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ubiquitination, or sumoylation can lead to both gene activation
and repression (14). One of the best-studied modifications is
the acetylation status of lysine residues, a reversible process
that is catalyzed by either HAT or HDAC. The addition of an
acetyl group by a member of the HAT family conveys structural changes, as it decreases the interaction between the
negatively charged DNA backbone and the positively charged
histone tail. This decrease in interaction can lead to a less
compacted nucleosome, which is open to transcription factor
complexes. Therefore, histone acetylation is associated with
increased gene transcription. Conversely, HDAC remove the
acetyl group, potentially leading to a general repression of
gene transcription. Methylation of histones is another form of
epigenetic regulation that has heritable, long-term effects, but
can be reversed as well. Studies in the last few years have
found that methylation on histone H3 at lysine 4 (K4) is
associated with transcriptional activation whereas the di- and
tri-methylation on histone H3 at lysine 9 (K9) is indicative of
transcriptional inhibition. Although it was previously thought
that histone methylation was stable, enzymes that can demethylate histones have been discovered. PADI4, lysine-specific
histone demethylase 1 (LSD1), and the JmjC-domain histone
methylases (JHDM) can all remove methyl groups from histone residues (15,16). This newly discovered mechanism for
histone demethylation adds another wrinkle into the understanding of how histones regulate gene expression.

ABSTRACT: The development and function of the CNS requires
accurate gene transcription control in response to proper environmental signals. Epigenetic mechanisms, including DNA methylation,
histone modifications, and other chromatin-remodeling events, are
critically important in mediating precise neural gene regulation. This
review focuses on discussing the role of DNA methylation and
histone modifications in neural lineage differentiation, synaptic plasticity and neural behavior. We postulate that DNA methylation– and
histone modification–mediated gene regulation is not only important
for neural cell differentiation but also crucial for high-order cognitive
functions such as learning and memory. (Pediatr Res 61: 58R–63R,
2007)

N

eural development is composed of a cascade of genetic
programs that precisely control stage-specific gene activities required for neural patterning, cell migration, and
neuronal connectivity (1,2). Proper regulation of stagespecific gene expression in the nervous system is not only
controlled by the transcriptional machinery, but is also subject
to modulation by epigenetic mechanisms such as DNA methylation, histone modifications, nucleosome and chromatin remodeling, and noncoding RNA-mediated posttranslational
regulation (3,4).
DNA methylation is catalyzed by a family of DNA methyltransferases (Dnmt) that include de novo (Dnmt 3a, Dnmt
3b) and maintenance methyltransferases (Dnmt1) (5,6). DNA
methylation inhibits gene expression by either directly interfering with transcription factor binding to DNA (7) or recruitment of methyl-CpG binding domain (MBD) proteins which
complex with histone deacetylase (HDAC) to transform chromatin to a repressive state (8) (Fig. 1). Recent studies indicate
that DNA methylation is reversible (9,10) and subject to
dynamic regulation throughout embryogenesis and possibly
the postnatal CNS (11). Consistent with its important role
during development, mutations of Dnmts in mice all lead to
embryonic or early postnatal lethality (12,13).
While modification of DNA by methylation generally leads
to gene silencing, posttranslational modifications of histone
proteins including acetylation, methylation, phosphorylation,

DYNAMIC EXPRESSION OF DNA
METHYLTRANSFERASES IN THE NERVOUS
SYSTEM
In mammals, DNA methylation is virtually exclusively at
CpG dinucleotides and is catalyzed by a family of DNA
methyltransferases including Dnmt1, Dnmt3a, and Dnmt3b.
Dnmt1 expression is remarkably high in the embryonic nervous system, consistent with the proposed role for Dnmt1 in
maintaining DNA methylation in dividing neural progenitor
cells (17). However, it is unclear why Dnmt1, as a major
maintenance DNA methyltransferase, is still expressed in
postmitotic neurons in perinatal and adult CNS (17,18).
Brooks et al. (18) suggested that Dnmt1 expression in post-
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changes of DNA methylation in association with neural injury
or diseases.
CONTROL OF NEURAL CELL DIFFERENTIATION
BY DNA METHYLATION

Figure 1. Schematic drawing of reversible regulation of gene expression
through DNA methylation-related chromatin remodeling. Open circles represent unmethylated DNA and solid circles represent methylated DNA. HMT,
histone methyltransferase; MBD, methyl-CpG binding domain proteins; Pol
II, RNA polymerase II; TF, transcription factor.

mitotic neurons might serve to maintain DNA methylation
after base-excision repair of the G:T mismatch that can occur
upon deamination of the methylated cytosine. Alternatively,
Dnmt1 may still be required for maintaining DNA methylation if methylation turnover occurs in adult postmitotic neurons. Coincidently, the level of DNA methylation is also
higher in adult brain than in other tissues (19 –21). Dnmt3a
and Dnmt3b exhibit a complementary expression pattern in
the developing nervous system (11,22). Dnmt3b is mainly
expressed in early embryonic cells and neural progenitor cells
during neurogenesis. In contrast, Dnmt3a is predominantly
expressed in later developmental stages and adult brain, which
is detected in all neural cell lineages including neural precursor cells, maturing neurons, oligodendrocytes and a subset of
astrocytes. In neuronal cells, Dnmt3a expression steadily increases and reaches a peak level around postnatal 2–3 wk,
which are a critical window of neuronal maturation. In adult
CNS neurons, relatively low levels of Dnmt3a proteins are
detectable by Western blot analysis and immunohistochemistry (11,22). A similar finding has been shown in the olfactory
epithelia, where Dnmt3a is shown to be present in maturing
olfactory receptor neurons (23). Taken together, the stage- and
cell type-specific patterns of Dnmt3a and Dnmt3b suggest that
these two enzymes play different roles in neural development
and function.
The expression or enzymatic activity of Dnmt is also subject to active regulation under physiologic or pathologic conditions. Rampon et al. (24) found that Dnmt1 mRNA level
was dramatically up-regulated in the mouse brain when animals were placed in an enriched environment for 3– 6 h,
suggesting a potential role for Dnmt1 in learning and memory.
Endres et al. (25) demonstrated that levels of DNA methylation in the brain were actually increased upon ischemic
injury, and this increase was partly dependent on Dnmt1
activity. Blocking Dnmt1 activity, either genetically or pharmacologically, is protective to the injured neurons, suggesting
that a precise regulation of DNA methylation levels is important for neuronal survival (25). In patients suffering psychosis
(bipolar disorder and schizophrenia), cortical interneurons
appear to over express DNMT1 mRNA, which negatively
correlates to the observed decrease in glutamic acid decarboxylase 67 (GAD67) mRNA in these cells (26). Although it is
unclear whether deregulation of DNMT expression is a cause
or a consequence of these pathologic conditions, the modulation of DNMT activity and expression argues for the potential

As the CNS develops, neural precursors of the subventricular zone first give rise to neurons, which migrate out to
different layers of the cortex. This is followed by a switch that
gives rise to astrocytes and oligodendrocytes. Maintaining
proper control of gene expression is necessary for these transitions. Teter et al. (27) and Takizawa et al. (28) have shown that
developmental demethylation of the GFAP gene promoter is
correlated with the activation of GFAP gene transcription
during astrogliogenesis. Furthermore, methylation of the CpG
within the STAT3 binding site can block the association of
activated STAT3 with the GFAP promoter, consistent with the
model that DNA methylation represses GFAP expression (28).
To address the function of Dnmt1 in the CNS, we have
previously generated conditional mutant mice that are deficient in Dnmt1 exclusively in mouse CNS precursor cells or
postmitotic neurons through conditional mutations (29).
Dnmt1 deficiency in neural precursor cells causes global
demethylation in the entire CNS and neonatal death due to
respiratory failure (24), consistent with a critical role for DNA
methylation in controlling vital CNS functions. The generation of conditional Dnmt1 mutant mice also provides us with
a tool to identify neural genes that are regulated by DNA
methylation in the CNS. Indeed, by using DNA microarrays to
profile gene expression (our unpublished result), we found that
STAT1 mRNA is significantly increased in the demethylated
CNS (30). Because the JAK-STAT pathway is crucial for the
timing of gliogenesis (31,32), the elevated expression of
STAT signal suggests that astroglial differentiation may be
affected in Dnmt1-deficient brain. Subsequently, we demonstrated that the GFAP promoter is precociously demethylated
in Dnmt1-deficient CNS. Moreover, the elevation of STAT
signals, in concert with demethylation in glial genes, leads to
precocious astrogliogenesis (30). Our findings provide a
mechanism where DNA methylation controls the timing of
astrogliogenesis through the regulation of STAT activation as
well as the chromatin remodeling of glial marker genes such
as GFAP. Nevertheless, many questions still remains as to
how developmental demethylation occurs in the STAT1 and
GFAP promoters. Is demethylation a passive process that
requires DNA replication or is it an active process? If it is an
active process, does it function through either a DNA glycosylase or some other unknown enzyme that can remove
methyl groups without base repair? How is the timing of this
demethylation regulated? Is it the result of extracellular signals or through an intrinsic clock mechanism?
HISTONE MODIFICATIONS IN NEURONAL AND
GLIAL DIFFERENTIATION
In addition to alterations in DNA methylation, epigenetic
modifications to histone tails can play important roles in
lineage specification during differentiation of neural precursor
cells. Recent work in multipotent adult neural progenitor cells
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has implicated an important role for the inhibition of histone
deacetylation during neuronal differentiation. Hsieh et al. (33)
showed that when adult rat neural progenitors were treated
with valproic acid (VPA), a known HDAC inhibitor, a decrease in the proliferation of adult neural progenitors was
coupled with an increase in neuronal differentiation without
increasing gliogenesis. Upon examination of gene expression
levels, an increase in NeuroD mRNA occurs after VPA treatment (33). Correspondingly, over-expression of NeuroD in
neural progenitors resulted in increased neurons and reduced
ability to differentiate into glial subtypes, similar to VPA
treatment. When injected into the adult hippocampus, VPA
resulted in a decrease in proliferation and an increase in neural
differentiation (33). Taken together, these data suggest modifications to histone tails regulate gene expression during rat
neural precursor differentiation.
In a similar study, work in neonatal rats has demonstrated
the necessity for histone deacetylase activity for oligodendrocyte lineage progression (34). Treatment of oligodendrocyte
progenitors with trichostatin A (TSA), another HDAC inhibitor, resulted in the blockage of differentiation in mature
oligodendrocytes. Surprisingly, HDAC inhibition did not affect the maturation of type II astrocytes, as demonstrated by
the presence of GFAP positive cells. In a later study, the same
lab showed that the acetylation status of histones is an important timing mechanism for oligodendrocyte differentiation
(35). Deacetylation of histone H3 by class I HDAC occurred
during the onset of myelination, which happens within the first
2 wk of postnatal development. Subsequently, the mature
oligodendrocytes acquire H3 lysine 9 methylation and are not
affected by HDAC inhibitors. How histone deacetylation can
push progenitors toward an oligodendrocyte fate is not fully
understood, as de-acetylation is associated with gene repression. One model suggests that the genes responsible for
differentiation have negative regulatory elements in their promoters that are only accessible in an acetylated state. Upon
de-acetylation, the association of negative regulatory elements
is blocked and the genes required for oligodendrocyte differentiation can be expressed. A second model hypothesizes that
genes blocking oligodendrocyte differentiation are expressed
due to their acetylated state, and, upon differentiation, deacetylation of histones leads to transcriptional repression and
allows for the expression of downstream genes responsible for
oligodendrocyte differentiation. The second model is consistent with the observed regulation of NeuroD via histone
acetylation/de-acetylation in rat neural precursors (33).
EPIGENETIC MECHANISMS IN NEURAL
PLASTICITY, LEARNING, AND MEMORY
Plasticity changes during physiologic stimuli such as neuronal activity or in response to environmental changes underlie behavioral tasks such as learning and memory. The plasticity changes in the CNS include the long-term structural
change of synaptic connectivity dependent upon stable modulation of gene expression. We have previously postulated that
regulation of activity-dependent neuronal gene expression
involves DNA methylation and chromatin remodeling. Using

the gene regulation of brain-derived neurotrophic factor
(BDNF) as an example, we and others have shown that
activity-dependent induction of BDNF expression in cortical
neurons is accompanied with the dissociation of a repression
complex including the methyl-CpG-binding domain protein
MeCP2 and histone deacetylases (36,37). We have demonstrated that a decrease in CpG methylation within the BDNF
promoter may mediate sustained elevation of BDNF gene
transcription in long-term culture of cortical neurons with
depolarizing conditions (36). Since BDNF is a critically important gene for neuronal survival and plasticity, these results
implicate that DNA methylation can influence neural plasticity through the regulation of activity-dependent neuronal
genes.
A recent study with inhibitors of Dnmt in hippocampal slice
cultures suggests that Dnmt inhibitors can block long-term
potentiation (LTP) in the hippocampus (38). However, it is
unclear whether the influence of Dnmt inhibitors on LTP is a
direct pharmacological effect of suppressing the physiologic
pathway for LTP or if it is mediated by methylation changes.
With the availability of mutant mice that are deficient in
Dnmt1 or Dnmt3a/3b in the hippocampus, we may evaluate
more accurately the involvement of DNA methylation in the
regulation of synaptic plasticity directly. Using a conditional
knockout approach, we recently generated viable mutant mice
that are deficient for Dnmt1 exclusively in the cortex and
hippocampus (Hutnick et al., unpublished results). With this
strain of mutant mice, Golshi et al. (39) examined functional
thalamocortical neurotransmission and found that thalamocortical LTP cannot be induced in slices from mutant mice.
Demethylation in the cortex also blocked the development of
somatosensory projection in the sensory cortex, consistent
with the notion that normal methylation is required for the
development of synaptic plasticity (39).
Long-lasting changes in synaptic plasticity are believed to
be one of the mechanisms underlying learning and memory.
The involvement of histone modification/chromatin remodeling in synaptic plasticity of learning and memory was first
reported in Aplysia (40). Histone acetylation and deacetylation were shown to modulate the activation or inhibition of memory storage-related gene expression, respectively
(40) (Fig. 2). Within a single sensory neuron, an excitatory
transmitter serotonin could induce expression of CREB1 transcription factor (c-AMP response element binding protein 1).
Chromatin immunoprecipitation assays showed that CREB1
recruits CBP (CREB binding protein, which has histone acetylase activity). Subsequently, through histone acetylation and
the recruitment of transcriptional machinery, CREB1/CBP
together leads to the activation of downstream gene C/EBP
that is required for a form of long-term synaptic plasticity with
increased synapse strength called long-term facilitation (40)
(Fig. 2A). On the contrary, treatment of this sensory neurons
with an inhibitory transmitter FMRFamide would cause the
displacement of CREB1/CBP with repressor complex CREB2
(ATF4)/HDAC5 on the target C/EBP gene promoter, leading
to the promoter deacetylation and inhibition of C/EBP gene
expression as well as subsequent switch of synaptic plasticity
into long-term depression (40) (Fig. 2B).
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H3 acetylation and H3 phosphorylation changes in the hippocampus (46). These histone modifications may possibly be
regulated through the ERK/MAPK pathway, a key signaling
cascade for hippocampal memory consolidation. But
whether H3 acetylation and H3 phosphorylation play convergent or independent roles during the memory formation
is still unclear.
EPIGENETIC REGULATION OF NEURAL
BEHAVIOR

Figure 2. Histone modifications mediate alterations in neural gene expression
and long-term neural plasticity. A schematic drawing of excitatory (A) and
inhibitory (B) synaptic transmission in a sensory neuron in Aplysia that can
lead to long-term synaptic plasticity changes such as LTF (long-term facilitation) and LTD (long-term depression) (40). Histone acetylation through
HAT proteins (e.g. CBP) or de-acetylation by HDAC5 is involved in the
stable alterations in the expression of the plasticity genes such as C/EBP.

In humans, the mutation of the CBP gene is believed to be
the cause of a mental retardation disease: Rubinstein-Taybi
syndrome (41). As a coactivator of transcription, CBP has
dual functions in mediating gene activation. First, CBP serves
as a platform for recruiting other transcription factors to the
transcriptional machinery. Second, CBP works as a histone
acetyltransferase that alters chromatin structure. By using
transgenic mouse models of RTS, the histone acetyltransferase
activity of CBP was recognized as the critical component of
memory consolidation (42– 44). Long-term memory stabilization was impaired in one RTS mouse model possessing hippocampal specific expression of a mutant form of CBP lacking
HAT activity (43). Either the suppression of transgene expression or HDAC inhibitor administration in adult mice could
reverse the effect, both of which provided a potential option
for future therapy. By using a haploinsufficiency form of the
RTS mouse model, the memory deficit could also be ameliorated by enhancing the CREB-dependent gene expression, as
well as inhibiting HDAC (42). These results suggest that both
histone acetylation function of CBP and CREB coactivation
are important for the memory formation. Within the multiple
functional domains of CBP, perhaps the CREB-binding (KIX)
domain is the one that is essential for long-term memory
storage (45). In this case, recruitment of the transcriptional
coactivator CBP via the KIX domain may select a set of genes
under CREB regulation that are required for the long-term
memory storage.
Whereas deficiency of chromatin remodeling would lead to
problem with memory formation, it has been clearly demonstrated that changes in memory may induce histone modification changes as well. For example, contextual fear conditioning, a robust model of associative learning, can lead to both

The early experience has a profound effect on adult patterns
of behavior. For instance, initial parenting style can influence
a child’s future behavior and personality. One key question
remaining to be answered is how the effects of early environmental factors on phenotype are maintained in the long-run.
One interesting phenomenon is that levels of pup licking/
grooming and arched-back nursing (LG-ABN) by rat mothers
within the first week after birth has a profound effect on the
pups’ stress response later in their adult lives. More specifically, the offspring of “high LG-ABN” mothers are less fearful
and show more modest hypothalamic-pituitary-adrenal (HPA)
responses to stress than the offspring of “low LG-ABN”
mothers (47). In a cross-fostering experiment in which biologic offspring of a “low LG-ABN” mother are raised by a
“high LG-ABN” mother, the “low LG-ABN” offspring will
resemble the stress response of normal offspring of the “high
LG-ABN” mother. This cross-fostering experiment implies
the possibility that this behavioral effect is under control of
nongenomic modulation (48). Correspondingly, the adult offspring of “high LG-ABN” mothers show increased hippocampal glucocorticoid receptor (GR) expression. To examine how
early maternal LG-ABN behavior affects the pups’ GR expression levels, Weaver et al. (49) found there is a dynamic
change of the epigenome around the GR gene promoter
region. The transcription factor NGFI-A binding site within
the first exon of GR switched from an unmethylated state to a
methylated status just after birth. Strikingly, over the critical
period of the postnatal first week, exposure to “high LGABN” mothering caused one key CpG site to be demethylated,
which did not happen under “low LG-ABN” maternal care. In
addition, the histone surrounding the GR promoter region also
became more acetylated under “high LG-ABN” mothering. As
a result, both DNA demethylation and histone acetylation
provided open access for NGFI-A to GR gene regulation. The
sustained GR expression then maintained long-term modest
stress response in the “high LG-ABN” mother–raised offspring. Most importantly, in adult rats, CNS administration of
HDAC inhibitor reversed the stress response under “low
LG-ABN” care. In contrast, providing a donor of methyl
groups for DNA methylation also reversed stress response in
“high LG-ABN” raised offspring (50). This not only proves
the causal relationship between epigenetic modulation and
long-term behavioral change, but also provides evidence that
even in adult postmitotic neurons, DNA methylation and
histone modification can be dynamic. Indeed, hundreds of
genes have been found to be differentially regulated under
specific maternal care, and modulating the epigenome could

62R

FENG ET AL.

reverse the gene expression profile (51). This indicates that the
epigenetic regulation of long-term behavior changes is probably a globally conserved event.
The role of histone modification in circadian rhythm also
implies that epigenetic mechanisms can serve as a fine-tuned
mechanism on the rhythmic behavioral change. A circadian
rhythm is a roughly 24-h cycle in the physiologic processes of
mammals. The mammalian circadian clock resides in neurons
of the hypothalamic suprachiasmatic nucleus (SCN). A nighttime light exposure caused rapid induction of clock and the
phase-shifting of the pacemaker, which is accompanied with
gene expression change. Histone phosphorylation changes are
observed within the same SCN neurons that show gene expression changes, suggestive of dynamic chromatin remodeling which may modulate the circadian rhythm (52). One
characteristic of the circadian clock is its rhythmic expression
of different sets of genes. Etchegaray et al. (53) showed that
the promoter regions of the circadian related genes exhibited
a rhythmic histone acetylation. The observed epigenetic modifications may indeed be a response to environmental stimuli
like light, and this coordinate activation may modulate different circadian gene expression in a rhythmic pattern, which
entrains the phase control of the behavioral outputs.
EPIGENETIC DYSREGULATION IN
NEUROPSYCHIATRIC DISORDERS
Within the past decade, more and more human genetic
diseases, in particular neuropsychiatric disorders, have been
identified to be related to epigenetic dysregulation (54). For
example, the neurodevelopmental disorder Rett Syndrome is
caused by mutations in one of the MBD proteins, MeCP2,
which is proposed to mediate gene-silencing effects of DNA
methylation (55). The ICF (immunodeficiency, centromere
instability, and facial anomaly) syndrome is caused by mutations in one of the de novo methyltransferases, DNMT3B, and
a portion of ICF patients also exhibit features of mental
retardation (56). Furthermore, dysregulation of DNA methylation and histone modifications is also associated with the
complex psychiatric diseases such as bipolar and schizophrenia (26). In addition, a variety of epigenetic dysregulations are
observed in classic imprinting disorders such as Angelman
syndrome and Prader-Willi syndrome, as well as learning
disability disorders Coffin-Lowry syndrome (mutations in
Rsk2 for histone phosphorylation) and above mentioned Rubinstein-Taybi syndrome (CBP histone acetylase) (41,57–59).
The association of neuropsychiatric disorders with epigenetic
mechanisms underscores the importance of DNA methylation
and histone modifications in neural development and function.
Meanwhile, epigenetic changes also appear during some
pathologic brain responses, which include ischemia (25), addiction (60), depression (61), and seizure (62). A common
thread in these disorders is that the pathologic etiology requires changes in neural plasticity. For example, cocaine
induces neuro-adaptations through regulation of gene expression. Kumar et al. (60) hypothesize that cocaine administration could induce global level histone acetylation change
within striatum, the major neural substrate for the addiction

actions. Indeed, cocaine induced different histone modifications at different gene promoters. At the cFos gene promoter,
H4 hyperacetylation was seen instantly after fast cocaine
injection, whereas no histone modifications were seen with
chronic cocaine administration, consistent with cocaine’s ability to induce cFos acutely. In contrast, at the BDNF and Cdk5
promoters, genes that are induced by chronic cocaine, H3
hyperacetylation was observed with chronic cocaine only.
This shows clearly that addiction induces neuroadaptations
through epigenetic regulation of gene expression. Furthermore, it also provides evidence that individual gene expressions are associated with different epigenetic regulatory mechanisms.
CONCLUSION
Epigenetic gene regulation through DNA methylation and
histone modifications has been shown to be a crucial mechanism for the development and function of the nervous system,
ranging from cell differentiation to neuronal plasticity, from
learning and memory to behavior. The deregulation of the
epigenome could lead to various neuropsychiatric disorders.
In response to ever-changing environments, the nervous system is required to make appropriate long-lasting changes at
the level of neural circuitry and neurotransmission, which
likely require stable gene expression to maintain these
changes. Epigenetic mechanisms provide a means of dynamic
regulation of gene expression over the relative static genome.
Indeed, dynamic changes in DNA methylation and histone
modifications not only take place in the dividing cells, but also
seems to exist in the adult postmitotic neurons. Many challenging questions remain to be solved, such as what are the
signaling cascades that induce the epigenetic change in the
nervous system, and how the epigenome encodes in response
to specific environmental stimuli. Emerging evidence begin to
reveal the association of specific histone modifications with
the particular functional states of the nervous system. For
example, H3 hyperacetylation in the CNS follows chronic
cocaine administration whereas H4 hyperacetylation happens
after fast cocaine addiction (60); a contextual fear conditioning induces both H3 acetylation and H3 phosphorylation,
which may have synergistic effects (46). Lastly, recent studies
have identified many enzymes/activities in the nervous system
that can reversibly modify DNA methylation or histone residues, thus yielding active or inactive chromatin remodeling
for stable alterations in gene expression (Fig. 1). We envision
that decoding the diverse epigenetic changes underlying neural development as well as neuronal gene regulation in complex behavior such as learning and memory will be an exciting
endeavor in this postgenome era.
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