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Rett syndrome (RTT) is a severe neurodevelopmental disease caused by mutations in the methyl-CpG binding protein 2
(MECP2) gene. Although altered interneuron development and function are clearly demonstrated in RTT mice, a particular
mode of inhibition, tonic inhibition, has not been carefully examined. We report here that tonic inhibition is significantly
reduced in pyramidal neurons in the CA1 region of the hippocampus in mice where Mecp2 is deleted either in all cells or
specifically in astrocytes. Since no change is detected in the level of GABA receptors, such a reduction in tonic inhibition is
likely a result of decreased ambient GABA level in the extracellular space. Consistent with this explanation, we observed
increased expression of a GABA transporter, GABA transporter 3 (GAT3), in the hippocampus of the Mecp2 KO mice, as well
as a corresponding increase of GAT3 current in hippocampal astrocytes. These phenotypes are relevant to RTT because phar-
macological blockage of GAT3 can normalize tonic inhibition and intrinsic excitability in CA1 pyramidal neurons, and rescue
the phenotype of increased network excitability in acute hippocampal slices from the Mecp2 KO mice. Finally, chronic admin-
istration of a GAT3 antagonist improved a composite symptom score and extended lifespan in the Mecp2 KO mice. Only
male mice were used in this study. These results not only advance our understanding of RTT etiology by defining a new neu-
ronal phenotype and revealing how it can be influenced by astrocytic alterations, but also reveal potential targets for
intervention.
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Significance Statement

Our study reports a novel phenotype of reduced tonic inhibition in hippocampal CA1 pyramidal neurons in the Rett syn-
drome mice, reveal a potential mechanism of increased GABA transporter expression/activity in the neighboring astrocytes,
describe a disease-relevant consequence in hyperexcitability, and provide preliminary evidence that targeting this phenotype
may slow down disease progression in Rett syndrome mice. These results help our understanding of the disease etiology and
identify a new therapeutic target for treating Rett syndrome.

Introduction
Rett syndrome (RTT) is caused by mutations in the X-linked
MECP2 gene encoding the methyl CpG-binding protein 2
(MECP2) (Amir et al., 1999), which is widely expressed and plays
a vital role in the epigenetic regulation of gene expression. RTT
patients often experience normal development during the first 6-

18months, which is followed by a rapid developmental regres-
sion.Mecp2 KO (Mecp2�/y) mice have been created to model the
human disease (Chen et al., 2001; Guy et al., 2001). Most of the
male Mecp2 KO mice develop RTT-like phenotypes and die
within the first few months of life, while the femaleMecp2 heter-
ozygous (Mecp21/�) mice become symptomatic at a much later
time point.

GABAergic signaling plays a critical role in the development
and function of the brain. Alterations in GABAergic interneuron
development and inhibitory transmission are involved in the de-
velopment of a number of neurologic disorders, including RTT
(Nelson and Valakh, 2015; Lee et al., 2017). Deletion of Mecp2
solely in GABAergic neurons is sufficient to recapitulate most of
the RTT-like phenotypes of the Mecp2 KO mouse, including
ataxia, stereotyped behaviors, seizures, breathing abnormalities,
and premature death (Chao et al., 2010; He et al., 2014; Ito-
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Ishida et al., 2015). Furthermore, restoration of MeCP2 expres-
sion in GABAergic neurons rescues many disease features in a
mouse model of RTT (Ure et al., 2016). Finally, precocious
GABAergic interneuron development (Krishnan et al., 2015,
2017) has been suggested to underlie regression like phenotypes
in the visual system (Noutel et al., 2011; Durand et al., 2012) in
theMecp2 KOmice.

There are two modes of inhibitions in the CNS: phasic inhibi-
tion and tonic inhibition (Farrant and Nusser, 2005). In contrast
to phasic inhibitory currents mediated by postsynaptic GABAA

receptors (GABAARs), tonic inhibitory currents are mediated by
ambient GABA and activation of the extrasynaptic GABAARs.
Tonic inhibition has been observed in different brain regions
and different types of neurons (Bai et al., 2001; Nusser and
Mody, 2002; Porcello et al., 2003; Semyanov et al., 2003;
Caraiscos et al., 2004; Cope et al., 2005). The distinct subunit
composition and the cellular distribution endow the extrasynap-
tic GABAARs many properties different from their synaptic
counterparts, such as high affinity for GABA, slow kinetics, and
less extensive desensitization (Farrant and Nusser, 2005; Brickley
and Mody, 2012). Many lines of evidence support the important
role of tonic inhibition in maintaining physiological network ac-
tivity, including the observation of abnormal tonic inhibition in
different neurologic disease models (Brickley and Mody, 2012).
Although some recent studies have described dysregulated tonic
inhibition in some autism spectrum disorders (Curia et al., 2009;
Egawa et al., 2012; Bridi et al., 2017), the underlying mechanisms
are not well understood. In the context of the demonstrated role
of altered GABAergic interneuron development and function in
RTT and the lack of understanding of the role of tonic inhibition
in RTT, we studied the tonic inhibitory currents in hippocampal
CA1 pyramidal neurons in a mouse model of RTT. Here, we
report an impairment of tonic inhibition in symptomatic Mecp2
KO mice, which can be attributed to enhanced GABA trans-
porter (GAT) activity in astrocytes and contribute to the hyper-
excitability of CA1 pyramidal neurons. Our findings provide
new insights into the etiology of RTT and identify potential new
targets for future therapeutic development.

Materials and Methods
Animals. The Mecp2 KO mice used in this study are the Jaenisch

strain (Mecp2tm1.1jae) (Chen et al., 2001). Mice were housed in a facility
with 12 h light/12 h dark cycle. Experimental protocols were approved
by the Institutional Animal Care and Use Committee of the University
of Wisconsin–Madison and conform to the guidelines of the Research
Animal Resources and Compliance at the University of Wisconsin-
Madison and the National Institutes of Health’s Guide for the care and
use of laboratory animals.

Immunofluorescence. For immunohistological evaluation on brain
sections, mice were killed by barbiturate overdose and perfused transcar-
dially with PBS, followed by 4% PFA (in PBS). Brains were removed and
postfixed overnight. Then the brains were cryoprotected in buffered 30%
sucrose (w/v) for at least 2 d. The 40 mm coronal frozen sections were
prepared using a cryostat (Microm, HM 505N). Immunostaining was
performed as previously described (Dong et al., 2018). Briefly, sections
were permeabilized with 1% Triton X-100 (Sigma Millipore, in PBS) for
30min, blocked with 3% normal donkey serum and 0.25% Triton X-100
in PBS for 90min at room temperature, and then incubated with pri-
mary antibodies overnight at 4°C. Then the sections were incubated with
the corresponding secondary antibodies for 2 h at room temperature
and washed 5 times with PBS at room temperature. Primary antibody
dilutions were as follows: anti-GABA (A2052, Sigma Millipore, 1:500),
anti-GABA transporter 3 (GAT3) (AB1574, Millipore, 1:500). Secondary
antibody dilutions were as follows: AlexaFluor-568 donkey-anti-rabbit

antibody (Invitrogen, A10042, 1:500), AlexaFluor-488 donkey-anti-mouse
antibody (Invitrogen, A21202, 1:500), and AlexaFluor-647 donkey-anti-
mouse antibody. DAPI was used at 3 nM for counterstaining. Images were
taken using a Nikon A1 confocal microscope. Imaging fields were randomly
selected in each coronal hippocampal section. Two or three sections were
analyzed from each mouse. Three mice were included in each genotype.
The mean fluorescence intensity of GABA or GAT3 in CA1 stratum radia-
tum was then quantified using ImageJ by investigators blind to the mouse
genotype information. The GABA1 cell number were counted manually
using the Cell Counter plugin from ImageJ.

Western blot analysis. Hippocampi from 8- to 10-week-old WT and
Mecp2 KOmice were collected into an Eppendorf tube and directly lysed
by adding 1� LDS buffer (Invitrogen). Samples were sonicated to facili-
tate cell lysis and boiled for 5min before loading into 10% SDS-PAGE
gels. Proteins were transferred onto nitrocellulose membrane (Whatman)
using a semidry transfer system from Bio-Rad. The membrane was first
blocked with 5% milk solution for 1 h and then incubated with anti-GAT3
antibody (1:1000, AB1574, Millipore) diluted in 3% BSA solution at 4°C
overnight. After incubating with infrared dye-conjugated secondary anti-
body (1:10,000, Thermo Fisher Scientific) for 1 h at room temperature,
membrane was scanned in an Odyssey infrared imaging system.

Acute brain slice preparation. Male WT or Mecp2 KO mice were
killed, and the brains were isolated. Using a microtome (VT1000S, Leica
Microsystems), coronal brain slices (400mm) were prepared in ice-cold
modified aCSF (in mM as follows: 124 NaCl, 2.5 KCl, 0.5 CaCl2, 5
MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 15 glucose) saturated with 95%
O2/5%CO2. Then the slices were incubated in normal aCSF (in mM as
follows: 124 NaCl, 2.5 KCl, 2.5 CaCl2, 1.2 MgCl2, 1.25 NaH2PO4, 26
NaHCO3, and 15 glucose) at room temperature for at least 1 h.

Electrophysiological recording. Slices were transferred to a recording
chamber (Warner Instruments) perfused with 95%O2/5%CO2 saturated
aCSF. Whole-cell patch-clamp recordings were made using a Multipatch
700B preamplifier, digitized with a Digidata 1440A, and acquired using
pCLAMP 10 (Molecular Devices). The pipette solution contained the
following (in mM): 115 Cs-methanesulfonate, 25 TEA, 10 HEPES, 10
QX-314, 4 NaCl, 4Mg-ATP, 1 EGTA, 0.3 Li-GTP, and 10 phosphocre-
atine, pH 7.2. To record the inhibitory GABAAR current, hippocampal
CA1 neurons were clamped at 0mV.

Tonic GABAAR-mediated current (Itonic) was determined as the shift
of baseline holding currents after switching the superfusion solution
from normal aCSF to aCSF containing GABAAR antagonist bicuculline
(20 mM). All-points histograms were generated from recording currents
for the control and bicuculline period, respectively. The histograms were
then fitted with a Gaussian distribution, and only one side of the histo-
grams was used to avoid IPSC contamination (Bright and Smart, 2013).
The change in the peaks of the Gaussian curves was used as the magni-
tude for Itonic (see Fig. 1A).

To record GAT-mediated current, astrocytes from hippocampal
CA1 stratum radiatum were recognized by their distinct morphology
and recorded. Recording pipettes (5-8 MV) were filled with a solution
containing the following (in mM): 125 Cs-methanesulfonate, 5 KCl, 10
HEPES, 4 NaCl, 4Mg-ATP, 10 EGTA, 0.3 Li-GTP, and 10 phosphocre-
atine, pH 7.2.

GAT currents were induced by a fast focal application of GABA
(1 mM)-containing aCSF with a pipette near the recorded astrocyte. TTX
(1 mM) and bicuculline (20 mM) were added to the perfusion aCSF.
GAT3-selective currents were isolated with selective antagonists.

In the current-clamp recording and in vitro epilepsy model, male
mice at postnatal 5-8weeks of age were used. The pipette solution con-
tained the following (in mM): 140 K-gluconate, 7.5 KCl, 10 HEPES-K,
0.5 EGTA-K, 4Mg-ATP, and 0.3 Li-GTP. To evaluate the neuronal
intrinsic excitability, currents were injected into pyramidal neurons, and
the firing rate was quantified. For the in vitro epilepsy model, the per-
fused aCSF contained 5 mM KCl. Epileptiform activity was induced by
switching perfused solution to aCSF containing 0 Mg21. Epileptiform
events were detected with Clampfit and verified visually. The currents
caused by unclamped action potentials have been truncated.

Tamoxifen injection. GFAP-CreERT;Mecp2flox/y mice and their litter-
mate control Mecp2flox/y mice received daily intraperitoneal injection of
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tamoxifen (80mg/kg) for 7 d when they
were ;6weeks old. Mice were killed and
used for experiments 2-3weeks after the
injection. To test the specificity of the tamox-
ifen-induced Cre expression, Ai14;GFAP-
CreERT mice were used and different cell
markers (NG2, NeuN, and GFAP) were
stained.

b -alanine treatment. Male Mecp2 KO
mice were randomly separated into vehicle
(0.9% saline 10 ml/kg, i.p.) and b -alanine
(31mg/10 ml/kg, i.p.) groups. Mice were
administered with vehicle or b -alanine start-
ing at 4weeks of age. The body weight and
the disease severity scores of mice were
monitored weekly. The score scheme was
described previously (Guy et al., 2007). In
brief, the symptoms of inertia, gait, hindlimb
clasping, tremor, irregular breathing, and
poor general condition of mice were eval-
uated and scored from 0 (absent), 1 (pres-
ent), to 2 (severe) for each symptom. Mice
losing 20% body weight were killed on
humane grounds.

Statistics analysis. All data were analyzed
using SigmaPlot 13.0 (Systat Software).
Student’s t tests or Mann–Whitney U tests
were used to make comparisons between
two groups unless indicated otherwise. One-
way ANOVA followed by post hoc Holm-
Sidak test was performed when there are
three or more groups. Log-rank (Mantel-
Cox) test was used in the survival analysis.
Average data are shown as the mean6 SEM.
p values, 0.05 were considered statistically
significant. No statistical methods were used
to predetermine sample sizes.

Results
Reduced tonic GABA current in
hippocampal CA1 pyramidal neurons
fromMecp2 KOmice
To compare GABA-mediated tonic cur-
rents between wild type (WT) litter-
mates and Mecp2 KO mice, whole-cell voltage-clamp recordings
were conducted in hippocampal CA1 pyramidal neurons in
acute brain slices prepared from male mice at postnatal day (P)
56–70. Tonic GABAAR–mediated current (Itonic) was induced by
bath application of 20 mM bicuculline. Bicuculline blocked the
sIPSCs and reduced the holding current, thereby revealing a toni-
cally active GABA current (Fig. 1A). Comparing WT and Mecp2
KO neurons, Itonic decreased by 35.5% inMecp2 KO mice (19.836
2.114pA, N=12 cells from 4 mice) compared withWTmice (30.75
6 2.219pA, N=12 cells from 4 mice; t(22) = 3.56, p=0.002; Fig.
1B). To find out whether reduced tonic inhibition is associated with
certain stage of disease progression, we recorded from hippocampal
CA1 pyramidal neuron in acute brain slices prepared from juvenile
(P21-P28) Mecp2 KO mice with no overt symptoms. At this
younger age, no significant difference in tonic inhibition was
detected between the Mecp2 KO mice and their WT littermates
(WT: 33.866 1.908pA, N=7 cells from 3 mice; Mecp2 KO:
32.14 6 2.97pA, N=7 cells from 3 mice; t(12) = 0.49, p = 0.64;
Fig. 1C). This result indicated that the tonic inhibition phenotype
in the Mecp2 KO mice is age-dependent and only manifests in
the symptomatic mice.

Reduced ambient GABA level, but not reduced GABA
receptor level, likely underlies the decreased tonic GABA
currents
The impaired tonic inhibition in Mecp2 KO mice could be a
result of either decreased GABA receptor (GABAR) level or
reduced ambient GABA level. To distinguish between the two
scenarios, we examined the GABA (5 mM, puff)-evoked currents
with whole-cell patch-clamp recording in hippocampal CA1
neurons from WT and symptomaticMecp2 KO mice. No differ-
ence was detected in the amplitudes of the GABA-evoked cur-
rents between the two genotypes (WT: 1.1316 0.096nA, N=8
cells from 3 mice; Mecp2 KO: 1.2276 0.098 nA, N= 8 from 3
mice; Mann–Whitney Rank Sum Test U= 23.0, p=0.38; Fig.
2A). This result suggests no alteration in the level of functional
GABARs in hippocampal CA1 pyramidal neurons in the Mecp2
KO mice. Since it is reported that tonic inhibition in mouse
hippocampal CA1 pyramidal neurons is mediated by a5 subu-
nit-containing GABAARs (Caraiscos et al., 2004), we further
investigated the contribution of a5 subunit-containing GABAARs
by using GABAAR agonist isoguvacine (Iso, 20 mM) and a5 subu-
nit-selective reverse agonist L-655708 to isolate the L-655708-sensi-
tive current (Fig. 2B). No significant difference was detected in the

Figure 1. Reduced tonic GABA current in hippocampal CA1 pyramidal neurons from Mecp2 KO mice. A, Left, Representative
voltage-clamp recording showing sIPSCs in hippocampal CA1 pyramidal neurons recorded in acute brain slices obtained from
WT (black trace) and Mecp2 KO (Mecp2�/y, red trace) mice. Bicuculline (Bic) blocks the sIPSCs and induces a shift of the holding
currents from those recordings. Right, The tonic currents are measured by generating all-points histograms for the untreated
(blue) and Bic (orange) epochs and then fitting Gaussian curves to the negative side of these histograms. The mean values
from the Gaussian fits are then used to define the currents in the absence (blue) and presence (orange) of Bic. Calibration:
1 min (x axis), 40 pA (y axis). B, C, Quantification of amplitudes of tonic GABA currents (the difference between the currents in
the absence and presence of Bic) from 8- to 10-week-old (B) and 3- to 4-week-old (C) WT and Mecp2 KO mice. **p, 0.01
versus WT. ns, not significant.
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amplitude of Iso current between the WT and Mecp2 KO mice
(WT: 1006 9.85%, N=6 cells from 3 mice; Mecp2 KO:
94.406 12.60%, N=6 cells from 3 mice; t(10) = 0.35, p=0.73). The
amplitude of L-655708-sensitive currents was also comparable

between WT (20.50 6 2.29%, N=6 cells
from 3 mice) and Mecp2 KO (20.676
2.59%, N=6 cells from 3 mice) groups
(t(10) = �0.04, p=0.96). Finally, the total
charges mediated by the currents were
also quantified, and no significant differ-
ence was found betweenWT (Iso current:
1006 5.98%; L-655708-sensitive current:
37.96 6 3.98%; N= 6 cells from 3 mice)
and Mecp2 KO (Iso current: 94.41
6 7.71%; t(10) = 0.58, p = 0.58; L-
655708-sensitive currents: 36.77 6
2.39%; t(10) = 0.26, p = 0.80) groups.

Previously, El-Khoury et al. (2014)
compared the ambient GABA concen-
tration between the WT and Mecp2 KO
mice and reported that the GABA level
is spatially and developmentally regu-
lated. More specifically, the sympto-
matic Mecp2 KO mice exhibit reduced
extracellular GABA levels in the hippo-
campus. Their result is consistent with
our electrophysiological recording results,
which could explain the reduced tonic
inhibition observed in these mice. To
further validate this hypothesis, we
superfused acute brain slices with 600
nM GABA, which is higher than the
estimated average extrasynaptic GABA
concentration 160 nM (Santhakumar et
al., 2006). We found that such GABA
superfusion abolished the difference
in tonic inhibition between the WT
and Mecp2 KO mice (WT: 66.79 6
4.123 pA, N= 12 cells from 3 mice;
Mecp2 KO: 68.426 2.63pA, N=13 cells
from 3 mice; t(23) =�0.338, p = 0.74; Fig.
2C,D). The fold increase of IGABA against
Itonic from both genotypes showed an
inverse correlation. The plot was well fit-
ted with a Hill equation (Fig. 2E). IGABA
induced by different concentration (100-
600 nM) of GABA was also recorded. No
significant difference was detected in the
amplitude of current evoked by any con-
centration of GABA between WT and
Mecp2 KOmice (Fig. 2F). Together, these
results suggest that the decreased tonic in-
hibition observed in the Mecp2 KO mice
is likely a result of lower ambient GABA
level in the extracellular space rather than
decreased GABA receptor density.

Enhanced GAT activity in astrocytes
from theMecp2 KOmice
The extracellular GABA level is regu-
lated by both release and uptake. We
first compared the synaptic release of
GABA between the WT and Mecp2 KO

mice. Although the Mecp2 KO mice showed slightly lower
mIPSC amplitude than the WT mice (Fig. 3A; no statistical sig-
nificance), they showed a similar level of sIPSC amplitude as

Figure 2. Reduced ambient GABA level underlies the decreased tonic GABA currents. A, Left, Representative recording traces
showing currents evoked by local puffing application of GABA from WT (black) and Mecp2 KO (red) mice. Inset, Magnified view
of the boxed event. Calibration: 30 s(x axis), 1 s (x axis, inset), 1 nA (y axis). Right, Quantification of the amplitudes of GABA-
evoked currents from WT and Mecp2 KO (Mecp2�/y) mice. B, Left, Representative recording traces showing currents evoked by
local puffing application of GABAA receptor-selective agonist isoguvacine (Iso) from WT (black) and Mecp2 KO (red) mice. Gray
and pink traces represent the Iso current in the presence of L-655708, a selective a5-GABAAR reverse agonist. Middle,
Quantification of Iso current amplitudes and the part of L-655708-sensitive current (green). Right, Quantification of Iso current
charges and the part of L-655708-sensitive current (green). C, Representative traces showing the effects of 600 nM GABA bath
application on holding currents. D, Quantification of amplitudes of tonic holding currents induced by endogenous (Itonic) and ex-
ogenous (IGABA) GABA of WT and Mecp2 KO (Mecp2

�/y) mice. Itonic and IGABA are indicated in C. E, The fold increase of IGABA
against Itonic is plotted for each cell recorded from WT (black dots) and Mecp2 KO (red dots) mice. The fitted curve (blue dashed
line) is calculated from all cells with a Hill equation. F, IGABA induced by exogenous GABA of different concentrations from WT
(black) and Mecp2 KO (Mecp2�/y, red) mice. **p, 0.01 versus WT in E. ns, not significant.
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detected in the WT mice (Fig. 3B). Furthermore, mean fre-
quency, rise time, and decay of either mIPSC or sIPSC time were
not significantly different between Mecp2 KO and WT hippo-
campal CA1 neurons. These results indicate that, in contrast to
tonic inhibition, phasic inhibition in these same neurons (CA1
pyramidal) from the Mecp2 KO mice was not altered. To rule
out overall reduction of GABA production in the region, we

examined the GABA level in hippocampus by immunostaining.
Since inhibitory neurons showed a high level of GABA signals in
the immunostaining images, we first quantified the GABA1 cell
numbers. The results showed no significant difference in the
GABA1 cell density (WT: 100.0 6 9.16%, N= 13 randomly
selected fields from 3 mice; Mecp2 KO: 97.32 6 9.64%, N=13
randomly selected fields from 3 mice; t(24) = 0.20, p= 0.86; Fig.

Figure 3. Unaltered GABAA receptor activity and synaptic GABA release in hippocampal neurons from Mecp2 KO mice. A, Left, Representative traces of mIPSCs recorded in acute brain slices
prepared from WT (black) and Mecp2 KO (red, Mecp2�/y) mice. Calibration: 10 s (x axis), 50 pA (y axis). Right, Cumulative probability of the amplitude and the interevent interval of mIPSCs. B,
Left, Representative traces of sIPSCs recorded in acute brain slices prepared from WT (black) and Mecp2 KO (red, Mecp2�/y) mice. Calibration: 10 s (x axis), 50 pA (y axis). Right, Cumulative
probability of the amplitude and the interevent interval of sIPSCs. C, D, Representative image (C) and the quantification (D) of GABA immunoreactivity in the hippocampal CA1 region from WT
and Mecp2 KO mice. Arrows indicate some inhibitory neurons in the hippocampal radiatum layer (Rad) showing strong GABA fluorescence. scale bar = 40 mm. E, Representative recording
traces of GABAergic eIPSCs evoked in hippocampal CA1 pyramidal neurons with paired pulses from WT (black trace) and Mecp2 KO (Mecp2�/y, red trace) mice, and in the presence of GAT3-
selective antagonist SNAP5114 (blue trace). F, Quantification of the paired-pulse facilitation (left) and decay time constant (tau, right) of eIPSCs shown in E. **p, 0.01. ns, not significant.
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3C,D). The GABA immunoreactivity was not significantly differ-
ent between the WT and Mecp2 KO mice, either (WT:
100.06 5.76%, N=13 randomly selected fields from 3 mice;
Mecp2 KO: 94.86.36 5.66%, N=13 randomly selected fields
from 3 mice; t(24) = 0.64, p= 0.53; Fig. 3C,D), suggesting that the
overall GABA content inside the cells remains unchanged in the
Mecp2 KO hippocampus. To further look at GABA release prob-
ability, we measured evoked IPSCs (eIPSCs) in hippocampal
CA1 pyramidal cells. The eIPSC paired-pulse ratios did not sig-
nificantly differ between the two genotypes (WT: 1.5616 0.072,
N= 12 cells from 4 mice; Mecp2 KO: 1.6586 0.060, N=12 from
3 mice; t(22) = 1.04, p=0.31; Fig. 3E,F), indicating similar release
probability of CA1 pyramidal neurons. However, the eIPSC
decay rate was significantly faster in Mecp2 KO mice (WT:
21.806 1.90ms, N= 10 cells from 3 mice; Mecp2 KO:
16.936 0.93ms, N= 15 cells from 3 mice; t(23) = 2.55, p=0.02;
Fig. 3F), suggesting enhanced GABA uptake in the hippocampus
ofMecp2 KOmice.

Given that the GABA release appears to be little changed and
that the eIPSC decay rate is faster in those CA1 pyramidal neu-
rons in theMecp2 KO mice, the reduced ambient GABA level in
the extracellular space might be because of increased GABA
uptake mediated by GATs. The GATs rapidly clear GABA from
the synaptic cleft, prevent GABA spillover (Overstreet and
Westbrook, 2003), and control the ambient GABA concentration

(Scimemi, 2014). In the hippocampus, GAT3 is mainly expressed
by astrocytes (Ribak et al., 1996). Interestingly, treatment of the
Mecp2 KO slice with SNAP5114, a GAT3-selective antagonist,
rescued the eIPSC decay rate change (Fig. 3E,F), which suggested
a potential role of GAT3-mediated GABA uptake in phenotypes
described so far.

We therefore examined the responsiveness of GAT3 by re-
cording the currents mediated by its activity in response to
GABA. Using GAT3-specific antagonists b -alanine and SNAP
5114, we isolated GAT3 currents from astrocytes in acute hippo-
campal slices (Fig. 4A,B). These recordings showed that the
GAT3 current from Mecp2 KO mice was significantly higher
than that from the WT mice (b -alanine-sensitive current: WT:
34.226 2.803 pA, N=9 cells from 3 mice; Mecp2 KO: 49.00 6
4.40 pA, N= 9 cells from 3 mice; t(16) = 2.802, p= 0.01; SNAP
5114-sensitive current: WT: 33.706 2.612pA, N=10 cells from
3 mice; Mecp2 KO: 51.206 4.968 pA, N= 10 cells from 3 mice;
t(168) = 3.12, p= 0.006; Fig. 4C). Since astrocytes also express
GABA transporter 1 (GAT1) (Chiu et al., 2002), we isolated
GAT1-mediated current from astrocytes by using GAT1 selective
inhibitor NO-711. The amplitude of NO-711-sensitive current
was not significantly altered in Mecp2 KO mice (35.86 6
4.43 pA, N=7 cells from 3 mice) compared with WT mice
(31.576 2.32 pA, N= 7 cells from 3 mice; t(12) = 0.86, p=0.41),
which suggested that the level of functional GAT1 was normal in
Mecp2 KOmice.

Figure 4. Enhanced astrocytic GAT3 activity underlying the reduced tonic GABA currents in Mecp2 KO hippocampal neurons. A, Schematic drawing of the recording of the GAT3 current. B,
Representative traces of whole-cell patch-clamp recording of GABA induced currents with (gray and pink traces) or without (black and red traces) b -alanine in hippocampal astrocytes from
WT and Mecp2 KO (Mecp2�/y) mice. The b -alanine-sensitive currents (the difference between these two currents) were shown at the bottom. Calibration: 20 pA, 20 s. C, Quantification of the
amplitudes of b -alanine or SNAP5114-sensitive currents in hippocampal astrocytes from WT and Mecp2 KO (Mecp2�/y) mice. D, Quantification of the amplitudes of NO-711, a GAT1 inhibitor,
sensitive currents in hippocampal astrocytes from WT and Mecp2 KO (Mecp2�/y) mice. E, Representative traces showing that the tonic inhibition was enhanced by b -alanine in both WT and
Mecp2 KO (Mecp2-y) CA1 neurons and how Itonic without inhibitor (b -alanine or SNAP5114) and DItonic in the presence of inhibitor (b -alanine or SNAP5114) were measured. Calibration:
20 pA, 5 min. F, Quantification of total Itonic, Itonic without inhibitor (b -alanine or SNAP5114), and DItonic in the presence of inhibitor (b -alanine or SNAP5114) in acute hippocampal slices pre-
pared from WT and Mecp2 KO (Mecp2-y) mice. *p, 0.05, **p, 0.01 versus WT. ns, not significant.
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To determine the contribution of the enhanced GAT3 activity
to the impairment of the tonic inhibition in the hippocampal
CA1 pyramidal neurons from the Mecp2 KO mice, we super-
fused acute brain slices with b -alanine and SNAP 5114, respec-
tively, while quantifying tonic inhibition. After a stable baseline
was established, either b -alanine or SNAP 5114 was superfused,
which was then followed up by bath application of bicuculline.
Although both b -alanine and SNAP 5114 enhanced the tonic in-
hibition from the WT mice (b -alanine DItonic: 25.006 2.44 pA,
N= 7 cells from 3 mice; SNAP 5114 DItonic: 28.386 1.870 pA,
N= 8 cells from 3 mice), their respective effect on tonic inhibi-
tion was much greater in theMecp2 KO mice (b -alanine DItonic:
40.866 3.276 pA, N=7 cells from 3 mice; t(12) = 3.88, p=0.002;
SNAP 5114 DItonic: 36.906 2.193 pA, N=10 cells from 3 mice;
t(16) = 2.87, p= 0.04; Fig. 4D,E, stripes). As a result, the total Itonic
was not different between WT and Mecp2 KO in the presence of
either b -alanine or SNAP 5114. In another words, treating the
Mecp2 KO slices with either b -alanine or SNAP 5114 rescued
the phenotype of reduced tonic inhibition in hippocampal py-
ramidal neurons. These results suggest GAT3-mediated GABA
uptake contributes to the observed tonic inhibition phenotype in
theMecp2 KOmice.

Next, we assessed the level of GAT3 protein in theMecp2 KO
hippocampus by Western blot. Our results showed that
GAT3 was upregulated in the hippocampus from the Mecp2
KO mice (164.36 25.98%, N= 4 mice; t(6) = 3.0, p=0.03; Fig.
5A). Consistent with the Western blot results, the immunoreac-
tivity of GAT3 was also higher in the hippocampus of theMecp2
KO brain sections (WT: 100.06 7.31%, N= 19 brain sections

from 3 mice; Mecp2 KO: 127.36 7.90%, N=20 brain sections
from 3 mice; Mann–Whitney U test = 99, p= 0.016; Fig. 5C). In
contrast, the protein expression level of GAT-1 did not change
significantly in Mecp2 KO mice (106.26 8.91%, N= 3 mice)
compared with WT group (100.06 5.65%, N=3 mice; t(4) =
0.59, p= 0.59; Fig. 5B).

Together, our electrophysiological and biochemical analyses
suggest that astrocytes from the Mecp2 KO mice display exces-
sive GAT3 activity, which could lead to reduced ambient GABA
level in the extracellular space and contribute to the reduction of
tonic inhibition in hippocampal CA1 pyramidal neurons.

Reduced tonic inhibition in astrocytes-specificMecp2 KO
mice
To determine whether deletion of Mecp2 specifically in astro-
cytes is sufficient to reproduce the phenotypes of impaired tonic
inhibition in the hippocampus, we crossed male mice harboring
a tamoxifen-inducible Cre recombinase transgene driven by
the human astrocytic glial fibrillary acidic protein (hGFAP)
promoter (hGFAP-creERT) with female mice possessing loxP
sites flanking the Mecp2 gene (Mecp2flox/flox). Half of the male
offspring from this breeding that inherited both the hGFAP-
creERT allele and the Mecp2flox allele are referred to as
Mecp2flox/y;hGFAP-creERT mice. The remaining half of the male
offspring from this breeding that inherited only the Mecp2flox al-
lele are referred to as Mecp2flox/y mice, which were used as con-
trol. Mice from both groups received daily tamoxifen injection
for 7 d. We first determined the specificity and efficiency of Cre
recombinase activity in hGFAP-creERT mice that also carry the

Figure 5. Upregulation of hippocampal GAT3 in Mecp2 KO mice. A, Left, Representative images of Western blot of GAT3. Right, Quantification of the protein expression level of GAT3 in the
hippocampus from WT and Mecp2 KO (Mecp2�/y) mice. B, Left, Representative images of Western blot of GAT1. Right, Quantification of the protein expression level of GAT1 in the hippocampus
from WT and Mecp2 KO (Mecp2�/y) mice. C, Left, Representative GAT3 and GFAP costaining images from WT and Mecp2 KO mice. Some GAT3 fluorescence signals are colocalized with GFAP1

astrocytic processes, which are indicated by arrows. Scale bar = 80 mm. Right, Quantification of GAT3 immunoreactivity in hippocampal sections from WT and Mecp2 KO mice. *p, 0.05
versus WT.
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Ai14 reporter allele 2weeks after the
completion of tamoxifen administra-
tion (Fig. 6A–C). More than 90% of
tdTomato1 cells were GFAP1. In
comparison, only 7% tdTomato1 cells
were NG21, and no tdTomato1 cell
was NeuN1. These data suggest that,
in the short time window (2weeks)
after tamoxifen induction, the vast
majority of the Cre-expressing cells
are astrocytes, and no neurons ex-
press Cre, in the hippocampus.
When we next assessed the speci-
ficity and efficiency of Mecp2 dele-
tion in the hippocampus of the
Mecp2flox/y;hGFAP-creERT mice 2
weeks after the completion of ta-
moxifen administration, we observed
a high percentage of MeCP2-negative
and GFAP-positive astrocytes in hip-
pocampus (856 5.8%) (Fig. 6D).

We next recorded the tonic
inhibition currents from these mice.
Compared with tamoxifen-treated con-
trol mice, tamoxifen-treated Mecp2flox/y;
hGFAP-creERT mice showed decre-
ased tonic current in hippocampal
CA1 pyramidal neurons (Fig. 6E; con-
trol: 35.006 3.873pA, N=6 cells from
2 mice; mutant: 21.676 3.575pA, N =
6 cells from 2 mice; t(10) = 2.5, p =
0.03). Moreover, the difference is com-
parable with the difference between
WT and Mecp2 KO mice (compare
Fig. 6E with Fig. 1B), indicating that
astrocyte-specific Mecp2 deletion is suf-
ficient to recapitulate the phenotype of
impaired tonic inhibition observed in
Mecp2 KO mice, and further highlight-
ing the important role of astrocytes in
the development of this new neuronal
phenotype in RTT.

Figure 6. Reduced tonic GABA current in the hippocampus from astrocyte-specific Mecp2 KO mice. A, Representative image of
tdTomato fluorescence on a sagittal section from an Ai14;hGFAP-creERT mouse injected with tamoxifen. B, Representative confocal
microscopy images showing NG2, NeuN, and tdTomato signals in the same section. Green, red, and yellow arrows indicate NG2-,
tdTomato-, and NeuN-positive cells, respectively. Only few NG2-positive cells and no NeuN-positive cells showing tdTomato

/

fluorescence. C, Representative confocal microscopy
images showing colocalization of GFAP and tdTomato
signals in a hippocampal section. Yellow arrows indi-
cate tdTomato and GFAP double-positive cells. D,
Representative confocal microscopy images of hippo-
campal sections costained with anti-MeCP2 and anti-
GFAP antibodies. Top, Images from a GFAP-CreERT;
Mecp2flox/y mouse injected with tamoxifen (cKO).
Bottom, Images from a Mecp2flox/y mouse injected
with tamoxifen (control). Yellow arrows indicate some
GFAP1 cells showing MeCP2 staining. Red arrows indi-
cate some GFAP1 cells without MeCP2 fluorescence.
There are many MeCP2-positive astrocytes in the
control mouse but not in the cKO mouse. Scale bar,
50mm. E, Left, Representative traces of tonic GABA
current recordings from control (Mecp2flox/y) and
astrocyte-specific Mecp2 KO (cKO, GFAP-CreERT;
Mecp2flox/y) mice. Right, Quantification of the ampli-
tude of the tonic inhibition from control and cKO
mice. *p, 0.05 versus control.
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Inhibiting GAT3 rescued the hyperexcitability and increased
seizure susceptibility inMecp2 KOmice and extended the
lifespan inMecp2 KOmice
Tonic GABAAR-mediated conductance regulates the neuronal
excitability by decreasing total membrane input resistance
(Hamann et al., 2002; Stell et al., 2003). To determine whether
the excitability of hippocampal CA1 pyramidal neurons is altered
by the decreased tonic inhibition observed in Mecp2 KO mice,
we evaluated resting membrane potentials and firing rate in
response to current injection using whole-cell current-clamp
recordings. The resting membrane potential of neurons from
WT andMecp2 KO mice was similar (WT: �686 2.6mV, N= 7
cells from 3 mice; Mecp2 KO: �666 3.2mV, N=7 cells from 3
mice; t(12) = 0.49, p=0.65). However, hippocampal CA1 pyrami-
dal neurons of Mecp2 KO mice required lower current injection
to fire action potentials. The firing rate was higher in Mecp2 KO
mice in response to the same current injection, indicating the
hyperexcitability inMecp2 KO mice (Fig. 7A; two-way ANOVA,
F(1,10) = 14.03, p = 0.004). To demonstrate whether the hyperex-
citability is mediated by the impairment of tonic inhibition, the
GAT3 antagonist b -alanine was added to the bath solution. In
the presence of b -alanine, the firing rate of hippocampal neu-
rons from Mecp2 KO mice was significantly decreased (Fig. 7A;
two-way ANOVA, F(1,11) = 11.62, p =0.006).

RTT patients and Mecp2 KO mice are characterized by their
susceptibility to seizure; 80%-90% of RTT patients have seizures
(Jian et al., 2007), and spontaneous seizures have also been
reported in RTT mice (D’Cruz et al., 2010; McLeod et al., 2013).
To assess the contribution of the impairment of tonic inhibition
to seizure susceptibility in Mecp2 KO mice, we used an in vitro
seizure model by superfusing hippocampal slices with 0 Mg21

aCSF to induce epileptic activities in both genotypes: WT and
Mecp2 KO (Fig. 7B). Compared with the WT slices, epileptiform
activity in Mecp2 KO slices had shorter latency (Fig. 7C; WT:
6.666 0.43min, N=10 cells from 4 mice; Mecp2 KO: 4.82 6
0.50min, N=9 cells from 4 mice; t(17) = 2.78, p= 0.01), higher
frequency (Fig. 7C; WT: 3.836 0.66min�1, N=10 cells from 4
mice; Mecp2 KO: 6.006 0.44min�1, N=9 cells from 4 mice;
t(17) = 2.61, p=0.02), longer duration (Fig. 7C; WT: 615 6
29.86ms, N=10 cells from 4 mice; Mecp2 KO: 783.33 6
29.50ms, N= 9 cells from 4 mice; t(17) = 4.0, p= 0.009), and
higher amplitude (Fig. 7C; WT: 2916 21pA, N=10 cells from 4
mice; Mecp2 KO: 3516 14pA, N=9 cells from 4 mice; t(17) =
2.3, p=0.03). More importantly, b -alanine application signifi-
cantly reduced epileptiform activity in Mecp2 KO mice (Fig. 7C)
by increasing the latency (6.446 0.51min, N= 8 cells from 4
mice; t(15) = 2.23, p=0.04), decreasing the frequency (4.33 6
0.42min�1, N=8 cells from 4 mice; t(15) = 2.67, p= 0.02),
decreasing the duration (5506 6.0ms, N= 8 cells from 4 mice;
t(15) = 4.74, p=0.0003), and decreasing the amplitude (303 6
14pA, N=8 cells from 4 mice; t(15) = 2.4, p= 0.03). These results
indicate that the enhanced GAT activity and the resulting
impairment of tonic inhibition could contribute to increased sei-
zure susceptibility inMecp2 KOmice.

To determine the disease relevance of increased GAT3 activ-
ity, we tested whether inhibiting the activity of GAT3 could slow
down disease progression in the Mecp2 KO mice. Male Mecp2
KOmice were given daily intraperitoneal injection of either vehi-
cle or b -alanine, and scored weekly for signs of the disease phe-
notype using a well-established observational severity score (Guy
et al., 2007). Both vehicle- and b -alanine-treated mice developed
increasing severity scores over time from postnatal week 5 to the
time of death. However, mice injected with b -alanine had less

severe observational scores than mice receiving vehicle treatment
(Fig. 7D; 15 mice in each treatment group, two-way ANOVA
with post hoc Holm-Sidak method, p=0.024). Survival analysis
indicated that, compared with vehicle-treated Mecp2 KO mice,
b -alanine-treated Mecp2 KO mice lived significantly longer (15
mice in each treatment group, log-rank (Mantel-Cox) test,
p= 0.021; Fig. 7E).

Discussion
Altered tonic inhibition has been observed in animal models of a
wide range of neurologic diseases, including Fragile X syndrome
(Curia et al., 2009; Zhang et al., 2017), Angelman syndrome
(Egawa et al., 2012), autism (Bridi et al., 2017), and others (Stell
et al., 2003; Cope et al., 2009; Gupta et al., 2012; Wójtowicz et al.,
2013; Wu et al., 2014; Miguelez et al., 2018). Among the disease
models displaying abnormal tonic inhibition, different mecha-
nisms are involved, including changes in activity or expression of
GABA receptors, GATs, or glutamic acid decarboxylase, all of
which lead to the impairment or argumentation of tonic GABA
inhibition. In our current study, we discovered a novel pheno-
type of reduced tonic inhibition in hippocampal CA1 pyramidal
neurons in the RTT mice. Moreover, we observed a concurrent
phenotype of increased GAT (GAT3) expression and activity in
the neighboring astrocytes. Thus, not only does our study add
RTT to the long list of neurologic diseases affected by altered
tonic inhibition, it also demonstrates another cell-autonomous
phenotype in RTT astrocyte and its consequence on RTT neu-
rons. Those data further advance our understanding of the mul-
ticellular nature of RTT pathogenesis.

In a separate study, we recently reported increased spontane-
ous Ca21 activity and elevated cytosolic Ca21 concentration in
Mecp2 mutant astrocytes (Dong et al., 2018). Since Ca21 is
known to regulate the functional expression of GAT3 under
some conditions (Shigetomi et al., 2011), it would be a natural
next step to determine whether those two phenotypes are con-
nected in RTT astrocytes. To that end, we recorded the tonic
inhibitory currents from theMecp2 KOmice while manipulating
cytosolic Ca21 by intracellular BAPTA (10 mM) dialysis of single
astrocytes. Because of the gap junctional coupling existed among
astrocytes, such treatment would block spontaneous Ca21 activ-
ity and reduce the cytosolic Ca21 in all connected astrocytes.
Under this condition, reduced tonic inhibition currents were still
detected inMecp2 KO neurons, when compared with that in the
WT neurons (data not shown), indicating no direct connection
between our previous finding of abnormal Ca21 homeostasis in
RTT astrocytes and our current finding of increased GAT3 activ-
ity in RTT astrocytes. In addition, we observed no reduction of
tonic inhibition in WT neurons by elevating cytosolic Ca21 in
astrocytes through “Ca21 clamping” (data not shown). At more
detailed level, it should be noted that past work linking Ca21

with GAT3 (Shigetomi et al., 2011) showed that reduced, but not
increased, Ca21 activity is important to the regulation of GAT3
expression and tonic inhibition. Together, our unpublished
results and past work in other laboratories are consistent with
the notion that the phenotypes of increased GAT3 level/activ-
ity and reduced tonic inhibition cannot be explained by the
phenotype of heightened Ca21 activity and elevated Ca21 con-
centration in RTT astrocytes.

It is interesting to note that our reported findings are specific
for the hippocampus, as Western blot analysis and whole-cell
patch-clamp recordings detected no change in GAT3 expression
or tonic inhibition in the cortex (data not shown). Adding to the
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notion of brain region-specific phenotypes in tonic inhibition,
previous research showed augmented tonic inhibitory currents
in locus ceruleus neurons in RTT mice (Zhong et al., 2015). In
that study, the authors described an upregulation of the GABA d
subunit in LC neurons. In another study, Calfa et al. (2015) dem-
onstrated that the immunoreactivity of GABAa1 subunit
decreased in the hippocampal CA3 pyramidal cell body layer of
Mecp2�/y mice. They also found a decrease in amplitude of

mIPSCs in CA3 pyramidal neurons. In contrast, we found no
change in the functional level of GABAA receptor in hippocam-
pal CA1 pyramidal neurons in RTT mice because GABA-evoked
currents fromWT andMecp2 KOmice have similar magnitudes.
These studies highlight the issue of regional specificity in pheno-
types observed in Mecp2 KO mice, which appears to arise from
different molecular underpinnings. This is not surprising given
that MeCP2 is expressed in almost all the major cell types in the

Figure 7. Inhibition of GAT3 rescued hyperexcitability phenotypes in acute hippocampal slices from the Mecp2 KO mice and alleviated symptoms in Mecp2 KO mice. A, Left, Representative
traces showing current injection-evoked action potentials recorded from hippocampal pyramidal neurons in WT (black), Mecp2 KO (Mecp2�/y, red), and Mecp2 KO in the presence of b -alanine
(blue). Right, Quantification of the firing rate of hippocampal neurons in response to different current steps. *p, 0.05 versus WT. ##p, 0.01 versus Mecp2�/y. B, Representative traces show-
ing epileptiform activity induced by 0 Mg aCSF in hippocampal slices from WT (top) and Mecp2 KO (Mecp2�/y) mice in the absence (middle) or presence of b -alanine (bottom). C,
Quantification of the latency, frequency, duration, and amplitude of the epileptiform activity. The latency is defined as the time elapsed between the application of 0 Mg aCSF and the onset of
epileptiform activity. *p, 0.05, **p, 0.01 versus WT. #p, 0.05 versus Mecp2 KO. D, The phenotypic severity scores of male Mecp2 KO (Mecp2�/y) mice receiving daily injection of vehicle or
b -alanine. E, Survival curves of male Mecp2 KO (Mecp2�/y) mice receiving daily injection of vehicle or b -alanine.
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brain, and that the loss of MeCP2 function can lead to different
gene expression and functional changes in different cell types
across different regions of the brain.

Although GAT3 is reported to be expressed mainly in astro-
cytes, it is also possible that GAT3 is aberrantly expressed in
MeCP2-deficient hippocampal neurons. We recorded SNAP5114-
sensitive current from neurons, whose amplitude was very
small. Nonetheless, there was no significant difference between
WT and Mecp2 KO mice in the amplitude of these currents
(data not shown), which indicates little contribution of neuro-
nal GAT3 to our observed phenotype in ambient GABA level.

In addition to GAT3, GAT1 is another subtype of GAT im-
portant for the regulation of ambient GABA level. GAT1 is
expressed at a high density and in vicinity to synaptic GABA
release sites, mostly in presynaptic boutons of interneurons and
astroglial processes (Minelli et al., 1996; Chiu et al., 2002). Since
Western blot analysis of GAT1 expression in hippocampus
tissue showed similar GAT1 protein levels between WT
and Mecp2 KO mice, we focused our analysis on GAT3. Using
GAT3-selective antagonist b -alanine, our study assessed the
contribution of the impaired tonic inhibition to RTT at different
levels, including intrinsic neuronal excitability at the cellular
level, epileptiform activity at the network level, and disease
progression in the whole animal. Our results show b -alanine
normalized the hyperexcitability phenotype (both intrinsic excit-
ability and susceptibility to seizure) in Mecp2 KO mice and
delayed the onset of symptoms of RTT. Because the Mecp2 gene
is located on the X chromosome, all female Mecp2 heterozygous
(Mecp21/�) mice are at different levels of mosaicism of somatic
cells with or without MeCP2. In comparison, the male Mecp2
KO mice present a cleaner biological system to perform the ini-
tial characterization of a new phenotype and its associated
mechanisms. For that reason, all mice used in this study are
male. However, we fully recognize that the female Mecp2 het-
erozygous mice more closely resemble the female RTT
patients, and will further this line of research in the female
mice. As a first step, we already observed the same tonic inhi-
bition phenotype in the hippocampus of female Mecp2 hetero-
zygous mice (data not shown).

In conclusion, we report a novel phenotype of reduced tonic
inhibition in hippocampal CA1 pyramidal neurons in the RTT
mice, reveal a potential mechanism of increased GAT expres-
sion/activity in the neighboring astrocytes, describe a disease-rel-
evant consequence in hyperexcitability, and provide preliminary
evidence that targeting this phenotype may slow down disease
progression in RTT mice. These results help our understanding
of the disease etiology and identify a new therapeutic target for
treating the disease.
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