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Loss of MeCP2 From Forebrain Excitatory Neurons Leads to
Cortical Hyperexcitation and Seizures
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Mutations of MECP2 cause Rett syndrome (RTT), a neurodevelopmental disorder leading to loss of motor and cognitive functions, impaired
social interactions, and seizure at young ages. Defects of neuronal circuit development and function are thought to be responsible for the
symptoms of RTT. The majority of RTT patients show recurrent seizures, indicating that neuronal hyperexcitation is a common feature of RTT.
However, mechanisms underlying hyperexcitation in RTT are poorly understood. Here we show that deletion of Mecp2 from cortical excitatory
neurons but not forebrain inhibitory neurons in the mouse leads to spontaneous seizures. Selective deletion of Mecp2 from excitatory but not
inhibitory neurons in the forebrain reduces GABAergic transmission in layer 5 pyramidal neurons in the prefrontal and somatosensory cortices.
Loss of MeCP2 from cortical excitatory neurons reduces the number of GABAergic synapses in the cortex, and enhances the excitability of layer
5 pyramidal neurons. Using single-cell deletion of Mecp2 in layer 2/3 pyramidal neurons, we show that GABAergic transmission is reduced in
neurons without MeCP2, but is normal in neighboring neurons with MeCP2. Together, these results suggest that MeCP2 in cortical excitatory
neurons plays a critical role in the regulation of GABAergic transmission and cortical excitability.
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Introduction
Loss-of-function mutations of X-linked MECP2 (methyl-CpG
binding protein 2) cause the pervasive Rett syndrome (RTT;
Chahrour and Zoghbi, 2007). RTT patients show progressive loss
of motor and cognitive functions, impaired social interactions,
anxiety, and seizure at young ages. Studies using mouse models of
RTT have demonstrated that loss of MeCP2 from the brain is
responsible for the neurological symptoms of RTT (Chen et al.,
2001). However, the underlying mechanisms are largely un-
known. Despite a reduction in brain size in RTT patients, there is
no obvious change in the number of neurons or general pattern
of brain organization (Armstrong, 2005); similar results have
been found in mouse models of RTT (Chen et al., 2001; Guy et al.,
2001; Shahbazian et al., 2002). It has been hypothesized that de-
fects of neuronal circuit development and function are a major
mechanism of RTT (Chahrour and Zoghbi, 2007). This hypoth-
esis is supported by several studies demonstrating synaptic de-
fects in MeCP2-deficient mice during development and in
adulthood. Excitatory synaptic transmission is reduced in hip-
pocampal cultures from Mecp2 knock-out mice (Nelson et al.,
2006; Chao et al., 2007), but increased in those from mice over-

expressing Mecp2 (Chao et al., 2007; Na et al., 2012). Long-term
plasticity of excitatory synapses is also impaired in hippocampal
slices of MeCP2-deficient mice (Asaka et al., 2006; Moretti et al.,
2006; Guy et al., 2007). Changes of inhibitory transmission have
been reported in the cortex, brainstem, hippocampus, and thal-
amus of Mecp2 knock-out mice (Dani et al., 2005; Medrihan et
al., 2008; Zhang et al., 2008, 2010).

Clinical studies have shown that 70 – 80% of RTT patients
have recurrent seizures, with the onset typically between 2 and 5
years of age (Jian et al., 2007; Nissenkorn et al., 2010; Pintaudi et
al., 2010; Cardoza et al., 2011). Both partial and generalized sei-
zures are common, and electroencephalographic (EEG) data re-
veal focal and generalized epileptic discharges in RTT patients
(Nissenkorn et al., 2010; Vignoli et al., 2010). Furthermore, ab-
normal EEG activity in RTT patients is negatively correlated with
their cognitive and communication abilities (Vignoli et al., 2010).
These studies indicate that in addition to seizures, cognitive and
behavioral disabilities in RTT may be caused by a hyperactivity of
the neocortex and associated brain regions. How MeCP2 defi-
ciency leads to cortical hyperexcitation is poorly understood.
Mecp2 knock-out mice display seizures and hyperexcitability dis-
charges, indicating that as in human, deficiency of MeCP2 causes
network hyperexcitation in the brain (Chao et al., 2010; D’Cruz et
al., 2010; Calfa et al., 2011). A concern with this model, however,
is that there are widespread neuronal defects in the brain of
Mecp2 knock-out mice (Wang et al., 2006; Medrihan et al., 2008;
Taneja et al., 2009; Zhang et al., 2010; Noutel et al., 2011), there-
fore any changes observed in the cortex may be caused by defects
in other brain regions. Furthermore, MeCP2 may have distinct
roles in different types of cells. To address these issues, we exam-
ined mice with forebrain-restricted and cell-type-specific dele-
tion of Mecp2.
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Materials and Methods
Mice. Mice carrying the Mecp2 conditional allele (B6.129S4-Mecp2 tm1Jae/
Mmucd; Mecp2 F; Chen et al., 2001) were obtained from the Mutant
Mouse Regional Center (MMRRC; stock No. 011918-UCD), and back-
crossed to C57BL/6J (B6) for �10 generations. Cre driver strains Emx1-
Cre (B6.129S2-Emx1 tm1(cre)Krj/J; Gorski et al., 2002), Dlx5/6-Cre
(Tg(Dlx6a-Cre)1Mekk/J; Monory et al., 2006), and Rosa-tdTomato re-
porter (Ai14; Madisen et al., 2010) were obtained from JAX (stock No.
5628, 8199, and 7914, respectively). The Emx1-Cre strain was on a B6
background; the Dlx5/6-Cre strain was backcrossed to B6 for eight gen-
erations. The serotonin transporter (SERT) Cre strain (Tg(Slc6a4-
Cre)ET124Gsat, or SERT-Cre), generated by GENSAT (Gong et al.,
2007), was obtained from the MMRRC (stock No. 017261-UCD). Orig-
inally, on a mixed FVB/B6/129/Swiss background, this strain was back-
crossed to B6 for six generations before the experiments.

Genotypes were determined by PCR using tail DNA. For the Mecp2 F

strain, the primers were 5�-CTAGGTAAGAGCTCTTGTTGA-3� and 5�-
CACCACAGAAGTACTATGATC-3�, which gave products of 280 and
180 bp for the mutant and wild-type alleles, respectively. Cre driver
strains were genotyped using primers 5�-GCATTACCGGTCGATGCA
ACGAGTGATGAG-3� and 5�-GAGTGAACGAACCTGGTCGAAATCA
GTGCG-3�, which amplify a 410 bp fragment.

All procedures are in accordance with the NIH Guide for the Care and
Use of Laboratory Animals, and have been approved by The Jackson Lab-
oratory Animal Care and Use Committee.

EEG recording. EEG was recorded from male mice of 6 – 8 weeks of age
using procedures that we described previously (Beyer et al., 2008).
Briefly, mice were anesthetized with tribromoethanol (400 mg/kg i.p.).
Four small holes were drilled on the skull (1 mm anterior and 2 mm
posterior to the bregma, 2 mm lateral to the midline). One Teflon-coated
silver wire was inserted into each hole and placed between the dura and
skull. The wires were soldered onto a microconnector that was fixed on
the skull using dental cement. The mice were given a 48 h recovery period
before recordings were made. EEG was recorded for a 2 h period on each
of the following 2 d (Stellate Harmonie, Stellate Systems).

Slice preparation. Male mice aged P17–P20 and P42–P50 were anesthe-
tized with tribromo-ethanol and decapitated. Coronal sections 300 �m thick
were prepared with a vibratome (Leica VT1200). Slices were kept in artificial
CSF (ACSF) containing the following (in mM): 124 NaCl, 3.0 KCl, 1.5 CaCl2,
1.3 MgCl2, 1.0 NaH2PO4, 26 NaHCO3, and 20 glucose, saturated with 95%
O2 and 5% CO2 at room temperature (21–23°C).

Patch-clamp recording. Layer 5 pyramidal neurons in the medial pre-
frontal cortex (mPFC) and the barrel cortex (S1) were recorded using
methods that we described previously (Zhang, 2004). A slice was trans-
ferred to a submersion type chamber where it was continuously perfused
with ACSF saturated with 95% O2 and 5% CO2 at 32–33°C. The slice was
first viewed with a 4� objective, and the mPFC was identified as the area
between the forceps minor corpus callosum and the midline. The S1
barrel cortex was identified based on characteristic of the layer 4. Pyra-
midal neurons were identified with a 40� objective and Nomarski optics.
For IPSC recording, the pipette solution contained the following (in
mM): 120 CsCl, 20 TEA-Cl, 4 ATP-Mg, 0.3 GTP, 0.5 EGTA, 10 HEPES,
and 4.0 QX-314 (pH 7.2, 270 –280 mOsm with sucrose). For EPSC re-
cording, the pipette solution contained the following (in mM): 110 Cs
methylsulfate, 15 CsCl, 20 TEA-Cl, 4 ATP-Mg, 0.3 GTP, 0.5 EGTA, 10
HEPES, and 4.0 QX-314 (pH 7.2, 270 –280 mOsm with sucrose). Elec-
trodes had resistances between 2 and 4 M�. Whole-cell recordings were
made at the soma with a multiclamp 700B amplifier (Molecular Devices).
The series resistance, usually between 8 and 14 M�, was not compen-
sated in voltage-clamp experiments. Data were discarded when series
resistance was �16 M�. In some experiments, bipolar electrodes made
of insulated microwires (30 �m outside diameter) were placed in layer 5
to apply stimuli (100 �s, 20 –300 �A). Experiments were conducted
using AxoGraph X (AxoGraph Scientific). Data were filtered at 4 kHz and
digitized at 20 kHz. Spontaneous synaptic events were analyzed using the
event detection function of AxoGraph.

For current-clamp recording, the pipette solution contained the fol-
lowing (in mM): 120 K-gluconate, 10 KCl, 4 ATP-Mg, 0.3 GTP, 10

HEPES, and 0.5 EGTA (pH 7.2, 270 –280 mOsm with sucrose). Series
resistance was fully compensated using the bridge circuit of the amplifier
MultiClamp 700B. Intrinsic properties were analyzed using methods that
we described previously (Zhang, 2004; Zhang and Arsenault, 2005).
Briefly, resting potentials of neurons were measured within 20 s of estab-
lishing whole-cell configuration. Input resistance was estimated from
voltage responses to 400 ms current pulses at �100 pA. Action potentials
were evoked using positive current pulses. Action potential threshold was
estimated as the point when the slope of rising membrane potential
exceeds 50 mV/ms, and for each cell, measurements of 4 – 6 action po-
tentials were averaged.

Immunostaining. Mice were anesthetized with tribromoethanol, per-
fused with 4% paraformaldehyde in 0.1 M PBS, and postfixed overnight.

Figure 1. Conditional deletion of Mecp2 with Emx1-Cre leads to spike-wave discharges. A,
Seizure activity in an Emx1-Mecp2 mutant mouse at 7 weeks of age. EEG was recorded from a
wake Emx1-Mecp2 mouse using four electrodes placed over the right frontal (RF), left frontal
(LF), right back (RB), and left back (LB) surface of the neocortex. Each trace is the differential
between signals recorded from two of the electrodes. B, EEG recording from a control mouse
(Mecp2 wt/y; Emx1-Cre) at 7 weeks of age. C, EEG recording from a Dlx6a-Mecp2 mutant mouse
at 7 weeks of age.
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Coronal sections of 60 �m thick were cut on a
vibratome. Sections containing mPFC were in-
cubated with 1% BSA, 0.3% Triton X-100, and
3% normal goat serum for 2 h at room temper-
ature, then incubated with polyclonal antibod-
ies of vesicular GABA transporter (VGAT;
1:2000, Synaptic Systems), monoclonal anti-
NeuN (1:1000, Millipore), polyclonal RFP (1:
2000, Rockland), polyclonal anti-GABA (1:
4000, Immunostar), or monoclonal anti-
MeCP2 (1:1000, Cell Signaling Technology)
for 48 h at 4°C. After wash, sections were incu-
bated with goat AlexaFluor-conjugated sec-
ondary antibodies (1:500, Invitrogen) for 2 h at
room temperature. Sections were mounted in
DPX medium (Sigma-Aldrich).

Confocal images were taken on a Leica SP5
microscope. For VGAT straining, confocal
stacks were taken with a 63� objective (NA
1.3) and 4� optical zoom. The pixel size was
60.3 nm. The z-step size was 130 nm, and each
stack had 15 steps. Three stacks were obtained
from each mouse, and the same laser and mi-
croscope setting was used for control and mu-
tant samples. Confocal stacks were analyzed
blind to the genotypes using the spot analysis
tool of Imaris (Bitplane). The detection thresh-
old was set using images that showed the stron-
gest VGAT staining; the same threshold was
applied to all stacks from control and mutant
mice of the same experiment. The minimal
spot size was set at 0.4 �m (X or Y). VGAT
puncta was detected for the volume of the stack
(6425 �m 3 without shrinkage correction), and
the results were expressed as the number of
VGAT puncta per 1000 �m 3 of tissue.

Statistics. Statistics was performed using Ig-
orPro (WaveMetrics), InStat (GraphPad), and
JMP (SAS). Throughout, means are given as
�SEM. Unless specified otherwise, means
were compared using Mann–Whitney test or
one-way ANOVA. Distributions of synaptic
events were compared with Kolmogorov–
Smirnov test (K–S test).

Results
Spontaneous seizures in mice lacking
MeCP2 from the forebrain
EEG recordings revealed cortical hyperex-
citation and seizures in MeCP2-deficient
mice (Shahbazian et al., 2002; Zhang et al.,
2008). This increase of cortical discharges
may be caused by the loss of MeCP2 from excitatory or inhibitory
neurons, or glia in the cortex and subcortical regions. To deter-
mine the cellular origin of cortical hyperexcitation in Mecp2 mu-
tant mice, we performed EEG recordings from mice lacking
MeCP2 from specific cell types in the forebrain. The Emx1-Cre
driver (Gorski et al., 2002) and a conditional Mecp2 strain (Chen
et al., 2001) were used to delete Mecp2 from excitatory neurons
and glia but not inhibitory neurons in the neocortex and hip-
pocampus. A total of five Emx1-Mecp2 (Mecp2 F/y; Emx1-Cre)
mutant mice were recorded between 6 and 8 weeks of age. We
found that all Emx1-Mecp2 mutant mice showed absence seizures
as characterized by spike-wave discharges in animals that were
awake (Fig. 1A). Spike-wave discharges occurred at 36 � 7 epi-
sodes/h (n � 5 mice), and the mean duration of episode was
1.3 � 0.1 s. In contrast, all four control mice that we recorded did

not show any spike-wave discharges (Fig. 1B). We also recorded
five mice lacking MeCP2 from inhibitory neurons in the fore-
brain using the Dlx6a-Cre driver (Monory et al., 2006). None of
the Dlx6a-Mecp2 (Mecp2 F/y; Dlx6a-Cre) mutant mice showed
any spike-wave discharges (Fig. 1C). These results indicate that
loss of MeCP2 from excitatory neurons and glia in the forebrain is
sufficient to cause hyperexcitation and seizures.

GABAergic transmission is reduced in the cortex of mice
lacking MeCP2 from the forebrain excitatory neurons
The seizure phenotype observed in Emx1-Mecp2 mice suggests
that the balance of excitation and inhibition (E/I balance) is dis-
rupted in these mice. In addition to seizures, shift in E/I balance is
also implicated in other RTT symptoms, such as cognitive de-
fects, anxiety, and impaired social behaviors (Yizhar et al., 2011).

Figure 2. Deletion of Mecp2 with Emx1-Cre caused reduction in the frequency of sIPSCs and mIPSCs in layer 5 pyramidal neurons
in the mPFC at P17–P20. A, sIPSCs recorded from a control (top trace) and mutant (bottom trace) neurons at P18. B, Distributions
of sIPSC intervals for mutant neurons (Mecp2 F/y; Emx1-Cre, line in gray, n � 25 from 4 mice) and control neurons (Mecp2 F/y,
dashed line, n � 15 from 2 mice; Mecp2 wt/y; Emx1-Cre, line in black, n � 27 from 4 mice). For each group, the distribution was
established using 200 consecutive events from each of the recorded cells; p � 0.0007, K–S test. C, The mean frequency of sIPSCs
for the three groups (4.9�0.3 Hz for Mecp2F/y;Emx1-Cre; 6.7�0.4 Hz for Mecp2wt/y;Emx1-Cre; 7.1�0.3 Hz for Mecp2F/y; ***p	
0.001). D, The mean peak amplitude of sIPSCs for the three groups (34.2 � 1.1 pA for Mecp2F/y;Emx1-Cre; 34.6 � 1.4 pA for Mecp2wt/

y;Emx1-Cre; and 36.7�2.2 pA for Mecp2F/y; p�0.3). The mean decay constant of sIPSC was 5.6�0.3 ms for mutant neurons (Mecp2 F/y;
Emx1-Cre), 5.5 � 0.2 ms for Mecp2 F/y control, and 5.8 � 0.2 ms for Mecp2 wt/y; Emx1-Cre control ( p � 0.53, one-way ANOVA). E,
Distributions of mIPSC intervals for mutant neurons (Mecp2 F/y; Emx1-Cre, gray) and control neurons (Mecp2 wt/y; Emx1-Cre, black). p �
0.0003,K–Stest.ThemeanfrequencyofmIPSCwas4.5�0.2Hz(n�22from3mice)formutantneurons,and6.4�0.5Hz(n�24from
3 mice) for control neurons ( p � 0.001). F, Distributions of mIPSC amplitude for mutant neurons (Mecp2 F/y; Emx1-Cre, gray) and control
neurons (Mecp2 wt/y; Emx1-Cre, black). The mean peak amplitude of mIPSC was 28.1�1.2 pA for mutant neurons, and 28.5�1.3 pA for
control neurons ( p�0.68). G, Averaged mIPSCs for mutant and control neurons. The mean decay constant of mIPSC was 6.1�0.2 ms for
mutant neurons, and 5.7 � 0.2 ms for control neurons ( p � 0.08).
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To elucidate the mechanisms underlying the shift in E/I balance
in MeCP2-deficient brains, we examined the effect of Mecp2 de-
letion on synaptic transmission in the mPFC, a region that plays
an important role in cognitive functions, anxiety and social be-
haviors (Holmes and Wellman, 2009; Etkin et al., 2011; Yizhar et
al., 2011). We performed whole-cell patch-clamp recording in
acute brain slices from Emx1-Mecp2 mutant mice (Mecp2 F/y;
Emx1-Cre) and two littermate control groups (Mecp2 wt/y; Emx1-
Cre and Mecp2F/y) at P17–P20. We first assessed inhibitory syn-
aptic transmission by recording spontaneous IPSCs (sIPSCs)
from layer 5 pyramidal neurons in the mPFC. Excitatory synaptic
transmission was blocked by DNQX (10 �M) and kynurenic acid
(1 mM). Emx1-Mecp2 mutant neurons showed fewer sIPSCs than
control neurons at P17–P20 (Fig. 2A,B,C), whereas no difference
was found between mutant and control neurons in the mean peak
amplitude or kinetics of sIPSCs (Fig. 2D). Because sIPSCs may
contain both quantal IPSCs (mIPSCs) and spontaneous spike-
driven IPSCs, we selectively recorded mIPSCs in the presence of
tetrodotoxin (0.5 �M). Mutant (Mecp2 F/y; Emx1-Cre) neurons
showed fewer quantal events than control (Mecp2 wt/y; Emx1-Cre)
neurons at P17–P20 (Fig. 2E). In mutant neurons the mean fre-
quency of mIPSCs was reduced by 30%, without any change in
the amplitude or kinetics of mIPSCs (Fig. 2F,G).

To determine whether GABAergic defects are present in
young adult mutant mice, we recorded from layer 5 pyramidal
neurons in mPFC of mice aged 6 –7 weeks. The frequency of
mIPSCs was significantly reduced in Emx1-Mecp2 mutant neu-
rons (5.8 � 0.4 Hz, n � 15 cells from 3 mutant mice vs 7.3 � 0.4
Hz, n � 17 cells from 3 control mice; p � 0.008), whereas the peak
amplitude of mIPSCs was not different between mutant and con-
trol neurons (30.9 � 1.6 pA for mutant vs 31.4 � 2.0 pA for
control; p � 0.88). These results are consistent with those ob-

tained at 3 weeks of age, suggesting that deletion of Mecp2 from
excitatory neurons in the forebrain causes a significant reduction
of GABAergic transmission in young adult mice.

To examine whether deletion of Mecp2 alters excitatory trans-
mission, we recorded mEPSCs from layer 5 pyramidal neurons in
the mPFC of Emx1-Mecp2 mutant and control mice at P17–P18
and 6 –7 weeks of age. At P17–P18, there was no difference be-
tween mutant and control neurons in the frequency, amplitude,
or decay time of mEPSCs (Fig. 3). Similar results were obtained at
6 –7 weeks of age. At 6 –7 weeks of age, the mean frequency of
mEPSCs was 4.8 � 0.8 Hz (n � 15 from 3 mice) for control
neurons, and 5.8 � 0.7 Hz (n � 14 from 3 mice) for mutant
neurons (p � 0.25); the mean peak amplitude of mEPSCs was
14.2 � 1.1 pA for control neurons, 12.9 � 0.8 for mutant neurons
(p � 0.51); decay constant of mEPSC was 4.2 � 0.2 ms for con-
trol neurons, and 4.1 � 0.1 ms for mutant neurons (p � 0.39).
These results indicate a selective reduction of inhibitory synaptic
transmission in mPFC of Emx1-Mecp2 mice.

Although the mPFC is critically implicated in cognitive func-
tions, its role in absence seizures is unclear. Previous studies have
shown that in a rat model of absence seizure spike-wave dis-
charges are initiated in the deep layers of the somatosensory cor-
tex (Polack et al., 2007). Therefore we recorded from layer 5
pyramidal neurons in the somatosensory cortex (S1; Fig. 4). Sim-
ilar to what we found in the mPFC, the frequency of sIPSCs was
reduced by 25% in S1 neurons of Emx1-Mecp2 mutant mice (Fig.
4B), without significant changes in the amplitude or decay time
of sIPSCs (Fig. 4C,D). Similar results were obtained for mIPSCs.
The mean frequency of mIPSCs was 7.1 � 0.3 Hz (n � 18 cells
from 3 mice) for mutant and 9.7 � 0.4 Hz (n � 23 from 3 mice)
for control (p � 0.0001); the mean peak amplitude of mIPSCs
was 31.5 � 1.4 pA for mutant and 35.3 � 1.7 pA for control (p �
0.124); the decay constant was 5.4 � 0.1 ms for mutant and 5.6 �
0.1 ms for control (p � 0.854). We also recorded mEPSCs from
layer 5 pyramidal neurons in S1 of mutant and control mice.

Figure 3. Deletion of Mecp2 with Emx1-Cre had no effect on excitatory transmission in the
prefrontal cortex. A, mEPSCs recorded from a control (top trace, black) and mutant (bottom
trace, gray) layer 5 pyramidal neurons in mPFC at P18 in presence of TTX (0.3 �M) and picrotoxin
(100 �M). B, Distributions of mEPSC intervals for mutant (black) and mutant (gray) neurons.
The mean frequency was 6.3 � 0.6 Hz for control neurons (n � 24 from 3 mice) and 6.4 � 0.6
Hz for mutant neurons (n � 21 from 3 mice; p � 0.71). C, Distributions of mEPSC peak ampli-
tude for control (black) and mutant (gray) neurons. The mean peak amplitude was 11.8 � 0.4
pA for control and 12.0 � 0.3 pA for mutant neurons ( p � 0.99). Inset, Averaged mEPSCs for
control (black) and mutant (gray) neurons. Scale bars, 2 pA and 2 ms. The mean decay constant
of mEPSCs was 3.7 � 0.1 ms for control and 3.8 � 0.1 ms for mutant neurons ( p � 0.89).

Figure 4. Deletion of Mecp2 with Emx1-Cre reduced GABAergic transmission in the somato-
sensory cortex. A, sIPSCs recorded from a control (top trace, black) and mutant (bottom trace,
gray) layer 5 pyramidal neurons in S1 at P18. B, Distributions of sIPSC intervals for mutant
neurons (Mecp2 F/y; Emx1-Cre, gray) and control neurons (Mecp2 wt/y; Emx1-Cre, black); **p 	
0.001, K–S test. The mean frequency of sIPSCs for control (8.7 � 0.4 Hz, n � 17 cells from 3
mice) and mutant neurons (6.5 � 0.6 Hz, n � 19 cells from 3 mice; **p � 0.004). C, Distribu-
tions of sIPSC amplitude for mutant neurons (Mecp2 F/y; Emx1-Cre, gray) and control neurons
(Mecp2 wt/y; Emx1-Cre, black). The peak amplitude of sIPSCs for control (37.8 � 2.3 pA) and
mutant neurons (34.3�1.5 pA; p �0.13). D, Averaged sIPSCs for control and mutant neurons.
The mean decay constant of sIPSCs was 5.6 � 0.2 ms for control neurons, and 4.9 � 0.1 ms for
mutant neurons ( p � 0.04).
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There was no significant difference be-
tween mutant and control neurons in the
frequency (6.2 � 0.6 Hz, n � 16 for mu-
tant vs 5.6 � 0.4 Hz, n � 18 for control;
p � 0.40), amplitude (15.5 � 0.3 pA for
mutant vs 14.6 � 0.4 pA for control; p �
0.18), or decay time (3.0 � 0.1 ms for mu-
tant vs 3.2 � 0.1 ms for control; p � 0.06)
of mEPSCs. Together, these results sug-
gest that deletion of Mecp2 from the
cortical neurons selectively reduces
GABAergic transmission in the cortex.

Deletion of Mecp2 from forebrain
inhibitory neurons has no effects on
GABAergic transmission in layer 5
pyramidal neurons
Recent studies have shown that deletion of
Mecp2 from all inhibitory neurons in the
brain reduces GABAergic transmission in
the cortex (Chao et al., 2010). To determine
whether MeCP2 in cortical inhibitory neu-
rons plays a role in GABAergic transmission
in the cortex, we examined GABAergic
transmission in the cortex of conditional
Dlx6a-Mecp2 mice. In the Dlx6a-Cre
strain, Cre recombinase is selectively ex-
pressed in GABAergic neurons in the fore-
brain (Monory et al., 2006). To ascertain
the efficiency of deletion, we first per-
formed GABA immunostaining on brain
sections from mice that carried the Dlx6a-
Cre and Rosa-tdTomato reporter. All
GABA-positive neurons in the mPFC also
expressed tdTomato (Fig. 4A), indicating
that all GABAergic neurons in the mPFC
of the Dlx6a-Cre mice express Cre recombi-
nase. Approximately 10% of tdTomato-
expressing cells in the mPFC of Dlx6a-Cre;
Ai14 mice at P17–P18 did not show GABA
immunoreactivity. These cells were smaller
than GABA-positive ones, and presumably
were immature interneurons. Next, we per-
formed MeCP2 immunostaining on sections
from conditional Dlx6a-Mecp2 mutant mice
(Mecp2F/y;Dlx6a-Cre) carrying the Rosa-
tdTomato reporter. All tdTomato-expressing
cells were MeCP2-negative, whereas neigh-
boring tdTomato-negative cells showed nor-
mal MeCP2 immunoreactivity (Fig. 5B).
These results indicate that in Dlx6a-Mecp2
mutant mice, Mecp2 was deleted from all
GABAergic neurons in the mPFC. Spontane-
ousGABAergic transmissionwasanalyzedinlayer5pyramidalneurons
from Dlx6a-Mecp2 mutant and control littermates at P17–P20. We
found no difference between mutant and control neurons in the fre-
quency, amplitude, or decay time of sIPSCs (Fig. 5C–E).

Similar results were obtained from layer 5 pyramidal neurons in the
somatosensory cortex at P18–P20. The mean frequency of sIPSCs was
8.5 � 0.3 Hz (n � 17 cells from 3 mice) for mutant, and 8.2 � 0.4 Hz
(n � 20 cells from 3 mice) for control (p � 0.65); the mean peak am-
plitude was 38.9 � 2.7 pA for mutant, and 40.2 � 2.1 pA for control
(p�0.46); themeandecaytimewas5.5�0.2msformutant,and5.1�

0.3 ms for control (p � 0.43). Together, these findings suggest that
MeCP2 expression by cortical interneurons is not essential for the for-
mation and function of GABAergic synapses in layer 5 pyramidal
neurons.

Defect of GABAergic transmission is restricted to neurons
lacking MeCP2
In Emx1-Mecp2 mutant mice, Mecp2 was deleted from all neu-
rons in the cortex. This large-scale removal of MeCP2 in the
cortex may have indirect effects on GABAergic transmission. For
example, Mecp2 deletion may alter cortical activity, which in turn

Figure 5. Selective deletion of Mecp2 from forebrain GABAergic neurons had no effect on spontaneous GABAergic transmission.
A, tdTomato signal and GABA immunostaining in the mPFC of a Dlx6a-Cre; Ai14 mouse. Scale bar, 20 �m. B, tdTomato signal and
MeCP2 immunostaining in the mPFC of a Mecp2 F/y; Dlx6a-Cre; Ai14 mouse. Scale bar, 20 �m. C, sIPSCs recorded from a control
(Mecp2 F/y) and mutant (Mecp2 F/y; Dlx6a-Cre) neurons at P18. D, Distributions of sIPSC intervals for control (black) and mutant
(gray) neurons. The mean frequency of sIPSCs was 6.3 � 0.4 Hz (n � 15 from 3 mice) for control neurons, and 6.0 � 0.3 Hz (n �
19 from 3 mice) for mutant neurons ( p � 0.82). E, Distributions of sIPSC amplitude for control and mutant neurons. Inset,
Averaged sIPSCs from control and mutant neurons. Scale bars, 10 ms and 10 pA. The mean amplitude of sIPSCs was 38.1 � 3.0 pA
for control neurons, and 36.9 � 1.9 pA for mutant neurons ( p � 0.8). The mean decay constant was 6.2 � 0.3 ms for control
neurons, and 5.7 � 0.2 ms for mutant neurons ( p � 0.2).
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leads to widespread changes in GABAergic transmission. In ad-
dition, Cre recombinase is also expressed in glia cells in the cortex
of Emx1-Cre mice (Gorski et al., 2002), and deletion of Mecp2
from glia cells may contribute to GABAergic defects. To examine
these possibilities, we took advantage of the sparse expression of
Cre recombinase in layer 2/3 of S1 of SERT-Cre mice. Using the
Ai14 reporter (Madisen et al., 2010) and NeuN staining, we found
that 19% (258 of 1339) of neurons in upper layer 2/3 of S1 in
SERT-Cre mice were Cre
 (Fig. 6A,B). Consistent with our pre-
vious results (Zhang et al., 2013), all Cre
 cells in the cortex of
SERT-cre mice were NeuN
, indicating that Cre expression in
these mice was restricted to neurons. Immunostaining for GABA
indicated that 94% of Cre
 neurons in layer 2/3 were pyramidal
neurons and negative for GABA (Fig. 6C); in contrast, only 16% of
GABA-positive neurons were Cre
. We recorded from layer 2/3
pyramidal neurons in S1 of SERT-Mecp2 mutant mice carrying the
Ai14 reporter (SERT-Mecp2-Ai14, or Mecp2 F/y; SERT-Cre; Ai14).
Cre
 and Cre� neurons were identified by epifluorescence of
tdTomato. GABAergic transmission was significantly reduced in
Cre
 layer 2/3 pyramidal neurons compared with Cre� ones in
the same animals (Fig. 6D–G). The frequency of sIPSCs was re-
duced by 57% in mutant neurons (Fig. 6E, red and black bars),
with a small reduction (20%) in sIPSC amplitude (Fig. 6F, red and
black bars). To examine any side effects of Cre and tdTomato expres-
sion, we also recorded from Cre
 and Cre� neurons in SERT-Ai14
mice wild-type for Mecp2 (Mecp2wt/y; SERT-Cre; Ai14); there was
no difference in sIPSCs between Cre
 and Cre� neurons of control
mice (Fig. 6E,F, blue and purple bars). Together, these results dem-

onstrate that the lack of MeCP2 in postsynaptic neurons causes a
reduction of GABAergic transmission.

Forebrain-restricted deletion of Mecp2 reduces the number
of GABAergic synapses in the cortex
We further examined synaptic mechanisms by which MeCP2
regulates GABAergic transmission. The lack of change in the am-
plitude or kinetics of sIPSCs in Emx1-Mecp2 mutant neurons
indicates that alterations in presynaptic function or synapse
number are the possible causes. We recorded evoked IPSCs in
neurons from Emx1-Mecp2 mutant and littermate control mice
at P18 –P20. Stimulation electrodes made of twisted microwires
were placed 200 �m away from the recorded cell, and current
pulses were applied at 1/15 s. Monosynaptic IPSCs were recorded
from mutant and control neurons in the presence of DNQX and
kynurenic acid (Fig. 7A). For each cell, the input– output rela-
tionship was determined by stimuli at a range of intensity. Mu-
tant neurons showed similar IPSC threshold as control ones (Fig.
7B). However, peak amplitudes of IPSCs were significantly
smaller in mutant neurons than control ones (Fig. 7B). The max-
imal IPSC, reached at about the same stimulus intensities in mu-
tant and control neurons, was 2.6 � 0.2 nA (n � 14) for mutant
neurons, and 3.5 � 0.3 nA (n � 13) for control neurons (p �
0.02). We recorded paired pulse responses at intensities that pro-
duced half-maximal IPSCs. There was no difference between mu-
tant and control neurons in paired pulse ratio (Fig. 7C). These
results indicate that a decrease in the number of GABAergic syn-

Figure 6. Mosaic deletion of Mecp2 in the cortex selectively disrupts GABAergic transmission in neurons deficient in MeCP2. A, confocal image of the S1 in coronal section of a SERT-Ai14 mouse
at P21. Neurons were labeled with anti-NeuN (green); Cre 
 cells were identified with tdTomato signal (red). The lines and numbers on the side indicate the locations of the six cortical layers. Scale
bar, 200 �m. B, Layer 1 and upper layer 2/3 of S1 at a higher-magnification. Scale bar, 100 �m. Approximately 19% of neurons in upper layer 2/3 were Cre 
. C, Layer 2/3 of S1 immunostained for
GABA (green). The vast majority of Cre 
 neurons (red) in layer 2/3 were pyramidal neurons and negative for GABA. Scale bar, 20 �m. D, sIPSCs recorded from a Cre � (top trace, black) and a Cre 


(bottom trace, red) pyramidal neurons in S1 layer 2/3 of a SERT-Mecp2-Ai14 mutant mouse at P18. E, Mean frequency of sIPSCs from Cre � and Cre 
 layer 2/3 pyramidal neurons in SERT-Mecp2-Ai14
mutant and SERT-Ai14 control mice at P17–P18. For mutant mice, the mean frequency was 7.6�0.4 Hz (n �18, for Cre � neurons, black) and 3.6�0.3 Hz (n �17, for Cre 
 neurons, red; ***p 	
0.0005). For control mice, the mean frequency was 8.3 � 0.7 Hz (n � 17, for Cre � neurons, blue) and 7.8 � 0.7 Hz (n � 17, for Cre 
 neurons, purple). F, Mean peak amplitude of sIPSCs for the
four groups. The mean peak amplitude was 31.6�1.6 pA (Cre � neurons in mutant mice), 25.0�1.6 pA (Cre 
 neurons in mutant mice), 33.3�1.8 pA (Cre � neurons in control mice), and 34.1�
1.9 pA (Cre 
 neurons in control mice); ***p 	 0.001. G, Averaged sIPSCs for Cre � (in black) and Cre 
 (in red) neurons in mutant mice. The decay time constant of sIPSCs was 7.5 � 0.2 ms (Cre �

neurons in mutant mice), 8.4 � 0.2 ms (Cre 
 neurons in mutant mice), 7.4 � 0.1 ms (Cre � neurons in control mice), and 7.6 � 0.2 ms (Cre 
 neurons in control mice). The decay time of Cre 


neurons in mutant mice was significantly slower than the other three groups (**p � 0.002).
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apses may be the primary cause of the re-
duction of GABAergic transmission in
mutant neurons.

To analyze changes in the number of
GABAergic synapses, we performed im-
munofluorescence staining of VGAT on
brain sections from Emx1-Mecp2 mutant
and littermate control mice. At P18 –P19,
Emx1-Mecp2 mutant mice showed signif-
icantly fewer VGAT-positive puncta in
layer 5 of mPFC than control mice (Fig.
7D, top). The density of VGAT-positive
puncta was reduced by 42% in layer 5 of
mutant mice (Fig. 7E). Similar reductions
(37%) were observed in young adult mu-
tant mice at 7– 8 weeks of age (Fig. 7D,
bottom, E). These results indicate that
conditional deletion of Mecp2 with Emx1-
Cre leads to reductions in the number of
GABAergic synapses in the mPFC.

Deletion of Mecp2 enhances neuronal
discharges through disinhibition
Our results so far suggest that selective dele-
tion of Mecp2 from cortical neurons reduces
GABAergic transmission. To determine the
effect of Mecp2 deletion on neuronal activ-
ity, we performed current-clamp recordings
from layer 5 pyramidal neurons of the
mPFC in slices obtained from Emx1-Mecp2
mutant mice and control littermates at
P18–P20. Neuronal firing was examined
first at the resting potential (typically ��59
mV), and then at �53 mV by applying a
small depolarizing current to adjust the in-
terspike membrane potential. At the resting
potential, neither mutant nor control neu-
rons showed any spontaneous firing (Fig. 8A). At �53 mV, more
mutant neurons (24/26) fired action potential than control (15/22;
p � 0.033, Fisher’s exact test). The average firing rate was signifi-
cantly higher in mutant neurons (Fig. 8B).

The increased firing observed in mutant neurons could be due to
changes in either intrinsic excitability of neurons or synaptic activity;
these two possibilities are not mutually exclusive. Our results on
synaptic activity suggest that a reduction of GABAergic transmission
contributes to the hyperexcitation of Mecp2 mutant neurons. We
reasoned that if a reduction in GABAergic transmission is the cause
of hyperexcitation in mutant neurons, blocking GABAergic trans-
mission in both control and mutant neurons should abolish the
difference between them. Because bath application of GABAA antag-
onists causes epileptiform activity in cortical slices, we used intracel-
lular application of picrotoxin to block GABAergic transmission in
single cells (Inomata et al., 1988). Picrotoxin (0.5 mM) included in
the patch pipette blocked sIPSCs in pyramidal neurons (Fig. 8C).
Picrotoxin abolished the difference between Emx1-Mecp2 mutant
and control neurons in firing, and enhanced firing in both mutant
and control neurons (Fig. 8D,E). These results suggest that condi-
tional deletion of Mecp2 with Emx1-Cre causes hyperexcitation of
layer 5 pyramidal neurons by reducing GABAergic transmission in
the cortex.

We next assessed intrinsic excitability of layer 5 pyramidal neu-
rons in the mPFC in the presence of synaptic blockers picrotoxin
(100 �M), DNQX (10 �M), and kynurenic acid (1 mM). Firing was

evoked by a series of depolarizing current steps (Fig. 8F). The curve
of the mean firing rate vs injected current was not different between
mutant and control neurons (Fig. 8G). Furthermore, there was no
difference between mutant and control neurons in resting potential
(�60.8 � 0.4 mV, n � 27, for control; �59.9 � 0.4 mV, n � 31 for
mutant; p � 0.08), input resistance (125 � 8 M� for control; 113 �
7 M� for mutant; p � 0.19), or spike threshold (�38.1 � 0.4 mV for
control; �38.6 � 0.5 mV for mutant; p � 0.41). These results indi-
cate that intrinsic excitability of layer 5 pyramidal neurons was not
altered by Mecp2 deletion.

Discussion
Our results suggest that MeCP2 in cortical excitatory neurons has a
key role in regulating GABAergic transmission and excitability of
cortical circuits. Deletion of Mecp2 from excitatory but not inhibi-
tory neurons in the forebrain leads to seizures, hyperexcitation, and
a reduction of GABAergic transmission. Using pharmacological ma-
nipulation at the single-cell level, we provide evidence that loss of
MeCP2 from cortical neurons leads to enhanced excitability through
a reduction of GABAergic transmission.

Seizure and cortical excitability in MeCP2-deficient brain
Studies from several patient groups have shown that seizure is a
common feature of RTT (Jian et al., 2007; Nissenkorn et al., 2010;
Pintaudi et al., 2010; Cardoza et al., 2011). Both partial and gen-
eralized seizures are common among RTT patients (Cardoza et
al., 2011). The types of generalized seizures at the onset showed a

Figure 7. Evoked GABAergic transmission and the number of GABAergic synapses were reduced in the mPFC of Emx1-Mecp2
mutant mice. A, Monosynaptic IPSCs recorded from control and mutant neurons evoked by local stimulation. B, The input– output
curve of IPSCs for control (n � 13 from 3 mice) and mutant (n � 14 from 3 mice) neurons. C, Paired pulse responses for IPSCs from
control and mutant neurons. The averaged IPSCs from control and mutant neurons were normalized to the peak of the first IPSC.
The paired pulse ratio at 100 ms interval was 0.89 � 0.02 (n � 10 from 3 mice) for mutant neurons, and 0.85 � 0.03 (n � 11 from
3 mice) for control neurons ( p � 0.14). D, Double immunostaining of VGAT (red) and NeuN (green) in the mPFC of control and
mutant mice at P18 (top) and 7 weeks of age (bottom). Scale bar, 10 �m. E, Numbers of VGAT puncta per 1000 �m 3 volume in
layer 5 of mPFC of mutant and control mice at P18 –P19 and 7– 8 weeks of age. Data were obtained from four pairs of mice at
P18 –P19 and 7– 8 weeks of age, respectively; three measurements were performed for each mouse. P values were obtained with
Mann–Whitney test.
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wide spectrum; the largest group had generalized tonic-clonic
seizures, and this is followed by the group showing atypical ab-
sence seizures (Pintaudi et al., 2010). Mouse models of RTT re-
capitulate the seizure phenotype. Recurrent seizures were found in
both male (Mecp2�/y) and female heterozygote animals (Shahba-
zian et al., 2002; Chao et al., 2010; D’Cruz et al., 2010). In female
Mecp2 heterozygote mice, spike-wave discharges of 1–2 s in du-
ration were detected in the cortex (D’Cruz et al., 2010). These
spontaneous discharges occurred in wake immobile mice, and were
sensitive to ethosuximide. Overall, EEG results obtained from RTT
patients and Mecp2 mutant mice indicate a hyperexcitation of the
cortex and associated regions in MeCP2-deficient brains.

In contrast to in vivo data, early studies using brain slices
showed a reduction of firing in cortical pyramidal neurons of

germline Mecp2 knock-out mice, and the
effect was associated with a reduction of
excitatory transmission (Dani et al.,
2005). In the present study, we obtained
different results: cortical pyramidal neu-
rons in Emx1-Mecp2 mice showed an in-
crease of firing and the effect was
associated with a reduction of inhibitory
transmission without any change in quan-
tal excitatory transmission. The reason for
this discrepancy is unknown. One possi-
bility is the differences in experimental
methods. The previous study used low
concentrations of divalent cations (0.5
mM Mg 2
 and 1.0 mM Ca 2
) for the re-
cording of cell firing and synaptic currents
(Dani et al., 2005), whereas we used phys-
iological concentrations of divalent cat-
ions (1.3 mM Mg 2
 and 1.5 mM Ca 2
).
Neurons and synapses in MeCP2-
deficient brains may be different from
wild-type neurons in response to low con-
centrations of Mg 2
 and Ca 2
. Although
no change in intrinsic excitability was
found in the previous study, those exper-
iments were conducted in ACSF contain-
ing higher concentrations of divalent
cations (2 mM Mg 2
 and 2 mM Ca 2
). It is
also unclear whether the reduction in ex-
citatory transmission observed in the pre-
vious study significantly contributed to
the change in cell firing. There was a 15%
reduction in mEPSC amplitude without
significant change in mEPSC frequency,
and no significant change in the ampli-
tude or frequency of mIPSCs was ob-
served (Dani et al., 2005). In hippocampal
neurons, deletion of Mecp2 reduced the
frequency but not amplitude of mEPSCs,
and the effect was associated with a reduc-
tion of the number of glutamatergic syn-
apses (Chao et al., 2007). However, the
difference in the number of glutamatergic
synapses was observed at 2 weeks of age,
but not at 5 weeks of age. It should be noted
that our analysis of excitatory transmission
was limited to mEPSCs. Therefore, we can-
not exclude the possibility that MeCP2 may
regulate some aspects of presynaptic func-

tion at cortical excitatory synapses. A recent study has shown reduc-
tions of visual acuity and neuronal activity in visual cortical neurons
of adult Mecp2 knock-out mice (Durand et al., 2012). These effects
appeared to be restricted to layer 4 neurons in the visual cortex, and
may be related to defects of synaptic transmission observed at reti-
nogeniculate synapses in Mecp2 knock-out mice (Noutel et al.,
2011).

Another possibility is the difference in genetic background.
Although the previous study used mice on a mixed 129/B6/BALB
background (Dani et al., 2005), our studies were conducted in
mice on a predominantly B6 background. Because of the complex
role of MeCP2 in transcriptional regulation (Chahrour et al.,
2008; Guy et al., 2011), genetic background may have a strong

Figure 8. Hyperexcitation of cortical neurons in Emx1-Mecp2 mutant mice. A, Neuronal activity at the resting potential (�58,
�59 mV) and at �53 mV in a control (Mecp2 wt/y; Emx1-Cre) and mutant (Mecp2 F/y; Emx1-Cre) neurons. B, Frequency of action
potential of control and mutant neurons at the resting potential and at �53 mV. The mean firing frequency at �53 mV was 0.3 �
0.2 Hz for control (n � 21 from 3 mice), and 1.6 � 0.4 Hz for mutant (n � 26 from 3 mice; ***p 	 0.001). C, Spontaneous IPSCs
recorded from wild-type neurons without and with picrotoxin (0.5 mM) in the patch pipette. These recordings were obtained at 0
mV with the pipette solution containing Cs-methylsulfate ([Cl -]i of 35 mM). D, Firing recorded from a control and mutant neurons
at �53 mV with picrotoxin in the patch pipettes. E, Firing frequency of control and mutant neurons at �60 and �53 mV with
intracellular picrotoxin. The mean firing frequency at �53 mV was 3.0 � 0.6 Hz for control (n � 24 from 3 mice), and 2.7 � 0.5
Hz for mutant (n � 23 from 3 mice; p � 0.86). F, Membrane potential changes in response to current steps in control and mutant
neurons. Synaptic transmission was blocked by bath perfusion of DNQX, kynurenic acid, and picrotoxin. G, Plot of spike frequency
versus injected current for control (n � 27 from 3 mice) and mutant neurons (n � 31 from 3 mice).
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effect on disease phenotypes. Indeed results from a recent study
using female Mecp2 heterozygous mutant mice indicate that ge-
netic background has significant effects on behavioral pheno-
types including anxiety-like behavior and prepulse inhibition
(Samaco et al., 2013). Previous studies have reported that
MeCP2-deficient mice on a B6 background exhibit hyperexcit-
ability discharges and seizures (Chao et al., 2010; D’Cruz et al.,
2010). Our results are consistent with these findings.

GABAergic dysfunction in MeCP2-deficient brain
Several studies reported reductions of GABAergic transmission
in MeCP2-deficient brain. In both the brainstem and thalamus of
Mecp2 knock-out mice, the reduction of GABAergic transmis-
sion was associated with a decrease in the number of GABAergic
synapses (Medrihan et al., 2008; Zhang et al., 2010). Our results
indicate that similar changes occur in the cortex. Emx1-Mecp2
mutant mice showed reductions in mIPSC frequency and the
number of VGAT-positive puncta in the cortex. There was little
change in the amplitude or kinetics of mIPSC, and the reduction
in mIPSC frequency was comparable to the change in the number
of GABAergic synaptic terminals. These results suggest that a
major consequence of Mecp2 deletion is a downregulation of
GABAergic innervation.

A recent study showed that deletion of Mecp2 from all
GABAergic neurons in the brain using a Viaat-Cre driver led to
cortical hyperexcitation, but selective deletion of Mecp2 from
forebrain GABAergic neurons using Dlx5/6-Cre did not cause
hyperexcitation (Chao et al., 2010). This latter observation is
confirmed by our results using the same Cre driver with a differ-
ent nomenclature Dlx6a-Cre. Dlx6a-Mecp2 mutant mice did not
show any spike-wave discharges, and our immunostaining data
demonstrated that Mecp2 was deleted from all cortical GABAer-
gic neurons in Dlx6a-Mecp2 mice. Spontaneous GABAergic
transmission was not altered in cortical neurons in Dlx6a-Mecp2
mice. In contrast, Viaat-Mecp2 mutant mice showed reductions
of GAD and GABA levels in the cortex and striatum, and smaller
mIPSCs (Chao et al., 2010). It is possible that loss of MeCP2 from
hindbrain inhibitory neurons may have a broad impact on
GABAergic function in the brain.

It remains unclear how the loss of MeCP2 causes dysfunction of
GABAergic transmission. MeCP2 is expressed in all neuronal tissues
by neurons, glia, and microglia (Ballas et al., 2009; Maezawa et al.,
2009; Maezawa and Jin, 2010; Lioy et al., 2011). Although MeCP2 in
glia has been implicated in changes in dendritic morphology and
level of vesicular glutamate transporter in Mecp2-knock-out mice,
the role of glial MeCP2 in GABAergic transmission is unknown. Our
single-cell deletion analysis in SERT-Mecp2 mutant mice suggests
that glial MeCP2 is not essential for GABAergic defects in cortical
pyramidal neurons in mutant mice. However, we cannot exclude the
possibility that MeCP2 in glia is implicated in GABAergic transmis-
sion in other brain regions.

Deletion of Mecp2 from all excitatory neurons in the cortex
may alter GABAergic transmission through activity-dependent
network effects. However, our results of single-cell deletion
showed that the loss of MeCP2 from a small number of cortical
pyramidal neurons caused a selective reduction of GABAergic
transmission in these neurons. Our finding suggests a model
where MeCP2 in postsynaptic neurons regulates retrograde sig-
naling at GABAergic synapses. As a transcriptional regulator,
MeCP2 has a large number of target genes (Chahrour et al.,
2008), and therefore may regulate GABAergic innervation
through multiple pathways. MeCP2 has been implicated in the
regulation of brain-derived neurotrophic factor (BDNF; Wang et

al., 2006; Zhou et al., 2006; Li et al., 2012); loss of BDNF from
single neurons leads to a reduction of GABAergic innervation
(Kohara et al., 2007); increasing BDNF level in the brain of Mecp2
mutant mice rescues some neurological defects (Chang et al.,
2006; Kline et al., 2010). However, the level of BDNF was not
altered in the brain of Mecp2 knock-out mice at 2 weeks of age,
and was only slightly reduced in the cortex of mutant mice at 6 – 8
weeks of age (Chang et al., 2006). BDNF signaling was impaired
in hippocampal pyramidal neurons in Mecp2 knock-out mice (Li
et al., 2012). Future studies are needed to determine whether
MeCP2 regulates BDNF signaling in GABAergic neurons.

So far GABAergic defects have been reported in mice with
either germline Mecp2 deletion or conditional Mecp2 deletion
using early onset Cre drivers. In our case, both Emx1-Cre and
SERT-Cre are expressed by birth in the cortex. Together with
other studies in the brainstem and thalamus (Medrihan et al.,
2008; Zhang et al., 2010), our results suggest that MeCP2 plays an
important role in the maturation of GABAergic synapses in the
developing brain. On the other hand, MeCP2 is required in the
adult for normal brain function (Guy et al., 2007; McGraw et al.,
2011; Cheval et al., 2012). It may be interesting and important to
know whether MeCP2 plays a role in the maintenance and plas-
ticity of GABAergic synapses in adult brain.
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