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ABSTRACT: Rett syndrome (RTT) is a neurodevelopment disorder
associated with intellectual disabilities and caused by loss-of-function
mutations in the gene encoding the transcriptional regulator Methyl-
CpG-binding Protein-2 (MeCP2). Neuronal dysfunction and changes in
cortical excitability occur in RTT individuals and Mecp2-deficient mice,
including hippocampal network hyperactivity and higher frequency of
spontaneous multiunit spikes in the CA3 cell body layer. Here, we
describe impaired synaptic inhibition and an excitation/inhibition (E/I)
imbalance in area CA3 of acute slices from symptomatic Mecp2 knock-
out male mice (referred to as Mecp2-/y). The amplitude of TTX-resistant
miniature inhibitory postsynaptic currents (mIPSC) was smaller in CA3
pyramidal neurons of Mecp2-/y slices than in wildtype controls, while
the amplitude of miniature excitatory postsynaptic currents (mEPSC)
was significantly larger in Mecp2-/y neurons. Consistently, quantitative
confocal immunohistochemistry revealed significantly lower intensity of
the alpha-1 subunit of GABAARs in the CA3 cell body layer of Mecp2-/y

mice, while GluA1 puncta intensities were significantly higher in
the CA3 dendritic layers of Mecp2-/y mice. In addition, the input/output
(I/O) relationship of evoked IPSCs had a shallower slope in CA3 pyram-
idal neurons Mecp2-/y neurons. Consistent with the absence of neuronal
degeneration in RTT and MeCP2-based mouse models, the density of
parvalbumin- and somatostatin-expressing interneurons in area CA3 was
not affected in Mecp2-/y mice. Furthermore, the intrinsic membrane
properties of several interneuron subtypes in area CA3 were not
affected by Mecp2 loss. However, mEPSCs are smaller and less frequent
in CA3 fast-spiking basket cells of Mecp2-/y mice, suggesting an
impaired glutamatergic drive in this interneuron population. These
results demonstrate that a loss-of-function mutation in Mecp2 causes
impaired E/I balance onto CA3 pyramidal neurons, leading to a hyper-
active hippocampal network, likely contributing to limbic seizures in
Mecp2-/y mice and RTT individuals. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Partial and generalized convulsive or silent seizures
occur in Rett syndrome (RTT), a neurodevelopmental
disorder caused by mutations in MECP2 (Amir et al.,
1999). Consistent with the seizures observed in RTT
individuals (Glaze et al., 1987; Steffenburg et al.,
2001; Nissenkorn et al., 2010; Pintaudi et al., 2010;
Cardoza et al., 2011), several lines of MeCP2-deficent
mice exhibit seizure disorders (reviewed by Calfa
et al., 2011b). Mice expressing a nonfunctional trun-
cated protein (Mecp2308) display repetitive generalized
myoclonic jerks associated with high-amplitude bilat-
eral cortical spikes and wave discharges in the electro-
encephalogram (EEG) (Shahbazian et al., 2002).
Mecp2 knockout mice also have seizure episodes with
recurrent atypical EEG discharges in somatosensory
cortex (Pelka et al., 2006; Chao et al., 2010; D’Cruz
et al., 2010).

Electrophysiological recordings from principal neu-
rons in slices from somatosensory cortex or thalamus,
as well as from cultured hippocampal neurons from
Mecp2 knockout mice have shown reduced neuronal
activity caused by a selective impairment in excitatory
synaptic transmission (Dani et al., 2005; Nelson et al.,
2006; Chao et al., 2007; Dani and Nelson, 2009;
Noutel et al., 2011); but see (Nelson et al., 2011;
Zhang et al., 2014), while a stronger innervation of
pyramidal neurons by parvalbumin-expressing
GABAergic interneurons causes a reduction in net-
work activity in the visual cortex (Durand et al.,
2012). On the other hand, neuronal activity in other
brain regions is elevated, such as the hippocampus
(Zhang et al., 2008; Calfa et al., 2011a) and brain-
stem (Kline et al., 2010). Using voltage-sensitive dye
imaging, we demonstrated that hippocampal slices
from male symptomatic Mecp2 knockout mice
(Mecp2-/y) are hyperactive and more sensitive to epi-
leptiform agents, which originates from a higher fre-
quency of spontaneous spikes in CA3 pyramidal
neurons (Calfa et al., 2011a). Here, we describe an
imbalance of excitation/inhibition (E/I) inputs onto
CA3 pyramidal neurons of symptomatic Mecp2-/y

mice due to impaired synaptic inhibition, which drives
the hyperactivity of the hippocampal network and
likely contributes to atypical EEG and seizures disor-
ders in MeCP2-deficient mice and RTT individuals.
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MATERIAL AND METHODS

Animals

Female heterozygous Mecp2 mice with deletions of exon 3
(Mecp2tm1.1Jae “Jaenisch line”) (Chen et al., 2001) were
obtained from the Mutant Mouse Regional Resource Center
(University of California, Davis), and maintained in a pure
C57/BL6 background by crossing them with wildtype C57/
BL6 male mice. All experimental subjects were male hemizy-
gous Mecp2tm1.1Jae knockout males (referred to as Mecp2–/y)
aged between postnatal days 40–60, when they exhibited RTT-
like motor symptoms such as hypoactivity, hind limb clasping,
and reflex impairments; age-matched wildtype male littermates
were used as controls. Animals were handled and housed
according to the Committee on Laboratory Animal Resources
of the National Institutes of Health. All experimental protocols
were reviewed and approved annually by the Institutional Ani-
mals Care and Use Committee of UAB.

Acute Hippocampal Slices

Mice were anesthetized with ketamine (100 mg/kg, i.p.) and
transcardially perfused with ice-cold “cutting” artificial cerebro-
spinal fluid (aCSF) containing (mM): 110 choline-Cl, 26 glu-
cose, 7 MgCl2, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 11.6 Na-
ascorbate, 3 Na-pyruvate, 11 NaHCO3, which was bubbled
with 95% O2/5% CO2. Ventral hippocampal slices (300-mm-
thick) were prepared using a vibratome (Leica VT1200S), and
allowed to recover for at least 1 h at room temperature in a
submerged chamber filled with aCSF containing (in mM): 129
NaCl, 3.5 KCl, 1.8 MgSO4, 1.6 CaCl2, 1.25 NaH2PO4, 26
NaHCO3, 26 glucose; pH 7.4; saturated with 95% O2/5%
CO2.

Whole-Cell Intracellular Recordings

Individual acute slices were transferred to a recording cham-
ber mounted on a fixed-stage upright microscope (Leica DM-
LFS, or Zeiss Axioskop-FS), and continuously perfused (2 mL/
min) with aCSF at room temperature (24�C), containing (in
mM): 121 NaCl, 5 KCl, 1.24 KH2PO4, 1.3 MgSO4, 17.6
NaHCO3, 2.5 CaCl2, 10 glucose, and 29.2 sucrose (310–320
mOsm); aCSF was bubbled with 95% O2 / 5% CO2 (pH
7.4). Superficial pyramidal neurons in CA3 stratum pyramidale
and interneurons within CA3 stratum oriens or stratum lucidum
were visualized with a water-immersion 63X objective (0.9NA)
using IR-DIC microscopy. Current-clamp experiments from
pyramidal neurons were performed with unpolished whole-cell
pipettes containing (in mM): 120 K-Gluconate, 17.5 KCl, 10
Na-HEPES, 4 Mg-ATP, 0.4 Na-GTP, 10 Na2-creatine phos-
phate, 0.2 Na-EGTA; 290–300 mOsm; pH 7.3 (final resist-
ance 3–4 MX), the aCSF contained CNQX (20 mM), APV
(100 mM) and picrotoxin (50 mM). Voltage-clamp recordings
from pyramidal neurons were performed with unpolished
whole-cell pipettes containing (in mM): 120 Cs-gluconate,

17.5 CsCl, 10 Na-HEPES, 4 Mg-ATP, 0.4 Na-GTP, 10 Na2-
creatine phosphate, 0.2 Na-EGTA; 290–300 mOsm; pH 7.3
(final resistance 3–4 MX). Spontaneous mEPSCs in 1 mM
TTX were recorded first at –60 mV, followed by recordings of
mIPSCs at 0 mV in the same cells. Recordings of mEPSCs
and spontaneous firing from interneurons were performed with
unpolished whole-cell pipettes containing (in mM): 125 K-
Gluconate, 10 KCl, 10 Na-HEPES, 2 Mg-ATP, 0.2 Na-GTP,
10 Na2-creatine phosphate, 0.2 Na-EGTA; 290–300 mOsm;
pH 7.3 (final resistance 3–4 MX). Recordings of mIPSC from
interneurons were performed with pipettes containing (in
mM): 137.5 KCl, 10 KCl, 10 Na-HEPES, 4 Mg-ATP, 0.4 Na-
GTP, 10 Na2-creatine phosphate, 0.2 Na-EGTA. Whole-cell
pipettes for interneuron recordings also contained 2 mg/mL
biocytin for post hoc morphological characterization. Slices
were fixed in 4% paraformaldehyde in 100 mM phosphate
buffer (PB), rinsed in PB saline (PBS, incubated with 1:250
Streptavidin Alexa-488, mounted on glass slides, and imaged
by confocal microscopy (Olympus FV300, Argon laser, FITC
filter, oil-immersion 60X 1.4NA objective).

Synaptic responses were evoked by stimulation of local inter-
neurons within CA3 stratum lucidum and stratum oriens with
100msec constant current pulses from a stimulus isolation unit
(ISO-Flex, AMPI) connected to a patch electrode filled with
oxygenated aCSF (final resistance 3–4 MX). IPSCs were
evoked at 0 mV and isolated by using CNQX (20 mM) and
APV (100 mM). Membrane currents and voltages were
acquired with Axopatch-200B amplifiers (Molecular Devices),
filtered at 2 kHz and digitized at 10 kHz with ITC-18 A/D-
D/A interfaces (Instrutech) controlled by custom-written soft-
ware in G5 PowerMac computers (TI-Work_Bench, provided
by Dr. Takafumi Inoue). Spontaneous events were analyzed
using MiniAnalysis (Synaptosoft).

Immunohistochemistry

Mice were anesthetized with ketamine and transcardially per-
fused with cold 4% paraformaldehyde in 100 mM PBS for 15
min. Brains were dissected by posterior craniotomy, placed in
the above fixative at 4�C for 12 h, and cryoprotected by serial
incubation in 15% and then 30% sucrose in 0.1 M PBS at
4�C (until sinking in every sucrose step). Brains were rinsed,
dabbed dry, embedded in OCT (Tissue-Tek) and kept at
280�C. Brains were mounted and trimmed along the ante-
rior–posterior axis to the vicinity of hippocampal formation
using a Leica Jung CM3000 cryostat. Twenty-five micron coro-
nal sections were cut and affixed to gelatin-subbed glass slides,
which were kept at 220�C. Sections were allowed to warm to
room temperature before rehydrating twice in 0.1 M PBS for
5 min; all following steps and solutions were at room tempera-
ture unless otherwise noted and performed with optimal vol-
ume on the glass slide by using a PAP pen (ImmEdge, Vector).
Incubations longer than 10 min were performed in a humidi-
fied chamber.

For immunohistochemistry of GABAergic neurons, sections
were permeabilized by incubation with 0.1% Triton-X 100 in
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0.1 M PBS (PBST) for 10 min. Antigen retrieval was per-
formed by incubating sections twice with 10 mM sodium
citrate, pH 3.0 with 0.05% Tween-20 for 10 min each, and
then washing five times with PBST. Sections were blocked for
60 min with 10% normal goat serum (Sigma) in PBST fol-
lowed by washing five times with PBST. Sections were incu-
bated at 4�C for 16 h with 1:750 mouse anti-GAD67
(Millipore, MAB5406) and either 1:1,000 rabbit anti-
parvalbumin (Abcam, ab11427) or 1:1670 rabbit antisomatos-
tatin (Immunostar, 20089). After incubation slides were
washed seven times with PBST prior to incubation for 2 h
with 1:1,000 goat antimouse secondary antibody conjugated
with AlexaFluor 568 and 1:1,000 goat antirabbit conjugated
with AlexaFluor 488 (Invitrogen). Slides were washed seven
times with PBS, covered with VectaShield (Vector), cover-
slipped, and stored at 4�C. Sections were imaged in a laser-
scanning confocal microscope (Olympus FV300) using an oil-
immersion 20 3 0.85 NA objective, and Argon and HeNe
green lasers for excitation. Eight optical sections at 2.5-lm
intervals were acquired from each fluorophore sequentially
(FITC and TRITC emission filters; Semrock), and then dis-
played as maximum-intensity projections for cell counting
(ImageJ; NIH). Four different cryostat sections through the
hippocampus were imaged and analyzed per animal. Adjacent
images were stitched together as needed using an ImageJ plugin
(Preibisch et al., 2009). The CA3 region was defined as a
wedge extending from the lateral tips of the dentate gyrus
around to the point of inflection of Cornu Ammonis. Stacks of
optical sections from each channel were analyzed separately
from each other; positively stained cells were identified and
counted per channel before blending; coincident positively
stained cells were counted as positive for both antigens.

For immunohistochemistry of postsynaptic receptors con-
taining either the GluA1 subunit of AMPA-type glutamate
receptors, or the a-1 subunit of GABAA receptors, sections
were permeabilized for 1 h with 0.25% Triton-X 100 in PBS,
and blocked for 1 h with 10% normal serum. Sections were
incubated at 4�C overnight with 1:200 rabbit anti-GluA1

(Millipore, AB1504) or anti- GABAA receptors a1 (Millipore,
06-868), followed by incubation with 1:300 antirabbit second-
ary antibody conjugated with AlexFluor 568 (Invitrogen). For
the GABAA immunostaining, to visualize pyramidal cell nuclei
sections were coincubated with mouse anti-NeuN (MAB377)
and antimouse AlexFluor 488 secondary antibody (Invitrogen).
Optical sections at 1 mm intervals were acquired with an oil-
immersion 60 3 1.42 NA objective, and displayed for the
CA3 region as described above. Laser power and photomulti-
plier gain were set at the same levels for all sections imaged to
allow quantitative comparisons of immunolabeling intensities
of between wildtype and Mecp2 knockout sections. The num-
ber of puncta within each layer of area CA3, stratum oriens
(SO), stratum pyramidale (SP), stratum lucidum (SL), and stra-
tum radiatum (SR), was counted with a particle analysis plug-
in of ImageJ using a defined puncta size range.

Statistical Analyses

For all quantitative analyses, the experimenters were blind
to the genotype. All data are shown as the mean 6 S.E.M,
and compared by parametric unpaired Student’s t-test, or
nonparametric Mann-Whitney, or Kolmogorov-Smirnov tests
using Prism (GraphPad) and MiniAnalysis programs. Differ-
ences between group means were considered significant at
P < 0.05.

RESULTS AND DISCUSSION

Voltage-sensitive dye imaging revealed that hippocampal sli-
ces from symptomatic Mecp2 male knockout mice (Mecp2-/y)
are hyperactive, and more sensitive to the epileptiform agent
4-AP (Calfa et al., 2011a). Network hyperactivity originated
from area CA3, which showed a higher frequency of sponta-
neous multiunit spikes (Calfa et al., 2011a). To find the cel-
lular origin of such network hyperactivity, we first
characterized the intrinsic membrane properties of CA3
pyramidal neurons under current-clamp and in the absence of
excitatory and inhibitory inputs (DL-APV, CNQX, and picro-
toxin). All intrinsic membrane properties were comparable in
CA3 pyramidal neurons from both genotypes (Supporting
Information Table 1; P > 0.05). Intrinsic excitability was
estimated by the number of spikes fired at different ampli-
tudes of direct current injection (Supporting Information Fig.
1A). The fitted slopes (m) of the linear portion of such
firing-input (F-I) curves (Supporting Information Fig. 1B)
were similar in wildtype (0.12 6 0.02, n 5 5 cells/3 mice)
and Mecp2-/y mice (0.17 6 0.02, n 5 6/3; P 5 0.124).
Also, the amplitudes of the fast afterhyperpolarization (fAHP;
Supporting Information Fig. 1C), and the slow AHP (sAHP;
Supporting Information Fig. 1D) were similar in both geno-
types (P > 0.05). Consistent with an earlier study in the
Bird line of Mecp2 knockout mice (Zhang et al., 2008), these
data indicate that the intrinsic excitability of CA3 pyramidal

TABLE 1.

Kinetics of mlPSC and mEPSC Recorded from CA3 Pyramidal

Neurons in Acute Slices from Wildtype and Mecp2-y Mice

mlPSC

Wildtype

(n56 cells/5 mice)

Mecp2-y

(n58 cells/7 mice)

Rise time (ms) 2.3 (2 2 2.8) 1.9 (1.8 2 2.5)

Decay time (ms) 13.5 (12.2 2 15.6) 13.8 (12.3 2 15.6)

mEPSC

Wildtype

(n56 cells/5 mice)

Mecp2-y

(n56 cells/5 mice)

Rise time (ms) 1.5 (1.2 2 2.1) 1.7 (1.5 2 2.6)

Decay time (ms) 6.6 (5.7 2 7.9) 8.4 (6.5 2 12.5)

Data are expressed as medians (quartiles in parentheses), and were compared
with Mann Whitney test (p > 0.05).
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neurons is not affected by Mecp2 deletion, and thus should
not contribute to hippocampal network hyperactivity.

Next, we recorded TTX-resistant miniature inhibitory and
excitatory postsynaptic currents (mIPSC and mEPSC, respec-
tively; 1 mM TTX) to evaluate spontaneous quantal synaptic
input onto CA3 pyramidal neurons (Figs. 1A,E). The cumula-
tive probability distribution of mIPSC amplitude and charge
recorded in Mecp2-/y CA3 pyramidal neurons (n 5 8 cells/7
mice) was shifted toward the left compared to wildtype neu-
rons (n 5 6/5; P < 0.001, Kolmogorov-Smirnov test: KS-Z
value 5 5.3 for mIPSC amplitude; KS-Z value 5 7.59 for
mIPSC charge) (Figs. 1B,C). Intriguingly, the cumulative prob-
ability distribution of mIPSC interevent intervals in Mecp2-/y

CA3 pyramidal neurons was shifted toward the left compared
to wildtype neurons, i.e., higher mIPSC frequency (P < 0.001,

KS-Z value 5 6.6) (Fig. 1D). On the other hand, the cumula-
tive probability distribution of mEPSC amplitude and charge
recorded in Mecp2-/y CA3 pyramidal neurons (n 5 6 cells/5
mice) was shifted toward the right compared to wildtype neu-
rons (n 5 6 /5; P < 0.001; KS-Z value 5 4.4 for mEPSC
amplitude; KS-Z value 5 5.8 for mEPSC charge) (Figs. 1F,G).
The cumulative probability distribution of mEPSC interevent
intervals in Mecp2-/y CA3 pyramidal neurons was shifted
toward the right compared to wildtype neurons, i.e., a lower
mEPSC frequency (P 5 0.0001; KS-Z value 5 2.2) (Fig. 1H).
No significant changes were observed in the kinetics of individ-
ual mEPSCs and mIPSCs between wildtype and Mecp2-/y neu-
rons (Table 1; P > 0.05 Mann Whitney test).

Calculating the ratio of mEPSC and mIPSC amplitudes
recorded from the same CA3 pyramidal neurons at different

FIGURE 1. Spontaneous quantal synaptic transmission onto
CA3 pyramidal neurons. A: Representative examples of mIPSCs.
B: The cumulative probability distribution of mIPSC amplitudes
recorded in Mecp2-/y CA3 pyramidal neurons was shifted toward
the left compared to wildtype neurons. C: The cumulative proba-
bility distribution of mIPSC charges in Mecp2-/y CA3 pyramidal
neurons was shifted toward the left compared with wildtype neu-
rons. D: The cumulative probability distribution of mIPSC inter-
event intervals in Mecp2-/y CA3 pyramidal neurons was shifted
toward the left compared with wildtype neurons, i.e., higher
mIPSC frequency. E: Representative examples of mEPSCs. F: The
cumulative probability distribution of mEPSC amplitudes recorded
in Mecp2-/y CA3 pyramidal neurons was shifted toward the right
compared to wildtype neurons. G: The cumulative probability dis-

tribution of mEPSC charge in Mecp2-/y CA3 pyramidal neurons
was shifted toward the right compared to wildtype neurons. H:
The cumulative probability distribution of mEPSC inter-event
intervals in Mecp2-/y CA3 pyramidal neurons was shifted toward
the right compared to wildtype neurons, i.e., lower mEPSC fre-
quency. I: The ratio of the amplitudes of mEPSCs to mIPSCs in
CA3 pyramidal neurons is higher in Mecp2-/y mice compared to
wildtype mice. These mEPSCs and mIPSCs where obtained from
the same cells at different holding potentials. J: The ratio of the
charges of mEPSCs to mIPSCs in CA3 pyramidal neurons is
higher in Mecp2-/y mice compared with wildtype mice; same cells
as in I. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

162 CALFA ET AL.

Hippocampus



holding potentials (265 mV for mEPSCs, 0 mV for mIPSCs)
yielded a larger E/I ratio in Mecp2-/y neurons (1.25 6 0.3; n
5 6 cells/5 mice) compared to wildtype neurons (0.8 6 0.1; n
5 6/5; P 5 0.039) (Fig. 1I). Similarly, the ratio of mEPSC
charge to mIPSC charge obtained from the same CA3 pyrami-
dal neurons is higher in Mecp2-/y neurons (0.7 6 0.1) com-
pared to wildtype ones (0.5 6 0.1; P 5 0.0036) (Fig. 1J).
This analysis demonstrates an imbalance in the excitation-to-
inhibition ratio of spontaneous quantal synaptic transmission
arriving onto CA3 pyramidal neurons.

We next performed quantitative analyses of confocal immu-
nohistochemical staining of postsynaptic receptors at inhibi-
tory and excitatory hippocampal synapses. For inhibitory
synapses, we chose the a-1 subunit of GABAARs because it is
expressed in area CA3 (Hortnagl et al., 2013) in a punctate
pattern in principal cells (Frola et al., 2013). The pixel inten-
sity of fluorescent puncta immunopositive for the a-1 subunit
of GABAARs was significantly lower in the CA3 pyramidal

cell body layer of Mecp2-/y mice (stratum pyramidale; 357.9 6

38.9; n 5 15; P 5 0.005), while their numerical density was
significantly higher on their basal dendrites in stratum oriens
(30 6 1.3; n 5 14; P 5 0.046; Fig. 2A). These observations
are consistent with the higher frequency of smaller mIPSCs
recorded from Mecp2-/y CA3 pyramidal neurons (Fig. 1),
which originate from proximal presynaptic terminals. Further-
more, the pixel intensity of GluA1 puncta was significantly
higher in the distal apical dendrites of stratum radiatum
(652.1 6 75.9; n 5 10; P 5 0.036), the basal dendrites in
stratum oriens (781.5 6 93.9; n 5 9; P 5 0.029), and the
cell body layer (2113 6 296.4; n 5 11; P 5 0.026) of
Mecp2-/y mice (Fig. 2B), which is consistent with larger
mEPSCs, which mainly originate from distal presynaptic ter-
minals (Lawrence and McBain, 2003). On the other hand,
differences in the numerical density of GluA1 puncta did not
reach statistical significance in any of the CA3 layers (P >
0.05; Fig. 2B).

FIGURE 2. Inhibitory and excitatory postsynaptic puncta in
area CA3. A, top: Representative confocal microscopy images of
dual immunolabeling of GABAAa1 and the neuronal nuclear
marker NeuN in area CA3 of wildtype (left) and Mecp2-/y mice
(right). Region inside white box is enlarged at the bottom, and
shows postsynaptic GABAAR clusters around CA3 pyramidal neu-
rons. Bottom, Quantification of the pixel intensity and numerical
density of GABAAa1 immunopositive puncta in the different layers
of area CA3 (S.O. stratum oriens; S.P. stratum pyramidale; S.L.
stratum lucidum; S.R. stratum radiatum). B top, Representative

confocal microscopy images of immunolabeling of GluA1 in area
CA3 of wildtype (left) and Mecp2-/y mice (right). Region inside
white box is enlarged at the bottom, and shows postsynaptic
AMPAR clusters in the dendritic regions of CA3. Scale bars are 50
mm (top) and 10 mm (insets). Bottom, Quantification of the pixel
intensity and numerical density of GluA1 immunopositive puncta
in the different layers of area CA3; asterisks denote P < 005.
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

E/I IMBALANCE IN MECP2 KNOCKOUT HIPPOCAMPUS 163

Hippocampus



To determine whether action potential-driven synaptic inhibition
was also affected by Mecp2 deletion, we evoked IPSCs in CA3
pyramidal neurons clamped at 0 mV by stimulating local interneur-

ons in CA3 stratum lucidum in the presence of APV and CNQX
(Fig. 3A). The fitted slope (m) of the linear portion of input-output
(I-O) relationships of evoked IPSCs was significantly smaller in

FIGURE 3. Evoked synaptic inhibition onto CA3 pyramidal neurons. A, Electrode placement and representative examples of IPSCs
evoked in CA3 pyramidal neurons clamped at 0 mV by stimulation of local interneurons within CA3 stratum lucidum in the presence
of APV/CNQX. B: Input-Output (I-O) relationship between the amplitude of evoked IPSCs and stimulation intensity. The fitted slope
(m) of the linear portion of the I-O curve was significantly smaller in Mecp2-/y slices than in wildtype slices. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 4. Interneuron cell density in area CA3. A left, Rep-
resentative example of a wildtype brain section including the hip-
pocampus, which was immunostained with anti-GAD1 antibodies
to illustrate the region used for quantitative analyses of inter-
neuron cell density (confocal microscopy). Lines enclose the
region analyzed for cell density: the wedge of dorsal hippocampus
from the tips of the dentate gyrus laterally to the point of inflec-
tion of Cornu Ammonis. Arrowheads point to GAD1 immunoposi-
tive cells. Right, number of GAD1 positive cells per mm2 of area
CA3. B left, Representative examples of PV and GAD1 double

immunostaining in area CA3 of wildtype (top) and Mecp2-/y (bot-
tom) mice. Arrowheads point to PV/GAD1 double-positive cells.
Right, number of PV/GAD1 double-positive positive cells per
mm2 of area CA3. C left, Representative examples of SST and
GAD1 immunostaining in area CA3 of wildtype (top) and
Mecp2-/y (bottom) mice. Arrowheads point to SST/GAD1 double-
positive cells. Right, number of SST/GAD1 double-positive posi-
tive cells per mm2 of area CA3. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 5. Intrinsic and synaptic properties of CA3 fast-
spiking basket interneurons. A: Representative subthreshold volt-
age responses in CA3 fast-spiking basket cells of wildtype (left)
and Mecp2-/y mice (right). Current injections from 2100 to 60 pA
in 20 pA increments. B: I-O relationship between current intensity
and subthreshold voltage responses. No significant differences were
observed between wildtype (n 5 24 cells/14 mice) and Mecp2-/y

interneurons (n 5 29 cells/20 mice). C,D: The amplitudes of the
fAHP (C) and sAHP (D) were similar between two genotypes. E:
Representative firing responses of fast-spiking basket cells from
wildtype (left) and Mecp2-/y mice (right) evoked by 80pA (top)
and 200pA (bottom) current injections. F: I-O relationship
between current intensity and the number of action potentials.
Two-way repeated ANOVA analysis shows significant differences
between two genotypes (P 5 0.003); post hoc comparisons indi-
cate tendency to significance for fewer spikes in Mecp2-/y mice for
the low current injection groups (60 pA, P 5 0.068; 80 pA, P 5

0.079; 100 pA, P 5 0.078). G: Representative example of a wild-
type fast-spiking basket cell filled with biocytin, stained with
Alexa-488-conjugated streptavidin, and imaged by confocal
microscopy; scale bar 5 100 mm. H: Representative examples of
spontaneous firing recorded in CA3 fast-spiking basket cells. I:
Cumulative probability distribution of spontaneous firing in
Mecp2 knockout interneurons was shifted toward the right (wild-
type n 5 14 cells/8 mice, Mecp2-/y n 5 23 cells/11 mice; K-S test
P < 0.001). J: Representative examples of mEPSCs in CA3 fast-
spiking basket cells of wildtype (top) and Mecp2-/y mice (bottom).
K,L: Cumulative probability distribution of mEPSC amplitude (K)
in Mecp2 knockout interneurons was shifted toward the left (wild-
type n 5 7 cells/6 mice, Mecp2-/y n 5 13 cells/8 mice; K-S test P
< 0.001), and that of mEPSC inter-event intervals (L) toward the
right (K-S test P < 0.001). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Mecp2-/y slices (m 5 79 6 7; n 5 16 cells/8 mice; R2 5 0.99) than
in wildtype slices (m 5 133 6 15; n 5 13/7; R2 5 0.97; P 5

0.0018) (Fig. 3B), indicating weaker inhibitory synaptic transmis-
sion onto Mecp2-/y CA3 pyramidal neurons.

To begin searching the causes of impaired inhibitory synaptic
transmission, we first performed a quantitative analysis of inter-
neuron cell density in area CA3 by immunohistochemistry. The
density of glutamic acid decarboxylase 1 (GAD1) positive inter-
neurons was comparable in area CA3 of both genotypes (wild-
type 971.1 6 85.0, n 5 3 vs. Mecp2-/y 946.3 6 111.6, n 5 4; P
5 0.8752; Fig. 4A). Similarly, the density of parvalbumin (PV)
and GAD1 double-positive interneurons, which mostly target the
somata of CA3 pyramidal neurons as basket cells, was not
affected by Mecp2 deletion (wildtype 387.8 6 94.9 vs. Mecp2-/y

373.0 6 70.5, n 5 3; P 5 0.9065; Fig. 4B). Also, the density of
somatostatin (SOM) and GAD1 double-positive interneurons,
which target more distal dendritic regions of CA3 pyramidal neu-
rons, was comparable in mice from both genotypes (wildtype
309.0 6 21.1 vs. Mecp2-/y 344.2 6 30.9, n 5 3; P 5 0.3993;
Fig. 4C).

Next, we performed whole-cell recordings from 4 different
subtypes of interneurons present in area CA3 identifying them
by their intrinsic firing properties (Supporting Information Fig.
2), location, and morphology: fast-spiking basket cells, regular-
spiking basket cells, spiny lucidum cells, and mossy fiber-
associated cells (Szabadics and Soltesz, 2009). All intrinsic
membrane properties were comparable in all these interneuron
types from both genotypes (Table 2; P > 0.05; Figs. 5A–F for
fast-spiking basket cells; Supporting Information Fig. 3 for
regular-spiking basket cells; Supporting Information Fig. 4 for
spiny lucidum cells; Supporting Information Fig. 5 for mossy
fiber-associated cells). Notably, the frequency of spontaneous
action potentials in fast-spiking basket cells was significantly
smaller in Mecp2-/y mice compared with wildtype littermates
(wildtype n 5 14 cells/8 mice, Mecp2-/y n 52 3/11; K-S test P
< 0.001; Figs. 5H,I). Analyses of asynchronous transmitter
release onto CA3 interneurons revealed that fast-spiking basket
cells received smaller mEPSCs with a slower frequency in
Mecp2-/y knockouts than in wildtype mice (wildtype n 5 7/6
vs. Mecp2-/y n 5 13 cells/8 mice; K-S test P < 0.001; Figs.

TABLE 2.

Intrinsic Properties of Different CA3 Interneuron Types in Acute Slices from Wildtype and Mecp2-y Mice

Fast-spiking basket cells Wildtype (n524 cells/15 mice) Mecp2-y (n529 cells/16 mice)

Resting potential (mV) 246.5 6 0.7 244.7 6 0.7

Delay to first spike (ms) 7.3 6 0.6 6.9 6 0.5

Spike threshold (mV) 234.7 6 3.1 232.1 6 3.7

Spike amplitude (mV) 77.2 6 2.1 71.9 6 1.8

Spike width at half amplitude (ms) 1.00 6 0.04 1.05 6 0.03

Accommodation ratio 1.87 6 0.13 1.87 6 0.12

Regular-spiking basket cells Wildtype (n59 cells/7 mice) Mecp2-/y (n59 cells/9 mice)

Resting potential (mV) 245.1 6 0.9 244.4 6 1.5

Delay to first spike (ms) 5.8 6 0.9 5.4 6 0.5

Spike threshold (mV) 238.1 6 1.1 238.5 6 1.5

Spike amplitude (mV) 73.1 6 4.2 67.8 6 2.7

Spike width at half amplitude (ms) 1.27 6 0.06 1.33 6 0.03

Accommodation ratio 2.39 6 0.21 2.67 6 0.31

Spiny lucidum cells Wildtype (n55 cells/5 mice) Mecp2-y (n56 cells/4 mice)

Resting potential (mV) 246.2 6 1.6 247.5 6 1.7

Delay to first spike (ms) 8.9 6 1.2 9.1 6 1.4

Spike threshold (mV) 238.3 6 1.2 240.6 6 1.6

Spike amplitude (mV) 70.3 6 6.4 73.9 6 7.2

Spike width at half amplitude (ms) 1.19 6 0.11 1.15 6 0.09

Accommodation ratio 2.61 6 0.34 2.27 6 0.23

Mossy fiber-associated cell Wildtype (n57 cells/7 mice) Mecp2-y (n56 cells/5 mice)

Resting potential (mV) 244.7 6 0.9 246.3 6 0.8

Delay to first spike (ms) 7.8 6 1.1 6.7 6 0.6

Spike threshold (mV) 238.8 6 1.5 240.7 6 1.1

Spike amplitude (mV) 59.3 6 5.5 65.1 6 3.4

Spike width at half amplitude (ms) 1.42 6 0.11 1.43 6 0.19

Accommodation ratio 2.41 6 0.19 2.72 6 0.11

Data were analyzed with Mann Whitney test (p>0.05).
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5J–L). These results suggest that asynchronous excitatory drive
onto one of the most critical interneuron types in CA3 is
weaker in Mecp2-/y knockouts.

The consequences of MeCP2 dysfunction on neuronal net-
work function, as well as on synaptic function and plasticity
vary in different brain regions ought to specific time courses
and sequences of excitatory and inhibitory synapse formation
in each area (Shepherd and Katz, 2011; Kron et al., 2012). For
example, principal neurons in slices from somatosensory cortex
or thalamus from Mecp2 knockout mice have reduced neuronal
activity caused by a selective impairment in excitatory synaptic
transmission, as well as by hypo-connectivity between excita-
tory neurons (Dani et al., 2005; Dani and Nelson, 2009; Nou-
tel et al., 2011; but see Nelson et al., 2011; Zhang et al.,
2014). Intriguingly, the visual cortex of Mecp2 knockout mice
shows a similar reduction of pyramidal neuron and network
activity, but due to stronger inhibition from a hyper-
innervation by parvalbumin-expressing interneurons (Durand
et al., 2012). In addition, a recent report demonstrated that
deletion of Mecp2 specifically in excitatory neurons caused
impaired GABAergic transmission onto cortical pyramidal neu-
rons, which led to seizures and cortical hyperexcitation (Zhang
et al., 2014). Neuronal activity in other brain regions of Mecp2
knockout mice is elevated, such as the hippocampus (Zhang
et al., 2008; Calfa et al., 2011a) and brainstem (Kline et al.,
2010). Consistent with our results and those in mice with
selective Mecp2 deletion in excitatory neurons (Zhang et al.,
2014), impaired GABAergic inhibition was also described in
the thalamus (Zhang et al., 2010) and brainstem (Medrihan
et al., 2008), and it involved a reduction in the number of
GABAergic synapses onto principal neurons. Indeed, selective
deletion of Mecp2 in GABAergic neurons led to impaired
GABAergic transmission, cortical hyperexcitability and several
neurological features of RTT and autism spectrum disorders
(Chao et al., 2010).

An unbalance of the excitation-to-inhibition ratio has
emerged as common feature in several neurodevelopmental dis-
orders, including autism-spectrum disorders, Tourette syn-
drome and Down syndrome (Rubenstein and Merzenich,
2003; Di Cristo, 2007). Of relevance to the intellectual disabil-
ity associated to RTT, the cognitive deficits observed in mouse
models of Down syndrome (Ts65Dn) (Kleschevnikov et al.,
2004), neurofibromatosis (Costa et al., 2002; Li et al., 2005)
and Fragile X (Gibson et al., 2008) are caused by an excita-
tory/inhibitory imbalance of synaptic function in the hippo-
campus. Of relevance to potential therapeutic approaches, these
impairments can be reverted by pharmacological manipulations
in adult symptomatic animals (Costa et al., 2002; Li et al.,
2005; Fernandez et al., 2007; Rueda et al., 2008); reviewed by
(Ehninger et al., 2008).

Since MeCP2 controls Bdnf expression (reviewed by Li and
Pozzo-Miller, 2014), and BDNF modulates the development of
GABAergic neurons and synapses (reviewed by Vicario-Abejon
et al., 2002), all the above observations suggest that impaired
BDNF signaling in Mecp2-deficient brains is unable to support
proper GABAergic synapse formation and maturation. In fact,

deletion of Bdnf in individual neurons results in reduced
GABAergic innervation on each neuron lacking BDNF
(Kohara et al., 2007). Notably, increasing BDNF levels or its
TrkB-mediated signaling improves neurological symptoms in
Mecp2 deficient mice (Chang et al., 2006; Ogier et al., 2007;
Kline et al., 2010; Schmid et al., 2012). Taken together, these
results indicate that the balance of synaptic inhibition is weak-
ened in area CA3, a situation that favors runaway excitation of
the highly interconnected network of CA3 pyramidal neurons
and leads to hippocampal hyperactivity and limbic seizures in
Mecp2-/y mice and RTT individuals.
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