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Abstract Rett syndrome is an Autism Spectrum Disorder caused by mutations in the gene encoding methyl-CpG
binding protein (MeCP2). Following a period of normal development, patients lose learned communication and motor
skills, and develop a number of symptoms including motor disturbances, cognitive impairments and often seizures. In
this review, we discuss the role of MeCP2 in regulating synaptic function and how synaptic dysfunctions lead to
neuronal network impairments and alterations in sensory information processing. We propose that Rett syndrome is a
disorder of neural circuits as a result of non-linear accumulated dysfunction of synapses at the level of individual cell
populations across multiple neurotransmitter systems and brain regions.
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Introduction

Rett syndrome (RTT) is a progressive neurodevelopmental
disorder characterized by normal development for the first 6-
18 months of life, followed by a loss of acquired motor and
language skills. Patients with RTT frequently develop
seizures, growth retardation, and autistic behaviors. Breathing
irregularity, gait abnormalities and hand wringing are also
commonly found in RTT patients (Chahrour and Zoghbi,
2007; Neul et al., 2010). Mutations in the X-linked gene
encoding methyl-CpG binding protein 2 (MeCP2) are
responsible for the majority of RTT cases (Amir et al., 1999).

MeCP2 is a highly abundant nuclear protein that
preferentially binds to 5′-methylcytosine in CpG dinucleo-
tides through a conserved methyl-CpG binding domain
(MBD) (Lewis et al., 1992; Nan et al., 1997). Through its
interaction with a repressor complex that includes histone
deacetylases (HDACs) and Sin3a, MeCP2 is believed to
repress gene transcription (Jones et al., 1998; Nan et al., 1998)
and dampen transcriptional noise (Skene et al., 2010). MeCP2
has also been suggested to act as a transcriptional activator
(Chahrour et al., 2008), and regulator of mRNA spicing
(Young et al., 2005) and miRNA production (Szulwach et al.,
2010; Wu et al., 2010). Furthermore, the functions of MeCP2

appear to be modulated through activity-dependent phos-
phorylation events (Chen et al., 2003; Zhou et al., 2006).

Mice lacking Mecp2, or carrying different Mecp2 altera-
tions, develop neurological phenotypes resembling those
observed in RTT; including motor incoordination, hindlimb
clasping, aberrant gait, breathing abnormalities, cognitive
deficits and premature lethality (Chen et al., 2001; Guy et al.,
2001; Shahbazian et al., 2002; Goffin et al., 2012). Deletion
of MeCP2 from postnatal and adult mice revealed a similar
manifestation of RTT-like phenotypes (McGraw et al., 2011;
Cheval et al., 2012). Intriguingly, reintroduction of MeCP2
into behaviorally affected Mecp2-null mice is sufficient to
ameliorate RTT-like phenotypes (Guy et al., 2007). These
results demonstrate that MeCP2 is required for brain function
throughout life and RTT is therefore a neuromaintenance
rather than a neurodevelopment disorder.

In this review, we will discuss the mechanisms through
which MeCP2 maintains proper brain function. We will first
examine the role of MeCP2 in regulating synaptic function.
Second, we will discuss how loss-of-Mecp2 leads to neuronal
network impairments and alterations in sensory information
processing. And finally, we will compare the function of
MeCP2 at the circuit level and at the level of individual
populations of cells.

Synaptic dysfunction in RTT

The possibility that RTT may be a disorder of synaptic
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dysfunction was raised a decade ago (Zoghbi, 2003). One
prominent feature of RTT and mouse models of MeCP2
dysfunction is reduced cortical connectivity between excita-
tory glutamatergic pyramidal neurons. Analysis of dendritic
morphology showed a significant reduction in the number and
length of dendrites in RTT cases and Mecp2-null mice (Kishi
and Macklis, 2004; Armstrong, 2005; Belichenko et al.,
2009a; 2009b). Dendritic spines, the postsynaptic neuronal
protrusions that receive neuronal input from an excitatory
synapse and serve to translate the incoming glutamatergic
input into a biochemical signal, are reduced in numbers on the
dendrites of glutamatergic neurons in cortex and hippocam-
pus of Mecp2-null mice (Belichenko et al., 2009b). Those
remaining spines also show decreased spine head size and
increased spine neck length indicative of alterations in
synaptic contacts (Belichenko et al., 2009b).

In support of these anatomical findings, a number of
elegant electrophysiological experiments support the idea of
reduced cortical connectivity between glutamatergic pyrami-
dal neurons. Cortical layer II/III and layer V pyramidal
neurons from Mecp2-null mice exhibited a reduction in
spontaneous firing rate that was caused in part by decreased
amplitude of excitatory quantal neurotransmission and a
decrease in the number of excitatory synapses onto pyramidal
neurons (Dani et al., 2005; Chao et al., 2007; Dani and
Nelson, 2009; Wood et al., 2009; Wood and Shepherd, 2010).
Similar reductions in glutamatergic quantal amplitude were
also found to occur at the retinogeniculate synapse in the
thalamus (Noutel et al., 2011). Recently, induced pluripotent
stem cells (iPSCs) derived from RTT patients’ fibroblasts
have allowed the study of MeCP2 function in human patients
derived neurons (Marchetto et al., 2010). Neurons differ-
entiated from RTT iPSCs show fewer dendrites and exhibit
decreased amplitude and frequency of spontaneous excitatory
neurotransmission, similar to that observed in RTT mouse
models (Marchetto et al., 2010).

Intriguingly, mice overexpressing MeCP2 present a
number of phenotypes that resemble the human MECP2
duplication syndrome including altered motor function,
anxiety, learning and memory (Collins et al., 2004; Na et
al., 2012). Electrophysiological examination of these mice
revealed an increase in glutamatergic quantal neurotransmis-
sion and a corresponding increase in the number of dendritic
spines (Collins et al., 2004; Na et al., 2012). These studies
suggest therefore that MeCP2 exerts a bidirectional control in
excitatory neurotransmission.

These deficits in synaptic function also lead to changes in
long-term potentiation (LTP) and depression (LTD), cellular
mechanisms of prolonged synaptic plasticity considered to
play important roles in learning and memory. Mecp2-null
mice show deficits in LTP and LTD at hippocampal Schaffer
collateral-CA1 synapses and layer II/III of S1 somatosensory
cortex induced by either high-frequency stimulation or the
more physiological theta-burst stimulation (Asaka et al.,
2006; Moretti et al., 2006; Guy et al., 2007; Lonetti et al.,

2010; Weng et al., 2011). Mice overexpressing MeCP2
exhibit either enhanced (Collins et al., 2004) or attenuated
LTP (Na et al., 2012). Paired recordings from synaptically
connected pyramidal neurons in layer V cortical neurons
revealed that LTP induced using spike-timing protocols was
normal in both pre- and post-symptomatic Mecp2-null mice
(Dani and Nelson, 2009). These data implicate that deficits in
LTP may occur secondary to reduced synaptic connectivity
between excitatory neurons (Dani and Nelson, 2009).

Alternatively, these deficits may occur due to changes in
NMDA receptor function since loss of MeCP2 is associated
with altered composition of NMDARs with decreased NR2A
subunits and increased NR2B subunits (Asaka et al., 2006).
During development there is a gradual replacement of the
contribution of the NR2B subunit with NR2A subunits of
NMDARs to the excitatory postsynaptic current (Cull-Candy
et al., 2001). This shift in the NR2 subunit composition is
believed to facilitate experience- or activity-dependent
synaptic plasticity of neural circuits (van Zundert et al.,
2004). These data suggest that developmental stagnation in
the replacement of NMDA receptors may contribute to the
decreased excitability of excitatory neurons.

Another form of synaptic plasticity affected in RTT is
synaptic scaling, whereby neuronal activity leads to changes
in synaptic strength (Qiu et al., 2012). Synaptic scaling is
based on the observation that an increase in neuronal activity
leads to a decrease in quantal amplitude and a decrease in
activity leads to an increase in amplitude (Qiu et al., 2012).
The loss of MeCP2 function in rat hippocampal cultures has
been suggested to increase expression of the Ca2+-imperme-
able GluR2 subunit leading to decreased quantal amplitude
and synaptic scaling at glutamatergic synapses (Qiu et al.,
2012).

These decreases in glutamatergic neurotransmission would
be expected to lead to an excitatory/inhibitory (E/I)
imbalance, leading to a secondary increase in inhibitory
neurotransmission. Indeed, layer V pyramidal neurons exhibit
an increase in the spontaneous IPSC amplitude (Dani et al.,
2005). This alteration in inhibitory input appears to occur as a
consequence of reduced glutamatergic neuron excitability
since no alterations in quantal synaptic activity at inhibitory
GABAergic synapses were observed in cortical pyramidal
neurons (Dani et al., 2005). However, some deficits in
inhibitory synaptic function have been observed, although
this is restricted to certain neuron types and brain regions. In
the thalamus, inhibitory reticular thalamic nucleus (RTN)
neurons show an increase in the frequency of quantal
inhibitory neurotransmission whereas excitatory neurons of
the ventrobasal neurons show a decreased frequency in
spontaneous and unitary inhibitory currents (Zhang et al.,
2010). In the medulla, reductions in the frequency of quantal
inhibitory currents are also observed (Medrihan et al., 2008).
Thus, together these data suggest that RTT phenotypes likely
manifest through alterations in E/I balance caused by
glutamatergic synaptic dysfunction.
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Synaptic deficits have also been observed in other
neurotransmitter systems. Dopaminergic neurons in the
substantia nigra from Mecp2-null mice had reduced cell
capacitance, decreased dendritic length and reduced dopa-
mine release (Gantz et al., 2011). Furthermore, loss of MeCP2
is associated with a decrease in dopamine, norepinephrine
and serotonin levels (Samaco et al., 2009; Taneja et al., 2009).

The role of MeCP2 in inhibitory neurons was recently
illustrated by the conditional deletion of MeCP2 from
inhibitory neurons. Deletion of MeCP2 from GABAergic
and glycinergic neurons in the brain using Viaat1-cre, led to
the manifestation of a number of RTT-like phenotypes
including hypoactivity, hindlimb clasping, motor incoordina-
tion, breathing dysfunction and premature lethality, as well as
those not normally seen in Mecp2-null mice including
forelimb clasping and self-injury (Chao et al., 2010).
Although inhibitory neurons constitute only about 20% of
neurons in the brain, it has been suggested that they contribute
to 80% of the workload. Thus, a loss of MeCP2 from
GABAergic neurons has a more profound effect on neuronal
activity than the number of neurons affected would suggest,
and this is therefore reflected in the recapitulation of many of
the phenotypes observed inMecp2-null mice. Despite the fact
that no differences in glutamatergic synaptic function were
observed in these mice, decreased quantal inhibitory current
amplitudes, attributed to decreased quantal GABA release,
appears sufficient to produce numerous RTT-like phenotypes
(Chao et al., 2010).

These compelling data demonstrate clearly that loss of
MeCP2 from inhibitory neurons in the brain leads to
numerous RTT-like phenotypes, but do so through a
mechanism that may be, at least at the level of synaptic
activity, unique to that observed in constitutive Mecp2-null
mice. Although further investigation is required whether
different brain regions or cell types show alterations in
glutamatergic synapse function, these results offer the
possibility that RTT-like phenotypes can be caused by
different alterations in synaptic function.

Neuronal network deficits

One possible explanation for how differences in synaptic
deficits lead to common phenotypes is that these synaptic
alterations lead to common deficits in neuronal network
function. That is, decreased excitatory synaptic function or
the increased/decreased inhibitory synaptic function disrupts
E/I balance leading to impaired neuronal network function.
Neurons receive a balance of excitatory and inhibitory
membrane currents during ongoing and stimulated activity.
The balance of equal amounts of incoming depolarizing and
hyperpolarizing currents is essential for maintaining stability
in cortical networks. Moreover, this balance facilitates rapid
responses to small changes in synaptic input following
sensory stimulation thus allowing for efficient sensory

information processing. Indeed, an increasing number of
studies are being performed to assess neuronal network
activity and how disruption in E/I balance leads to
neurological deficits.

Hyperexcitability

Maintaining proper E/I balance is essential for the proper
control of neuronal network excitability and destabilizing this
balance can lead to hyper-excitability of neuronal networks.
Indeed, one of the most debilitating symptoms of RTT is the
occurrence of seizures, which range from easily controlled to
intractable epilepsy, with the most common types being
partial complex and tonic-clonic seizures (Jian et al., 2006).
However, generalized seizure incidence is extremely low in
constitutive Mecp2-null mice and mice overexpressing
MeCP2 (Collins et al., 2004; Chao et al., 2010). Despite the
lack of seizures, cortical network excitability is disrupted in
these mice as assessed through electroencephalographic
(EEG) recordings. Male Mecp2-null mice and female
heterozygous mice exhibit decreased frequencies in theta
rhythm and the appearance of spontaneous abnormal
rhythmic discharges (D’Cruz et al., 2010; Goffin et al.,
2012). Similar hyperexcitability is observed in mice lacking
MeCP2 from inhibitory neurons (Chao et al., 2010).
Furthermore, in vitro studies have suggested hyperexcitability
in the hippocampus of Mecp2-null mice (Calfa et al., 2011).
Thus, MeCP2 dysfunction leads to alterations in synaptic
activity leading to overall instability in neuronal networks. It
is possible that compensatory mechanisms reduce the
frequency or severity of such seizures and future work to
understand these mechanisms will provide valuable insight
into the etiology of this devastating phenotype observed in
many RTT patients and other atypical RTT disorders.

Sensory information processing deficits in
RTT

A further consequence of alterations in E/I balance is less
effective sensory information processing. Without a proper
balance between excitatory and inhibitory synaptic inputs,
incoming sensory information would have reduced contrast
against background activity thus disrupting sensory informa-
tion processing. One way to assess sensory information
processing is through the examination of neuronal oscilla-
tions. Neuronal oscillations are thought to be a fundamental
mechanism for the coordination and alignment of neuronal
responses throughout the cortex.

Sensory information processing can be measured in vivo
through EEG recordings during the performance of a
cognitive, sensory or motor task. The manifestation of these
brain activities is recorded as a series of amplitude deflections
in the EEG as a function of time and is referred to as an event-
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related potential (ERP). ERPs are small compared to the
background EEG but can be resolved by averaging single trial
epochs. They are characterized as voltage deflections defined
by latency and polarity where the amplitude and latency of the
polarity peaks are believed to reflect the strength and timing
of the cognitive processes related to the event. Notably, RTT
patients, as well as patients with schizophrenia and autism,
are reported to show alterations in both the amplitudes and
latencies of ERP (Bader et al., 1989; Stauder et al., 2006;
Uhlhaas and Singer, 2010; Gandal et al., 2011).

ERP recordings in symptomatic maleMecp2-null and mice
carrying the MeCP2 T158A mutation revealed decreased
amplitudes and increased latencies in the N1 and P2 peaks in
ERPs recorded during presentation of auditory stimuli (Goffin

et al., 2012). These alterations in ERP responses were not
observed in pre-symptomatic mice suggesting that neural
networks underlying information processing are disrupted by
MeCP2 dysfunction in an age-dependent manner, corre-
sponding to the behavioral onset of symptoms (Fig. 1).
Further analysis of these ERP responses using time-frequency
analysis obviates the limitations of time-amplitude analysis
created due to loss of oscillatory information through signal
averaging. This analysis revealed that wild-type mice show an
increase in event-related alterations in EEG power and phase-
locking during development from postnatal day 30 (P30) to
P90. This likely reflects the maturation of the underlying
neuronal circuit. In contrast, MeCP2 T158A mice do not
show a developmental increase in either event-related power

Figure 1 (A) Event-related potentials (ERPs) following 85-dB auditory stimulation in wild-type and MeCP2 T158A mice at postnatal
days 30 (P30, pre-symptomatic stage) and P90 (post-symptomatic stage). ERPs are not substantially different between wild-type and
MeCP2 T158A mice at P30 but are significantly altered at P90 in MeCP2 T158A mice. (B) Time-frequency plots showing changes in
event-related power in response to 85-dB auditory stimulation in wild-type and MeCP2 T158A (T158A/y) mice at P30 and P90. Color
represents mean power with warmer colors corresponding to an increased power and cooler colors representing decreased power
compared to pre-stimulus baseline. Wild-type mice show clear changes in event-related power from P30 to P90 whereas MeCP2 T158A
show no such change. (C) Time-frequency plots showing changes in event-related phase-locking showing development increase in wild-
type mice but not MeCP2 T158A mice. Adapted from Goffin et al., 2012.
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or phase locking across this time period, suggesting an
impairment in age-dependent neural network maturation or a
failure in the proper maintenance of functioning networks
(Fig. 1).

Alterations in the functional maturation of synaptic circuits
have also been shown in other sensory paradigms. Ocular
dominance plasticity is a robust experimental paradigm for
examining the maturation of visual cortex networks.
Deprivation of visual input by suturing one eye induces a
functional reorganization of connections in the primary visual
cortex, leading to a change in the relative responsiveness of
cortical cells to stimulation of each eye. In wild-type mice,
these changes are only observed in circuits that are labile and
not stable; thus, brief periods of monocular deprivation (MD)
trigger ocular dominance plasticity in young but not adult
animals. In contrast, ocular dominance plasticity remains in
Mecp2-null mice at ages when the critical period is normally
closed (Tropea et al., 2009). This is consistent with the
hypothesis that loss of MeCP2 function leads to deficits in
synaptic maturation or stabilization. Similarly, eye-specific
segregation patterning undergoes abnormal developmental
maturation with the retinogeniculate synapse in Mecp2-null
mice (Noutel et al., 2011).

MeCP2 is thus required for the maturation and restructur-
ing of neural networks. These alterations are likely to be the
result of a loss in sensory experience-dependent remodeling
or maintenance of neuronal networks, possibly mediated by
activity-dependent phosphorylation of MeCP2 (Zhou et al.,
2006; Cohen et al., 2011). It remains to be determined
whether these alterations in sensory information processing

are conserved among mice lacking MeCP2 from different
brain regions and cell-types. However, if this is indeed the
case then these results would reveal that it is not the specific
alterations in the synaptic function per se that is important but
rather the effect on overall neuronal network function.

Thus, RTT is not a disorder of specific synaptic modulation
and/or maintenance. Rather we suggest that RTT is a disorder
of neuronal network modulation and maintenance. That is,
RTT is likely the result of the nonlinear accumulated
dysfunction of synapses across multiple neurotransmitter
systems and brain regions (Fig. 2).

The whole is other than the sum of its parts

Many neurological disorders are considered to have a
prominent deficit in one brain area or one neurotransmitter
system. Examples of these include Huntington’s disease and
loss of striatal medium spiny neurons, Parkinson’s disease
and loss of dopaminergic neurons, amyotrophic lateral
sclerosis and degeneration of motor neurons, epilepsy and
anxiety through altered GABAergic function, depression and
diminished 5-HT function and schizophrenia and impaired
NMDA receptor function. Therefore, considerable research
effort has been placed in the identification of neuron types and
neurotransmitter systems disrupted in RTT.

Previous studies have reported that conditional deletion of
MeCP2 from Sim1-expressing neurons in the hypothalamus
revealed a role for MeCP2 in aggression, hyperphagia and
obesity (Fyffe et al., 2008); loss of MeCP2 from TH-
expressing dopaminergic and noradrenergic neurons leads to

Figure 2 Loss of MeCP2 function leads to a nonlinear accumulative expression of RTT-like phenotypes. (A) The level of MeCP2
function is critical for maintaining proper brain function. HypomorphicMecp2loxP/y mice show a 50% reduction in MeCP2 protein levels
but show mild RTT-like phenotypes. Mecp2T158A/y mice show an approximate 75% reduction in MeCP2 function (through decreased
binding to methylated DNA and MeCP2 protein stability) but show considerable RTT-like phenotypes approaching those of Mecp2-null
mice. Deletion of MeCP2 function in postnatal/adult mice demonstrated that even small increases in the loss of MeCP2 function, led to
profound changes in RTT-like behaviors. (B) Alterations in the activity of a number of different neuronal types and neurotransmitter
systems have been shown to occur in mouse models of RTT. The more the pervasive the loss of MeCP2 the greater the severity of the RTT-
like phenotypes.
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alterations in motor activity (Samaco et al., 2009); deletion of
MeCP2 from serotonergic neurons leads to hyperactivity and
aggression (Samaco et al., 2009); and deletion of MeCP2
from forebrain GABAergic neurons led to deficits in motor
and social functions (Chao et al., 2010). Surprisingly, deletion
of MeCP2 from GFAP-expressing astrocytes led to smaller
body size, hindlimb clasping and irregular breathing (Lioy et
al., 2011).

Although this conditional deletion of MeCP2 from subsets
of neurons and glia uncover the etiology of certain
phenotypes, they do not fully recapitulate RTT-like pheno-
types observed in constitutive Mecp2-null mice. In contrast,
deletion of MeCP2 from large brain areas composed of many
different types of neurons and neurotransmitter systems led to
the identification of increased numbers and severity of RTT-
like phenotypes. Conditional deletion of MeCP2 from
forebrain neurons led to motor deficits, altered bodyweight,
disrupted learning and memory, altered anxiety and decreased
brain weight and soma size (Chen et al., 2001; Gemelli et al.,
2006). Similarly, deletion of MeCP2 from all GABAergic
neurons led to behavioral symptoms including premature
lethality, respiratory problems, motor incoordination, self-
injury, social abnormalities and cortical hyperexcitability
(Chao et al., 2010). Furthermore, deletion of MeCP2 from
brainstem and spinal cord revealed critical roles for MeCP2 in
the regulation of normal lifespan, control of heart rate and
respiratory response to hypoxia (Ward et al., 2011). More-
over, the restoration of MeCP2 function in astrocytes or
astroglia significantly improved locomotion and anxiety
levels, restored respiratory abnormalities, and prolonged
lifespan compared to constitutive Mecp2 null mice (Lioy et
al., 2011; Derecki et al., 2012). Thus, while neurotransmitter
systems and isolated neuronal populations play important
roles in the etiology of particular RTT-like phenotypes, the
large-scale disruption of MeCP2 function is required for the
appearance of phenotypes that mimic constitutiveMecp2-null
mice or those mice lacking MeCP2 from the brain (Chen et
al., 2001; Guy et al., 2001). Indeed, the greater the number of
neurons and glia lacking MeCP2 function the more the severe
the consequences: loss of MeCP2 to 8% of wild-type levels
leads to premature lethality after approximately 38 weeks of
age (Cheval et al., 2012), whereas loss of MeCP2 to 5% of
wild-type leads to premature death after 13 weeks (McGraw
et al., 2011). That proper brain function and survival is so
sensitive to small alterations in MeCP2 is intriguing for
understanding the physiological role of MeCP2 and also in
the treatment of RTT (Fig. 2).

Together, these results reveal two important properties of
RTT. First, deletion of MeCP2 from restricted sets of neuron
types is not sufficient to fully recapitulate the phenotypes
observed in constitutive Mecp2-null mice, as well as the
appearance of phenotypes that are not otherwise normally
observed in constitutive Mecp2-null mice. And secondly, the
broader the loss of MeCP2 the greater the RTT-like
phenotype. Thus, RTT is the result of the nonlinear

accumulated dysfunction of neurological function across
neurotransmitter systems and brain regions (Fig. 2). Borrow-
ing from the German psychologist Kurt Koffka, we can state
that in regard to MeCP2-related phenotypes: “The whole is
other than the sum of its parts.” Since RTT is observed in
females heterozygous for MECP2 mutations, whereby
individual neurons and glia will stochastically express either
wild-type or mutant MeCP2, the degree to which different
populations of neurons and glia express wild-type or mutant
MeCP2, as well as the degree of X-chromosome inactivation,
will play a fundamental role in determining the identity and
severity of those symptoms that manifest in individual
patients. To paraphrase Koffka, the arrangement of the parts
determines which form you see, and the form you see
determines how you interpret the parts. This may have several
therapeutic advantages since restoring brain-wide MeCP2
function may not be possible in the near future but identifying
the neurons/glia and the neurotransmitter systems that
mediate different RTT symptoms upon loss of MeCP2
function will allow targeted strategies for their treatment. In
addition, restoring the function of MeCP2 in a small number
of neurons, not necessarily the entire brain via AAV-mediated
gene therapy or reversal of the silenced wild-type MECP2
gene may have significant therapeutic value.

MeCP2 is expressed in every cell in the brain, including
excitatory, inhibitory and glial cell populations. Deleting
MeCP2 from any one cell type alone is not sufficient to
recapitulate the phenotypes of constitutive Mecp2-null mice.
Conversely, restoration of MeCP2 into one cell type or one
part of the brain can lead to the rescue of some but not all
phenotypes. Therefore, we believe that RTT is a disorder of
large-scale neuronal circuits composed of a broad range of
neuronal types and neurotransmitter systems. Thus for future
studies, we suggest a dual approach to understand RTT
pathophysiology: a systems approach to investigate circuit
abnormalities; and a molecular approach to investigate the
function of MeCP2 in individual cell types. By combining
these two approaches, we can gain a better understanding of
the pathophysiology of RTT and also get closer to reaching
our goal of providing effective therapeutic treatments for
RTT.

Acknowledgements

This work was supported by NIH grant NS058391(ZZ) and
International Rett Syndrome Foundation (ZZ and DG). Z.Z. is a

Pew Scholar in Biomedical Science.

References

Amir R E, Van den Veyver I B, Wan M, Tran C Q, Francke U, Zoghbi H
Y (1999). Rett syndrome is caused by mutations in X-linked MECP2,
encoding methyl-CpG-binding protein 2. Nat Genet, 23(2): 185––

188

Darren GOFFIN and Zhaolan (Joe) ZHOU 433



Armstrong D D (2005). Neuropathology of Rett syndrome. J Child
Neurol, 20(9): 747–753

Asaka Y, Jugloff D G M, Zhang L, Eubanks J H, Fitzsimonds R M
(2006). Hippocampal synaptic plasticity is impaired in the Mecp2-
null mouse model of Rett syndrome. Neurobiol Dis, 21(1): 217–227

Bader G G, Witt-Engerström I, Hagberg B (1989). Neurophysiological
findings in the Rett syndrome, II: Visual and auditory brainstem,
middle and late evoked responses. Brain Dev, 11(2): 110–114

Belichenko N P, Belichenko P V, Mobley W C (2009a). Evidence for
both neuronal cell autonomous and nonautonomous effects of
methyl-CpG-binding protein 2 in the cerebral cortex of female
mice with Mecp2 mutation. Neurobiol Dis, 34(1): 71–77

Belichenko P V, Wright E E, Belichenko N P, Masliah E, Li H H,
Mobley W C, Francke U (2009b). Widespread changes in dendritic
and axonal morphology in Mecp2-mutant mouse models of Rett
syndrome: evidence for disruption of neuronal networks. J Comp
Neurol, 514(3): 240–258

Calfa G, Hablitz J J, Pozzo-Miller L (2011). Network hyperexcitability
in hippocampal slices from Mecp2 mutant mice revealed by voltage-

sensitive dye imaging. J Neurophysiol, 105(4): 1768–1784

Chahrour M, Jung S Y, Shaw C, Zhou X, Wong S T C, Qin J, Zoghbi H
Y (2008). MeCP2, a key contributor to neurological disease, activates
and represses transcription. Science, 320(5880): 1224–1229

Chahrour M, Zoghbi H Y (2007). The story of Rett syndrome: from
clinic to neurobiology. Neuron, 56(3): 422–437

Chao H T, Chen H, Samaco R C, Xue M, Chahrour M, Yoo J, Neul J L,
Gong S, Lu H C, Heintz N, Ekker M, Rubenstein J L, Noebels J L,
Rosenmund C, Zoghbi H Y (2010). Dysfunction in GABA signalling
mediates autism-like stereotypies and Rett syndrome phenotypes.
Nature, 468(7321): 263–269

Chao H T, Zoghbi H Y, Rosenmund C (2007). MeCP2 controls

excitatory synaptic strength by regulating glutamatergic synapse
number. Neuron, 56(1): 58–65

Chen R Z, Akbarian S, Tudor M, Jaenisch R (2001). Deficiency of
methyl-CpG binding protein-2 in CNS neurons results in a Rett-like
phenotype in mice. Nat Genet, 27(3): 327–331

Chen W G, Chang Q, Lin Y, Meissner A, West A E, Griffith E C,

Jaenisch R, Greenberg M E (2003). Derepression of BDNF
transcription involves calcium-dependent phosphorylation of
MeCP2. Science, 302(5646): 885–889

Cheval H, Guy J, Merusi C, De Sousa D, Selfridge J, Bird A(2012).
Postnatal inactivation reveals enhanced requirement for MeCP2 at
distinct age windows. Hum Mol Genet, 21(17): 3806–3814

Cohen S, Gabel H W, Hemberg M, Hutchinson A N, Sadacca L A, Ebert
D H, Harmin D A, Greenberg R S, Verdine V K, Zhou Z, Wetsel W
C, West A E, Greenberg M E (2011). Genome-wide activity-
dependent MeCP2 phosphorylation regulates nervous system devel-
opment and function. Neuron, 72(1): 72–85

Collins A L, Levenson J M, Vilaythong A P, Richman R, Armstrong D
L, Noebels J L, David Sweatt J, Zoghbi H Y (2004). Mild
overexpression of MeCP2 causes a progressive neurological disorder
in mice. Hum Mol Genet, 13(21): 2679–2689

Cull-Candy S, Brickley S, Farrant M (2001). NMDA receptor subunits:
diversity, development and disease. Curr Opin Neurobiol, 11(3):
327–335

D’Cruz J A, Wu C, Zahid T, El-Hayek Y, Zhang L, Eubanks J H (2010).
Alterations of cortical and hippocampal EEG activity in MeCP2-

deficient mice. Neurobiol Dis, 38(1): 8–16

Dani V S, Chang Q, Maffei A, Turrigiano G G, Jaenisch R, Nelson S B
(2005). Reduced cortical activity due to a shift in the balance between
excitation and inhibition in a mouse model of Rett syndrome. Proc
Natl Acad Sci USA, 102(35): 12560–12565

Dani V S, Nelson S B (2009). Intact long-term potentiation but reduced
connectivity between neocortical layer 5 pyramidal neurons in a

mouse model of Rett syndrome. J Neurosci, 29(36): 11263–11270

Derecki N C, Cronk J C, Lu Z, Xu E, Abbott S B G, Guyenet P G, Kipnis
J (2012). Wild-type microglia arrest pathology in a mouse model of
Rett syndrome. Nature, 484(7392): 105–109

Fyffe S L, Neul J L, Samaco R C, Chao H T, Ben-Shachar S, Moretti P,
McGill B E, Goulding E H, Sullivan E, Tecott L H, Zoghbi H Y

(2008). Deletion of Mecp2 in Sim1-expressing neurons reveals a
critical role for MeCP2 in feeding behavior, aggression, and the
response to stress. Neuron, 59(6): 947–958

Gandal M J, Edgar J C, Klook K, Siegel S J (2011). Gamma synchrony:
Towards a translational biomarker for the treatment-resistant
symptoms of schizophrenia. Neuropharmacology, 62(3): 1504–1518

Gantz S C, Ford C P, Neve K A, Williams J T (2011). Loss of Mecp2 in
substantia nigra dopamine neurons compromises the nigrostriatal
pathway. J Neurosci, 31(35): 12629–12637

Gemelli T, Berton O, Nelson E D, Perrotti L I, Jaenisch R, Monteggia L
M (2006). Postnatal loss of methyl-CpG binding protein 2 in the
forebrain is sufficient to mediate behavioral aspects of Rett syndrome
in mice. Biol Psychiatry, 59(5): 468–476

Goffin D, Allen M, Zhang L, Amorim M, Wang I T J, Reyes A R S,
Mercado-Berton A, Ong C, Cohen S, Hu L, Blendy J A, Carlson G C,
Siegel S J, Greenberg M E, Zhou Z (2012). Rett syndrome mutation
MeCP2 T158A disrupts DNA binding, protein stability and ERP
responses. Nat Neurosci, 15(2): 274–283

Guy J, Gan J, Selfridge J, Cobb S, Bird A (2007). Reversal of
neurological defects in a mouse model of Rett syndrome. Science,

315(5815): 1143–1147

Guy J, Hendrich B, Holmes M, Martin J E, Bird A (2001). A mouse
Mecp2-null mutation causes neurological symptoms that mimic Rett
syndrome. Nat Genet, 27(3): 322–326

Jian L, Nagarajan L, de Klerk N, Ravine D, Bower C, Anderson A,
Williamson S, Christodoulou J, Leonard H (2006). Predictors of
seizure onset in Rett syndrome. J Pediatr, 149(4): 542–547

Jones P L, Veenstra G J, Wade P A, Vermaak D, Kass S U, Landsberger
N, Strouboulis J, Wolffe A P (1998). Methylated DNA and MeCP2
recruit histone deacetylase to repress transcription. Nat Genet, 19(2):
187–191

Kishi N, Macklis J D (2004). MECP2 is progressively expressed in post-
migratory neurons and is involved in neuronal maturation rather than

cell fate decisions. Mol Cell Neurosci, 27(3): 306–321

Lewis J D, Meehan R R, Henzel W J, Maurer-Fogy I, Jeppesen P, Klein
F, Bird A (1992). Purification, sequence, and cellular localization of a
novel chromosomal protein that binds to methylated DNA. Cell, 69
(6): 905–914

Lioy D T, Garg S K, Monaghan C E, Raber J, Foust K D, Kaspar B K,

Hirrlinger P G, Kirchhoff F, Bissonnette J M, Ballas N, Mandel G
(2011). A role for glia in the progression of Rett’s syndrome. Nature,
475(7357): 497–500

Lonetti G, Angelucci A, Morando L, Boggio E M, Giustetto M,
Pizzorusso T (2010). Early environmental enrichment moderates the

434 The neural circuit basis of Rett syndrome



behavioral and synaptic phenotype of MeCP2 null mice. Biol
Psychiatry, 67(7): 657–665

Marchetto M C N, Carromeu C, Acab A, Yu D, Yeo G W, Mu Y, Chen
G, Gage F H, Muotri A R (2010). A model for neural development
and treatment of Rett syndrome using human induced pluripotent
stem cells. Cell, 143(4): 527–539

McGraw C M, Samaco R C, Zoghbi H Y (2011). Adult neural function

requires MeCP2. Science, 333(6039): 186

Medrihan L, Tantalaki E, Aramuni G, Sargsyan V, Dudanova I, Missler
M, Zhang W (2008). Early defects of GABAergic synapses in the
brain stem of a MeCP2 mouse model of Rett syndrome. J
Neurophysiol, 99(1): 112–121

Moretti P, Levenson J M, Battaglia F, Atkinson R, Teague R, Antalffy B,

Armstrong D, Arancio O, Sweatt J D, Zoghbi H Y (2006). Learning
and memory and synaptic plasticity are impaired in a mouse model of
Rett syndrome. J Neurosci, 26(1): 319–327

Na E S, Nelson E D, Adachi M, Autry A E, Mahgoub MA, Kavalali E T,
Monteggia L M (2012). A mouse model for MeCP2 duplication
syndrome: MeCP2 overexpression impairs learning and memory and
synaptic transmission. J Neurosci, 32(9): 3109–3117

Nan X, Campoy F J, Bird A (1997). MeCP2 is a transcriptional repressor
with abundant binding sites in genomic chromatin. Cell, 88(4): 471–
481

Nan X, Ng H H, Johnson C A, Laherty C D, Turner B M, Eisenman R N,
Bird A (1998). Transcriptional repression by the methyl-CpG-
binding protein MeCP2 involves a histone deacetylase complex.
Nature, 393(6683): 386–389

Neul J L, KaufmannW E, Glaze D G, Christodoulou J, Clarke A J, Bahi-
Buisson N, Leonard H, Bailey M E S, Schanen N C, Zappella M,
Renieri A, Huppke P, Percy A K, and the RettSearch Consortium
(2010). Rett syndrome: revised diagnostic criteria and nomenclature.
Ann Neurol, 68(6): 944–950

Noutel J, Hong Y K, Leu B, Kang E, Chen C (2011). Experience-

dependent retinogeniculate synapse remodeling is abnormal in
MeCP2-deficient mice. Neuron, 70(1): 35–42

Qiu Z, Sylwestrak E L, Lieberman D N, Zhang Y, Liu X Y, Ghosh A
(2012). The Rett syndrome protein MeCP2 regulates synaptic
scaling. J Neurosci, 32(3): 989–994

Samaco R C, Mandel-Brehm C, Chao H T, Ward C S, Fyffe-Maricich S
L, Ren J, Hyland K, Thaller C, Maricich S M, Humphreys P, Greer J

J, Percy A, Glaze D G, Zoghbi H Y, Neul J L (2009). Loss of MeCP2
in aminergic neurons causes cell-autonomous defects in neurotrans-
mitter synthesis and specific behavioral abnormalities. Proc Natl
Acad Sci USA, 106(51): 21966–21971

Shahbazian M, Young J, Yuva-Paylor L, Spencer C, Antalffy B, Noebels
J, Armstrong D, Paylor R, Zoghbi H (2002). Mice with truncated
MeCP2 recapitulate many Rett syndrome features and display
hyperacetylation of histone H3. Neuron, 35(2): 243–254

Skene P J, Illingworth R S, Webb S, Kerr A RW, James K D, Turner D J,
Andrews R, Bird A P (2010). Neuronal MeCP2 is expressed at near
histone-octamer levels and globally alters the chromatin state. Mol
Cell, 37(4): 457–468

Stauder J E A, Smeets E E J, van Mil S G M, Curfs L G M (2006). The
development of visual- and auditory processing in Rett syndrome: an
ERP study. Brain Dev, 28(8): 487–494

Szulwach K E, Li X, Smrt R D, Li Y, Luo Y, Lin L, Santistevan N J, Li
W, Zhao X, Jin P (2010). Cross talk between microRNA and
epigenetic regulation in adult neurogenesis. J Cell Biol, 189(1): 127–
141

Taneja P, Ogier M, Brooks-Harris G, Schmid D A, Katz D M, Nelson S
B (2009). Pathophysiology of locus ceruleus neurons in a mouse
model of Rett syndrome. J Neurosci, 29(39): 12187–12195

Tropea D, Giacometti E, Wilson N R, Beard C, McCurry C, Fu D D,
Flannery R, Jaenisch R, Sur M (2009). Partial reversal of Rett
Syndrome-like symptoms in MeCP2 mutant mice. Proc Natl Acad

Sci USA, 106(6): 2029–2034

Uhlhaas P J, Singer W (2010). Abnormal neural oscillations and
synchrony in schizophrenia. Nat Rev Neurosci, 11(2): 100–113

van Zundert B, Yoshii A, Constantine-Paton M (2004). Receptor
compartmentalization and trafficking at glutamate synapses: a
developmental proposal. Trends Neurosci, 27(7): 428–437

Ward C S, Arvide EM, Huang TW, Yoo J, Noebels J L, Neul J L (2011).
MeCP2 is critical within HoxB1-derived tissues of mice for normal
lifespan. J Neurosci, 31(28): 10359–10370

Weng S M, McLeod F, Bailey M E S, Cobb S R (2011). Synaptic
plasticity deficits in an experimental model of Rett syndrome:
long-term potentiation saturation and its pharmacological reversal.

Neuroscience, 180: 314–321

Wood L, Gray N W, Zhou Z, Greenberg M E, Shepherd G M G (2009).
Synaptic circuit abnormalities of motor-frontal layer 2/3 pyramidal
neurons in an RNA interference model of methyl-CpG-binding
protein 2 deficiency. J Neurosci, 29(40): 12440–12448

Wood L, Shepherd G M G (2010). Synaptic circuit abnormalities of

motor-frontal layer 2/3 pyramidal neurons in a mutant mouse model
of Rett syndrome. Neurobiol Dis, 38(2): 281–287

Wu H, Tao J, Chen P J, Shahab A, GeW, Hart R P, Ruan X, Ruan Y, Sun
Y E (2010). Genome-wide analysis reveals methyl-CpG-binding
protein 2-dependent regulation of microRNAs in a mouse model of
Rett syndrome. Proc Natl Acad Sci USA, 107(42): 18161–18166

Young J I, Hong E P, Castle J C, Crespo-Barreto J, Bowman A B, Rose
M F, Kang D, Richman R, Johnson J M, Berget S, Zoghbi H Y
(2005). Regulation of RNA splicing by the methylation-dependent
transcriptional repressor methyl-CpG binding protein 2. Proc Natl
Acad Sci USA, 102(49): 17551–17558

Zhang Z W, Zak J D, Liu H (2010). MeCP2 is required for normal
development of GABAergic circuits in the thalamus. J Neurophysiol,
103(5): 2470–2481

Zhou Z, Hong E J, Cohen S, Zhao W N, Ho H Y H, Schmidt L, Chen W
G, Lin Y, Savner E, Griffith E C, Hu L, Steen J A, Weitz C J,
Greenberg M E (2006). Brain-specific phosphorylation of MeCP2
regulates activity-dependent Bdnf transcription, dendritic growth,
and spine maturation. Neuron, 52(2): 255–269

Zoghbi H Y (2003). Postnatal neurodevelopmental disorders: meeting at
the synapse? Science, 302(5646): 826–830

Darren GOFFIN and Zhaolan (Joe) ZHOU 435


	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55
	bmkcit56
	bmkcit57
	bmkcit58
	bmkcit59
	bmkcit60
	bmkcit61
	bmkcit62



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e0020000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d00280063002900200032003000300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


