C2
Basal | DHPG | Basal | DHPG
FIMRP-GFP " s s sn
; 2 =
- - - 515
= @©
ACn e s o e s — _8§10
] B
GFp [ - o2
2o
s &
B2 B3 c =05
1.5 1.5 a ge
S
2 g
2 < £00
1.0 310 GFP  FMRPSF
b = oBasal
s s
3 £ =DHPG
- -
0.0

GFP FMRPSP OO GFP FMIRPST?

Figure4.  Acute expression of wild-type FMRPin Fmr7KO neurons lowers basal dendritic Arcand rescues mGluR-induced, rapid expression of Arc. A—C, Fmr7KO neuronal cultures were transfected
using lentivirus expressing GFP (control) or an N-terminally GFP tagged FMRP (FMRP 7). For quantification, values are normalized to GFP-infected, vehicle-treated (basal, H,0) cells, except B;. A,,
Representative images of Arc and GFP immunofluorescence of Fmr1 KO neurons transfected with either GFP or FMRP GFP and then treated with vehicle or DHPG (100 um; 5 min). Scale bars, 20 and
5 wm. A,, Quantification of dendritic Arc levels. Basal (GFP), 1.00 == 0.08; DHPG (GFP), 0.9 = 0.08; basal (FMRP ), 0.67 == 0.08; DHPG (FMRP %), 0.97 = 0.09. B, Representative Western blot
of Arcand actin from Fimr7 KO cultures transfected with either GFP or FMRP . B,, GFP- and FMRP-transfected cells express similar levels of total Arc. GFP, 1.00 = 0.02; FMRP, 0.92 = 0.12. By,
mGluR activation increases total Arc levels in FMRP ®FP-transfected Fmr1 KO cells, but not GFP-transfected. Values are normalized to respective basal conditions. Basal (GFP), 1.00 == 0.02; DHPG
(GFP), 1.11 = 0.06; basal (FMRP "F), 1.00 = 0.03; DHPG (FMRP ), 1.29 = 0.13; n = 5 independent cultures. C;, Representative images of double immunofluorescence for 33-tubulin (red) and
GFP (green) of infected cells treated with vehicle or DHPG. Scale bars, 20and 5 um. €, Tubulin levels are similar in GFP- and FMRP-infected cells. Basal (GFP), 1.00 == 0.10; DHPG (GFP), 0.89 == 0.08;
basal (FMRP ), 0.90 = 0.08; DHPG (FMRP ¢7"), 0.92 = 0.09. For immunofluorescence quantification (4, €), N = number of cells per condition. Ten to 15 cells/culture were obtained for each
condition, and experiment was repeated in three to four independent culture preparations. For all four group comparisons (4, B;, €), statistical analysis by two-way ANOVA, Bonferroni’s post hoc

comparison: *p << 0.05; **p << 0.01. For B,, Student’s  test was used.

stimulated dendritic Arc (Fig. 5B). These results support a model in
which FMRP, when phosphorylated at S500, functions as a transla-
tional suppressor of Arc mRNA, and dephosphorylation at this site
by PP2A is necessary for mGluR-triggered dendritic Arc expression.

FMRP dephosphorylation at S500 is required for
mGluR-induced depression of mEPSCs

FMRP and its phosphorylation state at S500 affect the basal and
mGluR-induced rapid increases in dendritic Arc levels in cul-
tured neurons. Thus, we examined the effects of FMRP and phos-
phorylation site mutants on mGluR-induced depression of
synaptic transmission in dissociated hippocampal cultures. In
dissociated hippocampal neuron cultures prepared from rat,
DHPG-induced LTD is typically manifested as a decrease in the
frequency of mEPSCs, which requires postsynaptic Tyr phospha-
tase activity and Arc, and correlates with decreases in postsynap-
tic AMPAR surface expression (Snyder et al., 2001; Xiao et al.,
2001; Moult et al., 2006; Waung et al., 2008; Sanderson et al.,
2011). These results support a postsynaptic expression mecha-
nism for DHPG-LTD. In contrast to rat hippocampal cultures,
DHPG (100 w™m; 5 min) did not induce a depression of mEPSC
frequency when applied to cultured WT mouse hippocampal

neurons (105 £ 8% of baseline; n = 11 cells) (Fig. 6, Table 1).
However, in Fmrl KO cultures, DHPG induced a depression of
mEPSC frequency (72 = 5% of baseline; n = 8; measured at 5-15
min after DHPG washout; Fig. 6). These results are consistent
with the enhanced, DHPG-induced LTD of evoked synaptic
transmission observed in Fmrl KO hippocampal slices (Huber
et al., 2002). To test whether the enhanced mGluR-induced de-
pression of mEPSC frequency in Frmrl KO neurons was due to an
acute role of FMRP, as opposed to a developmental one, we ex-
pressed GFP (control) or EMRP “™* in Fynrl KO neurons using len-
tivirus. DHPG application to EMRP “™-infected Fmr1 KO neurons
did not evoke a depression of mEPSC frequency (114 * 6% of base-
line; n = 11; Fig. 6) and mimicked what was observed in WT neu-
rons. In contrast, GFP-infected Fmrl KO neurons displayed a
reduction in mEPSC frequency after DHPG application (76 =
9% of baseline; n = 14) and were not different from untrans-
fected Fmrl KO neurons. We next examined whether FMRP
phosphorylation at S500 affected mGluR-induced depression of
mEPSC frequency by expressing S500A-FMRP “** or S500D-
FMRPS** in Fmrl KO cells. Fmrl KO neurons expressing
S500D-FMRP “**, which suppresses dendritic Arc levels and
mGluR-triggered Arc increases (Fig. 5), failed to display DHPG-
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induced depression of mEPSC frequency
(125 % 17% of baseline; n = 13; Fig. 6). In
contrast, cells expressing  S500A-
FMRP P, which neither suppressed den-
dritic Arc nor rescued mGluR-induced
Arc synthesis (Fig. 5), displayed a depres-
sion in mEPSC frequency with mGluR ac-
tivation (81 = 6% of baseline; n = 16).
There were no significant differences in
mEPSC amplitude, series resistance, hold-
ing current, or input resistance among the
different genotypes or lentiviral expressed
proteins (Table 1). These results support
the hypothesis that FMRP, when phos-
phorylated at S500, suppresses basal den- B

dritic Arc levels and inhibits mGluR-LTD GFP

(Fig. 7).

Discussion

An acute, cell-autonomous role for
FMRP in Arc translation and LTD
mGluR-LTD is enhanced and indepen-
dent of protein synthesis in Frnrl KO mice
(Huber et al., 2002; Hou et al., 2006;
Nosyreva and Huber, 2006). However,
whether FMRP plays an acute role in LTD
or the nature of FMRP function in LTD is
unknown. Here, we provide evidence that
FMRP functions as a translational switch to
regulate steady-state dendritic Arc levels
and mGluR-triggered Arc synthesis during
LTD. FEMRP, when phosphorylated at
S500, functions to repress steady-state
dendritic Arc levels and LTD. In response
to Gpl mGluR stimulation, FMRP is rap-
idly dephosphorylated by PP2A (Naray-
anan et al., 2007), which is necessary for
mGluR-triggered, rapid increases in den-
dritic Arc and LTD (Fig. 7). FMRP also
serves a similar dual translational control
for other target mRNAs, such as Sapap3
and Psd95 (Narayanan et al., 2007; Mud-
dashetty et al., 2011; Coffee et al., 2012), suggesting that FMRP
phosphorylation/dephosphorylation may be a common mecha-
nism for FMRP-mediated translational control.

aArc

Figure 5.

PP2A and FMRP dephosphorylation are necessary for an
immediate, early phase of mGluR-triggered Arc translation
and LTD

The role of protein Ser/Thr phosphatases in mGluR-LTD is un-
clear. OA was reported to enhance DHPG-LTD (Schnabel et al.,
2001), although at a 10 times greater concentration than used
here, which likely inhibited PP1 (Swingle et al., 2007). In contrast,
another study observed normal mGluR-LTD in a transgenic
mouse that expresses the SV40 small-t-antigen, a PP2A inhibitor
(Nicholls et al., 2008). However, the level of PP2A activity in this
transgenic mouse was not demonstrated. Differences in species
and slice preparation among studies may also contribute to vary-
ing results. Here, we use a low OA concentration, which selec-
tively inhibits PP2A (Gong et al., 2000) and find it attenuates an
early, but not late phase of DHPG-LTD. Consistent with this
finding, OA and a distinct PP2A inhibitor, fostriecin, block the
immediate, mGluR-induced increase in dendritic Arc levels, but
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Phosphomutant constructs of S500 FMRP differentially affect basal dendritic Arc and do not rescue mGluR-induced,
rapid dendritic Arc expression. A, B, Fmr1 KO neuron cultures were infected with lentivirus expressing either GFP (control) a
phosphomimetic or dephosphomimetic of FMRP ¢ (S500D- or S500A-FMRP ). For quantification of basal dendritic Arc, values
are normalized to GFP-infected, vehicle-treated (basal, H,0) cells. mGluR activation was induced by applying DHPG (100 m; 5
min). Scale bars, 20and 5 m. 4, S500D-FMRP GFP a phosphomimic form of FMRP, lowers basal dendritic Arc, but does not rescue
mGluR-induced increase in dendritic Arc. Left panel, Representative images of infected cells stained for Arc (red) and GFP (green)
under basal condition. Right panel: Basal (GFP), 1.00 = 0.05; DHPG (GFP), 0.87 = 0.05; basal (S500D-FMRP ), 0.76 + 0.04;
DHPG (S500D-FMRP ), 0.71 == 0.05. B, S500A, a dephosphomimic form of FMRP, does not affect dendritic Arc levels under basal
condition or upon mGluR stimulation with DHPG. Left panel, Representative images of infected cells stained for Arc (red) and GFP
(green) under basal conditions. Right panel, Basal (GFP), 1.00 = 0.05; DHPG (GFP), 0.99 = 0.06; basal (S500A-FMRP %), 1.00 +
0.05; DHPG (S500A-FMRP ), 0.96 = 0.04. Forimmunofluorescence quantification, N = number of cells per condition. Tento 15
cells/culture were obtained for each condition, and experiment was repeated in three to four independent culture preparations.
Statistical analysis was by two-way ANOVA, Bonferroni's post hoc comparison: ***p << 0.001.

not those at 1 h after DHPG. Like PP2A inhibition, mGluR-
induced, immediate, but not late, dendritic Arc increases are ab-
sent in Fmrl KO neurons. Expression of wild-type FMRP, but
not S500A- or S500D-FMRP, rescues mGluR-induced, rapid
Arc synthesis, thus implicating FMRP dephosphorylation.
mGIluRS5 interacts directly with PP2A (Mao et al., 2005); and
upon mGluR5 activation, PP2A dephosphorylates FMRP
within 1-2 min (Narayanan et al., 2007). If phosphorylated
FMRP functions to stall ribosomes as suggested (Ceman et al.,
2003; Darnell et al., 2011), this would provide a mechanism to
stimulate synthesis of specific proteins within minutes of
mGluR5 stimulation. In support of this idea, we demonstrated
that DHPG induced rapid (<5 min) synthesis of Arc in dendrites
(Waung et al., 2008). Importantly, Gpl mGluRs also stimulate
translation initiation and regulate elongation, which are re-
quired for mGluR-triggered translation of Arc and mGluR-LTD
(Hou and Klann, 2004; Banko et al., 2006; Park et al., 2008).
These general translational control mechanisms likely work in
concert with FMRP dephosphorylation to achieve rapid and ro-
bust translational activation of specific mRNAs in response to
mGluRs.
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FMRP and its phosphorylation state at S500 affect mGluR-induced depression of mEPSCs in dissociated hippocampal
neurons. A, Effects of brief mGluR activation DHPG (100 wum; 5 min) on mEPSC frequency (measured at 5—15 min after DHPG onset)
in cultured untransfected WT or Fmr KO and Fmr7 KO neurons with lentiviral-mediated transfection of FMRP ¢ S500A-FMRP 7,
or S500D-FMRP . mEPSC frequency is normalized to a 5 min pre-DHPG baseline. WT untransfected, 105 == 8%; Fmr7 KO
untransfected, 72 = 6%; Fmr1 KO transfected with the following: GFP, 76 = 9%; FMRP °", 114 = 6%; S500A-FMRP ¢7F, 81 +
6%; S500D-FMRP 7%, 125 + 17%. Statistical analysis was as follows: paired t test, *p << 0.05, **p < 0.01. For comparison among
groups, one-way ANOVA, Newman—Keuls post hoc comparison was used: *p << 0.05, **p << 0.01. B, Representative mEPSC
recordings during baseline and 10 min after DHPG application from WT, Fmr7 KO, and Fmr7 KO neurons transfected with GFP,
FMRP " (FMRP), S500A-FMRP ¢ (S500A FMRP), or S500D-FMRP ¢ (S500D FMRP). Calibration: 10 pA, 100 ms.

Figure 6.

Phosphorylated FMRP suppresses basal dendritic Arc levels
and mGluR-LTD in cultured mouse neurons

Gpl mGluR activation of cultured Fmrl KO hippocampal neu-
rons induces a robust depression of synaptic function as observed
in acute hippocampal slices (Huber et al., 2002). We observed
enhanced Arc levels in dendrites, but not the soma of Fmrl KO
neurons. The compartment-dependent changes in Arc protein of
Fmrl KO neurons may explain why changes in total Arc protein
are not observed with Western blots. Elevated dendritic Arclevels
are due to a cell-autonomous function of FMRP and not mediated
by changes in dendritic Arc mRNA or neuronal activity. Basal den-
dritic Arc is decreased by lentiviral expression of FMRP** and
S500D-FMRP “**, but not S500A-FMRP ', indicating that
FMRP phosphorylated at S500 suppresses dendritic Arc. This
conclusion is supported by data that Arc mRNA in dendrites is
associated with the exon junctional complex, suggesting it has
not undergone a pioneer round of translation (Giorgi et al.,
2007). Our data implicate a cell-autonomous role for phos-
phorylated FMRP in mediating dendritic translational sup-
pression of Arc mRNA.

expression of EMRPS™ or S500D-
FMRP“*", but not S500A-FMRP ',
suppresses LTD in Fmrl KO neurons.
This suggests that enhanced mGluR-LTD
in Fmrl KO neurons stems from elevated
dendritic Arc levels, and phosphorylated
FMRP in WT neurons functions to sup-
press Arc levels and LTD. To correlate the
effects of mGluR activation on dendritic
Arc levels and mGluR-LTD, we applied
DHPG to WT and FMRP “**-transfected
Fmr1 KO neurons to induce mGIluR-LTD
(Huber et al., 2002; Nosyreva and Huber,
2006; Waung et al, 2008). Although
mGluR activation increased dendritic Arc
in these neurons, it did not depress mEP-
SCs. These results imply that mGluR-
induced Arc levels are insufficient to
support mGluR-LTD in cultured WT hip-
pocampal neurons.

FMRP may function as translational
switch in mGluR-LTD

Local translation of mRNAs is essential in
neurons whose remote synapses must be
individually regulated for normal devel-
opment, plasticity, and cognition (Sutton
etal., 2006). Cytoplasmic polyadenylation
binding protein (CPEB) and Zip code
binding protein (ZBP) are examples of other RNA binding pro-
teins that differentially regulate translation or their mRNA tar-
gets in response to extracellular signals and changes in their
phosphorylation state (Hiittelmaier et al., 2005; Richter, 2007).
Importantly here, phosphorylation of CPEB-1 by Aurora-A ki-
nase is required for mGluR- and translation-dependent LTD in
Purkinje cells of the cerebellum and motor coordination (McE-
voy et al., 2007). Our work implicates a similar repressor/activa-
tor function for FMRP phosphorylation in regulation of
dendritic Arc levels and mGluR-LTD. Such dual regulation by
RNA binding proteins may be a common mechanism for
translation-dependent synaptic plasticity.

As with other FMRP target mRNAs (Hou et al., 2006; Mud-
dashetty etal., 2007; Park etal., 2008), mGluR-triggered dendritic
Arc synthesis is absent in Fmrl KO neurons. This deficit may be
because basal Arc levels are at a “ceiling” or FMRP may be re-
quired for mGluR-stimulated translation. S500D-FMRP “** sup-
presses basal Arc but does not rescue mGluR-induced Arc
synthesis, in contrast to wild-type FMRP. Therefore, our data
implicate a requirement for FMRP dephosphorylation for
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Table 1. Electrophysiological properties of WT neurons and Fmr7 KO neurons with lentiviral-mediated expression of FMRP € and FMRP phosphorylation site mutants

m Fmr1 KO
Untrans Untrans GFP FMRP &7 S500A FMRP $500D FMRP

SR (MQ))

B 24+) 19+3 24+2 28+3 19=+1 19+2

D 26+2 203 25+2 26 =3 19 +1 18+1
R, (MQY)

B 209 + 22 221+ 26 163 + 14 206 + 24 166 + 18 141+ 21

D 224 =22 215+ 24 17115 204 =20 179 £ 24 149 £ 2
Iy (pA)

B —36 =17 —62+ 14 =75+ 14 —54+10 —55+38 —91+18

D —81 £ 17** —114 * 28** —91 £ 13** —66 = 10* —70 £ 9** —105 = 15*
mEPSC frequency (Hz)

B 14+03 1903 13+0.2 12+£03 16 +0.2 14+0.2

D 1.5+03 1.4 +03%* 1.0 +0.2% 1.5+04 13 +0.2%* 1.6 =03
mEPSCamplitude (pA)

B 14+1 19+2 14 +1 15+1 16 =1 16 =1

D 13 & 1% 18+2 14 £1 15+1 16+9 15+1
Vi, (mV)?

B =5 %1 —54+1 =50 %2 =53 *1 =5 +*1 =5 *1
N (no. of cells) 1 8 14 1 16 13

Untrans, Untransfected; SR, series resistance.
“Not corrected for junction potential.
The asterisks indicate that the DHPG-treated condition (D) is different from baseline (B). *p < 0.05; **p << 0.01.
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Figure 7.  Working model of the acute role of FMRP regulation of Arc translation and mGIuR-LTD. 4, In wild-type mice, phosphorylated FMRP functions to suppress Arc translation in dendrites
under basal or unstimulated conditions. As yet unknown for Arc mRNA, the translational suppression by FMRP may occur at the initiation or elongation step. GpT mGIuR agonism stimulates
endocytosis of AMPA receptors (GIuRAT and 2) as well as PP2A-mediated dephosphorylation of FMRP (Narayanan et al., 2007). FMRP dephosphorylation contributes to activation of new synthesis
of Arc (Figs. 1,3, 5), which is required to maintain the persistent endocytosis of AMPARs that underlie LTD (Fig. 1) (Park et al., 2008; Waung etal., 2008). B, In Fmr1 KO mice, the loss of FMRP-mediated
translational suppression of Arc leads to elevated steady-state levels of dendritic Arc (Fig. 2). GpT mGluR stimulation causes endocytosis of AMPARS; but because of the elevated basal dendritic Arc

levels in Fmr7 KO dendrites (Fig. 2), no mGluR-stimulated synthesis of Arc is required to maintain LTD (Hou et al., 2006; Nosyreva and Huber, 2006).
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mGluR stimulation of dendritic Arc. The early phase of mGluR-
LTD in rat hippocampal slices relies, in part, on PP2A, the FMRP
phosphatase (Narayanan et al., 2007), and Arc synthesis (Waung
et al., 2008). Because mGluR-triggered Arc synthesis requires
PP2A and FMRP dephosphorylation at S500, our data suggest
that FMRP dephosphorylation regulates the early phase of
mGluR-LTD in WT neurons. Interestingly, okadaic acid has a
small effect on mGluR-LTD magnitude but completely blocks
mGluR-triggered Arc synthesis in cultured neurons. This could
be due to the protein synthesis-independent component of
mGluR-LTD (Huber et al., 2000; Hou et al., 2006; Nosyreva and
Huber, 2006) that may be mediated by existing Arc protein (Park
et al., 2008; Waung et al., 2008) or posttranslational modifica-
tions (Moult et al., 2006). FMRP may also have functions in
translational control that are independent of its phosphorylation
state (Napoli et al., 2008).

How FMRP phosphorylation controls translation of its mRNA
targets is evident from recent studies. FMRP phosphorylation at
$499/500 suppresses PSD-95 translation by promoting a complex of
the microRNA (miR-125a) and AGO2 with the 3’-UTR of Psd95
mRNA. Upon mGluR stimulation, FMRP is dephosphorylated and
releases AGO2 from the mRNA (Muddashetty et al., 2011). For the
majority of its mRNA targets, FMRP interacts with the coding se-
quence of the mRNA, where it stalls polyribosomes and inhibits
translation elongation (Darnell et al., 2011). Interestingly, S500D-
FMRP associates more with stalled polysomes, while S500A-FMRP
associates more with translating polysomes (Ceman et al., 2003),
suggesting that FMRP phosphorylation may contribute to ribosome
stalling.

An FMRP-mediated translational switch may function as a
form of metaplasticity in response to Arc-inducing experience
Arc, an immediate-early gene, is induced in hippocampal neu-
rons in response to novelty and spatial exploration (Link et al.,
1995; Lyford et al., 1995; Guzowski et al., 1999) and is required
for hippocampal-dependent learning (Guzowski et al., 2000;
Plath et al., 2006). Upon induction, Arc mRNA is rapidly trans-
ported to dendrites (Steward et al., 1998b), where evidence sug-
gests it is translationally suppressed (Giorgi et al., 2007), likely by
FMRP (this study). Subsequent synaptic activation of mGluRs
and PP2A may stimulate dendritic Arc translation and cause syn-
aptic plasticity, but only in recently activated neurons with sup-
pressed dendritic Arc mRNA. An FMRP-mediated translational
switch may function as a metaplasticity mechanism (Abraham
and Bear, 1996) in which the activation history of the neuron, as
determined by Arc induction, affects subsequent synaptic plastic-
ity of its inputs. Such metaplasticity may contribute to the encod-
ing of Arc-inducing experiences and be deficient in fragile X
syndrome.
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