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Epigenetic changes in general refer to stable and heritable modifications 

of chromatin—the DNA and its associated histone proteins—that are 

independent of the underlying DNA sequence and that help to determine 

the phenotypic traits of cells during development1. The core unit of chro-

matin is the nucleosome, which consists of 147 bp of DNA folded around 

histone octamers containing two each of the histone proteins H2A, H2B, 

H3 and H4 (ref. 2). Changes in chromatin structure allow (or forbid) 

specific multiprotein transcriptional regulator complexes to access DNA 

sequences. Such changes in chromatin structure are achieved chiefly by 

three distinct mechanisms: DNA methylation, histone modifications 

and ATP-dependent chromatin remodeling3. Epigenetic modifications 

of chromatin have generally been considered to be both stable and herit-

able. However, in post-mitotic cells such as fully differentiated neurons, 

epigenetic modifications might be highly dynamic, and could thereby 

support neuronal functions and plasticity4,5.

Several recent reviews have discussed the molecular mechanisms 

of epigenetic modification and chromatin remodeling complexes in 

the nervous system (for example, refs. 4,6). Here I focus on recent 

evidence that physiological signals and developmental cues influence 

adaptive transcriptional responses in neurons through the epigenetic 

modification of chromatin. I give particular emphasis to the regula-

tion of histone acetylation and DNA methylation in response to neural 

activity and neurotrophin signaling. I also briefly discuss mechanisms 

that induce chromatin modifications by the combinatorial assembly 

of multiprotein complexes on neuronal gene promoters.

Dynamic regulation of histone modifications

Histones are covalently modified at their N-terminal tails to regu-

late transcriptional activation and repression. In addition to the 

well-studied examples of acetylation and methylation, histones can 

undergo numerous other post-translational modifications, including 

phosphorylation, ADP-ribosylation, sumoylation, ubiquitylation and 

proline isomerization2,3. Moreover, histones are often concurrently 

modified on several residues. Covalently modified histone residues, 

either alone or in combination, generate distinct docking sites for 

the recruitment of multiprotein nuclear complexes that influence the 

structure and function of chromatin7.

The nuclear enzymes that regulate the known post-translational 

modifications of histone have been identified, including those respon-

sible for histone acetylation and deacetylation, arginine methylation, 

lysine methylation and demethylation, histone phosphorylation and 

ubiquitylation3. The recent discovery of histone deimination8,9, a 

process that counteracts arginine methylation by converting arginine 

to citrulline, suggests that the known epigenetic histone modifications 

can in principle be regulated dynamically, and thus may contribute 

to fast adaptive transcriptional responses to extracellular cues. It is 

conceivable that most, if not all, chromatin-modifying enzymes are 

targeted by signaling pathways that directly link environmental cues 

to gene expression. The dynamic turnover of covalent histone modi-

fications and their implications for the cellular adaptive response 

have been the object of extensive investigation10. Nevertheless, the 

extracellular signals and intracellular pathways that lead to histone 

modifications in neurons remain poorly understood.

Chromatin-modifying enzymes

Chromatin-modifying enzymes are usually found in large multiprotein 

complexes that are recruited to gene promoters by transcription factors 

that bind to specific DNA sequences and confer target specificity. In 

neurons, histone acetylases (HATs) and histone deacetylases (HDACs) 

are the best-characterized chromatin-modifying enzymes.

HATs function enzymatically by transferring an acetyl group from 

acetyl-coenzyme A to the ε-amino groups of histone lysine residues. 

This modification usually leads to increased transcription of asso-

ciated DNA through mechanisms that include stabilizing the bind-

ing of other nuclear factors to gene promoters7,11,12 and changing 

nucleosome structure by weakening the interaction between the 

positively charged histone tails and the negatively charged DNA13–15.  
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The development and function of neurons require the regulated expression of large numbers of very specific gene sets. Epigenetic 

modifications of both DNA and histone proteins are now emerging as fundamental mechanisms by which neurons adapt their 

transcriptional response to developmental and environmental cues. In the nervous system, the mechanisms by which extracellular 

signals regulate the activity of chromatin-modifying enzymes have just begun to be characterized. In this Review, I discuss 

how extracellular cues, including synaptic activity and neurotrophic factors, influence epigenetic modifications and regulate 

the neuronal transcriptional response. I also summarize additional mechanisms that induce chromatin remodeling events by 

combinatorial assembly of multiprotein complexes on neuronal gene promoters.
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The protein p300 and its close homolog CREB binding protein (CBP) 

are ubiquitously expressed transcriptional coactivators with HAT 

activity that participate in the activities of numerous transcription 

factors16. This includes many—such as CREB, SRF, MEF2, c-Jun and 

p53—that have key roles in the development and maintainance of the 

nervous system. CBP and p300 also interact with components of the 

basal transcriptional machinery and with other HATs (steroid recep-

tor coactivators SRC1, ACTR and P/CAF)17. Analysis of the expres-

sion of CBP and p300 in the nervous system has shown that both 

proteins are broadly distributed throughout the developing neural 

tube18. During the later phases of embryogenesis, their expression 

becomes more restricted; in the adult CNS they are mostly confined 

to subpopulations of cortical cells and motor neurons18. Transgenic 

mice that lack CBP die at an early gestational age and are affected 

by a host of developmental defects including severe nervous system 

abnormalities19. The loss of one CBP allele causes human Rubinstein-

Taybi syndrome, which is characterized by mental retardation and 

other severe developmental defects20.

Other HATs are also likely to have key roles in dynamic neuronal 

functions. For example, the HAT activity of CLOCK is necessary for 

the expression of core circadian clock genes in the suprachiasmatic 

nucleus of the hypothalamus, and for the maintenance of circadian 

rhythmicity21,22. SRCs 1–3 are another family of HATs that are 

expressed in the nervous system; mice lacking SRC-1 have motor 

neuron and cerebellar dysfunctions23.

The counterplayers of the HATs, HDACs, are found in all eukaryo-

tic organisms and are essential for cellular proliferation, differen-

tiation and homeostasis24,25. Alteration of HDAC activity has been 

implicated in the onset and progression of a host of human diseases, 

including neurodegenerative disorders, cardiovascular disease and 

cancer26,27. HDACs inhibit transcription through two distinct fea-

tures, their intrinsic deacetylase activity and their interaction with 

co-repressors. Importantly, HDACs can deacetylate both histone and 

non-histone substrates, and they do not directly bind DNA25. Their 

transcriptional repressor function therefore depends on interaction 

with co-repressors that target them to specific chromosomal loci, 

often concurrently enhancing their enzymatic activity.

Mammalian HDACs are divided into four classes on the basis of 

their amino acid sequence and structure. Class I HDACs are ubi-

quitously expressed, with predominantly nuclear localization. They 

share a large, highly conserved deacetylase domain that contains  

an active site with two adjacent histidines and a Zn2+ ion27. By con-

trast, class II and IV HDACs are more selectively expressed and can 

be found in both the nucleus and the cytoplasm; they can undergo 

stimulus-dependent nucleo-cytoplasmic shuttling25. Sirtuins, or  

class III HDACs, share no homology with class I, II or IV HDACs; 

their deacetylase activity depends on the co-factor NAD+ and they 

are found in all subcellular compartments28.

All HDACs that have been identified are expressed in the nervous 

system, often in a developmentally regulated manner29. The highly 

homologous class I HDACs, for example, are expressed at differ-

ent stages in neuronal development; HDAC1 is confined to neural 

stem cells and glia, whereas HDAC2 is mostly found in postmitotic 

neuroblasts and differentiated neurons30. Interestingly, HDACs can 

regulate their own transcription. Disruption of HDAC1 in embry-

onic stem cells induces the expression of other class I HDACs31. 

However, increasing the level of one or more HDACs does not 

necessarily result in functional compensation, even for the highly 

homologous HDAC1 and HDAC2. For example, upregulation of 

HDAC1 was not sufficient to rescue the morphological and electro-

physiological defects in mice that lack HDAC2 in the hippocampus, 

indicating that, at least in adult neurons, HDAC1 and HDAC2 have 

non-redundant and specifically regulated functions32.

Under normal conditions, the availability and enzymatic activities 

of HATs and HDACs are maintained in a balance, with the degree of 

chromatin acetylation contributing to either transcriptional repres-

sion or transcriptional activation. It has generally been assumed that 

the activation of HATs and the activation of HDACs have mutually 

exclusive effects on gene expression. However, a recent genome-

wide analysis of promotor occupancy in human lymphocytes has 

revealed that both types of enzyme are found at transcriptionally 

active genes associated with acetylated histones and phosphorylated 

RNA polymerase II (PolII) (ref. 33). Genes that were transcriptionally 

inactive but were poised for activation (bearing the epigenetic H3K4 

histone methylation mark34) were maintained in an inactive state by 

dynamic and transient cycles of histone acetylation and deacetyla-

tion. Pharmacological inhibition of HDAC activity correlated with 

increased binding of PolII to gene promoters, suggesting that the main 

mechanism by which HDACs maintain poised genes in an inactive 

state might be by inhibiting the recruitment of PolII. By contrast, 

silent genes, which had little or no H3K4 methylation, were not bound 

by HDACs and HATs and remained repressed when exposed to extra-

cellular stimuli33. These findings suggest that HATs and HDACs can 

collaborate in certain scenarios, and also that stimulus-dependent 

activation of one class of enzyme does not necessarily need to be 

coupled with the inhibition of its functional counterparts.

Synaptic activity–dependent histone modifications

In neurons, the transcription factor CREB is essential for activity-

induced gene expression35. The HAT CBP is an important co- 

factor for CREB-dependent transcription. CBP itself can be phos-

phorylated by a number of extracellular signal–responsive serine/

threonine kinases, including Ca2+/calmodulin-dependent kinase-IV 

(CamK-IV)36,37, ribosomal protein S6 kinase-2 (RSK2)38 and p42/p44 

mitogen-activated protein kinase (MAPK)39,40. CBP is recruited to 

CREB-regulated genes through a mechanism that requires an increase 

in nuclear calcium and CamKIV-dependent phosphorylation of 

CBP36,37,41. Interestingly, the route of calcium entry (either through 

L-type Ca2+ channels or through NMDA receptors in response to 

stimulation with glutamate or KCl) differentially controls the associa-

tion of CBP with neuronal gene promoters37 (Fig. 1). CamKIV activity 

influenced the transcriptional activity of CBP only after activation of 

L-type Ca2+ channels, suggesting that the mode of Ca2+ influx elicits 

distinct signal transduction pathways that might account for tran-

scriptional specificity. Although it has been proposed that CamKIV-

dependent phosphorylation of CBP is involved in the activation of 

CREB-regulated genes, it remains unclear how this post-translational 

modification affects the functions of CBP.

Genome-wide studies of the occupancy of CBP and p300 on DNA 

showed that the interaction of these coactivators with chromatin is not 

restricted to gene promoters42,43. CBP and p300 have been found in 

association with lysine 4 monomethylation of histone H3 (H3K4me1), 

an epigenetic mark that is associated with enhancer functions. In the 

brain, sites where CBP or p300 binds are enriched at highly conserved 

noncoding regions near activated genes, which might indicate that the 

binding of CBP or p300 to these sequences determines the activation 

of neighboring genes43. Indeed, genome-wide screens of mouse corti-

cal neurons using chromatin immunoprecipitation sequencing (ChIP-

seq) have shown that the recruitment of CBP to enhancers is markedly 

increased after membrane depolarization44 (Fig. 1). CREB, and to 

a lesser extent SRF, also becomes associated with activity-regulated 

enhancers after stimulation of cortical neurons with KCl44. Because 
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activity-dependent binding of CREB to gene promoters depends on 

the acetylation state of the chromatin that surrounds CRE sequences 

and is mediated by calcium signaling and nitric oxide45,46, the recruit-

ment of both CBP and CREB to chromatin may share similar molecu-

lar mechanisms and signaling pathways.

Neural activity can also modulate chromatin acetylation by regu-

lating the intracellular distribution of HDAC. The class II HDACs 

can shuttle in and out of the nucleus, and this shuttling can be regu-

lated by extracellular cues. In hippocampal neurons, for example, 

nuclear export of HDAC4 is induced by spontaneous electrical activ-

ity, whereas HDAC5 export depends on Ca2+ influx mediated by the 

activation of NMDA receptors47.

In addition to acetylation, synaptic activity also influences changes 

in chromatin structure by inducing other histone modifications, such 

as histone H3 phosphorylation. Inducible histone H3 phosphoryla-

tion on serine 10 was first demonstrated in human fibroblasts in 

response to stimulation with epidermal growth factor (EGF) and 

activation of RSK2 (ref. 48). More recently, this epigenetic mark has 

been detected in a number of neuronal cell types and in response to 

multiple signaling pathways. For example, in the hippocampus acti-

vation of both the MAPK-ERK (extracellular signal–related kinase) 

and MSK (mitogen and stress–activated kinase) pathways results in 

histone H3 phosphorylation49–51. Interestingly, histone H3 phospho-

rylation induced by synaptic activity is associated with a change in 

nuclear structure51, which might suggest that nuclear geometry and 

transcriptional response are functionally linked.

Neurotrophin-dependent epigenetic changes

The neurotrophins are a family of peptide growth factors that pro-

mote the growth and survival of neurons by activating the Trk fam-

ily of receptor tyrosine kinases. The binding of neurotrophin to 

Trk receptors triggers the activation of several signaling cascades, 

most prominently the RAS-MAPK, InsP3 kinase-AKT and phos-

pholipase-Cγ (PLCγ) pathways52. The transcriptional response to 

 neurotrophins is mediated by the activation 

of a host of nuclear factors, including CREB, 

SRF, c-Fos, c-Jun, MEF2D and FOXO1  

(ref. 35). Neurotrophins also directly induce 

epigenetic changes by activating CBP through the p42/44 MAPK 

pathway39 (Fig. 2). In the nerve growth factor (NGF)-responsive PC12 

cell line, CBP is constitutively associated with p42/44 MAPK. After 

exposure to NGF (which differentiates PC12 cells into sympathetic-

like neurons), CBP becomes phosphorylated and transcriptionally 

active. Although the amino acid residue(s) that are targeted by p42/44 

MAPK have not been identified, they are likely to be located within 

the growth factor (GF) box (amino acids 312–440), a small region of 

CBP that is required for growth factor-dependent activation of CBP-

regulated genes53. Activation of CBP by NGF depends on multiple 

intracellular pathways. In PC12 cells, NGF induces the association 

of S6 kinase pp90RSK with CBP through a mechanism that requires 

the Ras pathway53 (Fig. 2). Although assembly of the pp90RSK–CBP 

complex has been shown to mediate the expression of Ras-responsive 

genes in PC12 cells exposed to NGF, it is unclear whether this pathway 

is also linked to transcription activation by neurotrophic factors in 

primary neurons.

An additional mechanism by which neurotrophins regulate the 

functions of CBP and p300 relies on the nuclear translocation of the 

transcriptional coactivator and acetyl transferase pCAF54. In PC12 

cells, NGF causes pCAF to dissociate from the PP1–PP2 protein phos-

phatases complex, to become phosphorylated and to accumulate in 

the nucleus. A number of kinases that are activated by NGF signal-

ing, including phosphoinositide-3-kinase and the Ca2+-dependent 

kinases RSK2 and MSK1, are required for nuclear translocation of 

pCAF54. pCAF-dependent acetylation of nuclear substrates, including 

the transcription factor p53 and possibly histones, are required for 

NGF-dependent neuronal differentiation.

Neurotrophins and other stimuli that increase intracellular cal-

cium, including synaptic activity, can directly affect epigenetic events 

by inducing the accumulation of nuclear nitric oxide (NO) and  

S-nitrosylation of nuclear factors46. The main source of NO in the 

nervous system is the neuron-specific, Ca2+-dependent isoform 

of NO synthase (nNOS), whose expression in the brain is tightly 
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Figure 1 Activity-dependent epigenetic regulation. 

(a) Synaptic activity and depolarizing stimuli 

phosphorylate CBP and influence transcription 

by increasing intracellular Ca2+ through both 

NMDA receptors and L-type Ca2+ channels, 

although activation of CaMKIV is required only 

for the latter. The concomitant phosphorylation of 

histone H3 on serine-10 cooperates with histone 

acetylation (ac) to induce chromatin infolding 

and gene expression. Neural activity also induces 

the recruitment of CBP, CREB and the cofactor 

NPAS4 to transcriptional enhancers of synaptic 

activity-dependent genes. (b) In differentiated 

neurons, certain neuronal genes such as Bdnf 

are maintained in a repressed state through a 

mechanism that includes the recruitment of 

coREST, HDAC1, HDAC2 and MeCP2. After 

synaptic stimulation, HDAC2, and possibly 

HDAC1, are S-nitrosylated (SNO), whereas MeCP2 

is phosphorylated, resulting in the dissociation 

of the co-repressor complex from gene regulatory 

regions and the recruitment of co-activators. ACT, 

activator; ORF, open reading frame; PP1, protein 

phosphatase 1; RHA, RNA helicase A; TAbe, 

transcriptional activator binding element.

©
 2

0
1
0

 N
a

tu
re

 A
m

e
ri

c
a

, 
In

c
. 
 A

ll
 r

ig
h

ts
 r

e
s

e
rv

e
d

.



NATURE NEUROSCIENCE   VOLUME 13 | NUMBER 11 | NOVEMBER 2010 1333

R E V I E W

regulated both temporally and spatially55. 

NO signaling modulates gene expression 

through the activation of multiple tran-

scription factors, including CREB, N-Myc, 

NF-κB, p53 and egr-1 (refs. 45,56). S-

nitrosylation is the covalent and reversible 

addition of a NO group to cysteine thiols57.  

S-nitrosylation regulates the activity of sev-

eral proteins by affecting their enzymatic 

activity, protein-protein interactions or subcellular localization58. 

S-nitrosylation triggered by inflammatory stimuli directly regulates 

the activity of various zinc finger–containing transcription factors, 

including NF-κB56. A recent protein-DNA screen has shown that NO 

donors increase the binding of many transcription factors to their 

regulatory cis-elements, which suggests that NO, or NO-mediated 

post-translational modifications, might influence gene expression in 

a more general and profound manner59.

In cortical neurons that are exposed to brain-derived neurotrophic 

factor (BDNF), S-nitrosylation of HDAC2 occurs at two residues 

(Cys262 and Cys274) and does not affect its deacetylase activity 

(Fig. 2). Instead, S-nitrosylation of HDAC2 induces its dissociation 

from BDNF-regulated gene promoters, thereby increasing histone 

acetylation and gene transcription at specific promoter regions46. 

When Cys262 and Cys274 were changed to alanines (which cannot be 

S-nitrosylated), BDNF-dependent histone acetylation in cortical neu-

rons was inhibited and transcription was strongly repressed. HDAC1 

is probably nitrosylated on the same cysteine residues, but it does not 

seem to be associated with the same promoters as HDAC2.

NO-dependent inhibition of HDAC2 activity has also been found in 

a mouse model of muscular dystrophy60. In muscle cells, S-nitrosyla-

tion of HDAC2 on an unidentified cysteine residue decreases its 

deacetylase activity, which in neurons remains unchanged. This 

discrepancy might reflect a difference in the cysteine(s) that are tar-

geted by NO in muscle cells and in neurons; in theory, S-nitrosyla-

tion of HDAC2 could also occur at Cys152, which is located within 

the deacetylase active site. In addition, the transcriptional profile of 

muscle cells and neurons differs greatly, possibly because HDAC2 

might be recruited to repressive complexes of cell-type specific genes 

through distinct mechanisms.

Regulation of DNA methylation in neurons

Neuronal activity influences DNA methylation in the regulatory 

regions of genes that are regulated by synaptic activity. DNA meth-

ylation was considered for a long time to be a stable and irreversible 

modification that marked transcriptionally inactive genes. However, 

there is increasing evidence that in the brain, DNA methylation can 

be relieved by conditions that either reduce the activity of DNA 

methyl transferases (DNMTs) or induce the dissociation of nuclear 

proteins, such as methyl-CpG binding protein 2 (MeCP2), from CpG 

methylated sequences5. For example, activity-dependent changes in 

DNA methylation correlate with transcriptional repression of genes 

that mediate the neuronal response that is associated with memory 

formation61. After contextual fear conditioning, DNMT1 mRNA was 

increased during a hippocampus-dependent associative memory par-

adigm. Interestingly, methylation of a CpG island in the promoter of 

the gene for protein phosphatase 1 (PP1), which is known to suppress 

memory, was also increased, whereas the gene that encodes reelin, 

which promotes memory formation62, was rapidly demethylated.

Although DNA methylation has traditionally been linked to  

transcriptional inhibition, a genome-wide analysis of the occupancy 

of the DNA methyl transferase DNMT3-a in neural stem cells (NSCs) 

has shown that DNA methylation is not restricted to promoter regions 

of genes that are repressed during postnatal neurogenesis63. In NSCs, 

DNMT3-a was also associated with methylated non-proximal pro-

moter regions of genes that are transcribed during neurogenesis. There 

was binding of DNMT3-a at genomic regions that were characterized 

by high levels of H3K4me3, an epigenetic mark that is associated with 

transcriptional activation, and low levels of H3K273me, a modifi-

cation that correlates with transcriptional repression. Importantly, 

DNMT3-a mediated gene expression by counteracting the activa-

tion of polycomb repression complex 2 (PRC2), a nuclear repressor 

complex that is recruited to chromatin by a number of mechanisms, 

including specific interaction with H3K273me (refs. 63,64).

In the hippocampus, neural activity raises intracellular Gadd45b, 

which has been shown to possess DNA demethylase activity  

in vitro65. Mice that lack Gadd45b show a remarkable decrease in 

activity-dependent adult neurogenesis in vivo and their neurons 

show a marked reduction in dendritic growth in vitro. Importantly, 

exposure of newborn neurons to depolarizing conditions induced 

Gadd45b-dependent demethylation of the promotors for Bdnf and 

fibroblast growth factor-1 (Fgf-1) promoters. Although these findings 

suggest an alternative mechanism by which neural activity triggers 

DNA demethylation and gene transcription, the signaling mecha-

nisms that link physiological synaptic activation with Gadd45b-

dependent DNA demethylation remain unclear.
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Figure 2 Epigenetic regulation by neurotrophins. 

Binding of neurotrophins to Trk receptors 

initiates a number of signaling pathways that 

induce phosphorylation of CREB and CBP. 

BDNF-dependent activation of nNOS increases 

nuclear NO and triggers S-nitrosylation (SNO) 

of several nuclear proteins, including HDAC2. 

The dissociation of S-nitrosylated HDAC2 and 

the recruitment of phosphorylated CBP and 

transcription factors such as CREB lead to 

transcriptional activation. Both phosphorylation 

of histone H3 through RSK2 and CBP-dependent 

histone acetylation (ac) contribute to gene 

activation. AC, adenylyl cyclase; ac, acetyl.
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Finally, the discovery that DNA from the nuclei of cerebellar 

Purkinje cells is surprisingly enriched in 5-hydroxylmethyl cyto-

sine (hmdC)66 suggests that DNA demethylation in the brain might 

be regulated in a unique manner. Interestingly, the methyl-CpG 

binding motif of MeCP2 has low affinity for DNA sequences that  

contain hmdC67. This finding might point toward situations in which 

changes in DNA methylation in neurons could consist predominantly 

of oxidative demethylation of hmdC rather than conventional DNA 

demethylation.

In most cases, MeCP2 bound to methylated DNA acts as a repres-

sor of transcription68,69 (see ref. 70 for possible exceptions). MeCP2 

is also subject to dynamic regulation. Its activity-dependent phos-

phorylation in cortical neurons enhances Bdnf gene expression and 

dendritic growth through a mechanism that requires elevated intra-

cellular Ca2+ and activation of calmodulin-dependent kinases71,72  

(Fig. 1b). Interestingly, the phosphorylation of MeCP2 on serine 421 

by CaMKII is found only in the brain73. In agreement with its essential 

role for normal brain function, MeCP2 is extraordinarily abundant in 

mature neurons74. Genome-wide analyses of MeCP2 occupancy74,75 

revealed that in the adult brain, MeCP2 binds to methylated DNA 

throughout the genome, and is not restricted to discrete gene pro-

moters, as had been assumed. The brains of mice that lacked MeCP2 

showed a widespread increase in both histone H3 acetylation and 

histone H1 levels74, suggesting that MeCP2 might influence global 

changes in chromatin state perhaps by competing with histone H1 for 

binding to methylated DNA. These findings also suggest that MeCP2 

may recruit co-repressor complexes that depress histone acetylation 

in regions that are rich in methylated DNA.

These and other studies indicate that dynamic changes in DNA 

methylation have a key role in regulating many neuronal functions, 

from dendritic growth to neurogenesis and memory formation. 

DNA methylases, some of which might be undiscovered, might 

therefore represent novel therapeutic targets for certain neuro-

degenerative disorders.

Regulation of epigenetic state during neuronal development

The fine tuning of epigenetic changes that dictate the transcriptional 

response during neuronal development is achieved, at least in part, by 

the assembly of large, functionally malleable multiprotein complexes 

that can switch genes on and off by changing their subunit composi-

tion. In neurons, the REST nuclear protein (RE-1 silencing transcrip-

tion factor, also called NRSF) provides one of the best examples of 

cooperation between co-repressors to establish epigenetic modifica-

tions that influence the transcription of neuron-specific genes. REST 

was originally identified as a nuclear factor that binds the repressor 

element 1 (RE-1)76,77. Because the promoters of many neuron-specific 

genes that encode ion channels, synaptic vesicle proteins and neuro-

transmitter receptors contain an RE-1 motif78,79, it was proposed that 

REST acts as a master regulator of neurogenesis and neuronal dif-

ferentiation. An initial hypothesis therefore suggested that the main 

role of REST was to silence neuronal genes in non-neuronal cells. 

Analysis of the REST mutant mouse that REST is required for the cor-

rect development of the nervous system80, but the lack of widespread 

expression of neuronal genes in non-neuronal tissues of these mice 

indicated that additional mechanisms are involved in inhibiting the 

ectopic expression of neuron-specific genes.

REST-mediated gene repression requires the recruitment of two 

separate co-repressor complexes, mSin3 and CoREST. Despite the 

fact that mSin3 and CoREST bind distinct domains of REST (the  

N-terminal and C-terminal domain, respectively), they mostly 

cooperate to ensure robust repression of target genes78,79. HDAC1 

and HDAC2 are recruited by both repressors and are at the core of 

a dynamic multiprotein complex that includes other nuclear fac-

tors, such as the ATP-dependent chromatin-remodeling enzyme 

BRG1 (ref. 81), the histone demethylase LSD1 (ref. 82) and, in the 

presence of high nuclear levels of NADH, the NADH-dependent 

repressor CtBP83,84. The orchestrated action of these co-repressors 

ensures that modifications that are associated with gene activation, 

such as histone H3K9 acetylation and histone H3K4 methylation, are 

removed, and that others associated with transcriptional repression 

are added, resulting in a profound remodeling of REST-bound chro-

matin. HDAC1 and HDAC2 make a key contribution to the initial 

phase of this process by deacetylating histones H3 and H4 and thereby 

enhancing LSD1 demethylase activity81.

The subunit composition of the REST complex also regulates the 

transition from temporary transcriptional repression in stem cells 

to long-term silencing of RE-1–containing genes in non-neuronal, 

terminally differentiated cells85. In embryonic stem cells, and pre-

sumably in neuronal progenitors, HDAC1 and HDAC2 are recruited 

to the promoters of neuron-specific genes through REST and its co-

repressors mSin3 and CoREST. Even if histones are deacetylated and 

transcription is repressed, the lack of DNA methylation in the chro-

matin that surrounds the RE-1 sites ensures that the genes are kept in 

a poised status85. Similarly, a family of small PolII C-terminal-domain 

phosphatases (SCOs) are bound to the 5′ untranslated regions of RE-1  

promoters, which keeps neuronal genes inactive but in a permis-

sive state that is ready for subsequent activation79,86. By contrast, in 

terminally differentiated, non-neuronal cells, long-term repression 

of neuron-specific genes is achieved through the recruitment of the 

DNA methylase DNMT1 to RE-1 sites78,79,87. This event is associated 

with DNA methylation and MeCP2 binding88.

Some aspects of the regulatory mechanisms that underlie REST-

dependent gene repression remain unclear, in particular the regula-

tion of the levels of REST mRNA and protein. These are modulated 

in response to several stimuli and are associated with the switch from 

short-term to long-term gene inactivation78. REST is lost during 

neuronal differentiation, but recruitment of HDAC1 and HDAC2 

through CoREST on several gene promoters ensures the transcrip-

tional inhibition of REST-regulated genes that are expressed at low 

levels but are poised for activation79. In differentiated neurons, syn-

aptic activity increases the levels of Bdnf transcript at least in part 

by the selective release of MeCP2 from CoREST complexes on the 

BDNF promoter85.

Finally, the binding of other cofactors to the REST complex can 

also be dynamically regulated. For example, the co-repressor CtBP is 

recruited to REST complexes under conditions that affect the redox 

state of neurons, including epilepsy and brain ischemia84. Further 

regulated interactions between the REST–CoREST complex and addi-

tional co-factors, including HDAC1 and HDAC2, might influence the 

functions of REST, perhaps also in response to growth factor stimula-

tion or synaptic activity.

Regulation of chromatin remodeling by subunit switch

In eukaryotic cells, changes in chromatin structure are achieved by at 

least three distinct mechanisms: DNA methylation, histone modifica-

tions and ATP-dependent chromatin remodeling. Chromatin remod-

eling refers to dynamic structural changes that involve the disruption 

and reformation of DNA–histone complexes89. As a result of this 

process, nucleosomes ‘slide’ along the DNA molecule, facilitating the 

access of nuclear transcriptional complexes to previously inaccessible 

DNA. The activation of ATP-dependent chromatin remodeling fac-

tors is associated with both transcriptional activation and repression. 
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In yeast, the ATP-dependent remodeling complex SWI–SNF func-

tions mainly as a transcriptional activator, whereas the homologous 

mammalian BAF complex can act as either a repressor or an activator; 

it can switch between the two modes on one promoter90,91. The BAF 

complex includes a helicase-like subunit that uses the energy derived 

from ATP hydrolysis to induce a twist in nucleosomal DNA, thereby 

displacing the histone octamer relative to the DNA89,92. In mamma-

lian cells, distinct families of genes encode the ten core subunits of 

BAF. Subunits that belong to homologous gene families assume mutu-

ally exclusive occupancy in the complex, allowing the combinatorial 

assembly of functionally diverse remodeling complexes with similar 

subunit compositions92.

A number of BAF subunits have been identified in screens for genes 

that are involved in neuronal development6. Mice that lack the core 

ATPase subunit Brg1, for example, show severe defects of the neural 

tube and die early in embryogenesis93. Later during neuronal develop-

ment, BAF complexes undergo a subunit switch that is essential for 

the transition from proliferating neuronal precursors to committed 

neuronal lineages (Fig. 3). The BAF45 and BAF53 subunits undergo 

developmental switches in the mouse brain94. Extending the expres-

sion of the progenitor-specific subunits BAF43A and BAF53A in chick 

embryos inhibited neuronal differentiation. These and other findings 

suggest that in stem cells, neuronal progenitors and differentiated 

neurons, specific subunit switches in BAF complexes are likely to 

coordinate the activation of specific transcriptional programs.

As well as mediating long-lasting changes in gene expression associ-

ated with neuronal development, BAF complexes can also respond to 

synaptic activation by recruiting cofactors that are regulated by neural 

activity. In postmitotic neurons, BAF complexes recruit the Ca2+-

responsive transactivator CREST, and this association is required for 

dendritic outgrowth95,96 (Fig. 3c). CREST then can recruit CBP to 

gene promoters in response to neural activity. Interestingly, CREST 

and Brg1 have opposing effects on calcium-regulated gene expres-

sion, suggesting that CREST might act as a switch between activity-

 dependent transcriptional activation and repression96.

Conclusions

Chromatin is a highly dynamic and plastic structure that can inte-

grate multiple extracellular signals to generate the coordinated tran-

scriptional response that is necessary for the maintenance of cellular 

homeostasis. Epigenetic changes in both histones and DNA can have 

lasting effects on neural development and plasticity. Although much 

is known about the nature of the enzymes that dictate epigenetic 

changes in neurons, neurobiologists have just begun to investigate 

their regulation and the interplay among the signaling pathways that 

regulate their activity.

Many challenging tasks lie ahead. First, for many known post-

translational modifications that affect the functions of chromatin 

regulatory enzymes, the signaling mechanisms that link them to 

environmental cues remain obscure. For example, class I HDACs  

are subject to nitrosylation, phosphorylation, acetylation, sumoyla-

tion and ubiquitination, and they specifically interact with sphingo-

sine 1 phosphate97,98. Whereas all of these modifications can affect 

HDAC functions, they have rarely been linked to physiological 

stimuli. The identification of the signaling pathways that regulate 

the activity of histone-modifying enzymes will greatly enhance our 

understanding of how neuronal transcriptional programs respond 

to environmental changes.

Second, it is vital to understand the interplay between signal trans-

duction pathways that lead to changes in the epigenetic landscape. 

This is not an easy task, especially because distinct signals might affect 

the duration rather than the nature of epigenetic marks. However, evi-

dence of cooperation between signaling pathways is already emerging. 

One example is provided by CBP, which is phosphorylated by several 

kinases in response to both neural activity and neurotrophins. It is 

tempting to speculate that the coordination of multiple phosphoryla-

tion events might be crucial to orchestrate finely tuned activation of 

CBP, and that this could induce a graded transcriptional response 

to environmental cues. Moreover, the cooperation between distinct 

signaling pathways is likely to be at the core of the transition between 

the short- and long-term epigenetic changes that are required for 

the proper development of the nervous system. Stable chromatin 

modifications might be necessary to ensure that genes that need to 

be expressed only at early developmental stages remain inactive in 

differentiated neurons and throughout adulthood. By contrast, rapid 

changes in epigenetic marks are required for a fast transcriptional 

response to synaptic activation. Both the REST–CoREST and BAF 

complexes provide remarkable examples of how ductile chromatin 

remodeling complexes can, in principle, switch between long-lasting 

developmentally regulated transcriptional changes and more short-

term effects in response to neuronal activity.

Finally, a higher level of transcriptional regulation in neurons relies 

on stimulus-dependent modification of chromatin architecture and 

nuclear structure. It is becoming increasingly clear that the three-

dimensional organization of the genome influences the recruitment of 

cis-acting regulatory elements and chromatin-modifying complexes 

to distinct transcriptionally active hot spots, also called ‘transcrip-

tional factories’99. In the nervous system, nuclear architecture has 

been shown to undergo substantial changes during the different 

stages of differentiation, presumably in response to developmental 

cues100. Three-dimensional image reconstruction analyses showed 

that the nuclei of hippocampal neurons undergo infolding and 
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Figure 3 Composition of BAF complexes at different stages of neuronal 

differentiation. A number of subunits of the BAF complex are switched 

during neuronal differentiation (a,b). The subunits labeled undergo 

developmentally regulated switches, and most of them have been shown 

not to be exchangeable under various experimental conditions. (c) In 

postmitotic neurons, the association of BRG1 with the calcium-responsive 

factor CREST mediates synaptic activity–dependent dendrite outgrowth.
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changes in chromatin organization after a short-term burst of synaptic 

 activation51. The increase in nuclear infolding, correlated with tran-

scriptional activation, was initiated by stimulation of intrasynaptic 

NMDA receptors, and was mediated by an increase in intracellular 

Ca2+ and ERK-MAPK signaling. These findings suggest that changes 

in nuclear architecture might be required not only for long-lasting 

expression of specific genes in terminally differentiated cells but also 

for more rapid transcriptional responses. Although the analysis of 

chromatin architecture adds yet another layer of complexity to an 

already intricate field, deciphering epigenetic regulation in its entirety 

will be necessary if we are to fully understand neuronal functions, and 

remains one of the most exciting challenges in modern biology.

ACKNOWLEDGMENTS

The author is grateful to L. Crepaldi and A. Nott for reading the manuscript. A.R. is 
the recipient of an MRC Senior Non Clinical Fellowship.

COMPETING FINANCIAL INTERESTS

The author declares no competing financial interests.

Published online at http://www.nature.com/natureneuroscience/.  

Reprints and permissions information is available online at http://www.nature.com/

reprintsandpermissions/.

1. Berger, S.L., Kouzarides, T., Shiekhattar, R. & Shilatifard, A. An operational 

definition of epigenetics. Genes Dev. 23, 781–783 (2009).

2. Berger, S.L. The complex language of chromatin regulation during transcription. 

Nature 447, 407–412 (2007).

3. Kouzarides, T. Chromatin modifications and their function. Cell 128, 693–705 

(2007).

4. Borrelli, E., Nestler, E.J., Allis, C.D. & Sassone-Corsi, P. Decoding the epigenetic 

language of neuronal plasticity. Neuron 60, 961–974 (2008).

5. Dulac, C. Brain function and chromatin plasticity. Nature 465, 728–735 

(2010).

6. Yoo, A.S. & Crabtree, G.R. ATP-dependent chromatin remodeling in neural 

development. Curr. Opin. Neurobiol. 19, 120–126 (2009).

7. Turner, B.M. Defining an epigenetic code. Nat. Cell Biol. 9, 2–6 (2007).

8. Cuthbert, G.L. et al. Histone deimination antagonizes arginine methylation. Cell 

118, 545–553 (2004).

9. Wang, Y. et al. Human PAD4 regulates histone arginine methylation levels via 

demethylimination. Science 306, 279–283 (2004).

10. Turner, B.M. Epigenetic responses to environmental change and their evolutionary 

implications. Phil. Trans. R. Soc. Lond. B 364, 3403–3418 (2009).

11. Sterner, D.E. & Berger, S.L. Acetylation of histones and transcription-related 

factors. Microbiol. Mol. Biol. Rev. 64, 435–459 (2000).

12. Hassan, A.H., Neely, K.E. & Workman, J.L. Histone acetyltransferase complexes 

stabilize swi/snf binding to promoter nucleosomes. Cell 104, 817–827 (2001).

13. Boeger, H., Griesenbeck, J., Strattan, J.S. & Kornberg, R.D. Nucleosomes unfold 

completely at a transcriptionally active promoter. Mol. Cell 11, 1587–1598 

(2003).

14. Reinke, H. & Horz, W. Histones are first hyperacetylated and then lose contact 

with the activated PHO5 promoter. Mol. Cell 11, 1599–1607 (2003).

15. Shahbazian, M.D. & Grunstein, M. Functions of site-specific histone acetylation 

and deacetylation. Annu. Rev. Biochem. 76, 75–100 (2007).

16. Goodman, R.H. & Smolik, S. CBP/p300 in cell growth, transformation, and 

development. Genes Dev. 14, 1553–1577 (2000).

17. Vo, N. & Goodman, R.H. CREB-binding protein and p300 in transcriptional 

regulation. J. Biol. Chem. 276, 13505–13508 (2001).

18. Partanen, A., Motoyama, J. & Hui, C.C. Developmentally regulated expression of 

the transcriptional cofactors/histone acetyltransferases CBP and p300 during 

mouse embryogenesis. Int. J. Dev. Biol. 43, 487–494 (1999).

19. Tanaka, Y. et al. Abnormal skeletal patterning in embryos lacking a single Cbp 

allele: a partial similarity with Rubinstein-Taybi syndrome. Proc. Natl. Acad. Sci. 

USA 94, 10215–10220 (1997).

20. Petrij, F. et al. Rubinstein-Taybi syndrome caused by mutations in the 

transcriptional co-activator CBP. Nature 376, 348–351 (1995).

21. Doi, M., Hirayama, J. & Sassone-Corsi, P. Circadian regulator CLOCK is a histone 

acetyltransferase. Cell 125, 497–508 (2006).

22. Nakahata, Y., Grimaldi, B., Sahar, S., Hirayama, J. & Sassone-Corsi, P. Signaling 

to the circadian clock: plasticity by chromatin remodeling. Curr. Opin. Cell Biol. 

19, 230–237 (2007).

23. Nishihara, E. et al. SRC-1 null mice exhibit moderate motor dysfunction and 

delayed development of cerebellar Purkinje cells. J. Neurosci. 23, 213–222 

(2003).

24. Gregoretti, I.V., Lee, Y.M. & Goodson, H.V. Molecular evolution of the histone 

deacetylase family: functional implications of phylogenetic analysis. J. Mol. Biol. 

338, 17–31 (2004).

25. Yang, X.J. & Seto, E. The Rpd3/Hda1 family of lysine deacetylases: from bacteria 

and yeast to mice and men. Nat. Rev. Mol. Cell Biol. 9, 206–218 (2008).

26. Kazantsev, A.G. & Thompson, L.M. Therapeutic application of histone deacetylase 

inhibitors for central nervous system disorders. Nat. Rev. Drug Discov. 7, 854–868 

(2008).

27. Haberland, M., Montgomery, R.L. & Olson, E.N. The many roles of histone 

deacetylases in development and physiology: implications for disease and therapy. 

Nat. Rev. Genet. 10, 32–42 (2009).

28. Michan, S. & Sinclair, D. Sirtuins in mammals: insights into their biological 

function. Biochem. J. 404, 1–13 (2007).

29. Broide, R.S. et al. Distribution of histone deacetylases 1–11 in the rat brain.  

J. Mol. Neurosci. 31, 47–58 (2007).

30. MacDonald, J.L. & Roskams, A.J. Histone deacetylases 1 and 2 are expressed at 

distinct stages of neuro-glial development. Dev. Dyn. 237, 2256–2267 (2008).

31. Lagger, G. et al. Essential function of histone deacetylase 1 in proliferation control 

and CDK inhibitor repression. EMBO J. 21, 2672–2681 (2002).

32. Guan, J.S. et al. HDAC2 negatively regulates memory formation and synaptic 

plasticity. Nature 459, 55–60 (2009).

33. Wang, Z. et al. Genome-wide mapping of HATs and HDACs reveals distinct 

functions in active and inactive genes. Cell 138, 1019–1031 (2009).

34. Bernstein, B.E. et al. Methylation of histone H3 Lys 4 in coding regions of active 

genes. Proc. Natl. Acad. Sci. USA 99, 8695–8700 (2002).

35. Lonze, B.E. & Ginty, D.D. Function and regulation of CREB family transcription 

factors in the nervous system. Neuron 35, 605–623 (2002).

36. Impey, S. et al. Phosphorylation of CBP mediates transcriptional activation by 

neural activity and CaM kinase IV. Neuron 34, 235–244 (2002).

37. Hardingham, G.E., Chawla, S., Cruzalegui, F.H. & Bading, H. Control of recruitment 

and transcription-activating function of CBP determines gene regulation by NMDA 

receptors and L-type calcium channels. Neuron 22, 789–798 (1999).

38. Merienne, K., Pannetier, S., Harel-Bellan, A. & Sassone-Corsi, P. Mitogen-

regulated RSK2-CBP interaction controls their kinase and acetylase activities. 

Mol. Cell. Biol. 21, 7089–7096 (2001).

39. Liu, Y.Z., Chrivia, J.C. & Latchman, D.S. Nerve growth factor up-regulates the 

transcriptional activity of CBP through activation of the p42/p44(MAPK) cascade. 

J. Biol. Chem. 273, 32400–32407 (1998).

40. Liu, Y.Z., Thomas, N.S. & Latchman, D.S. CBP associates with the p42/p44 

MAPK enzymes and is phosphorylated following NGF treatment. Neuroreport  

10, 1239–1243 (1999).

41. Hu, S.C., Chrivia, J. & Ghosh, A. Regulation of CBP-mediated signatures 

transcription by neuronal calcium signaling. Neuron 22, 799–808 (1999).

42. Heintzman, N.D. et al. Distinct and predictive chromatin signatures of 

transcriptional promoters and enhancers in the human genome. Nat. Genet. 39, 

311–318 (2007).

43. Visel, A. et al. ChIP-seq accurately predicts tissue-specific activity of enhancers. 

Nature 457, 854–858 (2009).

44. Kim, T.K. et al. Widespread transcription at neuronal activity-regulated enhancers. 

Nature 465, 182–187 (2010).

45. Riccio, A. et al. A nitric oxide signaling pathway controls CREB-mediated gene 

expression in neurons. Mol. Cell 21, 283–294 (2006).

46. Nott, A., Watson, P.M., Robinson, J.D., Crepaldi, L. & Riccio, A. S-Nitrosylation 

of histone deacetylase 2 induces chromatin remodelling in neurons. Nature 455, 

411–415 (2008).

47. Chawla, S., Vanhoutte, P., Arnold, F.J., Huang, C.L. & Bading, H. Neuronal activity-

dependent nucleocytoplasmic shuttling of HDAC4 and HDAC5. J. Neurochem. 

85, 151–159 (2003).

48. Sassone-Corsi, P. et al. Requirement of Rsk-2 for epidermal growth factor-activated 

phosphorylation of histone H3. Science 285, 886–891 (1999).

49. Crosio, C., Cermakian, N., Allis, C.D. & Sassone-Corsi, P. Light induces chromatin 

modification in cells of the mammalian circadian clock. Nat. Neurosci. 3,  

1241–1247 (2000).

50. Crosio, C., Heitz, E., Allis, C.D., Borrelli, E. & Sassone-Corsi, P. Chromatin 

remodeling and neuronal response: multiple signaling pathways induce specific 

histone H3 modifications and early gene expression in hippocampal neurons.  

J. Cell Sci. 116, 4905–4914 (2003).

51. Wittmann, M. et al. Synaptic activity induces dramatic changes in the geometry 

of the cell nucleus: interplay between nuclear structure, histone H3 phosphorylation, 

and nuclear calcium signaling. J. Neurosci. 29, 14687–14700 (2009).

52. Segal, R.A. Selectivity in neurotrophin signaling: theme and variations. Annu. 

Rev. Neurosci. 26, 299–330 (2003).

53. Nakajima, T. et al. The signal-dependent coactivator CBP is a nuclear target for 

pp90RSK. Cell 86, 465–474 (1996).

54. Wong, K. et al. Nerve growth factor receptor signaling induces histone 

acetyltransferase domain-dependent nuclear translocation of p300/CREB-binding 

protein-associated factor and hGCN5 acetyltransferases. J. Biol. Chem. 279, 

55667–55674 (2004).

55. Bredt, D.S. & Snyder, S.H. Transient nitric oxide synthase neurons in embryonic 

cerebral cortical plate, sensory ganglia, and olfactory epithelium. Neuron 13, 

301–313 (1994).

56. Contestabile, A. Regulation of transcription factors by nitric oxide in neurons and 

in neural-derived tumor cells. Prog. Neurobiol. 84, 317–328 (2008).

57. Shahani, N. & Sawa, A. Nitric oxide signaling and nitrosative stress in neurons: 

role for S-nitrosylation. Antioxid. Redox Signal. published online, doi:10.1089/

ars.2010.3580 (2 September 2010).

©
 2

0
1
0

 N
a

tu
re

 A
m

e
ri

c
a

, 
In

c
. 
 A

ll
 r

ig
h

ts
 r

e
s

e
rv

e
d

.



NATURE NEUROSCIENCE   VOLUME 13 | NUMBER 11 | NOVEMBER 2010 1337

R E V I E W

58. Hess, D.T., Matsumoto, A., Kim, S.O., Marshall, H.E. & Stamler, J.S. Protein 

S-nitrosylation: purview and parameters. Nat. Rev. Mol. Cell Biol. 6, 150–166 

(2005).

59. Dhakshinamoorthy, S. et al. Protein/DNA arrays identify nitric oxide-regulated 

cis-element and trans-factor activities some of which govern neuroblastoma cell 

viability. Nucleic Acids Res. 35, 5439–5451 (2007).

60. Colussi, C. et al. HDAC2 blockade by nitric oxide and histone deacetylase 

inhibitors reveals a common target in Duchenne muscular dystrophy treatment. 

Proc. Natl. Acad. Sci. USA 105, 19183–19187 (2008).

61. Miller, C.A. & Sweatt, J.D. Covalent modification of DNA regulates memory 

formation. Neuron 53, 857–869 (2007).

62. Herz, J. & Chen, Y. Reelin, lipoprotein receptors and synaptic plasticity. Nat. Rev. 

Neurosci. 7, 850–859 (2006).

63. Wu, H. et al. Dnmt3a-dependent nonpromoter DNA methylation facilitates 

transcription of neurogenic genes. Science 329, 444–448 (2010).

64. Morey, L. & Helin, K. Polycomb group protein-mediated repression of transcription. 

Trends Biochem. Sci. 35, 323–332 (2010).

65. Ma, D.K. et al. Neuronal activity-induced Gadd45b promotes epigenetic DNA 

demethylation and adult neurogenesis. Science 323, 1074–1077 (2009).

66. Kriaucionis, S. & Heintz, N. The nuclear DNA base 5-hydroxymethylcytosine 

is present in Purkinje neurons and the brain. Science 324, 929–930 

(2009).

67. Valinluck, V. et al. Oxidative damage to methyl-CpG sequences inhibits the binding 

of the methyl-CpG binding domain (MBD) of methyl-CpG binding protein  

2 (MeCP2). Nucleic Acids Res. 32, 4100–4108 (2004).

68. Jones, P.L. et al. Methylated DNA and MeCP2 recruit histone deacetylase to 

repress transcription. Nat. Genet. 19, 187–191 (1998).

69. Bienvenu, T. & Chelly, J. Molecular genetics of Rett syndrome: when DNA 

methylation goes unrecognized. Nat. Rev. Genet. 7, 415–426 (2006).

70. Chahrour, M. et al. MeCP2, a key contributor to neurological disease, activates 

and represses transcription. Science 320, 1224–1229 (2008).

71. Chen, W.G. et al. Derepression of BDNF transcription involves calcium-dependent 

phosphorylation of MeCP2. Science 302, 885–889 (2003).

72. Martinowich, K. et al. DNA methylation-related chromatin remodeling in activity-

dependent BDNF gene regulation. Science 302, 890–893 (2003).

73. Zhou, Z. et al. Brain-specific phosphorylation of MeCP2 regulates activity-

dependent Bdnf transcription, dendritic growth, and spine maturation. Neuron 

52, 255–269 (2006).

74. Skene, P.J. et al. Neuronal MeCP2 is expressed at near histone-octamer levels 

and globally alters the chromatin state. Mol. Cell 37, 457–468 (2010).

75. Yasui, D.H. et al. Integrated epigenomic analyses of neuronal MeCP2 reveal a 

role for long-range interaction with active genes. Proc. Natl. Acad. Sci. USA 104, 

19416–19421 (2007).

76. Chong, J.A. et al. REST: a mammalian silencer protein that restricts sodium 

channel gene expression to neurons. Cell 80, 949–957 (1995).

77. Schoenherr, C.J. & Anderson, D.J. The neuron-restrictive silencer factor (NRSF): 

a coordinate repressor of multiple neuron-specific genes. Science 267,  

1360–1363 (1995).

78. Ooi, L. & Wood, I.C. Chromatin crosstalk in development and disease: lessons 

from REST. Nat. Rev. Genet. 8, 544–554 (2007).

79. Ballas, N. & Mandel, G. The many faces of REST oversee epigenetic programming 

of neuronal genes. Curr. Opin. Neurobiol. 15, 500–506 (2005).

80. Chen, Z.F., Paquette, A.J. & Anderson, D.J. NRSF/REST is required in vivo for 

repression of multiple neuronal target genes during embryogenesis. Nat. Genet. 

20, 136–142 (1998).

81. Battaglioli, E. et al. REST repression of neuronal genes requires components of 

the hSWI.SNF complex. J. Biol. Chem. 277, 41038–41045 (2002).

82. Shi, Y. et al. Histone demethylation mediated by the nuclear amine oxidase 

homolog LSD1. Cell 119, 941–953 (2004).

83. Shi, Y. et al. Coordinated histone modifications mediated by a CtBP co-repressor 

complex. Nature 422, 735–738 (2003).

84. Garriga-Canut, M. et al. 2-Deoxy-D-glucose reduces epilepsy progression by NRSF-

CtBP-dependent metabolic regulation of chromatin structure. Nat. Neurosci.  

9, 1382–1387 (2006).

85. Ballas, N., Grunseich, C., Lu, D.D., Speh, J.C. & Mandel, G. REST and its 

corepressors mediate plasticity of neuronal gene chromatin throughout 

neurogenesis. Cell 121, 645–657 (2005).

86. Yeo, M. et al. Small CTD phosphatases function in silencing neuronal gene 

expression. Science 307, 596–600 (2005).

87. Lunyak, V.V. et al. Corepressor-dependent silencing of chromosomal regions 

encoding neuronal genes. Science 298, 1747–1752 (2002).

88. Bai, S. et al. DNA methyltransferase 3b regulates nerve growth factor-induced 

differentiation of PC12 cells by recruiting histone deacetylase 2. Mol. Cell. Biol. 

25, 751–766 (2005).

89. Bowman, G.D. Mechanisms of ATP-dependent nucleosome sliding. Curr. Opin. 

Struct. Biol. 20, 73–81 (2010).

90. Muchardt, C. & Yaniv, M. ATP-dependent chromatin remodelling: SWI/SNF and 

Co. are on the job. J. Mol. Biol. 293, 187–198 (1999).

91. Wu, J.I., Lessard, J. & Crabtree, G.R. Understanding the words of chromatin 

regulation. Cell 136, 200–206 (2009).

92. Ho, L. & Crabtree, G.R. Chromatin remodelling during development. Nature 463, 

474–484 (2010).

93. Bultman, S. et al. A Brg1 null mutation in the mouse reveals functional differences 

among mammalian SWI/SNF complexes. Mol. Cell 6, 1287–1295 (2000).

94. Lessard, J. et al. An essential switch in subunit composition of a chromatin 

remodeling complex during neural development. Neuron 55, 201–215 (2007).

95. Wu, J.I. et al. Regulation of dendritic development by neuron-specific chromatin 

remodeling complexes. Neuron 56, 94–108 (2007).

96. Qiu, Z. & Ghosh, A. A calcium-dependent switch in a CREST-BRG1 complex 

regulates activity-dependent gene expression. Neuron 60, 775–787 (2008).

97. Brandl, A., Heinzel, T. & Kramer, O.H. Histone deacetylases: salesmen and 

customers in the post-translational modification market. Biol. Cell 101, 193–205 

(2009).

98. Hait, N.C. et al. Regulation of histone acetylation in the nucleus by sphingosine-

1-phosphate. Science 325, 1254–1257 (2009).

99. Fraser, P. & Bickmore, W. Nuclear organization of the genome and the potential 

for gene regulation. Nature 447, 413–417 (2007).

100. Manuelidis, L. Different central nervous system cell types display distinct and 

nonrandom arrangements of satellite DNA sequences. Proc. Natl. Acad. Sci. USA 

81, 3123–3127 (1984).

©
 2

0
1
0

 N
a

tu
re

 A
m

e
ri

c
a

, 
In

c
. 
 A

ll
 r

ig
h

ts
 r

e
s

e
rv

e
d

.


	Dynamic epigenetic regulation in neurons: enzymes, stimuli and signaling pathways
	Dynamic regulation of histone modifications
	Chromatin-modifying enzymes
	Synaptic activity–dependent histone modifications
	Neurotrophin-dependent epigenetic changes
	Regulation of DNA methylation in neurons
	Regulation of epigenetic state during neuronal development
	Regulation of chromatin remodeling by subunit switch
	Conclusions
	Acknowledgments
	COMPETING FINANCIAL INTERESTS
	References
	Figure 1 Activity-dependent epigenetic regulation.
	Figure 2 Epigenetic regulation by neurotrophins.
	Figure 3 Composition of BAF complexes at different stages of neuronal differentiation.


