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MeCP2 Phosphorylation Is Required for Modulating
Synaptic Scaling through mGluR5
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MeCP2 (methyl CpG binding protein 2) is a key player in recognizing methylated DNA and interpreting the epigenetic information
encoded in different DNA methylation patterns. The functional significance of MeCP2 to the mammalian nervous system is highlighted
by the discovery that mutations in the MECP2 gene cause Rett syndrome (RTT), a devastating neurological disease that shares many
features with autism. Synaptic scaling is a form of non-Hebbian homeostatic plasticity that allows neurons to regulate overall excitability
inresponse to changes in network neuronal activity levels. While it is known that neuronal activity can induce phosphorylation of MeCP2
and that MeCP2 can regulate synaptic scaling, the molecular link between MeCP2 phosphorylation and synaptic scaling remains unde-
fined. We show here that MeCP2 phosphorylation is specifically required for bicuculline-induced synaptic scaling down in mouse
hippocampal neurons and this phenotype is mediated by mGluR5 (metabotropic glutamate receptor 5). Our results reveal an important
function of MeCP2 in regulating neuronal homeostasis and may eventually help us understand how MECP2 mutations cause RTT.

Introduction

DNA methylation and histone tail modifications have been studied
extensively as the two major components of epigenetic codes.
Methyl-DNA binding proteins have been shown to function as the
molecular linker between these two codes. The functional signifi-
cance of such a linker is highlighted by the discovery that mutations
in the methyl-CpG binding protein 2 gene (MECP2)—the founding
member of the methyl-CpG binding domain-containing protein
(MBD) gene family— cause Rett syndrome (Amir et al., 1999), an
autism spectrum developmental disorder (Hagberg, 1985). MeCP2
was initially identified as a protein that specifically binds to methyl-
ated DNA (Lewis et al., 1992; Nan et al., 1997). Although originally
described as a transcription repressor through its interaction with a
core repressor complex containing mSin3A and histone deacetylases
(Jones et al., 1998; Nan et al., 1998), recent evidence suggests MeCP2
can also activate gene transcription through its interaction with
CREB (cAMP response element-binding protein) and coactivators
(Chahrour etal., 2008). Several posttranslational modifications have
been identified on MeCP2 (Zhou et al., 2006; Tao et al., 2009; Gon-
zales et al., 2012). Among these, phosphorylation at serine 421
(S421) has been most extensively studied. Many studies have clearly
demonstrated that S421 phosphorylation can be induced in neurons
by neuronal activity both in vitro and in vivo (Chen et al., 2003; Zhou
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et al., 2006; Géranton et al., 2007, 2008; Murgatroyd et al., 2009;
Dengetal.,2010; Lietal., 2011; Mao etal., 2011), and the loss of S421
phosphorylation significantly changes various aspects of brain func-
tions (Cohen et al., 2011; Li et al., 2011). Most recently, MeCP2 has
been implicated in synaptic scaling (Qiu et al., 2012), a non-Hebbian
form of synaptic plasticity (Turrigiano et al., 1998). However, it is
not known what downstream effectors mediate the MeCP2 effect on
synaptic scaling. In addition, although S421 phosphorylation is ob-
served during the process of synaptic scaling (Qiu et al., 2012), it is
not clear whether such phosphorylation is required for synaptic scal-
ing. In this study, we show that S421 and/or S424 phosphorylation
are required specifically for bicuculline-induced synaptic scaling
down, but not tetrodotoxin (TTX)-induced synaptic scaling up.
Moreover, such effect could be mediated by metabotropic glutamate
receptor 5 (mGIuR5). By linking posttranslational modification of
MeCP2 with homeostatic synaptic plasticity and beginning to reveal
its molecular mechanism, our work helps to understand what
MeCP2 does to maintain normal neuronal function.

Materials and Methods

DNA construct. Grm5 isoform b was subcloned into the Lox-Syn Lenti-
virus vector (Gascon et al., 2008) to overexpress mGluR5 in cultured
hippocampal neurons. This vector contains two neuronal specific synap-
sin promoters. One promoter controls the expression of mGluR5 and the
other controls the expression of DsRed.

Antibodies and drugs. The following antibodies and drugs were used:
anti-mGluR5 (Millipore, AB5675), anti-mGluR1 (BD Biosciences,
556331), anti-B-Actin (Sigma, A5441), anti-GluA1 (Millipore, clone
RH95, MAB2263), anti-GluA2 (Millipore, MAB397), anti-MAP2
(anti-microtubule-associated protein 2; Abcam, ab32454), Alexa Fluor-
conjugated secondary antibodies (Invitrogen), DyLight 680/800-
conjugated secondary antibody (Thermo Fisher Scientific), tetrodotoxin
citrate (Ascent, Asc-055), D-AP5 (Ascent, Asc-003), (—)-bicuculline
methobromide (Enzo, BML-EA109, and Sigma, B7561), and (R, S)-3,5-
DHPG (3,4-dihydroxyphenylglycol; Tocris Bioscience).
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Figure 1. Mecp2°*"#5%2%%¥ neurons exhibit intact TTX-induced synaptic scaling up, but impaired bicuculline-induced synaptic scaling down. 4, Representative whole-cell recording sample
traces, and average mEPSC waveforms from cultured Megp2**?™#**#*¥ and wild-type (WT) hippocampal neurons (18 DIV) treated with either control solution or TTX (1 um) for 4872 h. B,
Cumulative probability distribution of mEPSC amplitude from cultured Megp25*245#2%% and wild-type hippocampal neurons (18 DIV) treated with either control solution or TTX (1 um) for 48 —72
h. €, Quantification of mean mEPSC amplitude for each population in A (n = 49 —54 cells each group). D, Quantification of mean mEPSC frequencies for each population in A. E, Representative
whole-cell recording sample traces, and average mEPSC waveforms from cultured Mecp2**2"#5*2% and wild-type hippocampal neurons (18 DIV) treated with control solution or bicuculline (40
) for 4872 h. F, Cumulative probability distribution of mEPSC amplitude from cultured Mecp25*2"4*2#4%% and wild-type hippocampal neurons (18 DIV) treated with control solution or
bicuculline (40 wm) for 4872 h. G, Quantification of mean mEPSC amplitude for each population in E (n = 4761 cells each group). H, Quantification of mean mEPSC frequencies for each
population in . /-L, Representative images and quantification of surface GluA2 and GluATimmunoreactivity in Mecp2°**"#5*2*4Y and wild-type cultured hippocampal neurons (18 DIV) treated with
control solution, TTX (1 wum), or bicuculline (40 rum) for 48 h. Scale bar, 10 wm (n = 15-20 cells each group). The bar graph shows the mean == SEM. *p << 0.05, **p < 0.01.

Primary culture of hippocampal neuron. Mecp25*2145#244/% female and
wild-type male were mated to generate Mecp2542' 454244 and Mecp2+”
pups. Genotyping assay was performed as described previously (Li et al.,
2011). Dissociated hippocampal neurons were isolated from postnatal
day 0-1 pups of both genotypes. The hippocampal neurons used in
Figure 1 were isolated with Trypsin. The hippocampal neurons used in
the rest of the study were isolated with the Papain Dissociation System
(Worthington Biochemical Corporation LK003153). For the electro-
physiology and AMPA receptor surface staining experiment, hip-
pocampal neurons were plated at a density of 2.5 X 10* cm ~? on 12
mm coverslips coated with 100 wg/ml poly-L-lysine (Sigma P2636),
and cultured in Neurobasal A (Invitrogen 10888) containing 2% B27
(v/v, Invitrogen 12587-010), 1% FBS (v/v, Invitrogen 26140), 25 um
glutamate, and 0.5 mm GlutaMax (Invitrogen 35050-061). Half of the
media was changed every 4 d with Neurobasal A containing 2% B27
and 0.5 mM GlutaMax. Ara C (10 um; Sigma C1768) was added to the
culture media to inhibit glial cell growth on 8 days in vitro (DIV). In
experiments involving drug treatments, the treatments started at 16
DIV. For the Western blot analysis and the total RNA purification,
6—8 X 10* cm ~? hippocampal neurons were cultured in 6 well plates
with Neurobasal A media containing 2% B27, 25 um glutamate, and
0.5 mm GlutaMax, with media changed as described above. Ara C (10
uM) was added starting from 8 DIV. The neurons were harvested on
18 DIV.

Drug treatment, lentivirus preparation, and infection. For the electro-
physiology experiment, 40 um bicuculline or 1 um TTX was added to the
culture media for hippocampal neurons on 16-18 DIV. Miniature
EPSCs (mEPSCs) were recorded 48—72 h after drug treatment. For sur-
face staining, the same concentration of bicuculline or TTX was used on
16 DIV, and immunocytochemistry was performed on 18 DIV, 48 h after
the drug treatment. For the DHPG pharmacological rescue experiment,
hippocampal neurons were preincubated with 100 um (R, S)-3,5-DHPG
for 30 min. After the DHPG was washed out with the neuronal culture
media, the neurons were incubated with 40 um bicuculline for 48 h.

Lentiviral particles were produced by HEK293FT cells (Invitrogen)
cotransfected with the virus packaging vectors as described previously
(Gascon et al.,, 2008). Briefly, HEK293FT cells were triple transfected
using the calcium phosphate method with the lentiviral expression vector
and two packaging vectors: pCAG-VSV-G, a plasmid expressing the
VSV-G envelope gene, and pCMVARS.91, a plasmid expressing the gag/
pol genes. The supernatants containing the viral particles were collected
48-60 h after transfection and concentrated by ultracentrifuge (SW32
rotor, centrifuge at 25,000 rpm, 4°C for 1.5 h). Lentivirus was added to
the media of hippocampal neurons at 4 DIV.

Real-time quantitative PCR and primers. Total RNA was extracted from 18
DIV cultured hippocampal neurons using TRIzol Reagent (Invitrogen). The
qScript cDNA SuperMix kit (Quanta BioSciences) was used for cDNA syn-
thesis. Real-time quantitative PCR was performed on a StepOne Plus Real-
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Time PCR System (Applied Biosystems) using RT* SYBR Green ROX gPCR
Mastermix (Qiagen). Fold change was calculated with the 2 ~ACt method
after normalization to Gapdh. Mouse Grmb5: 5'-aggacagataaaggtgatcc-3’
(forward), 5'-tcacaacctgtcaagtcgtc-3’ (reverse); Mouse Grml: 5'-acagaaggga
attacggcgaga-3' (forward), 5'-atcaaagctcttctcgecagea-3' (reverse); Mouse
Grial: 5'-agcgagtcgaageggatgaa-3', (forward), 5'-ctctgecattetctecactg-3” (re-
verse); Mouse Gria2: 5'-atgggaaagctgatattgcca-3' (forward), 5'-catgatagagat
tccaagge-3' (reverse); Mouse Mecp2: 5'-gagagactggaggaaaagtc-3' (forward),
5'-agtggctcatgcttgecttc-3" (reverse); Mouse Gapdh: 5'-aatgggaagcttgtcatcaa
cg-3' (forward), 5'-gaagacaccagtagactccacgacata-3' (reverse). Paired f tests
were performed for statistical analysis.

Western blot analysis. Western blot analysis was performed as de-
scribed previously (Ayala et al., 2012). The 18 DIV hippocampal culture
neurons were washed with PBS once and then lysed in Laemmli Sample
Buffer (Bio-Rad) with 50 mwm dithiothreitol. Sonication was used to lyse
the cells and shear the genomic DNA. To minimize the aggregation of
mGluR proteins, lysates were never boiled, and were subjected to SDS-
PAGE the same day they were prepared. The Odyssey Western Detection
method (LI-COR Biosciences) was used for signal detection. The inte-
grated pixel intensity values for the target protein bands were analyzed
with NIH Image] software, and then normalized to the intensity of the
control B-actin from the same samples. Paired ¢ test was performed for
statistical analysis.

Immunocytochemistry, imaging, and data analysis. Antibodies were ap-
plied in NDS buffer (10% normal donkey serum in PBS buffer, pH 7.4).
All the experimental processes were performed at room temperature
unless stated otherwise. PBS washing was performed 3 times after the
paraformaldehyde fixation and the antibody incubation. Surface staining
was performed as described previously (Shepherd et al., 2006). Briefly,
2.5 pg of NT-GluAl mouse monoclonal antibody or 1 ug of GluA2
extracellular region mouse monoclonal antibody was added to the neu-
ronal culture media with 10 mm HEPES, pH 7.4. To label GluAl-
containing AMPA receptors, the neurons were incubated at 10°C for 20
min, with gentle rocking. To label GluA2-containing AMPA receptors,
the neurons were put in a CO, incubator for 15 min, and gently mixed
well every 5 min. Once the incubation was done, the neurons were
quickly washed with fresh prewarmed Neurobasal A three times and then
fixed with 4% paraformaldehyde, 4% sucrose in PBS solution for 15 min.
After incubation with 10% normal donkey serum in PBS for 1 h, the
neurons were exposed to 1:600 diluted donkey anti-mouse Alexa Fluor
488 or 647 secondary antibody for 1 h. The neurons were permeabilized
with 0.3% Triton X-100 in PBS for 30 min. Following blockage with 10%
normal donkey serum in PBS for 1 h, the neurons were incubated with
1:1000 diluted MAP2 antibodies for 1 h. The neurons were then exposed
to 1:600 diluted Alexa Fluor 568 or 488 secondary antibody for 1 h. The
coverslips were mounted on precleaned slides with Fluoromount-G
(Southern Biotech).

Surface GluA2 and GluAl images were captured on a Nikon AIRSI
confocal microscope. For each experimental series, all the images were
acquired with identical settings for laser power, photomultiplier gain,
and offset. Z-stacks were collapsed in a maximum projection and ana-
lyzed with NIH Image] software. Excitatory pyramidal neurons were
identified by morphology using MAP2 immunoactivity or DsRed fluo-
rescence. Proximal dendritic segments (50—80 wm, 30 wm from soma)
were selected for the analysis. All the images were thresholded using a
single threshold which is determined by the background level of the
control condition in each experiment. The integrated intensity of GluA2
or GluAl immunoreactivity was obtained for each dendritic segment
from Image] software. The average pixel intensity from each region was
calculated using the integrated intensity divided by the dendritic length.
The average surface GluA2 or GluAl level in each group was then nor-
malized to the level in their control group. Student’s ¢ test was used for
the statistical analysis.

Electrophysiology. Whole-cell patch-clamp was performed at room
temperature. The recording chamber was continuously perfused with
external recording solution contained (in mm): 120 NaCl, 3 KCl, 15
HEPES, 1 MgCl,, 2 CaCl,, 20 glucose, pH7.4 (300 = 5 mmol/kg). To
record the AMPA receptor media mEPSCs only, the bath solution also
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Figure2.  Reduced mGIuR5 expression in Mecp2**"45#2* hippocampal neurons. 4, Rela-
tive mRNA level of Grm5, Grm1, Gria1, Gria2, and Mecp2 in cultured hippocampal neurons (18
DIV) derived from Meqp2*2"4*2#4%Y mice and their wild-type (WT) littermates (n = 8in each
genotype). B, C, Western blot and quantification showing relative protein level of mGIuR5 and
mGIuR1 in cultured hippocampal neurons (18 DIV) derived from Mecp2°*?45#2*4 mice and
their wild-type littermates (n = 15 in each genotype). The bar graph shows the mean = SEM.
*p < 0.05.

contained 1 um TTX, 20 um bicuculline, and 50 um p-AP5. The patch
pipette (3—5 M()) solution contained (in mm): 140 K-gluconate, 7.5 KClI,
10 HEPES-K, 0.5 EGTA-K, 4 Mg-ATP, and 0.3 Li-GTP, pH 7.4 (290 £ 5
mmol/kg). Hippocampal culture neurons were visualized using an
Olympus Optical BX51WI microscope. Pyramidal neurons were chosen
according to the cell morphology (Turrigiano et al., 1998). Lentivirus-
infected neurons were visualized using Olympus reflected fluorescence
system with Cy?3 filter cube. Infected neurons with too strong or too weak
DsRed fluorescence were excluded. Only the pyramidal neurons with
similar DsRed fluorescent intensity were recorded. The mEPSCs were
recorded 3 min after the whole-cell voltage-clamp configuration was
established and lasted for 5 min on a gap-free mode. The neurons were
held at =70 mV. Whole-cell capacitance compensation was applied. Re-
cordings with resting membrane potential (V) higher than —50 mV and
series resistance (R,) higher than 15 M() were excluded. Raw data were
amplified with a Multiclamp 700B amplifier, acquired with pClamp10.2
software (Molecular Devices). Signals were filtered at 2 Hz and sampled
at 10 kHz by Digidata 1440A (Molecular Devices). mEPSCs were
analyzed using the Template Search tool of the Clampfit10.2 software
(Molecular Devices). To create the template, several well-shaped
mEPSCs traces were picked from the wild-type hippocampal pyrami-
dal neurons recording and averaged to the template window. Only the
first 200 events were used to do the data analysis. The mEPSCs events
were accepted manually. All group data are shown as mean = SEM.
For the mEPSCs average event and the cumulative curve preparation,
all the events from all of the recorded neurons were included. The
average mEPSCs event was gained by using the concatenate files com-
mand and average traces command of Clampfit10.2. The sample
traces and the average event traces were transferred out, and the traces
were made by using SigmaPlot11.0 software (Scientific Computing).
All results were analyzed via f test with repeated measures. Signifi-
cance for all tests was set at p < 0.05.
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Figure 3. Pretreatment with group | mGluR agonist restores bicuculline-induced synaptic scaling down in Mecp2**"4#***% hippocampal neurons. A-D, Representative whole-cell recording
sample traces, average mEPSC waveforms, cumulative probability distribution, and quantification of mEPSC amplitudes and frequencies from cultured (Figure legend continues.)
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Results

Loss of MeCP2 phosphorylation at $421 and S424 specifically
affects bicuculline-induced synaptic scaling down, but not
TTX-induced synaptic scaling up

Synaptic scaling is a non-Hebbian form of homeostatic synaptic
plasticity that plays an essential role in adjusting neuronal excit-
ability in response to chronic network activity changes. Since
there is strong evidence that neuronal activity induces phosphor-
ylation of MeCP2, we explored the possibility that such phos-
phorylation may also affect synaptic scaling. Hippocampal
neurons were isolated from postnatal day 0-1 (PO-P1)
Mecp25#21454244% hups and their wild-type littermates and cul-
tured for 16 DIV, at which time cultures from both genotypes
were treated for 4872 h with either tetrodotoxin (TTX), or bi-
cuculline, or left untreated. Consistent with previous studies, the
amplitudes of mEPSCs in wild-type neurons increased signifi-
cantly in response to the TTX treatment (Fig. 1A—C) and de-
creased significantly in response to the bicuculline treatment
(Fig. 1 E-G). Similar to the observation in wild-type neurons, the
amplitudes of mEPSCs in the Mecp25*2'4542#4% peurons in-
creased significantly after the TTX treatment (Fig. 1 A—C). Differ-
ent from the observation in wild-type neurons, the amplitudes of
mEPSCs in the Mecp25#2145#2#4% neurons remained unchanged
after the bicuculline treatment (Fig. 1E-G). To independently
confirm our electrophysiological recording results, we examined
the surface level AMPA receptors in live Mecp25*2'4:54244% and
wild-type hippocampal neurons. Consistent with the recordings,
the TTX treatment led to significantly increased level of GluA2
(Fig. 11,]) and GluA1 (Fig. 1K, L) on the cell surface (sGluA2 and
sGluA1) of both the Mecp25*21454244%7 and wild-type hippocam-
pal neurons; the bicuculline treatment led to significantly de-
creased level of sGluA2 (Fig. 11,]) and sGluA1 (Fig. 1K, L) in the
wild-type, but not the Mecp25*?!45#244% hippocampal neurons.
No statistically significant changes were detected in mEPSC fre-
quencies across all conditions (Fig. 1D, H ). Together, these re-
sults demonstrate that the loss of phosphorylation at S421 and
S424 specifically impairs the bicuculline-induced synaptic scaling
down.

mGluRS5 expression is reduced in Mecp254214:54244%
hippocampal neurons

To reveal which downstream effector proteins mediate the
effect of loss of MeCP2 phosphorylation on synaptics scaling,
we examined the RNA level of several glutamate receptors
known to be involved in synaptic plasticity by quantitative
PCR. While the RNA levels of Grm1 (metabotropic glutamate
receptor 1), Grial (ionotropic glutamate receptor 1) and
Gria2 (ionotropic glutamate receptor 2) are indistinguishable
between the Mecp25'2'45%2%4% and wild-type hippocampal

<«

(Figure legend continued.) from cultured Mecp2**"#**2**¥ and wild-type (WT) hip-
pocampal neurons (18 —20 DIV) treated for 48 h with either control solution or bicuculline
(40 m) (n = 22-32 cells in each group). These data were not included in Figure 1. E-H,
Representative whole-cell recording sample traces, average mEPSC waveforms, cumula-
tive probability distribution, and quantification of mEPSC amplitudes and frequencies from
cultured Mecp2**2"45#2#4% and wild-type hippocampal neurons (18 —20 DIV) pretreated with
30 min DHPG (100 wum), followed by 48 h treatment of either control solution or bicuculline (40
um) (n = 22-32 cells in each group). /, J, Representative images and quantification of surface
GluA2immunoreactivity in cultured Mecp2°*74542%4%% and wild-type hippocampal neurons (18
DIV) with or without 30 min DHPG (100 wm) pretreatment, followed by 48 h treatment of either
control solution or bicuculline (40 m). Scale bar, 10 wm (n = 20 cells each group). The bar
graph shows the mean = SEM. *p << 0.05, **p < 0.01.
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neurons, the RNA level of Grm5 (metabotropic glutamate re-
ceptor 5) was significantly lower in Mecp252'454244% hip.
pocampal neurons than in wild-type at 18 DIV (Fig. 2A). Mecp2
was included as a control for unchanged RNA level between the
two genotypes. In addition, Western blot analysis was performed
to look at the level of mGluRS5 protein. Consistent with the ob-
servation at the RNA level, mGluR5 protein was significantly
lower in the in Mecp25*2'4542#4% hippocampal neurons than in
wild-type at 18 DIV (Fig. 2 B, C), while the mGluR1 protein level
was similar between the two genotypes.

Pharmacological activation of group I mGluRs rescues the
loss of bicuculline-induced synaptic scaling down in
Mecp25#214:54244% hippocampal neurons

Since the activation of group I metabotropic glutamate receptors
has been shown to lead to downregulation of sGluA2 and sGluA1
in cultured embryonic cortical neurons after bicuculline treat-
ment (Hu et al., 2010), it is possible that the reduced Grm5/
mGluR5 expression may help explain the lack of bicuculline-
induced synaptic scaling down in the Mecp2S*21454244%
hippocampal neurons. To test this hypothesis, we first attempted
to rescue the synaptic scaling down deficit with pharmacological
activation of the group I metabotropic glutamate receptors. In
this series of experiments, the Mecp25*2'4542#4% and wild-type
hippocampal neurons at 16—18 DIV were divided into four
groups: the first group received no treatment; the second group
received bicuculline treatment for 48 h; the third group was
treated with DHPG, a selective agonist of group I metabotropic
glutamate receptors, for 30 min; the fourth group was pretreated
with DHPG for 30 min before they were treated with bicuculline
for 48 h. Whole-cell patch-clamp recordings and live immunos-
tainings from the first and second groups showed that, similar to
results in Figure 1, chronic bicuculline treatment induced a sig-
nificant decrease in the mEPSC amplitudes and sGluA2 level in
the wild-type, but not the Mecp25*?'45%2#4% hippocampal neu-
rons (Fig. 3A-C,,]). As expected, results from the third and
fourth groups showed that transient activation of the group I
metabotropic glutamate receptors before chronic bicuculline
treatment restored the bicuculline-induced synaptic scaling
down in the Mecp25*2'45%244% hippocampal neurons as mea-
sured by both the mEPSC amplitudes and the sGluA2 levels (Fig.
3E-G). Moreover, such a transient activation had no effect on the
bicuculline-induced synaptic scaling down in the wild-type neu-
rons, suggesting the effect was specific for the mutant neurons
(Fig. 3E-G). Again, no statistically significant changes were de-
tected in mEPSC frequencies across all conditions (Fig. 3D, H).

Overexpression of mGluR5 rescues the loss of bicuculline-
induced synaptic scaling down in Mecp2542'4:54244%
hippocampal neurons

Since DHPG activates both mGluR1 and mGluR5, and only
mGIuR5 level was reduced in the cultured Mecp2®#?!45#2#4 hjp-
pocampal neurons, the restoration of bicuculline-induced synap-
tic scaling down by DHPG pretreatment in these neurons could
not be specifically attributed to increased mGluR5 activation. To
further distinguish between mGluR5 and mGluR1, we used
lentivirus-mediated expression to overexpress mGluR5 in both
the Mecp25*21454244%7 and wild-type hippocampal neurons. Two
types of lentiviruses were produced for this series of experiments:
the first one expressed only DsRed, a fluorescence marker; the
second one expressed both mGluR5 and DsRed. In hippocampal
neurons infected with lentivirus expressing only DsRed, chronic
bicuculline treatment induced a significant decrease in the
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Figure4.  Overexpression of mGIuRS restores bicuculline-induced synaptic scaling down in Mecp2*2"45#2*+% hippocampal neurons. A-D, Representative whole-cell recording sample traces,
average mEPSC waveforms, cumulative probability distribution, and quantification of mEPSC amplitudes and frequencies from cultured Mecp25#?"#3#2*4% and wild-type (WT) hippocampal neurons
(18-20DIV) that were transfected with lentivirus expressing only DsRed and treated with either control solution or bicuculline (40 rum) for 48 h (n = 48 —52 cellsin each group). E-H, Representative
whole-cell recording sample traces, average mEPSC waveforms, cumulative probability distribution, and quantification of mEPSC amplitudes and frequencies from cultured Mecp25*2"45#244% and
wild-type hippocampal neurons (18 —20 DIV) that were transfected with lentivirus expressing both mGluR5 and DsRed and treated with either control solution or bicuculline (40 wm) for 48 h (n =
4852 cells in each group). 1, J, Representative images and quantification of surface GluA2 immunoreactivity in cultured Mecp2**?"#**#4%% and wild-type hippocampal neurons (18 DIV) that were
transfected with DsRed or DsRed-GrmS5 containing lentivirus and treated with either control solution or bicuculline (40 wum) for 48 h. Scale bar,10 m (n = 20 cells in each group). The bar graph

shows the mean == SEM. *p << 0.05, **p << 0.01.

mEPSC amplitudes and sGluA2 level in the wild-type, but not the
Mecp25#214:54244% neurons (Fig. 4A—C,1,]), suggesting neither
lentivirus infection nor expression of DsRed interfered with the
normal synaptic scaling process in the wild-type neurons or the
abnormal synaptic scaling in the mutant neurons. In contrast, in
hippocampal neurons infected with lentivirus expressing both
mGluR5 and DsRed, chronic bicuculline treatment induced a
significant decrease in the mEPSC amplitudes and sGluA2 level in
both the wild-type and the Mecp25*2454244% neurons (Fig. 4 E-
G,1,]), suggesting the overexpression of mGluR5 specifically res-
cued the deficit in the Mecp252'4542#4% peurons. Finally, no
statistically significant changes were detected in mEPSC frequen-
cies across all conditions (Fig. 4D, H).

Discussion

MeCP2 phosphorylation has been shown to regulate its associa-
tion with gene promoters, gene transcription, neuronal mor-
phology, synapse formation, synaptic plasticity and animal
behavior (Chen et al., 2003; Zhou et al., 2006; Cohen et al., 2011;
Li et al., 2011). Here we provide the first evidence that MeCP2
phosphorylation is also required for bicuculline-induced synap-
tic scaling down, further expanding the long list of important
neuronal processes it is involved in. Moreover, our results show
that Grm5/mGluR5 expression is lower in cultured neonatal
Mecp25#214:54244% hippocampal neurons, and that both tran-
sient pharmacological activation of group I mGluRs and spe-
cific overexpression of mGluR5 are sufficient to rescue the

deficit in bicuculline-induced synaptic scaling down in these
neurons. These findings reveal the first downstream effector
protein linking the nuclear function of MeCP2 phosphoryla-
tion with neurotransmitter receptors at the synapse, advanc-
ing our understanding of the role of MeCP2 in synaptic scaling
at the molecular level.

The group I mGluRs are essential components of the synapse.
Although they have been implicated in synaptic scaling (Hu et al,,
2010), they are better known for regulating long-term depression
(LTD) in the adult hippocampus. Our current study focused on
their expression in cultured neonatal hippocampal neurons and
their function in synaptic scaling when MeCP2 cannot be phos-
phorylated at S421 and S424. It will be interesting to examine
their expression levels in the intact hippocampus and study LTD
in adult Mecp252'45%244% mice in the future. In addition, it is
worth noting that mGluR5 expression level is much higher than
mGluR1 in the cultured neonatal hippocampal neurons (Fig.
2 B), which may help explain why mGluRS5 appears to be a more
significant player than mGluR1 in this experimental system.

We previously showed that the number of excitatory synapses
is significantly higher in cultured neonatal Mecp25#2!4:5%244% hip.-
pocampal neurons than in the wild-type, which in theory may
lead to an elevated baseline network activity level and a different
set point for synaptic homeostasis in the phospho-mutant neu-
rons that is refractory to chronic bicuculline treatment. We do
not favor this explanation, because both the frequency and am-
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plitude of mEPSCs at the baseline level are indistinguishable be-
tween the phospho-mutant and the wild-type hippocampal
neurons (Fig. 1 E-H ). To reconcile the observations of increased
number of structural synapse and the unchanged number of
functional synapse in the Mecp25*?'45%2#4% hippocampal neu-
rons, one interesting explanation is that many of these may be
silent synapses that contain only NMDA receptors. This hypoth-
esis can be experimentally tested in the future by recording
NMDA-mEPSCs.

Since MeCP2 is associated with chromatin and widely distrib-
uted across the genome (Skene et al., 2010; Cohen et al., 2011), it
is unlikely that Grm5/GluRS5 is the only gene/protein whose ex-
pression is altered in the absence of MeCP2 phosphorylation. To
completely understand how the loss of MeCP2 phosphorylation
causes the impairment of bicuculline-induced synaptic scaling
down, it is important to identify more gene/protein expression
changes in the Mecp2 phospho-mutant hippocampal neurons
and characterize their role in regulating synaptic scaling down-
stream of MeCP2.
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