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Abstract

Subtle alterations in synaptic function contribute to the pathophysiology associated with several
neuropsychiatric diseases. Modifications in synaptic vesicle trafficking can cause frequency-
dependent changes in neurotransmission, alter information coding in neural circuits, and affect
long-term plasticity. Rett syndrome, a neurodevelopmental disorder that arises from mutations in
the methyl-CpG-binding protein-2 (MeCP2) gene, is a salient example for such a disease state in
which synaptic transmission—in particular, spontaneous neurotransmission and short-term
synaptic plasticity, have been altered. MeCP2 is widely believed to be a transcriptional repressor
that silences methylated genes. Recent studies have identified synaptic deficits associated with the
loss of MeCP2 in several brain regions, including the hippocampus. These findings suggest a
synaptic basis for neurological symptoms associated with Rett syndrome and suggest an important
role for transcriptional repression in the regulation of neurotransmission. These studies also
highlight the importance of histone deacetylation and DNA methylation, two key epigenetic
mechanisms in controlling synaptic function. These mechanisms are essential for chromatin
remodeling in neurons as well as for repression of gene activation by MeCP2 and related methyl-
binding proteins. Future work focusing on the regulation of DNA methylation and histone
deacetylation by synaptic activity and how these epigenetic alterations affect neurotransmission
will be critical to elucidate the mechanisms underlying Rett syndrome. In addition, this work will
also help delineate a key pathway that regulates properties of neurotransmission in the central
nervous system that may underlie additional neuropsychiatric disorders.

Rett syndrome (RTT) is an X-linked neurodevelopmental disorder that has an incidence of
1:10000 live female births and is one of the leading causes of mental retardation and autistic
behavior in females (1). Individuals affected with RTT experience hormal development up
to the age of 6-18 months, at which time they fail to acquire new skills and enter a period of
motor skill regression. With time, RTT symptoms become more pronounced and include a
wide range of neurological defects including mental retardation, autism-like behavior,
seizures, sleep disturbances, problems with gait, decelerated head growth, and stereotypical
hand movements. In addition, most children afflicted with RTT show a loss of social and
cognitive abilities.

Mutations in the coding region of the methyl-CpG-binding protein 2 (MECPZ2) gene account
for > 96% of classic RTT cases (2—7). These mutations are predicted to result in loss of
MeCP2 function (8,9). In addition to classic RTT, mutations in the MECP2 gene have been
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identified in other patient populations including Angelman syndrome, autism, learning
disabilities, and mental retardation syndromes (10-15). The cyclin-dependent kinase-like 5
(CDKLY5) gene encodes for serine/threonine kinase 9, which has been demonstrated to
phosphorylate MeCP2. Mutations in this gene have been identified in some atypical RTT
individuals, particularly the early-onset seizures variant, suggesting that impairing MeCP2
function may also be sufficient to trigger a RTT-like phenotype (16-18). However, the
majority of congenital variants of RTT do not have mutations in either MECP2 or CDKL5
(19,20). A recent study has identified disruption of FOXG1, a transcriptional repressor
involved in neuronal progenitor proliferation, in some patients with the congenital variant of
RTT as well as a patient with severe mental retardation and RTT-like features, although a
direct link between FOXG1 and MeCP2 remains unknown (21,22). Duplication of the
MECP2 gene has also been detected in some male patients with mental retardation and
progressive neurological symptoms (23). Collectively, these findings strongly suggest that
alterations in MeCP2 expression or function may contribute to disease progression with
strong neurological phenotypes and furthermore that the levels of MeCP2 expression must
be tightly controlled under normal circumstances.

The MECP2 gene encodes a DNA binding protein that interacts with methylated cytosines
in genomes. However, compared with other methyl-CpG binding proteins, MeCP2 binding
requires an enrichment of A/T bases adjacent to methyl-CpGs (24). Normally, MeCP2 is
believed to act as a transcriptional repressor by binding to target gene promoters and
silencing their transcription in many tissues. However, a recent study suggests that MeCP2
may act as either a transcriptional activator or repressor in the hypothalamus (25). Another
group using ChlP-chip analysis of a human neuroblastoma cell line, SH-SY5Y, found that
MeCP?2 interacts closely with promoters that are actively expressed (26). These recent
studies suggest that MeCP2 may have a function independent of transcriptional repression,
perhaps in transcriptional activation, but they do not rule out that MeCP2 may be repressing
a repressor that triggers the transcriptional activation.

MeCP2 is expressed in many tissues; however, it is interesting that the majority of the RTT
deficits are pronounced in the central nervous system (CNS). MeCP2 is expressed at high
levels in the mammalian brain—in particular, in neurons, not glia. In immature neurons,
MeCP2 expression is low but increases during neuronal maturation and reaches its highest
level of expression in postmitotic neurons (27,28). This expression profile of MeCP2 during
development may suggest that MeCP2 is involved in neuronal maturation and dendritic
arborization (29). Interestingly, this high level of MeCP2 expression in postmitotic neurons
continues throughout adulthood, suggesting that MeCP2 may be a necessary factor for
proper neuronal function in mature neurons. Therefore, it is possible that alterations in
MeCP2 expression in specific brain regions is responsible for the behavioral abnormalities
observed in individuals afflicted with RTT and related mental retardation syndromes.

Attempts to model the disease by generating constitutive Mecp2 knockout (KO) mice results
in the recapitulation of many of the neurological symptoms of RTT, although these mice die
early in postnatal development (30-32). The early postnatal lethality of these constitutive
Mecp2 KOs prevents their use in behavioral characterization studies. To circumvent these
potential problems, conditional KO mice, in which floxed Mecp2 mice were crossed with
calcium-calmodulin-dependent protein kinase 11 (CaMKII)-Cre transgenic mice to delete
Mecp2 selectively in the forebrain, have been generated (30). This CaMKII-Cre mouse line
expresses Cre recombinase in forebrain regions during early postnatal (P14) development.
These mice have recently been characterized in a wide array of behavioral tests. The
conditional Mecp2 KO mice have many of the behavioral abnormalities that are reminiscent
of the symptoms seen in RTT patients, including impaired motor coordination, increased
anxiety, and abnormal social interaction with other mice (33). These data suggest that
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expression of MeCP2 in postnatal neurons is crucial for normal development and that the
postnatal loss of MeCP2 in broad forebrain areas is sufficient to recapitulate many features
of RTT.

To date, there have been two lines of MECP2 overexpression mice generated. One study
used a targeting approach in which MECP2 from a P1-derived artificial chromosome was
expressed under the endogenous human promoter (34). These mice showed enhanced motor
coordination on the rotarod, less anxiety-related behavior, and increased context-dependent
fear conditioning compared with wildtype littermate control mice (34). The second line of
transgenic mice used a targeting approach in which MECP2 cDNA was inserted into the Tau
locus to express MeCP2 specifically in postmitotic neurons. These mice express two- to
fourfold more MeCP2 in the brain than wild type mice and display some neurological
deficits including motor dysfunction, ataxia, and tremors, although an extensive behavioral
analysis of these mice has not been reported (35). Nevertheless, it is intriguing that the
overexpression of MeCP2 produces behavioral phenotypes opposite to those observed in the
Mecp2 conditional KOs (33,35). Collectively, data from the conditional KO mice and the
overexpression mice suggest slight alterations in the expression levels of MeCP2 can exert
profound effects on behavior.

Although the conditional Mecp2 KOs were able to recapitulate many of the behavioral
phenotypes associated with RTT patients, no major neuroanatomic abnormalities or
neuronal loss were observed in these mice (30). Indeed, studies examining the brains of RTT
patients as well as other recent mouse models of the disease have not found major
neuropathologic abnormalities or neuronal loss but rather only subtle changes in neuronal
morphology (27,36,37). Furthermore, the transgenic MECP2 overexpression mice also do
not display any major neuropathologic abnormalities (34,35).

One of the most consistent changes in neuronal morphology observed in postmortem brains
of RTT patients, as well as animal models of the disorder, are alterations in the structure of
neuronal dendrites and dendritic spines, varying from increases in dendritic complexity to
immature synaptic spine morphology. Similar modifications in neuronal morphology are
seen in several neurodevelopmental disorders such as Fragile X and are typically interpreted
as indicators of a malfunction of synaptic development and plasticity (36,38). This finding is
particularly intriguing because individuals affected with RTT experience normal
development up to the age of 6-18 months, the period of pronounced synaptogenesis in the
brain, at which time they then fail to acquire new skills and undergo motor skill regression.
Recent work has demonstrated that alterations in dendritic structure can result from changes
in synaptic activity (39). Therefore, the morphological changes in dendritic structure in RTT
patients and in mouse models of the disease may suggest an underlying synaptic deficit in
neurotransmission in the CNS. Thus, it is plausible that changes in MeCP2 expression may
contribute to functional alterations in synaptic transmission ultimately resulting in disease
phenotypes.

The lack of major anatomic deficits in RTT patients and in the Mecp2-null knockout mice
suggest the possibility that the behavioral deficits observed may be able to be reversed.
Accordingly, two recent studies suggest that MECP2 activation in the brain of null Mecp2
mice can reverse some of the behavioral phenotypes (40,41). The reversibility of behavioral
impairments in a disease model represents an intriguing and important advancement.
However, the presence of MECP2 on the X-chromosome makes RTT symptoms vary with
the degree of X-inactivation, making it unclear whether reintroduction of MECP2 in patients
will be sufficient to alleviate the behavioral impairments.
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MeCP2 and Synaptic Transmission

Recently, researchers have discovered a number of defects in synaptic function in several
mouse models of RTT. It appears that the loss of MeCP2 function can lead to changes in
spontaneous synaptic transmission as well as in short- and long-term synaptic plasticity.
Two studies, one using a Mecp2-null mouse (42) and another using a mouse expressing a
truncated form of MECP2 (43), found deficits in both long-term potentiation (LTP) and
long-term depression (LTD) in hippocampal slices from these mice compared with control
littermates. Interestingly, whereas the first study saw these changes only in older,
symptomatic mice (42), the second found them also in younger, asymptomatic mice,
suggesting the possibility that these synaptic deficits may be occurring before the
manifestation of RTT-like behaviors (43). Additional defects in basal synaptic transmission
were seen in these as well as two other studies. In cortical pyramidal neurons, the propensity
of spontaneous miniature excitatory postsynaptic currents (MEPSCs) was reduced in Mecp2
knockout mice, whereas a small increase was seen in the overall synaptic charge of
spontaneous inhibitory postsynaptic currents (mIPSCs) (44). In dissociated hippocampal
cultures, a significant decrease in the frequency of spontaneous mEPSCs in Mecp2 knockout
versus control neurons was observed, whereas no change was seen in mIPSC properties
(45). These changes in synaptic transmission—in particular, short-term plasticity—may be
quite important in underlying mechanisms of neurological dysfunction observed in RTT
patients. In addition, each of these studies investigating MeCP2 and synaptic transmission
points to a possible imbalance between excitatory and inhibitory activity in the brains of
Mecp2 mutant mice, perhaps toward less excitation and therefore more inhibition, but this
needs to be explored further. There are a number of studies suggesting an abnormal ratio of
excitation/inhibition in the brain activity of autistic patients (46-48), and because RTT is
considered an autism-spectrum disorder, it is not unreasonable to hypothesize that
something similar may be occurring in RTT patients.

Conversely, synaptic deficits have also been reported in transgenic overexpressing MECP2
mice (34). In a mouse model expressing MECP2 under the endogenous human promoter in
wildtype animals, enhanced LTP and paired-pulse facilitation have been observed (34).
Although these are the only synaptic measurements that have been reported following
MECP2 overexpression, it is intriguing that the findings are opposite to the results observed
with Mecp2 KO mice. Interestingly, a recent study has reported directly correlated changes
in the number of glutamatergic synapses in autapse cultures in response to loss or increase in
MeCP2 levels, suggesting that MeCP2 is a critical factor in regulating glutamatergic synapse
formation (49). However, these changes in synapse numbers were only observed at an early
developmental time period not at later stages of development (49). Collectively, these data
demonstrate that alterations of MeCP2 expression impact synaptic function, as well as
potentially synapse numbers, indicating that MeCP2-expression is critical for normal
neuronal function.

Impact of Transcriptional Repression Inhibitors on Synaptic Transmission

The regulation of gene expression is important for all aspects of a neuron including
maturation, survival, and responses to exogenous stimuli. Mutations that result in loss of
function of a transcriptional repressor, such as MeCP2, would be expected to produce
alterations in gene expression and ultimately neuronal function (42-45). However,
microarray studies have not yielded consistent large-scale gene changes in RTT patients or
in mouse models of the disease (25,50-52). A recent study suggests that MeCP2 may
function independent of a transcription factor and instead play a role in RNA splicing (53).
Yet another study found MeCP2 localized to the postsynaptic compartment suggesting some
additional role outside of the nucleus (54).
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Previous studies have shown that MeCP2 is a prototypical member of the methyl-CpG-
binding domain protein family linked with transcriptional repression. MECP2 has two
functional domains, a methyl-CpG binding domain (MBD) and a transcription repressor
domain (TRD). The majority of the RTT disease—causing mutations occurs within these
functional domains (2-5,7). MeCP2, through its MBD, binds to methylated-CpG sites and,
through its TRD, interacts with a multiprotein corepressor complex and is believed to
silence gene expression (55). This multiprotein corepressor complex contains corepressor
proteins histone deacetylases 1 and 2 (HDAC1 and HDAC?) as well as Sin3A. HDACs are a
family of enzymes that modulate chromatin structure, facilitating protein-DNA interactions
and transcriptional control by catalyzing the removal of the acetyl group from acetylated
lysines of histone proteins to repress gene expression. Importantly, several HDAC inhibitor
drugs are under development as possible therapeutics for diseases such as cancer. A very
broad-acting HDAC inhibitor, trichostatin A (TSA), has been demonstrated to relieve
transcriptional repression by MeCP2 (55,56).

To examine whether the synaptic deficits observed in various RTT animal models were due
to MeCP2’s role as a transcriptional repressor, wildtype hippocampal cultures from C57BL/
6 mice have been treated with HDAC inhibitors, including TSA, and spontaneous
neurotransmission was examined (45). Inhibition of HDAC activity resulted in a similar
decrease in mEPSC frequency to that observed in MeCP2 KO neurons. Interestingly,
treatment with actinomycin D, an inhibitor of transcriptional activation, at this time point did
not affect synaptic transmission, suggesting that the synaptic deficits were selectively due to
impairments in transcriptional repression and not transcriptional activation. This decrease in
mEPSC frequency produced by HDAC inhibitors was reversed when combined with
actinomycin D, suggesting that newly transcribed genes are involved in the suppression of
synaptic function. Importantly, this alteration in spontaneous synaptic transmission was
occluded in MeCP2 KO neurons treated with HDAC inhibitors, suggesting that altered
synaptic transmission by HDAC inhibition requires MeCP2 and may be mediated through
transcriptional repression by MeCP2. If these deficits in synaptic transmission are mediated
through MeCP2’s role as a transcriptional repressor, then these data suggest that specific
synaptic proteins may be MeCP2 target genes that are altered when MeCP2 function is
impaired, as with the disease-causing mutations, and thus contribute to the alterations in
synaptic transmission (Figure 1). One intriguing aspect to this hypothesis is that the
expression of synaptic genes are tightly controlled, and even slight changes in their
expression can profoundly influence synaptic transmission, which could be easily missed by
a broad-scale microarray approach searching for large changes in gene expression.

DNA Methylation as an Epigenetic Mechanism That Regulates Synaptic
Transmission

As stated earlier, the MECP2 gene encodes a DNA binding protein that binds to methylated
cytosines, which is widely believed to enable MeCP2 to act as a transcriptional repressor at
target gene promoters, silencing their transcription. DNA methylation is a prominent
epigenetic mechanism that regulates gene expression independent of changes in the DNA
sequence. Dysregulation of DNA methylation may therefore provide a more general
mechanism whereby altered gene expression in neurons give rise to several neuropsychiatric
disorders including those within the autism spectrum. DNA methylation typically leads to
repression of gene expression and promotes genome stability in various species. In
mammals, DNA methylation plays roles in many processes, such as X chromosome
inactivation, genomic imprinting, and chromosome stability. DNA methyl-transferases
(DNMTSs) are the enzymes responsible for adding methyl groups at the 5-position of
cytosine residues within CpG dinucleotides. During development, widespread methylation
changes occur in primordial germ cells and preimplantation embryos (57,58). Following
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cellular differentiation, DNA methylation changes are less numerous and are thought to
control the tissue-specific gene expression required to maintain the identity of cells. Studies
of DNA demethylation in differentiated cells suggests a passive mechanism by which
methylation patterns are lost during the DNA replication that occurs with each cellular
division (59). The idea that an active mechanism of demethylation can occur in a
replication-independent manner is rather controversial. However, evidence for this type of
demethylation does exist. For example, demethylation of transfected DNA into
nonreplicating cells has been shown to occur (60). More recently, the growth arrest and
DNA damage protein Gadd45a was discovered to play a role in active demethylation of
DNA in proliferating as well as in nondividing cells by promoting DNA repair and thereby
erasing methylation marks (61). In addition, recent studies also suggest that DNMTs may
also act as DNA demethylases leading to cyclical DNA methylation (62,63).

The importance for DNA methylation in the brain is becoming apparent because of its
association with a number of neurodevelopmental disorders. Both Fragile X and ICF
(Immunodeficiency, Centromeric region instability, Facial anomalies) syndromes, arise from
malfunctions in the establishment of normal DNA methylation patterns (64,65). Rett
syndrome is caused by mutations in the DNA methyl-binding protein MeCP2, a protein
important for interpreting DNA methylation and controlling the repression of gene
transcription (2). Patients of all three syndromes manifest levels of mental retardation,
suggesting the importance for proper DNA methylation in the regulation of normal brain
function.

DNMTs are highly expressed in neurons in the adult brain, suggesting that they may have a
functional role in postmitotic neurons (66-69). Methylcytosine analogs, including 5-
azacytidine, can inhibit DNA methylation in many cell types (70). Recent studies suggest
that inhibiting DNA methylation in hippocampal slices blocks long-term memory and
synaptic plasticity (71,72). Treatment with methylcytosine analogs has also been shown to
block LTP and memory formation following contextual fear conditioning, a hippocampal-
dependent associative learning and memory task (71,72). In other studies, prolonged
depolarization of cultured cortical neurons has been reported to result in a decrease in
methylation in the promoter region of brain-derived neurotrophic factor (BDNF), a
neurotrophin important for synaptic plasticity (73). These studies suggest that there may be a
relationship between synaptic activity and DNA methylation in mature neurons. However,
the mechanisms behind these changes in DNA methylation and synaptic function are
unknown.

In a recent study, spontaneous synaptic transmission between postmitotic neurons was
demonstrated to be regulated by alterations in DNA methylation that occur in response to
synaptic activity (74). Treatment of hippocampal neurons with DNMT inhibitors resulted in
a significant decrease in the frequency of mMEPSCs as well as in the rate of spontaneous
synaptic vesicle fusion, which correlated with a decrease in BDNF promoter | methylation
and an increase in BDNF expression but were blocked with inhibition of synaptic activity.
These results demonstrate that effects on both synaptic transmission and BDNF promoter
methylation are dependent on the background activity occurring in the neuronal cultures.
This activity-dependent regulation is partially due to the calcium influx through N-methyl-
D-aspartate receptors and presumably leads to the demethylation of specific gene promoters.
This demethylation of specific genes may be mediated by an active demethylating enzyme
in neurons; however, the existence of such an enzymatic activity remains an open question.
Alternatively, activity may drive demethylation through a process that takes advantage of
the DNA damage and repair machinery (66).
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Regardless of the underlying mechanism(s), there is increasing support for activity-driven
changes in DNA methylation in postmitotic neurons. In addition to regulation of BDNF
expression, both increases and decreases in the DNA methylation patterns of two genes
involved in synaptic plasticity, protein phosphatase 1 and reelin, respectively, were found in
the hippocampus following fear conditioning (72).

MeCP2 Function and the Synaptic Basis of Rett Syndrome

Recent results demonstrate an intimate relationship between DNA methylation in neurons
and the function of MeCP2. The deficit seen in spontaneous synaptic transmission following
treatment of hippocampal neurons with DNMT inhibitors was occluded in the absence of
MeCP2 (74). These findings suggest a role for DNA methylation in the control of synaptic
function, which shares a common pathway with the methyl-binding protein MeCP2.
Furthermore, these results suggest that neuronal activity can drive the transcription of genes
important for controlling neurotransmitter release by regulating their methylation status. In
addition to regulation of DNA methylation, activity-dependent phosphorylation of MeCP2
has recently been shown to cause its dissociation from target genes and relieve its repression
of transcription (75). Furthermore, the same group showed that Ca%*-calmodulin-dependent
kinase 11 mediated phosphorylation of MeCP2 can be driven by Ca2* influx as well as
excitatory synaptic activity, leading to the expression of several activity-induced genes
including BDNF (76). The same study also showed that phosphorylation-dependent
regulation of MeCP2 function was required for normal dendritic patterning and dendritic
spine development. Taken together with MeCP2 phosphorylation, activity-dependent loss of
DNA methylation can be powerful mechanism by which MeCP2 is released from the
promoters of target genes. These findings on activity-dependent regulation of MeCP2
function and their impact on neurotransmission as well as neuronal morphology suggest a
homeostatic mechanism by which neuronal nuclei can monitor alterations in activity levels
and adjust neurotransmitter output via altering gene expression and thus affect network
excitability.

In summary, we are now only beginning to unravel the complex network of epigenetic
interactions that control neuronal function underlying behavioral adaptations. ldentification
of mutations in the MeCP2 gene as the causative factor for the Rett syndrome triggered a
string of detailed studies elucidating the role of MeCP2 in regulation of synaptic activity.
The availability of excellent tools to study the exact function of MeCP2 and associated
proteins in neurotransmission makes Rett Syndrome and MeCP2 an ideal Rosetta Stone for
deciphering epigenetic regulation of neuronal function. This effort not only will lead to
potential therapeutic interventions for a devastating neurological disorder but also will shine
light onto cellular mechanisms that underlie autism spectrum disorders in general.
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Figure 1.

(A) Cartoon depicts the domain structure of MeCP2 as well as sites of common mutations.
Mutations associated with Rett syndrome (denoted by red vertical bars) can be found both in
methyl-CpG-binding and transcriptional repression domains of MeCP2 as well as the region
in between. These mutants typically result in loss of MeCP2 function. (B) A model
summarizing current notions on the relationship between MeCP2 function and synaptic
activity. According to this model, synaptic activation of N-methyl-D-aspartate (NMDA)
receptors leads to the demethylation of specific gene promoters or phosphorylation leading
to unbinding of methyl-binding transcriptional repressors such as MeCP2. Removal of
transcriptional repression results in an increase in transcription of target genes including
brain-derived neurotrophic factor, which in turn regulate neurotransmission. This model
suggests a homeostatic mechanism by which neuronal nuclei can monitor alterations in
activity levels and adjust neurotransmitter output via altering gene expression.
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