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EEA1 restores homeostatic synaptic plasticity in
hippocampal neurons from Rett syndrome mice

Xin Xu and Lucas Pozzo-Miller

Department of Neurobiology, Civitan International Research Center, University of Alabama at Birmingham, Birmingham, AL 35294, USA

Key points

e Rett syndrome is a neurodevelopmental disorder caused by loss-of-function mutations in
MECP2, the gene encoding the transcriptional regulator methyl-CpG-binding protein 2
(MeCP2). Mecp2 deletion in mice results in an imbalance of excitation and inhibition in
hippocampal neurons, which affects ‘Hebbian’ synaptic plasticity.

o We show that Mecp2-deficient neurons also lack homeostatic synaptic plasticity, likely due to
reduced levels of EEA1, a protein involved in AMPA receptor endocytosis.

e Expression of EEAI restored homeostatic synaptic plasticity in Mecp2-deficient neurons,
providing novel targets of intervention in Rett syndrome.

Abstract Rett syndrome is a neurodevelopmental disorder caused by loss-of-function mutations
in MECP2, the gene encoding the transcriptional regulator methyl-CpG-binding protein 2
(MeCP2). Deletion of Mecp2 in mice results in an imbalance of synaptic excitation and inhibition
in hippocampal pyramidal neurons, which affects ‘Hebbian’ long-term synaptic plasticity. Since
the excitatory—inhibitory balance is maintained by homeostatic mechanisms, we examined the
role of MeCP2 in homeostatic synaptic plasticity (HSP) at excitatory synapses. Negative feed-
back HSP, also known as synaptic scaling, maintains the global synaptic strength of individual
neurons in response to sustained alterations in neuronal activity. Hippocampal neurons from
Mecp2 knockout (KO) mice do not show the characteristic homeostatic scaling up of the
amplitude of miniature excitatory postsynaptic currents (mEPSCs) and of synaptic levels of
the GluA1 subunit of AMPA-type glutamate receptors after 48 h silencing with the Na* channel
blocker tetrodotoxin. This deficit in HSP is bidirectional because Mecp2 KO neurons also failed
to scale down mEPSC amplitudes and GluA1 synaptic levels after 48 h blockade of type A GABA
receptor (GABAAR)-mediated inhibition with bicuculline. Consistent with the role of synaptic
trafficking of AMPA-type of glutamate receptors in HSP, Mecp2 KO neurons have lower levels
of early endosome antigen 1 (EEA1), a protein involved in AMPA-type glutamate receptor end-
ocytosis. In addition, expression of EEA1 in Mecp2 KO neurons reduced mEPSC amplitudes to
wild-type levels, and restored synaptic scaling down of mEPSC amplitudes after 48 h blockade of
GABA sR-mediated inhibition with bicuculline. The identification of a molecular deficit in HSP in
Mecp2 KO neurons provides potentially novel targets of intervention for improving hippocampal
function in Rett syndrome individuals.
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Introduction

Rett syndrome (RTT) is a neurodevelopmental disorder
associated with intellectual disability and autism that
almost exclusively affects females, with an incidence of
1:10,000 live births (Neul & Zoghbi, 2004). It is primarily
caused by loss-of-function mutations in MECP2, the
gene encoding the transcriptional regulator methyl-
CpG-binding protein 2 (MeCP2) (Nan et al. 1997; Amir
et al. 1999; Percy & Lane, 2005). Numerous studies have
revealed dysfunctions at the synaptic, neuronal, network
and behavioural levels in Mecp2-deficient mice (McGraw
etal. 2011; Calfa et al. 2011b). The hippocampus of Mecp2
knockout (KO) mice is hyperactive due to an imbalance
of synaptic excitation and inhibition that results from
impaired synaptic inhibition and that also affects synaptic
plasticity (Calfa et al. 2011a; Calfa et al. 2015; Li et al.
2016). shRNA-mediated knockdown of Mecp2 also affects
homeostatic synaptic plasticity (HSP) in hippocampal
neurons (Blackman et al. 2012; Qiu et al. 2012), but the
molecular mechanisms of that deficit remain unexplored.

Negative feedback HSP, also known as synaptic
scaling, maintains the global synaptic strength of
individual neurons in response to sustained alterations
in neuronal activity (Turrigiano et al. 1998; Turrigiano
& Nelson, 2004; Turrigiano, 2007, 2008). Total synaptic
strength is regulated by changes in postsynaptic receptor
accumulation, presynaptic transmitter release probability,
the number of functional synapses, or a combination
of those mechanisms (Turrigiano & Nelson, 2004;
Wierenga et al. 2005; Turrigiano, 2007, 2008). During
HSP at excitatory synapses, surface levels of AMPA-type
glutamate receptors (AMPARs) at postsynaptic sites
are scaled up or down after chronic silencing or
over-excitation by blockade of type A GABA receptor
(GABAAR)-mediated inhibition, respectively (Lissin et al.
1998; O’Brien et al. 1998; Wierenga et al. 2005; Blackman
et al. 2012; Qiu et al. 2012; Wang et al. 2012). Such
changes are not only accompanied by modifications in
the turnover and synaptic localization of postsynaptic
proteins involved in AMPAR insertion at synapses, but
also depend on the relative rates of AMPAR exocytosis and
endocytosis (Turrigiano & Nelson, 2004). Early endosome
antigen 1 (EEA1), a membrane protein associated with the
cytoplasmic face of early endosomes, participates in the
endocytosis of neurotransmitter receptors by regulating
the fusion of vesicle carrying receptors to the recycling
endosome, and is highly expressed in the postsynaptic
compartment of hippocampal synapses (Selak et al. 2000,
2006). An unbiased gene array study of hypothalamic
samples from Mecp2 KO and Mecp2 overexpressing mice
found that Eeal levels are down-regulated in Mecp2 KO
mice (Chahrour et al. 2008). Here, we confirmed that
EEA1 mRNA and protein levels are lower in the Mecp2 KO
hippocampus, suggesting impaired AMPAR endocytosis.
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In this study, we tested whether EEA1 expression is able
to restore HSP in hippocampal neurons from Mecp2 KO
mice.

Methods
Animals

Breeding pairs of mice lacking exon 3 of the X
chromosome-linked Mecp2 gene (B6.Cg-Mecp2 ™!-1ac,
‘Jaenisch’ strain in a pure C57BL/6 background) (Chen
et al. 2001) were purchased from the Mutant Mouse
Regional Resource Centre at the University of California,
Davis. A colony was established at the University of
Alabama at Birmingham (UAB) by mating wild-type
(WT) males with heterozygous Mecp2 "™!V% mutant
females, as recommended by the supplier. Genotyping was
performed by PCR of DNA samples from tail clips. Hemi-
zygous Mecp2™!V3¢ mutant males (called knockouts, KO)
are healthy until 5-6 weeks of age, when they begin to
show RTT-like symptoms, such as hypoactivity, hind-
limb clasping, reflex impairments and irregular breathing
(Chen et al. 2001). Animals were handled and housed
according to the Committee on Laboratory Animal
Resources of the National Institutes of Health, and had
ad libitum access to food and water; all experimental
protocols were reviewed annually and approved by the
Institutional Animals Care and Use Committee of the
University of Alabama at Birmingham.

Primary cultures of hippocampal neurons

Postnatal day 0 or 1 male Mecp2 KO mice and WT
littermates were deeply anaesthetized with isoflurane.
Both hippocampi were rapidly dissected and dissociated
in papain (20 U ml™!) plus DNase I (Worthington
Biochemical Corp., Lakewood, NJ, USA) for 20-30 min
at 37°C, as described (Amaral & Pozzo-Miller, 2007).
The tissue was then triturated to obtain a single-cell
suspension, and the cells were plated at a density of
40,000 cells cm ™2 on 18 mm poly-L-lysine/laminin coated
glass coverslips, and immersed in Neurobasal medium
(Life Technologies, Carlsbad, CA, USA) supplemented
with 2% B27 (Life Technologies) and 0.5 mM glutamine
(Life Technologies). Neurons were grown in 37°C, 5%
CO;, 90% relative humidity incubators (Forma, Thermo
Fisher Scientific, Waltham, MA, USA), with half of the
fresh medium changed every 3—4 days. After 7-8 days
in vitro (DIV), neurons were exposed for 48 h to the
Na™ channel blocker tetrodotoxin (TTX, 1 uM; Alomone
Labs, Jerusalem, Israel), a combination of the AMPAR
receptor antagonist 6-cyano-7-nitro-quinoxaline-2,3-
dione (CNQX; 10 uM, Sigma-Aldrich, St Louis, MO,
USA) and the NMDA receptor antagonist D-(—)-2-
amino-5-phosphonopentanoic acid (D-AP5; 50 uM,
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Sigma-Aldrich), or the GABA, receptor antagonist
bicuculline (20 pm; Tocris Bioscience, Minneapolis, MN,
USA). All experiments were performed between 9 and 11
DIV.

Transfections and immunocytochemistry

Neurons were transfected with green fluorescent protein
(GFP) using Lipofectamine 2000 (Life Technologies)
(1.6 g DNA) according to the protocol of the
manufacturer. Neurons were fixed 48 h after transfection,
with 4% (w/v) paraformaldehyde—sucrose for 10 min,
and incubated in 0.25% (v/v) Triton X-100 for 10 min,
then washed with phosphate buffered saline (PBS). After
blocking with 10% (v/v) goat serum in PBS, cells were
incubated with primary antibodies against the GluAl
subunit of AMPA-type glutamate receptors, and the
vesicular glutamate transporter (VGLUT1), overnight at
4°C, rinsed in PBS, and incubated with secondary anti-
bodies conjugated to Alexa 594 and Alexa 647 (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA),
respectively, for 1 h at room temperature. Coverslips
were then mounted with Vectashield medium (Vector
Laboratories, Burlingame, CA, USA) and imaged in a
laser-scanning confocal microscope (Zeiss LSM510, Carl
Zeiss Microscopy, LLC, Thornwood, NY, USA) using a
x63 (1.4 NA) oil-immersion objective. Three randomly
selected segments of primary or secondary dendrites
(3040 pm for each segment) were analysed for synaptic
density; these dendritic segments were located at least one
soma diameter away from the soma, and were void of
crossing dendrites and axons from other neurons. Surface
GluAl and presynaptic VGLUT1 levels were quantified by
measuring the integrated intensity of co-localized puncta
using ImageJ (NIH, Bethesda, MD, USA).

Electrophysiology

Coverslips were continuously perfused with artificial
cerebrospinal fluid (aCSF) containing (in mMm): 130 NaCl,
5.4 KCl, 2 CaCl,, 1.2 MgCl,, 20 Hepes, 15 glucose;
pH 7.4; 25°C. Miniature excitatory postsynaptic currents
(mEPSCs) were recorded in the whole-cell configuration
from pyramidal neurons voltage clamped at —70 mV
using an Axopatch 200B amplifier (Molecular Devices,
Sunnyvale, CA, USA). The intracellular solution contained
(in mM): 120 caesium gluconate, 17.5 CsCl, 10 Na-Hepes,
4 Mg-ATP, 0.4 Na-GTP, 10 Na,-creatine phosphate, 0.2
Na-EGTA; pH 7.4; 300 mosmol I7!. To pharmacologically
isolate mEPSCs, the aCSF contained 0.5 um TTX, 50 uM
D-AP5, and 50 uM picrotoxin (Sigma-Aldrich). Mini-
ature inhibitory postsynaptic currents (mIPSCs) were
recorded as inward currents at —70 mV using high
Cl™ intracellular solution (130 mm KCI, 10 Na-Hepes,
4 Mg-ATP, 0.4 Na-GTP, 10 Na,-creatine phosphate, 0.2
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Na-EGTA; pH 7.4; 300 mosmol 17!), and with aCSF
containing 0.5 uM TTX, 50 uM D-AP5, and 10 um CNQX.
Whole-cell currents were digitized at 10 kHz and filtered
at 2 kHz. Cells with series resistance > 20 M or that
changed by = 20% during the recording were excluded.
mEPSCs and mIPSCs were detected and analysed using the
MiniAnalysis program (Synaptosoft, Fort Lee, NJ, USA).
Peak-scaled non-stationary noise analysis of mEPSCs was
performed in MiniAnalysis.

Western immunoblotting

Brain tissues including cerebral cortex, hippocampus,
striatum, thalamus and brainstem were dissected and
homogenized in NP-40 lysis buffer (20 mm Tris at pH 8.0,
137 mm NaCl, 10% glycerol, 1% Nonidet P-40, 2 mm
EDTA) containing protease inhibitor. The homogenates
were maintained with constant agitation for 2 h at 4°C
and centrifuged at 12,000 g for 20 min. The super-
natants were aspirated and protein concentrations were
determined by the Lowry method. Fifteen micrograms of
protein sample from whole homogenates was subjected to
SDS-PAGE (Bio-Rad Laboratories, Hercules, CA, USA)
and transferred to polyvinylidene fluoride membrane
(Milipore, Billerica, MA, USA). Membranes were probed
with primary antibody against EEA1 (Cell Signaling
Technology, Danvers, MA, USA) and detected using
Odyssey infrared imaging system (Li-Cor Biosciences,
Lincoln, NE, USA). Loading control was probed with
B-actin (Life Technologies).

Real time quantitative RT-PCR

Total RNA was extracted using RNeasy Plus Mini Kit
(Qiagen, Germantown, MD, USA). RNA concentrations
were determined in a NanoDrop spectrophotmeter
(Thermo Fisher Scientific). mRNA was reverse-
transcribed using the iScript cDNA Synthesis Kit (Bio-
Rad) according to the manufacturer’s instructions.
PCR amplifications were performed using iQ SYBR
Green Supermix (Bio-Rad) with designed primers. Two
replicates were performed for each sample.

Statistical analyses

All the experiments were performed at least three different
times, from at least three different neuronal culture
preparations. Data are presented as mean + standard
error of the mean (SEM), and were compared using
Student’s unpaired ¢ test, one-way ANOVA, or the
Kolmogorov—Smirnov (K-S) test using Prism software
(GraphPad Software, San Diego, CA, USA). Statistical
Power was calculated using GxPower (Faul et al. 2007);
P < 0.05 was considered significant.
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Results

The number of excitatory synapses, identified as VGLUT1-
expressing presynaptic terminals apposed to dendritic
spines of GFP-expressing neurons, and their surface levels
of GluAl were determined by triple colour immuno-
cytochemistry (Fig. 1A). Consistent with previous reports
(Chao et al. 2007; Baj et al. 2014), 7-8 days in vitro (DIV)
cultured hippocampal neurons from Mecp2 KO mice had
fewer excitatory synapses than WT neurons (Fig. 1A and
B; P = 0.01). However, excitatory synapses from Mecp2
KO mice had significantly higher surface levels of GluAl
(P=10.0035) and VGLUT1 (P < 0.0001) than WT neurons
(Fig. 1A, C and D), consistent with stronger excitatory
synapses (Fig. 2; Li et al. 2016).

Homeostatic scaling of synaptic GIuA1 levels is
altered in Mecp2 KO neurons

Synaptic scaling at excitatory synapses is mainly mediated
through an alteration in synaptic AMPAR accumulation
(Lissin et al. 1998; O’Brien et al. 1998; Wierenga et al.

A VGLUT1

Ctl
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2005; Wang et al. 2012). Therefore, we assessed synaptic
scaling via fluorescence intensity of synaptic GluAl levels.
HSP was induced in hippocampal cultures from male
Mecp2 KO and WT littermate pups by either silencing with
the Na™ channel blocker TTX (1 uM) or over-excitation
by blockade of GABAsR-mediated inhibition with the
selective antagonist bicuculline (20 um) for 48 h. Chronic
silencing of WT neurons with TTX significantly increased
the levels of GluA1l (ANOVA, P = 0.0003; Dunnett’s post
hoc test, P < 0.05) and VGLUT1 (ANOVA, P = 0.0004;
Dunnett’s post hoc test, P < 0.05), whereas their
over-excitation with bicuculline significantly decreased
GluAl (P < 0.05) and VGLUT1 (P < 0.05) levels (Fig. 1A,
C and D; Ctl, n = 13 neurons; TTX, n = 14; bicuculline,
n = 9). Neither chronic silencing nor over-excitation
affected the numerical density of VGLUT1/GluA1 puncta
on GFP-filled spines of WT neurons (Fig. 1A and B;
ANOVA, P = 0.7638). On the other hand, Mecp2 KO
neurons did not show synaptic scaling of GluA1 levels.
Instead of scaling up GluA1 levels, chronic silencing with
TTX significantly decreased GluAl (ANOVA, P = 0.0033;
Dunnett’s post hoc test, P < 0.01) and VGLUT1 (ANOVA,
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Figure 1. Synaptic scaling of AMPARs at synapses is altered in Mecp2 knockout neurons

A, representative images of immunostaining for surface GIuA1 (red) and VGLUT1 (purple) in GFP-expressing (green)
WT and Mecp2 KO neurons in Ctl, TTX- or bicuculline-treated cultures (48 h); scale bar: 5 um. Excitatory synapses
are shown by arrows. B, numerical density of GIUAT/N/GLUT1 synaptic puncta in WT and Mecp2 KO neurons.
C, fluorescence intensity of GIuA1 synaptic puncta in WT and Mecp2 KO neurons. D, fluorescence intensity of
VGLUT1 synaptic puncta in WT and Mecp2 KO neurons. Fluorescence intensity was normalized to WT neurons in
Ctl condition. *P < 0.05; **P < 0.01; ***P < 0.0001. [Colour figure can be viewed at wileyonlinelibrary.com]
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P = 0.0260; Dunnett’s post hoc test, P < 0.05) levels
in Mecp2 KO neurons (Fig. 1A, C and D; Ctl, n = 16;
TTX, n = 16). In addition, chronic over-excitation with
bicuculline did not affect GluAl levels in Mecp2 KO
neurons (Fig. 1A and C; bicuculline, n = 18; P > 0.05).
Intriguingly, presynaptic VGLUT1 levels scaled down
in Mecp2 KO neurons after chronic over-excitation, as
observed in WT neurons (Fig. 1A and D; P < 0.05).
Neither chronic silencing nor over-excitation affected
the numerical density of VGLUT1/GluAl puncta on
GFP-filled spines of Mecp2 KO neurons (Fig. 1A and B;
ANOVA, P = 0.7478). These data indicate that homeo-
static scaling of synaptic GluAl levels is altered in
hippocampal pyramidal neurons from Mecp2 KO mice.
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Homeostatic synaptic plasticity is impaired in Mecp2
KO neurons

We next recorded miniature excitatory postsynaptic
currents (mEPSCs) in pyramidal WT and Mecp2 KO
neurons. Consistent with the higher levels of surface GluA1l
and presynaptic VGLUT1 levels, mEPSCs were larger
(P=10.0066) and more frequent (P=0.0324) in Mecp2 KO
neurons than in WT neurons (Fig. 2). Chronic silencing of
WT neurons with TTX for 48 h significantly increased the
amplitude (ANOVA, P = 0.0010; Dunnett’s post hoc test,
P < 0.01) and frequency (ANOVA, P = 0.0460; Dunnett’s
post hoc test, P < 0.05) of mEPSCs. Similar results
were obtained by chronic silencing with a combination
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Figure 2. Homeostatic synaptic plasticity is impaired in Mecp2 knockout neurons

A, representative mEPSC recordings from WT and Mecp2 KO neurons in Ctl, TTX- or bicuculline-treated cultures
(48 h). B, average mEPSC amplitudes (for each cell) and cumulative probability distributions of all mEPSC amplitudes
from WT and Mecp2 KO neurons. C, average mEPSC inter-event intervals (for each cell) and cumulative probability
distributions of all mEPSC inter-event intervals from WT and Mecp2 KO neurons. *P < 0.05; **P < 0.01. [Colour

figure can be viewed at wileyonlinelibrary.com]
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Table 1. Amplitude and inter-event interval of mEPSCs and mIPSCs
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Amplitude Inter-Event interval

Genotype and treatment Neurons (n) Mean =+ SEM (pA) P Mean =+ SEM (s) P
mEPSC

WT 9 23.55 + 0.99 3.28 + 0.65

WT+TTX 10 37.66 + 5.35 < 0.01 1.52 + 0.45 < 0.05

WT+CNQX/p-AP5 8 39.44 £+ 4.76 < 0.05 1.47 + 0.32 < 0.05

WT+Bic 1 19.82 + 0.77 < 0.05 2.27 + 0.27 > 0.05

Mecp2 KO 14 34.26 + 3.08 < 0.01 1.79 £ 0.45 < 0.05

Mecp2 KO+TTX 10 35.41 + 2.59 > 0.05 0.72 + 0.11 < 0.05

Mecp2 KO+CNQX/p-AP5 10 36.00 + 3.47 > 0.05 1.52 + 0.32 > 0.05

Mecp2 KO+Bic 1 34.88 + 3.86 > 0.05 1.34 £+ 0.29 > 0.05

WT+EEA1 8 22.25 + 0.30 > 0.05 1.31 £+ 0.20 < 0.01

Mecp2 KO+EEA1 11 24.34 £+ 0.91 < 0.01 1.39 £ 0.37 > 0.05

Mecp2 KO+EEAT+TTX 13 22.07 £ 1.14 > 0.05 1.30 £+ 0.20 >0.05

Mecp2 KO+EEA1+Bic 10 19.21 + 0.72 < 0.01 1.63 + 0.26 > 0.05
mIPSC

WT 15 36.40 + 1.65 1.16 £+ 0.15

WTHTTX 17 34.84 + 1.92 > 0.05 1.66 + 0.32 > 0.05

WT+Bic 19 42.36 + 1.82 > 0.05 1.03 £+ 0.19 > 0.05

Mecp2 KO 13 36.32 + 2.33 > 0.05 1.19 £ 0.22 > 0.05

Mecp2 KO+TTX 12 36.48 + 2.59 > 0.05 1.43 £ 0.29 > 0.05

Mecp2 KO+Bic 13 38.54 + 2.55 > 0.05 2.18 + 0.46 > 0.05
Table 2. Kinetics of mEPSCs

Neurons Rise time 10-90% rise Decay tau Half-width Charge transfer

Genotype and treatment (n) (ms) time (ms) (ms) (ms) (pO)
WT 9 2.19 £ 0.15 1.67 £ 0.14 4.67 + 0.41 3.68 + 0.37 106.01 + 11.83
WTHTTX 10 2.05 + 0.18 1.46 + 0.20 4.64 + 0.45 3.74 + 0.35 150.93 + 16.35*
WT+CNQX/p-AP5 8 2.27 + 0.16 1.55 + 0.18 5.33 &+ 0.69 4.00 + 0.44 169.64 + 19.43*
WT+Bic 11 2.19 + 0.22 1.68 + 0.19 4.59 + 0.58 3.35 + 0.41 89.38 + 12.97
Mecp2 KO 14 1.68 + 0.19* 1.13 + 0.17* 3.56 + 0.46 2.93 + 0.40 109.88 + 19.51
Mecp2 KO+TTX 10 1.60 £+ 0.14 0.97 + 0.12 3.54 + 0.31 2.88 + 0.19 110.19 + 8.60
Mecp2 KO+CNQX/p-AP5 10 1.86 + 0.14 1.16 £ 0.11 3.95 + 0.33 3.14 £ 0.29 123.81 + 13.35
Mecp2 KO+Bic 11 1.97 + 0.16 1.28 + 0.16 4.54 + 0.51 3.55 + 0.39 130.43 + 13.30
WT+EEA1 8 1.88 £+ 0.15 1.43 £ 0.15 4.12 + 0.36 3.12 £ 0.28 82.21 + 6.41
Mecp2 KO+EEA1 11 1.47 £ 0.09 1.04 + 0.09 3.43 + 0.22 2.53 £+ 0.17 73.77 £ 6.35*
Mecp2 KO+EEAT+TTX 13 1.62 + 0.08 1.17 + 0.07 3.32 + 0.11 2.41 + 0.07 64.31 + 1.98
Mecp2 KO+EEA1+Bic 10 1.51 + 0.08 1.09 + 0.07 3.21 + 0.12 2.21 + 0.09 54.31 + 2.80*

*P < 0.05 compared to WT; neurons in TTX-, CNQX/p-AP5-, or Bic-treated cultures compared to their respective controls.

of the ionotropic glutamate receptor antagonists CNQX
(10 uM) and D-AP5 (50 um) (n = 8; mEPSC amplitude,
P <0.05; mEPSC frequency, P < 0.05; Table 1). In addition,
chronic over-excitation by blockade of GABA ,R-mediated
inhibition with bicuculline for 48 h significantly decreased
mEPSC amplitude (P < 0.05). None of these chronic
treatments altered mEPSC frequency and kinetics (Fig. 2
and Table 2; Ctl, n = 9; TTX, n = 10; bicuculline, n = 11;
P> 0.05). On the other hand, mEPSC amplitude did not
change in Mecp2 KO neurons either after chronic silencing
with TTX or CNQX/D-APS5, or after chronic blockade of

GABA,R-mediated inhibition with bicuculline (Fig. 2A
and B; Ctl, n = 14; TTX, n = 10; CNQX/D-AP5, n = 10;
bicuculline, n = 11; ANOVA, P = 0.9685). Intriguingly,
Mecp2 KO neurons did scale up mEPSC frequency after
chronic inhibition of neuronal activity, but only when
exposed to TTX (ANOVA, P = 0.0462; Dunnett’s post hoc
test, P < 0.05) and not CNQX/D-AP5 (P > 0.05; Table 1).
The amplitude and the frequency of miniature inhibitory
postsynaptic currents (mIPSCs) were not significantly
different between Mecp2 KO and WT neurons, and did not
change after chronic silencing with TTX or over-excitation

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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with bicuculline (ANOVA WT amplitude, P = 0.2776;
frequency, P = 0.4026; Mecp2 KO amplitude, P = 0.7796;
frequency, P = 0.1212; Table 1).

A key feature of HSP is that the amplitude distribution
of mEPSCs is scaled by a multiplicative factor (Turrigiano
et al. 1998; Soares et al. 2013). mEPSCs from neurons
chronically silenced with TTX or disinhibited with
bicuculline were rank-ordered by their amplitude and
plotted against the rank-ordered mEPSC amplitudes from
untreated control neurons (Fig. 3). The rank-order plots
were fitted with straight lines to obtain the scaling factors
in each genotype and homeostatic treatment. In WT
neurons, mEPSCs scaled up by a factor of 1.58 after
TTX silencing (P < 0.0001), whereas mEPSCs scaled
down by a factor of 0.85 after bicuculline blockade of
GABA R-mediated inhibition (P < 0.0001). On the other
hand, mEPSC amplitudes showed a scaling factor of
around 1 in Mecp2 KO neurons after either TTX silencing
or bicuculline blockade of GABA ,R-mediated inhibition,
indicating a lack of homeostatic synaptic scaling.
Consistent with higher synaptic GluA1 surface levels and
larger mEPSCs, Mecp2 KO neurons showed a scaling
factor of 1.47 compared to WT neurons (P < 0.0001).
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These observations indicate that multiplicative homeo-
static synaptic plasticity at excitatory synapses is impaired
in Mecp2 KO neurons.

The number of AMPAR channels and their mean
conductance during quantal synaptic transmission were
estimated by peak-scaled non-stationary noise analysis
of mEPSCs (Soares et al. 2013) (Fig. 4A and B). This
analysis indicates that larger mEPSC in Mecp2 KO neurons
reflect higher AMPAR channel conductance than in
WT neurons (Fig. 4D; P = 0.0046). In WT neurons,
chronic silencing with TTX significantly increased mean
channel conductance (Fig. 4D; ANOVA, P = 0.0199;
Dunnett’s post hoc test, P < 0.05), without affecting
channel number (Fig. 4C; ANOVA, P = 0.0453; Dunnett’s
post hoc test, P > 0.05). On the other hand, chronic
over-excitation of WT neurons significantly decreased
channel number (Fig. 4C; P < 0.05), without affecting
channel conductance (Fig. 4D; P> 0.05). As observed with
mEPSC amplitudes, neither chronic silencing with TTX
(Fig. 4D; ANOVA, P=0.5487) nor chronic over-excitation
with bicuculline (Fig. 4C; ANOVA, P = 0.5164) affected
channel conductance and channel number in Mecp2 KO
neurons.

WT Ctl & TTX WT Ctl & Bic

80 7 80 1
2 ° =
g8 60 <3 60 A
X p ©
E . e
o 404 G 8 40 1
E " 2
= ’ = .,
£ 209 J77 £ 201 7
< s <

e y = 1.5837x 7 y = 0.8515x
0L . . : 0 . ; : :
0 20 40 60 80 0 20 40 60 80
Amplitude Ctl (pA) Amplitude Ctl (pA)
Mecp2 KO Ctl & TTX Mecp2 KO Ctl & Bic WT & Mecp2 KO

80 1 80 80 1
z - 2
< 60 3 S 601 3 007
5 3 2 Q
8 401 < g 401 @ 40 1 -
2 E 2 s
Q. ?_)_ T_l 7’
E 20+ £ 201 £ 20+ o

y = 1.058x < y = 0.9633x < L y = 1.4744x
(4
0 T . r . 0 T T T . 0 - T T r )
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

Amplitude Ctl (pA)

Amplitude Ctl (pA)

Amplitude WT (pA)

Figure 3. Mecp2 knockout neurons do not express homeostatic scaling of mEPSC amplitude
Ranked-ordered mEPSC amplitudes from neurons in TTX- or bicuculline-treated cultures were plotted against
rank-ordered mEPSC amplitudes from Ctl neurons. The multiplicative factor y was significantly larger than 1
in TTX-treated WT cultures, significantly smaller than 1 in bicuculline-treated WT cultures and not significantly
different from 1 in Mecp2 KO neurons. [Colour figure can be viewed at wileyonlinelibrary.com]
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Expression of EEA1 restores homeostatic synaptic
plasticity in Mecp2 KO neurons

Since surface levels of AMPARs at synapses depend on
the relative rates of receptor exocytosis and endocytosis,
the higher levels of GluA1 observed in Mecp2 KO neurons
could result from impaired AMPAR endocytosis. Inter-
estingly, the gene encoding early endosome antigen 1
(EEAL), a protein that participates in AMPAR endocytosis,
is down-regulated in hypothalamic samples from Mecp2
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KO mice (Chahrour ef al. 2008). Consistently, the levels of
EEA1 mRNA and protein were lower in the hippocampus,
cortex, thalamus and brainstem of symptomatic Mecp2 KO
mice compared to age-matched WT controls (WT, n=5,
Mecp2 KO, n= 6; Fig. 5).

Primary cultures of hippocampal neurons from
neonatal Mecp2 KO mice also have significantly lower
levels of EEA1 mRNA and protein than WT neurons
(WT, n = 4 cultures, Mecp2 KO, n = 4; mRNA,
P = 0.0036; protein, P = 0.0130; Fig. 6A). Transfection
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Figure 4. Enhanced AMPAR channel conductance in Mecp2 knockout neurons

A, traces of mEPSC recordings from WT and Mecp2 KO neurons in Ctl, TTX- or bicuculline-treated cultures (48 h).
B, current-variance plots from peak-scaled non-stationary noise analysis of mEPSCs from WT and Mecp2 KO
neurons. C, number of channels open at the peak of cell-averaged mEPSCs from WT and Mecp2 KO neurons. D,
mean channel conductance for mEPSC recorded from WT and Mecp2 KO neurons. *P < 0.05; **P < 0.01. [Colour

figure can be viewed at wileyonlinelibrary.com]
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of Mecp2 KO neurons with a ¢cDNA plasmid encoding
EEAL1 significantly increased its mRNA and protein levels,
reaching those of WT neurons (n = 3 cultures; mRNA
ANOVA, P = 0.0042; Tukey’s post hoc test, P < 0.01;
protein ANOVA, P = 0.0097; Tukey’s post hoc test,
P < 0.05; Fig. 6A). Increasing EEA1 levels in Mecp2
KO neurons significantly reduced mEPSC amplitudes,
which were comparable to WT levels (n = 11; ANOVA,
P = 0.0028; Tukey’s post hoc test, P < 0.01; Fig. 6B and
C; Table 1); however, mEPSC frequency was not affected
by EEA1 expression (ANOVA, P = 0.0379; Tukey’s post
hoc test, P > 0.05; Fig. 6D; Table 1). Furthermore, EEA1
expression in Mecp2 KO neurons restored scaling down
of mEPSC amplitude after chronic bicuculline blockade
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Figure 5. EEA1 mRNA (A) and protein (B) levels in cortex,
hippocampus, thalamus, striatum and brainstem from
sympathetic Mecp2 knockout mice and age-matched WT
littermates

All were normalized to that in WT mice. *P < 0.05; **P < 0.01.
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P =0.0052; Dunnett’s post hoc test, P < 0.01; Fig. 6B and
E; Table 1). Consistent with the recovery of only receptor
endocytosis by EEA1 expression, scaling up mEPSC
amplitudes in response to silencing with TTX was not
recovered in EEA1-expressing Mecp2 KO neurons(Fig. 6B
and E; n=13; P> 0.05; Table 1). Increasing EEA1 levels in
WT KO neurons did not affect mEPSC amplitude (n = 8;
P=0.1199), but intriguingly increased mEPSC frequency
(n = 8 P = 0.0084; Table 1). Taken altogether, these
results indicate that EEA1-mediated endocytosis of GluA1
is impaired in Mecp2 KO neurons, which results in larger
mEPSCs that are unable to undergo activity-dependent
homeostatic synaptic plasticity.

Discussion

Homeostatic synaptic scaling adjusts the strength of all
synapses of a neuron up or down to stabilize neuro-
nal circuits during positive feedback ‘Hebbian’ plasticity
at specific synapses (Turrigiano et al. 1998; Turrigiano,
2008; Blackman et al. 2012; Qiu et al. 2012). The
best understood mechanism for homeostatic synaptic
scaling is the synaptic trafficking of AMPA-type glutamate
receptors at excitatory synapses (Turrigiano et al. 1998;
Turrigiano, 2008; Kim ef al. 2012). Our results confirm
that chronic silencing of hippocampal neurons with
TTX increases both mEPSC amplitude and synaptic
levels of GluAl, reflecting GluAl insertion at synapses.
In addition, chronic over-excitation by blockade of
GABA R-mediated inhibition with bicuculline decreases
both mEPSC amplitude and synaptic levels of GluAl.
In addition to those postsynaptic changes, we observed
homeostatic changes in the levels of the presynaptic
protein VGLUT1 and in the frequency of mEPSCs,
consistent with reports of homeostatic plasticity of pre-
synaptic function (Murthy et al. 2001; Burrone et al. 2002;
Thiagarajan et al. 2002; Erickson et al. 2006; Turrigiano,
2007). Reports of exclusive postsynaptic changes during
homeostatic synaptic plasticity (Lissin et al. 1998; O’Brien
et al. 1998; Turrigiano et al. 1998; Watt et al. 2000;
Wierenga ef al. 2005) may reflect differences in culture
conditions or developmental stages (Wierenga et al. 2006),
or the use of TTX or a cocktail of AMPA and NMDA
receptor antagonists to silence neuronal activity (see
below).

So far, the only studies of MeCP2’s role in homeostatic
synaptic plasticity are two reports that described the lack
of synaptic scaling after shRNA-mediated knockdown of
MeCP2 in cortical neurons: one study measured mEPSC
and AMPAR levels after chronic bicuculline blockade of
GABAR-mediated inhibition (Blackman et al. 2012; Qiu
et al. 2012), and the other after chronic silencing with
the AMPAR antagonist 6,7-dinitroquinoxaline-2,3-dione
(DNQX; Blackman et al. 2012; Qiu et al. 2012). Here, we
report that hippocampal neurons from Mecp2 KO mice do
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not express bidirectional homeostatic synaptic plasticity
after either chronic silencing or chronic over-excitation.
Mecp2 KO neurons do not show the characteristic homeo-
static scaling up of mEPSC amplitude and of synapticlevels
of GluAl after chronic silencing with TTX. Intriguingly,
Mecp2 KO neurons did show the characteristic scaling up
of mEPSC frequency after chronic neuronal silencing, but
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only when exposed to TTX and not a combination of
AMPA and NMDA receptor antagonists (CNQX/D-AP5).
This apparent discrepancy is likely to reflect the
different mechanisms by which TTX and CNQX/D-AP5
reduce neuronal activity: action potential-dependent
presynaptic neurotransmitter release vs. postsynaptic
glutamate receptor blockade, respectively. This difference
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All were normalized to that in WT neurons. B, representative mEPSC recordings from WT, Mecp2 KO and
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© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society



J Physiol 595.16

is critical because spontaneous TTX-insensitive miniature
excitatory postsynaptic potentials (mEPSPs) transiently
depolarize dendritic spines and dendrites during the 48 h
TTX treatment period, while they are completely blocked
by CNQX/D-AP5. Further studies are needed to define the
role of spontaneous mEPSPs in homeostatic scaling of pre-
synaptic function, and whether the cellular and molecular
mechanisms at play are affected by Mecp2 deletion.

The deficit in homeostatic synaptic plasticity is
bidirectional because Mecp2 KO neurons also fail to scale
down mEPSC amplitude and synaptic levels of GluAl
after chronic over-excitation by bicuculline blockade
of GABAsR-mediated inhibition. Such disruption of
homeostatic synaptic plasticity may lead to pathological
increases in neuronal and network excitability, resulting
in cognitive and neurological deficits in Rett individuals.
Indeed, synapses of Mecp2 KO neurons have significantly
higher levels of surface GluA1l and presynaptic VGLUT1
than WT neurons. Consistently, mEPSCs are larger, more
frequent and with higher channel conductance in Mecp2
KO neurons, suggesting stronger synaptic strength, as
observed in hippocampal slices from symptomatic mice
(Li et al. 2016).

Changes in mEPSC amplitude are generally inter-
preted as changes in either receptor channel number or
conductance (Turrigiano & Nelson, 2004). Our non-
stationary noise analysis of AMPAR-mediated mEPSCs
(Soares et al. 2013) indicates that chronic silencing

TTX
WT L
C i
Mecp2 KO L)
¢
KO+EEAT (L]

D CHD

SJ

Lack of homeostatic synaptic plasticity in Rett mice

5709

enhanced receptor channel conductance without changing
receptor channel number, while chronic over-excitation
decreased receptpr channel number without affecting
receptor channel conductance. It is unclear why TTX
and bicuculline modified mEPSC amplitude by different
mechanisms, but it has been reported that the signalling
pathways involved in scaling up are not involved in
scaling down (Turrigiano, 2008). The result of higher
synaptic GluAl levels after chronic silencing seems at
odds with the lack of changes in receptor channel number.
However, the homeostatic increase in AMPAR channel
conductance results from an increase in the number of
higher conductance GluA2-lacking AMPARs (Soares et al.
2013). Therefore, chronic silencing triggers a change in
subunit composition of AMPARs favouring GluAl-only
complexes, without changing the total number of receptor
channels at the postsynaptic density.

A number of signalling pathways may be involved in the
consequences of Mecp2 deletion for homeostatic synaptic
plasticity: brain-derived neurotrophic factor (BDNF),
tumour necrosis factor & (TNF-«) and Arcare all regulated
by MeCP2 and have been proposed to participate in
homeostatic scaling up after chronic silencing (Rutherford
et al. 1998; Chen et al. 2003; Martinowich et al. 2003;
Shepherd et al. 2006; Stellwagen & Malenka, 2006;
Turrigiano, 2008; Su et al. 2012; O’Driscoll et al. 2015).
On the other hand, activity-dependent phosphorylation
of MeCP2 modulates synaptic strength and plasticity.
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Figure 7. Activity-dependent homeostatic regulation of AMPAR synaptic localization in wild-type and

Mecp2 knockout neurons
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Phosphorylation at S421 of MeCP2 is required for
homeostatic scaling down after over-excitation with
bicuculline (Zhong et al. 2012). MeCP2 may also
participate in homeostatic synaptic scaling through
activity-dependent gene transcription, since both scaling
up and down require gene transcription (Ibata et al. 2008;
Blackman et al. 2012).

The endosomal protein EEA1l is a critical factor
controlling vesicle fusion during endocytosis via inter-
acting with Rab5, N-ethylmaleimide-sensitive factor
(NSF) and syntaxinl3, and it is involved in AMPAR
internalization (Mills et al. 1998; Simonsen et al. 1998;
McBride et al. 1999; Lawe et al. 2002; Selak et al. 2006).
An unbiased microarray study of hypothalamic samples
found that EEA1 levels are lower in Mecp2 KO mice
(Chahrour et al. 2008). We found that the levels of EEA1
mRNA and protein are lower in several brain regions
of Mecp2 KO mice, suggesting impaired AMPAR end-
ocytosis. Consistently, expression of EEA1 in Mecp2 KO
neurons reduced mEPSC amplitudes to wild-type levels,
and restored homeostatic synaptic plasticity. These results
are the first evidence that experimental manipulations of
proteins involved in the activity-dependent trafficking of
synaptic AMPA receptors restore synaptic function in Rett
syndrome neurons, providing potentially novel targets of
intervention for improving hippocampal function in RTT
individuals.

Based on all these data, we proposed a working
model (Fig. 7). In WT neurons under basal condition,
insertion and endocytosis of AMPARs are balanced
to maintain a stable level of receptors in the post-
synaptic density. Chronic silencing leads to higher levels
of AMPARs in the postsynaptic density by enhanced
receptor insertion. Conversely, over-excitation increases
receptor endocytosis, thus reducing surface levels of
AMPARs. In Mecp2 KO neurons, AMPARs reached a
maximum level that cannot be further scaled up by chronic
silencing. On the other hand, lower expression of end-
ocytosis proteins such as EEA1 prevents scaling down
in response to over-excitation. By expressing EEA1 in
Mecp2 KO neurons, AMPAR levels recovered back to
wild-typelevels, thus restoring scaling down in response to
over-excitation by allowing AMPAR endocytosis. Further
studies are required to identify the protein(s) involved in
activity-dependent AMPAR insertion during homeostatic
scaling up in response to chronic silencing.

In conclusion, our findings demonstrate that homeo-
static synaptic plasticity at excitatory synapses is impaired
in Mecp2 KO neurons. In addition, EEAl expression
can restore homeostatic synaptic plasticity by allowing
AMPAR endocytosis at excitatory synapses in Mecp2 KO
neurons. Our characterization of the role of EEA1 during
homeostatic synaptic plasticity in Mecp2 KO neurons
provides potentially novel targets of intervention for
improving hippocampal function in RTT individuals.

X. Xu and L. Pozzo-Miller
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