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SUMMARY

Aims: MeCP2 gene mutations are associated with Rett syndrome and X-linked mental

retardation (XLMR), diseases characterized by abnormal brain development and function.

Recently, we created a novel MeCP2 A140V mutation mouse model that exhibited abnor-

malities of cell packing density and dendritic branching consistent with that seen in Rett

syndrome patients as well as other MeCP2 mutant mouse models. Therefore, we hypothe-

sized that some deficits of neuronal and synaptic functions might also be present in the

A140V mutant model. Methods: Here, we tested our hypothesis in hippocampal slices

using electrophysiological recordings. Results: We found that in young A140V mutant

mice (3- to 4-week-old), hippocampal CA1 pyramidal neurons exhibited more positive rest-

ing membrane potential, increased action potential (AP) firing frequency induced by injec-

tion of depolarizing current, wider AP duration, and smaller after hyperpolarization

potential compared to neurons prepared from age-matched wild-type mice, suggesting a

neuronal hyperexcitation. At the synaptic level, A140V mutant neurons exhibited a

reduced frequency of spontaneous IPSCs (inhibitory postsynaptic potentials) and an

enhanced probability of evoked glutamate release, both suggesting neuronal hyperexcita-

tion. However, hippocampal CA1 long-term potentiation was not significantly different

between A140V and WT mice. In adult mice (11- to 13-month-old), in addition to neuronal

hyperexcitation, we also found significant deficits of both short-term and long-term poten-

tiation of CA3-CA1 synapses in A140V mice compared to WT mice. Conclusions: These

results clearly illustrate the age-dependent abnormalities of neuronal and synaptic function

in the MeCP2 A140V mutant mouse model, which provides new insights into the under-

standing of the pathogenesis of Rett syndrome.

Introduction

The MeCP2 gene encodes the methyl CpG DNA binding protein

2. MeCP2 has been described as both an activator and a repressor

of transcription and functions in complex with a variety of pro-

teins to bind the regulatory regions of genes and affect their tran-

scription [1–3]. Reports also suggest that MeCP2 may be directly

involved in modifying gene expression through chromatin

remodeling activities rather than direct binding to specific gene

promoters [4–7]. The most prominent disorder associated with

MeCP2 mutations is Rett syndrome (RTT; OMIM 312750), an

X-linked neurodevelopmental disorder [8].

Classic RTT is characterized by relatively normal development

for the first 6–18 months of life followed by a period of regres-

sion involving the loss of acquired skills such as speech and vol-

untary hand movements. Males with MeCP2 mutations often

have severe neonatal encephalopathy and die at 1–2 years of

age. Thus, the majority of RTT patients are female. Symptoms of

RTT include cognitive and motor abnormalities, microcephaly,

stereotyped movements, autistic features, and seizures [9–14].
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The pathological features found in the brains of RTT patients

include small brain size, increased brain cell packing density, and

abnormalities of neuronal dendrites and dendritic spines, which

has been particularly noted in the pyramidal neurons of the

cortex [9,15–18]. Gene duplications of MeCP2 are also patho-

genic and can be just as deleterious as mutations in the gene,

indicating that gene dosage of MeCP2 is critical to proper neuro-

nal function [19].

While MeCP2 mutations are often catastrophic in males,

there are reports of surviving males with MeCP2 mutations

[14,20]. The A140V point mutation is one of the few MeCP2

mutations that is survivable long term in males and results in

an X-linked mental retardation syndrome (XLMR) rather than

classic Rett syndrome. XLMR due to the A140V mutation is

described primarily in males as they suffer the most serious

symptoms. Females carrying this mutation are either unaf-

fected or suffer mild mental retardation. Symptoms of MECP2

A140V XLMR include mental retardation, mild microcephaly,

motor abnormalities, PPM-X syndrome, and dysarthric speech

[21–25]. We have previously described our construction and

characterization of the MeCP2 A140V mouse model. In this

model, we identified brain pathology consistent with that seen

in RTT patients and in other MeCP2 mutant mouse models,

including increased cell packing density and a marked

decrease in the dendritic branching of cortical pyramidal

neurons [26].

Several electrophysiology studies have been performed on

brain tissue from RTT mouse models. These studies have led to

the identification of impairments of synaptic plasticity in brain

regions including the cortex [27–30], hippocampus [30–33],

thalamus [34], and various brain stem structures [35,36]. Tests

on MeCP2-null mouse models revealed that symptomatic mice

have deficits of hippocampal long-term potentiation (LTP) as

well as long-term depression (LTD). Deficits of short-term plas-

ticity were identified using a paired-pulse facilitation method

(PPF) [31]. A RTT mouse model with a C-terminal truncation of

the MeCP2 gene (308/y) has also undergone electrophysiologi-

cal testing. This testing identified abnormalities of LTP and LTD

in hippocampal tissue, similar to that seen in the MeCP2 null

mice, and demonstrated enhanced synaptic transmission by

input/output analysis. PPF was impaired in the 308/y mice,

again implying an enhancement of synaptic transmission

through increased neurotransmitter release. This group also

found LTP deficits in the layer II/III primary motor and sensory

cortex neurons [30]. An additional study of layer 5 in the

cortical pyramidal neurons in a MeCP2 null model failed

to identify LTP deficits but found reduced excitatory synaptic

connectivity [28].

Here, we report the results of electrophysiological studies of

hippocampal CA1 pyramidal neurons from the MeCP2 A140V

mutant mouse model. We have identified abnormalities of neuro-

nal firing, basal synaptic function, and neuronal excitability as

well as deficits of both short-term and long-term potentiation of

CA3-CA1 synapses in the mutant mice. These abnormalities

correlate well with previous reports regarding the electrophysio-

logical dysfunction of neurons from other MeCP2 mutant mouse

models.

Materials and methods

Experimental Animals

Heterozygous MeCP2 A140V females produced in our colony

were bred with wild-type male C57BL/6 mice to produce the male

MeCP2 A140V hemizygous mice used in these experiments. All

breeding and experimentation were conducted in accordance with

IACUC-approved protocols.

Hippocampal Slice Preparation

Hippocampal Slice Preparation from Young Mice
and Patch-Clamp Recordings

Several coronal hippocampal slices (250 lm) were prepared from

young (20- to 30-day-old) mice including wild-type and A140V

mutant mice. Slices were cut using a vibratome (Vibratome 1000

Plus, St. Louis, MO, USA) in ice-cold glycerol-based artificial cere-

brospinal fluid (GACSF) containing (in mM): 250 Glycerol, 2.5

KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.4 CaCl2, 26 NaHCO3, and 11 glu-

cose [37]. The slices were then allowed to recover for at least 1 h

in a holding chamber at room temperature (21–22°C) in normal

incubation solution containing (in mM): 125 NaCl, 3 KCl, 2 CaCl2,

1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10 glucose continuously

saturated with 95% O2 and 5% CO2.

Hippocampal Slice Preparation from Adult Mice and
Field Potential Recordings

Hippocampal slices were prepared from mice that were 11- to 13-

month-old (WT and A140V) mice. Brains were rapidly removed

under deep isoflurane anesthesia and bathed in cold (4°C) artificial

cerebrospinal fluid (ACSF) containing (in mM): NaCl 119; KCl 2.5;

NaHCO3 26; MgSO2 1.3; NaH2PO4 1.0; CaCl2 2.5 and glucose 11;

pH 7.4. The ACSF was continuously bubbled with 95% O2–5%

CO2 (carbogen). Coronal sections (400 lm) containing the dorsal

hippocampus were cut with a vibratome (Vibratome 1000 Plus),

transferred to a holding chamber and incubated at room tempera-

ture for at least 60 min prior to recording. One slice was then trans-

ferred to a liquid–air interface chamber (Fine Science Tools, Inc.,

Foster City, CA, USA) and suspended on a nylon net at the liquid–

air interface in a bath of continuously dripping oxygenated ACSF

(2–2.5 ml/min). Humidified carbogen was passed along the upper

surface of the slice, and bath temperature was set at 30 � 1°C.

Electrophysiological Recordings

Patch-Clamp Recording from Hippocampal Slices

Prepared from Young Mice

Patch-clamp whole-cell recording was performed at 32 � 1°C

using a patch-clamp amplifier (Multiclamp 700A; Axon Instru-

ments, Foster City, CA, USA) under infrared-DIC (differential

interference contrast) microscopy (Zeiss Axionskop2 FS Plus,

Thornwood, NY, USA). Temperature of the recording chamber

was set to 32˚ C and maintained by an automatic temperature

controller (TC-324B; Warner Ins. Hamden, CT, USA). Data acqui-
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sition and analysis were performed using a digitizer (DigiData

1322A; Axon Instruments) with pClamp 9.2 analysis software

(Axon Instruments) and Mini Analysis 6 (Synaptosoft, Inc., Deca-

tur, GA, USA). Signals were filtered at 2 KHz and sampled at

10 KHz. For presynaptic stimulation, a bipolar tungsten stimula-

tion electrode (WPI, Sarasota, FL, USA) was placed approximately

150–200 lm rostral to the recording electrode, and stimulation

was delivered through a stimulator (Model 2100 AM stimulator,

Carlsborg, WA, USA). Stimulus intensity was set to a level which

induced 50% maximal response. The interval of paired-pulse

stimulation was 50 mseconds. To induce synaptic long-term

potentiation (LTP), high frequency, tetanic stimulation (100 Hz,

1 second 9 3 at 20-second intervals) was delivered. To measure

synaptic events, the neuron was voltage-clamped at �60 mV in

the presence of a GABAA receptor antagonist picrotoxin (PTX,

100 lM) or ionotropic glutamate receptor antagonists (CNQX

20 lM and D-APV 50 lM) based on the monitor of spontaneous

excitatory postsynaptic currents (sEPSCs) or inhibitory postsynap-

tic currents (sIPSCs). The whole-cell recording pipette (3–4 MΩ)
was filled with a solution containing (in mM): 120 CsCH3SO3, 20

HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA-Cl, 2 MgCl2, 2.5 MgATP, and

0.3 GTP (pH 7.2–7.4 with CsOH). All drugs were obtained from

Tocris Cookson Inc. (Ballwin, MO, USA). Values are expressed as

mean � SEM. Statistical significance was assessed as P < 0.05

using Student’s two-tailed t-tests.

Field Potential Recordings from Hippocampal Slices

Standard extracellular field potential recordings were performed

in the stratum radiatum of the hippocampal CA1 region using

borosilicate glass micropipettes pulled to a tip diameter of about

1 lm and filled with 2 M NaCl [38,39]. Evoked field excitatory

postsynaptic potentials (fEPSPs) (recording electrode was placed

underneath cell layer) or field population spikes (recording elec-

trode was placed on cell layer) were recorded using an Axoclamp-

2B amplifier (Axon Instruments, Inc., Union City, CA, USA). The

Schaffer collaterals were stimulated with a custom bipolar plati-

num wire electrode (diameter 0.003″) connected to a Model 2100

AM Systems Isolated Pulse Stimulator (Carlsborg, WA, USA).

Stimulus intensity was determined using input/output response

curves and was set at 50% of the maximal response. LTP was

induced by high-frequency tetanic stimulations (100 Hz, 1 sec-

ond 9 3 at 20-second intervals) and theta-burst stimulations (one

or five trains) of the Schaffer collaterals following a stable 20-min

baseline. fEPSPs were subsequently recorded for an additional

60 min at 0.033 Hz. Data were acquired through an Axon Digida-

ta 1322 (Axon Instruments) interface board set to a sampling fre-

quency of 10 kHz and controlled with pClamp 9.2 (Axon

Instruments), filtered in Clampfit 9.2 (Axon Instruments) using

an 8-pole Bessel filter and a 1 kHz low-pass filter, and stored on

hard media for subsequent off-line analysis.

Data Analysis

Statistical comparisons using Student’s t-test (independent or

paired) or analysis of variance were performed with Origin 5.0

(Microcal Software, Inc., Northampton, MA, USA). P-values <0.05

were considered to be statistically significant.

Results

Basic Electrophysiological Properties of
Hippocampal CA1 Pyramidal Neurons in Young
MeCP2 A140V Mice

Initial experiments were designed to compare electrophysiological

characteristics between MeCP2 A140V and WT mice. Patch-clamp

whole-cell recording was performed in the pyramidal neurons of

hippocampal slices. Results showed that under our experimental

conditions, most recorded hippocampal pyramidal neurons did

not show regularly spontaneous action potential (AP) firing in

either A140V or WT mice. In 30 hippocampal pyramidal neurons

(from 19 A140V mutant mice) tested, the resting membrane

potential (RP) was �59.8 � 1.8 mV, while in pyramidal neurons

tested from 10 WT neurons (from six mice), RP was

�64.0 � 1.6 mV. The difference of the RPs between A140V and

WT neurons was significant (P < 0.05, Figure 1Da). Injection of

depolarizing currents (e.g., 30–50 pA) via recording electrode

induced AP firing and showed that the frequency of AP firing in

response to the same current injection (e.g., 50 pA) was signifi-

cantly higher in A140V neurons (Figure 1B) than in WT neurons

(Figure 1A). Input/output (I/O) relation curves derived from plots

of spike numbers occurring as a function of injected, depolarizing

currents (30, 40, 50 pA) showed that there was a significantly

higher firing rate (P < 0.05) in response to 50 pA current injec-

tion in A140V neurons (n = 10 from six mice) than in the WT

neurons (n = 8 from five mice) (Figure 1C). Further analysis of

AP found that although there was no difference in AP amplitude

between A140V (75.2 � 2.7 mV, n = 24 from 18 mice; Fig-

ure 1Db) and WT neurons (79.0 � 2.9 mV, n = 9 from seven

mice, P > 0.05; Figure 1Db), the A140V neurons exhibited a

wider AP duration and lower after hyperpolarization (AHP) com-

pared to WT neurons (AP duration: A140V = 1.38 � 0.06 msec-

onds, n = 24 from 18 mice; WT = 1.15 � 0.04 mseconds, n = 9

from seven mice; P < 0.05, Figure 1Dc; AHP amplitude:

A140V = �4.42 �0.44 mV, n = 20 from 13 mice; WT = �9.73 �
1.61, n = 7 from five mice; P < 0.05, Figure 1Dd).

To explore a possible role of A-type K+ channels in these elec-

trophysiological changes in A140V neurons, we compared the A-

type voltage-gated K+ channels in hippocampal CA1 pyramidal

neurons in A140V and WT mice. The A-current was elicited using

two types of prepulse protocols [40]. In the first protocol, a

500 mseconds prepulse from a holding potential of �60 mV to

�100 mV was applied, then a series of depolarizing test voltage

steps from �90 mV to �10 mV in 10 mV increments were applied

(Figure S1Aa). In the second protocol, a 500 mseconds prepulse

from a holding potential of �60 mV to �40 mV was given before

various depolarizing test voltage steps from �90 mV to �10 mV

in 10 mV increments were applied (Figure S1Ab). The A-current

was obtained by subtracting currents in the second protocol from

corresponding currents in the first protocol (Figure S1Aa–b). We

measured peak amplitude of A-currents (indicated by vertical

dashed line in Figure S1Aa–b) in both A140V and WT neurons.

Results demonstrated that A140V neurons exhibited a signifi-

cantly lower level of A-currents than WT neurons (Figure S1B).

Together, these results suggest that the A140V point mutation

results in a series of electrophysiological alterations in hippocam-
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pal neurons and that reduced function of K+ channels may under-

lie these abnormalities.

Comparison of GABAergic and Glutamatergic
Synaptic Transmissions onto Hippocampal
Pyramidal Neurons between Young A140V and
WT Mice

In these experiments, we asked whether or not the A140V muta-

tion altered inhibitory and/or excitatory neurotransmission. For

analyses of inhibitory neurotransmission, we measured sIPSCs in

the presence of 20 lM CNQX and 50 lM D-APV. For analysis of

excitatory neurotransmission, we measured spontaneous excit-

atory postsynaptic currents (sEPSCs) in the presence of 100 lM
picrotoxin (PTX) in the voltage-clamp mode. Figure 2 shows that

A140V neurons had lower levels of sIPSC frequency (Aa and Ba)

and amplitude compared to WT neurons (Ab and Bb). However,

there was no significant difference of sEPSCs between A140V and

WT neurons (C and D). These results suggest that the A140V

mutation likely impairs GABAergic transmission onto pyramidal

neurons in hippocampal slices.

Then, we further tested evoked EPSCs (eEPSC) and IPSCs

(eIPSC) in both WT and A140V mutation mice. The eEPSC

responses to presynaptic paired-pulse stimuli were measured at an

interpulse interval of 50 mseconds [41] in the presence of the

GABAA receptor antagonist PTX (100 lM) to ensure the elimina-

tion of stimulation-induced effects on inhibitory neurotransmis-

sion. As shown in supplemental Figure 2, the paired-pulse EPSC

ratio (P2/P1; PPR) was significantly decreased in slices prepared

from A140V mice (Figure S2A, red trace) relative to that from WT

mice (Figure S2A, black trace). The values of EPSP paired-pulse

facilitation (PPR) were 1.76 � 0.08 (n = 6 from four mice) for WT

and 1.47 � 0.11 (n = 6 from four mice) for A140V mice

(P < 0.05). These results suggest that there is an increase in the

probability of evoked presynaptic glutamate release in the A140V

hippocampal CA3-CA1 synapses.

As it is known that GABA-mediated inhibition suppresses induc-

tion of LTP at many excitatory synapses [42–45], we further com-

pared paired-pulse inhibition of evoked IPSCs between WT and

A140V mice. We examined evoked inhibitory postsynaptic cur-

rents (eIPSCs) under voltage-clamp conditions evoked by paired-

pulse stimuli at an interpulse interval of 50 mseconds at a holding

potential (VH) of �60 mV in the presence of NBQX (10 lM) and

D-APV (50 lM) to block glutamate receptor responses [46]. Stimu-

lation intensity was gradually increased until threshold for produc-

tion of IPSCs was reached, and then, we used double threshold

intensity to reliably induce IPSCs. The results showed that there

was no significant change in the ratio of P2/P1 between WT (Fig-

ure S2Ba, black trace) and A140V (Figure S2Ba, red trace) mice,

suggesting that the probability of evoked presynaptic GABA

release is not altered in A140V mice compared to WT mice.

Synaptic LTP in Young A140V and WT Mice

We have demonstrated abnormalities of synaptic function in

young A140V mutant mice. The logical question is whether these

(A)

(D)
a b c d

(B) (C)

Figure 1 Electrophysiological comparisons between hippocampal neurons from A140V and WT mice. (A) Typical traces of AP firing of WT hippocampal

neurons with and without injection of 50 nA current. Below the traces is the protocol of current injection. (B) Typical traces of AP firing of A140V

hippocampal neurons using the same current injection protocol as A. Note, the RPs are the same in these two cases. (C) Input/output relation curves

obtained from WT and A140V neurons. The AP numbers were normalized to the current injection with 30 pA. *means P < 0.05. (D) Statistical analysis

demonstrates significant differences of RP and AP between A140V and WT hippocampal neurons. The number in each column indicates the neurons

tested. The vertical bars represent �MSE. *indicates P < 0.05, **indicates P < 0.01 in this and all following figures.
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alterations in hippocampal electrophysiology and synaptic func-

tion affect synaptic plasticity, a cellular basis of animal learning

and memory. To address this question, we examined hippocampal

CA3-CA1 synaptic plasticity in young A140V mutant and WT

mice. In these experiments, we measured hippocampal CA3-CA1

synaptic LTP in young (30- to-40-day-old) WT and A140V mutant

mouse hippocampal slices (400 lm thickness) using field potential

recording. LTP was induced by high-frequency (HF) stimulation

of the Schaffer collaterals (three 1 second bursts at 100 Hz with

20-second interburst intervals). Baseline fEPSPs were recorded

every 30 seconds for 10–20 min. Stimulation intensity was set to

elicit fEPSPs with slopes that were 50% of the maximal response.

If the variation in baseline fEPSP slopes was < �10%, tetanic stim-

ulation was delivered and fEPSPs were recorded for an additional

30 min (Figure 3A,B). Results showed that there was no signifi-

cant difference in HF tetanic stimulation-induced LTP between

WT and A140V mutant mice (Figure 3C). These results suggest

that there is no significant impairment of hippocampal CA3-CA1

synaptic plasticity in young A140V mutant mice.

Comparison of Neural Excitability between Adult
A140V and WT Mice

Data presented thus far in young A140V mutant mice showed

some electrophysiological abnormalities, but we did not find sig-

nificant impairment of hippocampal CA3-CA1 synaptic plasticity

(LTP). We therefore designed a series experiments to examine

neural excitability, synaptic short-term and long-term plasticity in

adult (11- to 13-month-old) A140V and WT mice. To test neural

excitability, the Schaffer collateral pathway was stimulated at pro-

gressively higher intensities (from 1 to 8 V at intervals of 30 sec-

onds), and the amplitudes of the field population spikes (PS,

recording electrode was place at cell layer) were plotted against

stimulation intensities to create input/output response curves. As

showed in Figure 4A, the PS amplitudes were larger in A140V

slices compared to WT slices when stimulation intensities were

3–8 V, respectively. After linear fitting analysis (Figure 4B), the

linear slope for WT group was �0.34 � 0.01 mV/mseconds

(n = 31 from 21 mice), while that for A140V group was

�0.49 � 0.02 (n = 31 from 19 mice, P < 0.05). These results sug-

gest that adult A140V mice exhibit higher excitability in hippo-

campal neurons compared to age-matched WT mice, which is

consistent with the finding in young mice.

Comparison of Paired-Pulse Responses between
Adult A140V and WT Mice

During paired-pulse stimulation, two stimuli are applied within

50–200 mseconds of each other. In response to the second stimu-

lus, there is a transient increase in the fEPSP called paired-pulse

facilitation (PPF). When the interpulse intervals are shorter than

30 mseconds, there is usually a transient reduction in the second

response (paired-pulse depression, PPD) [47]. We examined

paired-pulse responses of field PS using interpulse intervals of 15,

30, 50, 100, and 150 mseconds in WT and A140V mice. The typi-

cal traces demonstrated a PPD (15 and 30 mseconds interval) but

little PPF (>50 mseconds) in A140A slices as shown in Figure 5A

(black traces are first response and gray traces are second

response). Figure 5B shows typical traces from WT slices, in

which, 50 mseconds or longer stimulation interval (50 mseconds)

enhanced PPF (A140V, n = 21 from 14 mice vs. WT, n = 18 from

11 mice: P < 0.05, Figure 5C). Together, these results suggest an

impaired short-term synaptic plasticity in A140V mice.

Comparison of Field Population Spike (PS) LTP in
Adult WT and A140V Hippocampal Slices

In these experiments, we compared the response to different

forms of tetanic stimulation-induced field PS LTP in WT and

A140V slices (the recording electrode was placed at the cell layer).

First, the field PS LTP was induced by HF stimulation of the Schaf-

fer collaterals (three 1 second bursts at 100 Hz with 20-second in-

terburst intervals). Stimulation intensity was set to elicit field PS

with slopes that were 50% of the maximal response. Baseline field

(A)

a

b

a

b

(C)

(B) a b

(D)
a b

Figure 2 Spontaneous inhibitory postsynaptic

currents (sIPSCs) and sEPSCs in A140 and WT

hippocampal neurons. (A) Typical traces of

sIPSCs of WT (Aa) and A140V (Ab) neurons. (B)

Statistical analysis shows that A140V neurons

have lower sIPSC frequency (Ba) and amplitude

(Bb). (C) Typical traces of sEPSCs of WT (Ca)

and A140V (Cb) neurons. (D) Analysis shows

that A140V neurons have slightly lower sEPSC

frequency (Da) and amplitude (Db) compared

to WT neurons, but the difference is not

statistically significant.

424 CNS Neuroscience & Therapeutics 20 (2014) 420–428 ª 2014 John Wiley & Sons Ltd

Electrophysiology in A140V Mutant Mice L.-Y. Ma et al.



PSs were recorded every 30 seconds for 20 min. If the variation in

baseline field PS slopes was < �10%, HF tetanic stimuli were

delivered and field PSs were recorded for an additional 60 min.

Results demonstrated that there was no significant difference of

HF-induced LTP between adult WT (n = 9 from six mice) and

A140V mice (n = 9 from seven mice, P > 0.05, Figure 6A).

Then, we compared theta-burst stimulation (TBS)-induced field

PS LTP between adult WT and A140V mice. The TBS was set up as

five trains (five pulses at 100 Hz) with an interval of 200 msec-

onds (5 Hz) for 2 seconds, and the same stimuli were repeated

three times with an interval of 20 seconds. As shown in Fig-

ure 6B, TBS 95 stimulation induced a lower level of LTP in

A140V mice (n = 6 from five mice) compared to WT mice, but the

difference was not significant (n = 6 from four mice, P > 0.05).

Next, we delivered the weaker stimuli (TBS with one pulse),

which is similar to weak presynaptic stimulation (WPS) [41]. By

using this weaker stimulation, A140V slice (n = 12 from nine

mice) showed a significant impairment of LTP level compared to

WT slices (n = 9 from eight mice, P < 0.05; Figure 6C). These

results suggest that the alterations of hippocampal CA3-CA1 syn-

aptic plasticity in A140V mice are likely mild, which can only be

detected at weak stimulation.

Finally, we compared TBS (one or five trains) tetanic stimuli-

induced field excitatory postsynaptic potential (fEPSP) LTP in WT

and A140V slices. The recording electrode was placed below the

cell layer to obtain fEPSPs. Baseline fEPSPs were recorded every

30 seconds for 20 min. Stimulation intensity was set to elicit fE-

PSPs with slopes that were 50% of the maximal response. If the

variation in baseline fEPSP slopes was < �10%, tetanic stimula-

tion was delivered and fEPSPs were recorded for an additional

60 min (Figure S3A). In the WT group (n = 9 from six mice), TBS

95 stimulation of the Schaffer collaterals resulted in an increase

in the fEPSP slope (from baseline 1.0 increased to 1.72 � 0.07 at

1 min and 1.51 � 0.12 at 60 min after tetanic stimulation). In the

A140V mutant group (n = 6 from four mice), TBS 95 stimulation

induced an increase in fEPSP slope (1.52 � 0.17 and 1.49 � 0.11

after TBS 95 1 and 60 min), which was not significantly different

compared to WT LTP (P > 0.05). In addition, TBS 91 tetanic stim-

ulation did not induce typical fEPSP LTP in either WT or A140V

mutant mice (Figure S3B). These results suggest that A140V

mutant mice exhibit a quite mild impairment of hippocampal

CA3-CA1 synaptic LTP.

(A)

(B)

(C)

Figure 3 Comparison of high-frequency (HF) long-term potentiation (LTP)

in young WT and A140V mutant mice. Typical field excitatory postsynaptic

potentials (fEPSP)s from WT (A) and A140V slices (B) (C) compared to WT

(black, n = 7) responses, A140V slices (red, n = 6) did not show

significant impairment of LTP.

(A)

(B)

Figure 4 Comparison of input/output relationship curves in adult WT and

A140V mice. Hippocampal slices were used to generate input/output

response curves. (A) Representative field population spike (PS) traces of

different stimulation intensities in WT (left panel) and A140V mutant mice

(right panel). (B) The amplitudes of field PS are illustrated for stimulation

intensities ranging from 1 to 8 V. The slope of input/output curve

(determined using linear regression) was significantly increased in A140V

mice compared to WT mice.
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Discussion

In our current studies, we have confirmed the presence of hippo-

campal electrophysiological abnormalities in the male MeCP2

A140V mutant mice. The basic electrophysiological properties of

neurons from the A140V mice were found to be different from

those of WT mice and included more positive resting membrane

potentials, a shift of input/output relationship curve to the left,

wider action potential duration, and decreased after hyperpolar-

ization amplitude. Reduced spontaneous neuronal firing rates

have also been previously noted in MeCP2-null mouse layer 5

cortical neurons [27], but in our study, we rarely saw regularly

spontaneous firing of hippocampal CA1 pyramidal neurons. The

change in resting membrane potential and longer action potential

duration identified in neurons from the A140V mice could result

from abnormal potassium channel function, and indeed, we iden-

tified low levels of functional potassium channels that affected the

A-type currents associated with rapidly inactivating potassium

channels. The low levels of these channels likely resulted in a

slower inactivation process which increased the action potential

duration seen in our experiments.

(A)

(B)

(C)

Figure 5 Paired-pulse responses in WT and A140V mice. (A)

Representative typical traces of paired-pulse response induced by

presenting two stimuli with different interpulse intervals (IPI) of 15, 30, 50,

100, and 150 mseconds in A140V mutant (A) and WT mice (B). The gray

traces represented as first pulse-induced response, while black traces

represented as second pulse-induced response (C) Paired-pulse ratios

(P2/P1) for IPI of 15, 30, 50, 100, and 150 mseconds are illustrated. In

these experiments, the PS amplitudes were measured.

(A)

(B)

(C)

Figure 6 Different types of tetanic stimuli induces field PS long-term

potentiation (LTP) in WT and A140V mice. Recoding electrode was placed

at the cell layer to obtain field PSs. (A) Summary of results from high-

frequency (HF)-induced field PS LTP in WT and A140V mutant mice.

Statistical analysis showed that after HF stimuli 1 min and 60 min, the LTP

levels are not significantly different between WT and AV140V mice. (B)

Summary of results from theta-burst stimulation (TBS) 95-induced field PS

LTP in WT and A140V mutant mice. Statistical analysis showed that after

TBS 95 stimuli 1 min and 60 min, the LTP levels are not significantly

different between WT and AV140V mice. (C) Summary of results from TBS

91-induced field PS LTP in WT and A140V mutant mice. Statistical analysis

showed that after TBS 91 stimuli 1 min and 60 min, the LTP level in A140V

mutant mice was significantly impaired compared to that in WT mice.
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In A140V mice, there is a significant decrease in the frequency

and amplitude of sIPSC, implying an abnormality of the spontane-

ous release of presynaptic GABA transmitter. The role of aberrant

GABA signaling in the RTT phenotype has been shown in a mouse

model, in which MeCP2 was lacking in GABAergic neurons [48].

These mice displayed abnormalities of learning and motor func-

tion as well as other features consistent with RTT or autism

phenotypes. Experiments previously performed on female

MeCP2-null mice have also found that the frequency of spontane-

ous IPSP-based rhythmic activity is reduced [33]. Together, these

results indicate that MeCP2 could be involved in the regulation of

basal inhibitory signals in the brain, which may present as neuro-

nal hyperexcitability.

Neuronal excitability in the hippocampus was found to be sig-

nificantly increased in both young and older A140V mice as evi-

denced by the results of input/output experiments which showed

increased action potential firing in young mice and increased

amplitude of population spikes in adult mice. Hyperexcitability of

neurons in the hippocampus has also been described in a study of

adult female heterozygous MeCP2-null mice [33]. A second study

in male hemizygous MeCP2-null mice identified this same phe-

nomenon using voltage-sensitive dye imaging. The male mouse

study also found that both the CA1 and CA3 neurons in MeCP2-

null mice are hyperactive and that severing CA3 contact with CA1

results in normalization of CA1 activity [49]. The finding of

increased neuronal excitability in the A140V mice parallels that

seen in MeCP2-null mice [33,49] and implies that the A140V

point mutation is sufficient to disrupt a function that is also dis-

rupted when the full MeCP2 gene is lost. The present results dem-

onstrated that under resting conditions, there was a decrease in

sIPSC frequency and amplitude, suggesting a reduction in GAB-

Aergic transmission, which might lead to an impaired inhibition

during the resting state.

The paired-pulse facilitation and inhibition fEPSP experiments

performed on neurons from adult mice suggested an impaired

short-term plasticity in the A140V mice. This deficit is implied by

both a strong paired-pulse depression following pulses at intervals

shorter than 30 seconds as well as by enhanced paired-pulse facil-

itation at pulse intervals of 50 seconds. This may suggest an

impairment of feedback inhibition by GABAergic neurons. In con-

trast to this, an fEPSP paired-pulse study of MeCP2-null mice

found a decrease in paired-pulse facilitation at stimulus intervals

of 50 and 100 mseconds [31]. This suggests that in our A140V

mutant model alterations (impairments) of GABAergic transmis-

sion, rather than glutamatergic transmission, likely play an impor-

tant role in the functional changes of this animal model. Paired-

pulse eEPSC experiments carried out in neurons from young

A140V mice using the slice patch-clamp whole-cell recording

found a decreased paired-pulse ratio, which may indicate an

increase in presynaptic glutamate release probability that could be

related to the observed neuronal hyperexcitability.

Long-term plasticity was also tested in both young and adult

A140V mice. High-frequency tetanic stimulation of neurons from

young mice found no significant difference in the generation of

LTP in A140V versus WT neurons. When field population spike

LTP was tested in adult mice using the high-frequency stimulation

protocol, there was again no significant difference between

A140V and WT neurons. However, when theta-burst stimulation

protocols were used in place of high-frequency protocols, signifi-

cant differences were found in LTP which may reflect mild abnor-

malities of hippocampal CA3-CA1. Measurements of hippocampal

LTP in symptomatic MeCP2-null mice previously showed

decreased LTP using both high frequency and theta-burst stimula-

tion protocols [31]. Likewise, LTP deficits were identified in both

hippocampal and cortical neurons from MeCP2 308/Y mutant

mice [30]. The finding of potential LTP deficits in A140V mice by

only the theta-burst protocol implies that neurons from A140V

mice are demonstrating a milder deficit than that seen in the null

or 308/Y mice, which correlates with overall symptom severity

which is also milder in A140V mice.

Conclusions

MeCP2 A140V mice exhibit various electrophysiological abnor-

malities that are generally consistent with those seen in other

MeCP2 mutant mouse models. This suggests that this point muta-

tion is sufficient to disrupt neuronal signaling, although in a less

prominent manner than that seen in null mice. It also provides

information that may be useful in determining the functional

cause of the cognitive and neurological symptoms seen in

patients, particularly males, who carry the MeCP2 A140V muta-

tion.
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