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Synaptic scaling is a form of homeostatic synaptic plasticity characterized by cell-wide changes in synaptic strength in response to
changes in overall levels of neuronal activity. Here we report that bicuculline-induced increase in neuronal activity leads to a decrease in
mEPSC amplitude and a decrease in expression of the AMPA receptor subunit GluR2 in rat hippocampal cultures. Bicuculline treatment
also leads to an increase in the levels of the transcriptional repressor MeCP2, which binds to the GluR2 promoter along with the
corepressors HDAC1 and mSin3A. Downregulation of MeCP2 by shRNA expression or genetic deletion blocks the bicuculline-induced
decrease in GluR2 expression and mEPSC amplitude. These observations indicate that MeCP2 mediates activity-dependent synaptic
scaling, and suggest that the pathophysiology of Rett syndrome, which is caused by mutations in MeCP2, may involve defects in activity-
dependent regulation of synaptic currents.

Introduction
Synaptic scaling is a form of plasticity in which neuronal activity
drives cell-wide changes in synaptic strength (Turrigiano et al.,
1998; Davis, 2006; Turrigiano, 2007, 2008). In general, an in-
crease in neuronal activity leads to a decrease in quantal ampli-
tude and a decrease in activity leads to an increase in amplitude. It
is believed that such a homeostatic regulation of synaptic strength
is important for maintaining action potential firing rates in a
range suitable for information processing (Davis, 2006; Turri-
giano, 2007, 2008).

There is considerable evidence that changes in synaptic
strength associated with synaptic scaling are mediated by changes
in the levels of AMPA receptors (O’Brien et al., 1998; Turrigiano
et al., 1998; Shepherd et al., 2006; Gainey et al., 2009). Most
AMPA receptors in the brain consist of GluR1/GluR2 or GluR2/
GluR3 heterodimers and scaling up of synaptic currents follow-
ing silencing of neurons is associated with an increase in synaptic
GluR1 and GluR2 receptors (O’Brien et al., 1998; Thiagarajan et
al., 2005; Turrigiano, 2008; Gainey et al., 2009). More recently, it
has also been shown that GluR2 is required for photostimulation-
dependent homeostatic decreases in synaptic strength (Goold
and Nicoll, 2010).

The molecular mechanisms by which chronic changes in neu-
ronal activity lead to scaling of synaptic currents are not well

understood. In contrast to rapid forms of synapse modifica-
tion, such as long-term potentiation and long-term depression,
changes in synaptic strength associated with synaptic scaling are
detected several hours to days after a change in network activity
and require transcription (Ibata et al., 2008). Studies investigat-
ing synaptic scaling have implicated BDNF, TNF�, �3 integrin,
MHC I, CaMKIV, and Arc in scaling up of synaptic currents
following silencing of neurons (Turrigiano, 2008). The mecha-
nisms underlying scaling down of synaptic currents in response
to elevated activity have not been as extensively studied, but a
recent study suggests a role for polo-like kinase 2 (Plk2) in this
process (Seeburg et al., 2008). Plk2 is an activity-induced gene
and appears to act by regulating the degradation of SPAR, a pro-
tein implicated in regulating spine morphology and synaptic
function.

Given the observation that synaptic scaling is associated with a
change in levels of AMPA receptors, we decided to explore
activity-dependent mechanisms that might regulate overall
AMPA receptor levels in response to elevated activity. Here we
report that the Rett syndrome protein MeCP2 plays a critical role
in mediating activity-dependent changes in GluR2 levels and is
required for synaptic scaling.

Materials and Methods
Plasmids. Lentiviral vectors were obtained from Dr. I. Verma’s laboratory
at the Salk Institute. The LEMPRA strategy for lentiviral shRNA delivery
and rescue that we used was described by Zhou et al. (2006). We gener-
ated an HA-MeCP2 shRNA-resistant construct for MeCP2 rescue ex-
pression. Short hairpin sequence- and rescue shRNA-resistant construct
sequences were described by Zhou et al. (2006). The hUbiquitin pro-
moter was taken from the FUGW construct (Addgene).

Molecular biology reagents. Molecular biology reagents, competent
cells, real-time PCR mix and reverse transcription kits were from BioPio-
neer, Inc.

Antibodies. Antibodies used were the following: MeCP2 rabbit poly-
clonal antibody (Abcam, Millipore, Qiu laboratory); HDAC1, mSin3A,
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ERK1 and control rabbit IgG (Santa Cruz Biotechnology); GluR2
MAB397 (Millipore Bioscience Research Reagents); GFP (Abcam);
MeCP2S421 (Abgent AP3693a).

Mice. Mecp2 conditional knock-out mice made in Rudolf Jaenisch’s
laboratory were used for dissociated neuronal cultures (Chen et al.,
2001). Mecp2 knock-out mice generated in Adrian Bird’s laboratory were
used for hippocampal slice culture (Guy et al., 2001).

Cell culture. For biochemical experiments, embryonic day 18 (E18) rat
cortical cells were cultured in 12-well plates as previously described
(Song and Ghosh, 2004). Cultures were stimulated at 14 DIV with 50 �M

bicuculline (in DMSO) to increase synaptic activity. The cultures were
pretreated with 10 �M nifedipine for 1 h to selectively drive NMDA
receptor-dependent calcium influx. For activity-dependent changes in
gene expression, E18 cortical cultures at 16 DIV were stimulated for 6 h
with bicuculline and changes in gene expression were assessed using an
Affimetrix rat 230A microarray chip. For electrophysiology experiments,
postnatal day 0 (P0)–P1 rat hippocampal cells were cultured on Ther-
manox coverslips (Nunc) in 12 well plates, electroporated at plating or
infected with lentivirus at 7/8 DIV with control shRNA or MeCP2
shRNA, stimulated at 12 DIV with 50 �M bicuculline (in DMSO), and
recorded at 14 DIV. For immunohistochemistry, P0 –P1 mouse hip-
pocampal neurons were electroporated following dissociation and
grown on a glial bed cultured from rat cortex on glass coverslips in 12 well
plates, then stimulated at 12 DIV with 50 �M bicuculline (in DMSO), and
fixed at 14 DIV.

Chromatin immunoprecipitation. ChIP assays were performed as
originally described with minor modifications (Song and Ghosh,
2004). Primers: rat GluR2 forward (F): GCCCAGAGCTCCGACTA-
AAG, reverse (R): GGCAGTCTCGGGCGCGCGTG, rat GluR1 F:
GAGGAGAGAGGCTGCCTGCT, R: CCCTCCCCTCCCTTCGATTC,
mouse MeCP2 F: CGCGCGCAACCGATGCCGGGACC, MeCP2 R:
CCGCCTCTTTTCCCTGCCTAAACA.

Real-time quantitative reverse transcriptase PCR. Total RNA was col-
lected from cell lysates for reverse transcription. A first strand cDNA
synthesis kit from BioPioneer was used for cDNA synthesis. Primers for
rat GluR2 cDNA were F: GAAGCCTTGTGACACCATGA, R: AGCCT-
TGCCTTGCTCCTCAT. Mouse and rat MeCP2 cDNA were F: ATGG-
TAGCTGGGATGTTAGGG, R: TGAGCTTTCTGATGTTTCTGCTT.
For real-time PCR experiments, SYBR Green PCR Master Mix from
Applied Biosystems and 2XqPCR master mix from Biopioneerinc.com
were used. An ABI 7000 Q-PCR machine was used to perform the exper-
iments. Datasets are from at least two independent experiments, each of
which had triplicate samples. Paired t tests were performed using Graph-
Pad InStat version 3.0a for Macintosh.

Electrophysiology. Electrophysiological recordings were performed on
neurons from hippocampal cell cultures (P0 –P1 � 14 DIV), perfused at
room temperature in a bicarbonate buffered recording solution contain-
ing the following (in mM): 124 NaCl, 5 KCl, 26 NaHCO3, 1.25 NaH2PO4,
1.5 MgCl2, 2 CaCl2, and 10 glucose and bubbled constantly with 95%
O2/5% CO2. Voltage-clamp recordings were made using glass microelec-
trodes filled with a cesium-substituted intracellular solution containing
(in mM) 10 CsCl, 105 CsMeSO3, 8 NaCl, 0.5 ATP, 0.3 GTP, 10 HEPES, 2
MgCl2, and 1 EGTA, pH 7.3. Drug concentrations were (in �M): 0.5 TTX,
50 D-APV, 20 Gabazine. Pipette resistances ranged from 4 to 6 M�. Series
resistances ranged from �8 to 20 M� and were monitored for consis-
tency during recording using a �5 mV test pulse. Whole-cell voltage-
clamp recordings at �70 mV were made using a Multiclamp 700B
amplifier (Molecular Devices). Current signals were filtered at 2 kHz and
digitized at 10 kHz with a Digidata 1322A. Gabazine (SR 95531 hydro-
bromide), D-APV, and TTX were added at the time of recording. mEPSCs
were identified and isolated using ClampFit software. Using a control
culture, a template was created from a composite average of manually
identified mEPSCs and was used with a broad threshold for deviation to
ensure all events in subsequent recordings were captured. These events
were then manually inspected to discard any non-mEPSC traces.

Immunohistochemistry. Mouse hippocampal neurons were treated
with 50 �M bicuculline or DMSO vehicle at 12 DIV and live labeled with
a monoclonal GluR2 antibody (1:200) at 14 DIV. For live labeling, the
antibody was added to the culture medium and incubated for 20 min,

followed by fixation in 4% paraformaldehyde in 4% sucrose for 5 min.
Cultures were then blocked in 5% BSA and appropriate Alexa-secondary
antibody (1:1000) in blocking solution was added for 1 h before cell
permeabilization in 0.15% Triton X-100. Primary antibodies to GFP,
Cre, vGlut or other synaptic markers were then added in blocking buffer
for 1 h, followed by incubation in Alexa-secondary antibody (Invitrogen)
for 1 h. Images were obtained on a Leica SP-5 scanning confocal micro-
scope under a 63� oil-immersion lens and immunofluorescent puncta
were quantified using ImageJ software (NIH).

Results
We performed whole-cell voltage-clamp recordings from P0 –P1
hippocampal cultures to examine the effect of a bicuculline-
induced increase in neuronal activity on scaling of synaptic cur-
rents. As shown in Figure 1A, spontaneous mEPSCs are readily
detected in hippocampal cultures at 14 DIV. As previously de-
scribed (Turrigiano et al., 1998), 48 h bicuculline treatment led to
a decrease of �20% in average mEPSC amplitudes (Fig. 1A–C).
Intrinsic membrane properties and recording parameters were
monitored, and control and bicuculline-treated neurons showed
no difference in membrane capacitance, input resistance, series
resistance, and baseline noise.

The reduction in mEPSC amplitudes is consistent with the
report that bicuculline treatment leads to a reduction in postsyn-
aptic response to glutamate (Turrigiano et al., 1998). To deter-
mine whether this is accompanied by a reduction in the
abundance of AMPA receptors, we performed real-time PCR and
Western blot analysis to determine whether bicuculline treat-
ment affects the expression of AMPA receptor subunits. Treat-
ment of cultures with bicuculline for 6 h led to a decrease in
GluR2 mRNA levels (Fig. 1D), but not GluR1 mRNA levels (data
not shown), indicating that elevated activity leads to a decrease in
GluR2 gene expression (O’Brien et al., 1998; Grooms et al., 2006).
GluR2 protein levels in both dissociated and slice cultures were
also significantly reduced following bicuculline treatment (Fig.
1E,F). The decrease in GluR2 mRNA levels was blocked by the
NMDA receptor antagonist APV (Fig. 1D). The inclusion of APV
did not grossly affect the stimulation intensity since the synaptic
activation in response to bicuculline in control experiments,
as measured by charge transfer, did not differ between control
and APV-treated cultures (data not shown). These observa-
tions suggest that activity-dependent scaling of synaptic cur-
rents involves NMDA receptor-dependent downregulation of
GluR2 expression.

To explore the possibility that the reduction in GluR2 expres-
sion in response to elevated activity is mediated by a transcrip-
tional repressor, we performed a microarray screen for repressor
genes that are induced by bicuculline stimulation (data not
shown). One gene that was strongly induced by bicuculline stim-
ulation was the methyl CpG-binding protein MeCP2 (Fig. 2A).
MeCP2 is a transcriptional repressor that has been extensively
studied in the context of Rett syndrome, in which the gene is
mutated (Meehan et al., 1992; Amir et al., 1999; Chahrour and
Zoghbi, 2007). Given the potential clinical significance of a role
for MeCP2 in regulating the response to a global increase in cel-
lular activity, we were motivated to examine whether MeCP2 was
involved in regulating GluR2 levels. In support of such a possi-
bility, the GluR2 promoter has been reported to be methylated
(Myers et al., 1998), which could facilitate recruitment of MeCP2
(Skene et al., 2010). To determine whether MeCP2 was associated
with the GluR2 promoter, we performed chromatin immunopre-
cipitation (ChIP) experiments on lysates from cortical cultures.
Analysis by quantitative PCR indicated that MeCP2 is bound to
the GluR2 promoter (Fig. 2B). Additional ChIP experiments re-
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vealed that the transcriptional corepressors HDAC1 and mSin3A
also bind to the GluR2 promoter, suggesting that GluR2 expres-
sion may be regulated by a repressor complex (Fig. 2C). To de-
termine whether occupancy of the GluR2 promoter by MeCP2
was regulated by activity, we performed ChIP experiments from

control and bicuculline stimulated cul-
tures and found that bicuculline led to an
increase in the binding of MeCP2 to the
GluR2 promoter (Fig. 2D), but did not
affect occupancy of mSin3a or HDAC to
the GluR2 promoter (data not shown). It
has been shown that phosphorylation of
MeCP2 can be important for transcrip-
tional repression (Zhou et al., 2006). To
determine whether the phosphorylation
status of MeCP2 changes with activity, we
used an antibody specific to MeCP2 pro-
tein that has been phosphorylated at Ser-
ine 421 (MeCP2S421). We found that
cultures stimulated with bicuculline for
30 min show an increase in phosphory-
lated MeCP2 at S421 (Fig. 2E).

We next wanted to determine whether
MeCP2 was required for activity-dependent
downregulation of GluR2 expression. For
these experiments we generated a short
hairpin RNA against MeCP2 and cloned it
into a lentiviral expression vector. As shown
in Figure 2 F, this shRNA was very effec-
tive in downregulating MeCP2 expression
in hippocampal cultures. To test the role
of MeCP2 in the bicuculline-induced de-
crease in GluR2 expression, we examined
GluR2 levels in control and MeCP2
shRNA-expressing cultures. As described
above for uninfected cultures, bicuculline
stimulation of cultures infected with a
control shRNA led to a decrease in GluR2
expression (Fig. 2F). This decrease was
blocked in cultures expressing the MeCP2
shRNA lentivirus, suggesting that MeCP2
wasrequiredforactivity-dependentdown-
regulation of MeCP2 (Fig. 2F). In support
of the specificity of shRNA experiment,
we found that expression of an shRNA-
resistant same-sense mutant of MeCP2
rescued the activity-dependent down-
regulation of GluR2 (Fig. 2F).

To determine whether genetic deletion
of MeCP2 also affected activity-dependent
downregulation of GluR2 expression, we
cultured hippocampal slices from wild-type
and Mecp2-null mice and compared the ef-
fects of bicuculline stimulation on GluR2
expression. As in the case of rat hippocam-
pal cultures, bicuculline treatment led to a
decrease in GluR2 protein levels in wild-
type mouse cultures (Fig. 2G). In contrast,
bicuculline treatment did not lead to a
downregulation of GluR2 levels in Mecp2-
null cultures, indicating that endogenous
MeCP2 is required for activity-dependent
downregulation of GluR2 levels (Fig. 2G).

In a separate set of experiments, we directly examined basal GluR2
levels in brain extracts from WT and Mecp2-null animals. Although
there was a trend toward reduction in the basal levels of GluR2 in KO
tissue, this was not statistically significant (relative GluR2 levels for
WT � 0.98 � 0.27; KO � 0.56 � 0.19). It may be that additional

Figure 1. Synaptic scaling is accompanied by downregulation of GluR2 mRNA and protein. A, Representative 15 s mEPSC
recordings from hippocampal neurons at P0 � 14 DIV cultured under control conditions or treated with 50 �M bicuculline for 48 h
before recording. B, Amplitudes of mEPSC from control cultures or cultures treated with 50 �M bicuculline for 48 h before
recording. mEPSCs for each treatment were sorted by amplitude and the resulting distributions were plotted against each other.
n � 24 (control), 23 (bicuculline) cells. mEPSCs �55 pA are shown. C, Quantification of average mEPSC amplitude (mean � SEM).
n � 24 (control), 23 (bicuculline). p � 0.05, t test. D, Assessment of GluR2 mRNA levels in rat E18 cortical cultures at 18 DIV, grown
under control conditions, or treated with bicuculline for 6 h before cell lysis. Cultures were pretreated with APV for 1 h where
indicated. Neurons were lysed for collecting total RNA, and reverse-transcribed for real-time PCR analysis with GluR2-specific
primers. E, Assessment of GluR2 protein levels in dissociated neuronal culture after bicuculline treatment. Rat P0 hippocampal
neurons were cultured for 14 DIV and stimulated with bicuculline for 48 h. Neurons were lysed, analyzed by SDS-PAGE, and blotted
with antibody indicated. F, Assessment of GluR2 protein levels in hippocampal slice culture after bicuculline treatment. Hippocam-
pal slices from rat P7 pups were cultured for 3 DIV and stimulated with bicuculline for 48 h. Neurons were lysed, analyzed by
SDS-PAGE, and blotted with the antibody indicated.
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mechanisms are responsible for setting basal
GluR2 levels, but MeCP2 is particularly im-
portant for activity-dependent regulation of
GluR2 expression.

To further investigate whether cell-wide
changes in GluR2 levels were reflected in re-
duced surface expression of GluR2, we used
immunofluorescence to visualize surface
GluR2 expression after bicuculline treat-
ment. Hippocampal cultures from MeCP2
floxed mice were transfected at plating with
GFP or GFP plus Cre and were stimulated
with bicuculline at 12 DIV. At 14 DIV, neu-
rons were live labeled for GluR2 and then
fixed and immunostained for GFP and
GluR2. We quantified the size of GluR2
puncta on dendrites of control GFP or
Mecp2-null neurons. Control neurons show
a decrease in GluR2 puncta size following
bicuculline stimulation, indicating that the
increase in activity triggers the loss of surface
GluR2. However, Cre-mediated deletion of
Mecp2 in transfected neurons abolished the
bicuculline-induced decrease in GluR2 sur-
face expression, suggesting that MeCP2 is
necessary for activity-dependent changes in
surface GluR2 (Fig. 3A,B).

To determine whether MeCP2 was re-
quired for activity-dependent synaptic
scaling, we measured mEPSC amplitude
in hippocampal cultures in which MeCP2
levels were downregulated by shRNA ex-
pression or gene deletion. In the first set of
experiments, we infected hippocampal
cultures with lentiviruses encoding GFP

Figure 2. MeCP2 is required for activity-dependent downregulation of GluR2 expression. A, Assessment of MeCP2 mRNA after
bicuculline stimulation. Rat E18 cortical neurons were cultured for 16 DIV and stimulated with bicuculline for 6 h. Neurons were
lysed for collecting total RNA and reverse-transcribed for real-time PCR analysis with MeCP2-specific primers. B, MeCP2 chromatin
immunoprecipitation from E18 � 7 DIV rat cortical cultures. After immunoprecipitation with anti-MeCP2 antibody, PCRs with
endogenous GluR1 and GluR2 promoter primers were used to amplify promoter-specific segments. Real-time quantitative PCR was
performed and signals were normalized as percentage of input to determine promoter occupancy. C, MeCP2, HDAC1 and mSin3A
chromatin immunoprecipitation from rat cortical neurons under basal conditions. After immunoprecipitation with anti-MeCP2,

4

anti-HDAC1 and anti-mSin3a antibody, PCRs with endoge-
nous GluR2 promoter primers were used to amplify GluR2
promoter-specific segments. Real-time quantitative PCR was
performed and signals were normalized as percentage of input
to determine promoter occupancy. D, Relative binding
of MeCP2 to the GluR2 promoter in unstimulated and
bicuculline-stimulated neurons examined using chromatin
immunoprecipitation. E, Left, Western blot from hippocampal
cultures after exposure to bicuculline for 0, 30, or 60 min. Phos-
phorylated MeCP2 is detected using a Serine 412 phospho-
specific antibody. Right, quantification of ratio of total MeCP2
to MeCP2 phosphorylated at Serine 421 at 0, 30, or 60 min
bicuculline exposure. Asterisk signifies p � 0.05 by ANOVA. F,
Assessment of changes in GluR2 expression following bicucul-
line stimulation, with and without MeCP2. Rat P0/P1 hip-
pocampal neurons were cultured for 8 DIV and infected with
lentivirus containing control shRNA, MeCP2 shRNA, or MeCP2
shRNA with an shRNA-resistant MeCP2 construct (rescue). Cul-
tures were stimulated with bicuculline for 48 h where indi-
cated, and lysed for Western blot analysis with specified
antibodies. Asterisk indicates p � 0.05 using t test. G, Assess-
ment of changes in GluR2 protein levels following bicuculline
stimulation in wild-type and MeCP2 knock-out neurons. P7
hippocampal slices were prepared from wild-type and MeCP2
knock-out mouse and cultured for 3 d. After stimulation with
bicuculline for 48 h, neurons were lysed for Western blot anal-
ysis with antibodies as indicated.
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or GFP with shRNA targeting MeCP2 at 5 DIV, stimulated with
bicuculline at 12 DIV, and recorded from GFP-positive neurons
at 14 DIV. GFP-infected neurons showed a decrease in mEPSC
amplitude following bicuculline treatment (Fig. 3C–E). Strik-
ingly, this bicuculline-induced scaling of mEPSC amplitudes was
absent in neurons expressing MeCP2 shRNA (Fig. 3C–E). This
was not due to a failure in adequately increasing activity in knock-
down cells, as the bicuculline-induced increase in charge transfer
was similar in control and MeCP2 shRNA-expressing cells. Ex-
pression of an shRNA-insensitive rescue construct fully restored
bicuculline-induced scaling, indicating that activity-dependent
scaling down of synaptic currents requires MeCP2 (Fig. 3C–E).

In a complementary set of experiments we asked whether ge-
netic deletion of MeCP2 would also prevent synaptic scaling. For
these experiments, we cultured neurons from conditional Mecp2
mutant mice at P0 (Chen et al., 2001). The cultures were electro-
porated with either GFP alone or GFP and a Cre-expression con-
struct at the time of plating, and the cultures were treated with
bicuculline at 13 DIV for 48 h. In contrast to control neurons,
which showed bicuculline-induced scaling of mEPSC amplitudes

similar to that seen in rat hippocampal cultures, there was no
synaptic scaling in Cre-expressing neurons (Fig. 3F–H). In con-
trast to the shRNA experiments in rat cultures, there was also a
decrease in mEPSC amplitudes under control conditions in the
mouse cultures (Fig. 3H). This may reflect a more complete loss
of MeCP2 function in the mouse cultures where MeCP2 is genet-
ically deleted. These data from the conditional deletion of MeCP2
indicate that endogenous MeCP2 is required for bicuculline-
induced synaptic scaling.

Discussion
The observations reported here reveal a role for MeCP2 in
activity-dependent scaling of synaptic inputs. We find that in-
creased activity leads to induction of MeCP2 expression. MeCP2
in turn binds to the GluR2 promoter and recruits a repressor
complex to inhibit GluR2 expression. Loss of MeCP2 by shRNA
expression or genetic deletion blocks the activity-dependent de-
crease in GluR2 expression and synaptic scaling. Thus MeCP2
plays a critical role in mediating a key adaptive response that

Figure 3. MeCP2 is required for synaptic scaling in response to elevated network activity. A, Representative images of dendrites from hippocampal cultures transfected with GFP alone or with GFP�Cre at
time of plating then exposed to either vehicle or 50 �M bicuculline for 48 h before live labeling with GluR2 antibodies and subsequent fixation at DIV 14. B, Pooled data of homeostatic changes in
surface labeling of the GluR2 subunit measured by puncta size; 10 –15 cells per condition. Error bars show SEM. Asterisk indicates p � 0.05 using Kruskal–Wallis nonparametric test. C, Represen-
tative 15 s mEPSC recordings from hippocampal neurons at 14 DIV, infected with GFP (control), MeCP2-shRNA, or MeCP2 shRNA plus rescue at 7 DIV. Cultures were treated with vehicle or 50 �M

bicuculline for 48 h before recording. D, Distributions of mEPSCs from neurons infected with GFP alone, MeCP2-shRNA, or MeCP2 shRNA � rescue, each grown under control conditions, or treated
with bicuculline for 48 h before recordings. For each infection condition, control mEPSCs (x-axis) are sorted by amplitude and plotted against sorted bicuculline mEPSCs ( y-axis). mEPSCs �55 pA
are shown. The GFP control is the same data as shown in Figure 1B,C and is shown here for ease of comparison. E, Quantification of average mEPSC amplitude (mean � SEM) under conditions
indicated. n � 24, 23, 10, 8, 19, 16 cells. Asterisks indicate p � 0.05, t test. F, Representative 15 s mEPSC recordings from 14 DIV hippocampal neurons from floxed Mecp2 mice electroporated with
GFP (control) or Cre. Cultures were treated with 50 �M bicuculline for 48 h before recording. G, Distributions of mEPSCs from floxed Mecp2 neurons electroporated with GFP alone or with GFP � Cre,
grown under control conditions, or treated with bicuculline for 48 h before recordings. For each transfection condition, control mEPSCs (x-axis) are sorted by amplitude and plotted against sorted
bicuculline mEPSCs ( y-axis). mEPSCs �50 pA are shown. H, Quantification of average mEPSC amplitude (mean � SEM) under conditions indicated. n � 8, 5, 6, and 7 cells. p � 0.05, t test.
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allows neurons to adjust synaptic strength following changes in
neuronal activity.

The role of MeCP2 in synaptic scaling adds to recent evidence
implicating MeCP2 in regulating various aspects of synaptic con-
nectivity and function. While several studies have examined the
role of MeCP2 in basal synaptic transmission (Dani et al., 2005;
Chao et al., 2007), this is the first study that implicates MeCP2 in
activity-dependent scaling of synaptic currents. The fact that
MeCP2 regulates GluR2 expression is important since virtually
all AMPA receptor complexes in the brain include the GluR2
subunit (Lu et al., 2009) and regulation of GluR2 expression has
a direct effect on synaptic AMPA receptor subunit composition
(Shi et al., 2001). We also find that increased activity leads to
upregulation of MeCP2 levels and increased occupancy of the
GluR2 promoter. Although we do not observe activity- or
MeCP2-dependent regulation of GluR1 gene expression, in cor-
tical neurons we have found that activity-dependent changes in
surface GluR1 level required MeCP2 (DL and AG, unpublished
observations). Thus, MeCP2 might regulate AMPA receptor lev-
els by both transcriptional and post-transcriptional mechanisms.

While this study focuses on regulation of AMPA receptors by
MeCP2, it is likely that this mechanism works in concert with
other mechanisms that mediate activity-dependent changes in
synaptic strength. Importantly, a previous study examining tran-
scriptional control of synaptic scaling in response to elevated
activity found that activity-dependent induction of Plk2 leads to
degradation of SPAR and synaptic weakening (Seeburg et al.,
2008). Also, activity regulates the expression of Arc, which has
been implicated in AMPA receptor internalization (Shepherd et
al., 2006). Thus increased activity might engage multiple path-
ways to regulate AMPA receptor expression and trafficking to
regulate synaptic currents.

The identification of MeCP2 as a key regulator of synaptic
scaling is noteworthy in terms of our understanding of Rett syn-
drome (RTT). RTT is a childhood neurological disorder caused
by mutation in the MECP2 gene (Amir et al., 1999; Chahrour and
Zoghbi, 2007). The relationship between MECP2 mutation and
loss of cognitive and motor function in RTT patients is not well
understood, but the associated mental retardation as well as the
relatively subtle neuropathology has focused attention on the
potential role of MeCP2 in the development of functional neural
circuits. Regulating synaptic strength during the process of cir-
cuit formation may be particularly important to prevent uncon-
trolled recurrent excitation. Based on our observations we
suggest that MeCP2 may play a key role in this process by medi-
ating activity-dependent regulation of synaptic strength. Loss of
this pathway due to mutations in MECP2 may lead to a patho-
physiological increase in neuronal excitability, resulting in aber-
rant network activity and seizures, which are common in RTT
patients.
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