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Understanding the cellular and molecular mechanisms underlying the formation and maintenance of memories is a central

goal of the neuroscience community. It is well regarded that an organism’s ability to lastingly adapt its behavior in response

to a transient environmental stimulus relies on the central nervous system’s capability for structural and functional plastic-

ity. This plasticity is dependent on a well-regulated program of neurotransmitter release, post-synaptic receptor activation,

intracellular signaling cascades, gene transcription, and subsequent protein synthesis. In the last decade, epigenetic markers

like DNA methylation and post-translational modifications of histone tails have emerged as important regulators of the

memory process. Their ability to regulate gene transcription dynamically in response to neuronal activation supports

the consolidation of long-term memory. Furthermore, the persistent and self-propagating nature of these mechanisms, par-

ticularly DNA methylation, suggests a molecular mechanism for memory maintenance. In this review, we will examine the

evidence that supports a role of epigenetic mechanisms in learning and memory. In doing so, we hope to emphasize (1) the

widespread involvement of these mechanisms across different behavioral paradigms and distinct brain regions, (2) the tem-

poral and genetic specificity of these mechanisms in response to upstream signaling cascades, and (3) the functional

outcome these mechanisms may have on structural and functional plasticity. Finally, we consider the future directions

of neuroepigenetic research as it relates to neuronal storage of information.

Learning and memory can be broadly defined as lasting alterations
of a behavioral output produced in response to a transient environ-
mental input (Sweatt 2010). In order for a transient stimulus to
induce a lasting change in behavior, cells must undergo a complex
set of stimulus-specific cellular and molecular changes that will
consolidate a memory into an everlasting trace. Since the 1960s,
memory researchers have recognized the importance of gene tran-
scription and protein synthesis in long-term memory formation
in a variety of experimental memory paradigms (Agranoff 1965;
Agranoff et al. 1965, 1966; Squire et al. 1980). However, given
that most proteins turn over on a timescale of hours, these findings
raised important conceptual questions regarding the molecular
basis for lifelong memory maintenance. It soon became evident
that a self-perpetuating biochemical reaction would be required
to preserve the molecular changes induced by short-lived environ-
mental stimuli. With this necessity in mind, Crick (1984) and
Holliday (1999) put forth the proposition that epigenetic mecha-
nisms, particularly DNA methylation, possess the biochemical
properties necessary to propagate memories over a lifetime.
DNA methylation has long been appreciated as a stable and self-
perpetuating regulator of cellular identity through the establish-
ment and propagation of persistent, heritable changes in gene
expression across cell divisions (Bird 2002). This mnemogenic
quality suggested that epigenetic mechanisms may provide a suit-
able molecular basis for memory formation and maintenance.

As a result, the last decade has seen a series of studies demon-
strating that epigenetic markers are actively and transiently regu-
lated in post-mitotic neurons of adult rodents, honeybees, aplysia,
and drosophila during the normal process of learning and memo-
ry (e.g., Levenson et al. 2004; Chwang et al. 2006; Lubin et al.
2008; Miller et al. 2008; Gupta et al. 2010; Lockett et al. 2010;
Miller et al. 2010; Kramer et al. 2011; Maddox and Schafe 2011;

Monsey et al. 2011; Biergans et al. 2012). Considering the stable
nature of DNA methylation during development, it was surprising
to find both dynamic and activity-induced changes in DNA meth-
ylation in the adult central nervous system. This unconventional
operation of epigenetic mechanisms led to the formulation of a
subfield of epigenetics, termed neuroepigenetics (also referred to
as behavioral epigenetics [Lester et al. 2011]). Neuroepigenetics
encompasses “the unique mechanisms and processes allowing dy-
namic experience-dependent regulation of the epigenome in
nondividing cells of the nervous system” (Day and Sweatt 2011).
A growing number of studies under this umbrella have demon-
strated a critical role for epigenetic mechanisms in a wide range
of learning and memory tasks and across diverse brain regions.
Thus, epigenetic mechanisms seem to play a ubiquitous role in
the establishment of lasting neural and behavioral modifications
in response to environmental stimuli.

In this review, we will primarily discuss the role of epigenetic
mechanisms in the formation and maintenance of fear memory.
We also hope to demonstrate the universal role these mechanisms
have in other learning and memory behavioral paradigms. In do-
ing so, we will review the evidence that transient epigenetic mod-
ifications mediate memory consolidation by regulating gene
expression within the first few hours after learning, whereas sus-
tained changes in epigenetic modifications in cortical brain re-
gions underlie memory maintenance over prolonged periods of
time. Finally, wewill examine the current understanding of the ba-
sic principles that regulate the establishment of specific patterns of
epigenetic modifications and speculate on some possible mecha-
nisms through which these modifications translate into cellular
changes that support memory formation and maintenance.

Defining epigenetics

Epigenetic mechanisms are key regulators of DNA compaction
and transcription. To allow long stretches of DNA to fit inside
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the cell nucleus, 146 bp sections of DNA are coiled around an
octamer of histone proteins, which contains two pairs of histone
H2A-H2B dimers and an H3-H4 histone tetramer (Quina et al.
2006). Adjacent nucleosomes join with one another via the linker
histone H1 to form chromatin (Happel and Doenecke 2009),
which can exist either as heterochromatin, characterized by a
closed, highly compacted state restrictive to transcription, or as
euchromatin, characterized by an open state amenable to tran-

scription (Arney and Fisher 2004). The switching between the op-
posing chromatin states and the assembly of transcriptional
machinery at gene promoters is mediated by epigenetic modifica-
tions, primarily DNA methylation and post-translational modifi-
cations of histones (see Fig. 1). DNA methylation preferentially
occurs on cytosines positioned adjacent to guanine nucleobases
(CpG) and is established via DNA methyltransferase (DNMT) en-
zymes, which catalyze the covalent binding of a methyl group
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Figure 1. General schematic of epigenetic modifications. (A) Packaging of DNA into chromatin is achieved through the wrapping of 146 bp of DNA
around octamers of histone proteins. Chromatin-modifying enzymes dynamically regulate the addition and removal of post-translational modifications
on histone N-terminal tails. Modifications associated with learning and memory include histone acetylation, phosphorylation, and methylation. The spe-
cific combination of histone tail modifications dictate whether or not the chromatin exists as heterochromatin or euchromatin. Heterochromatin is char-
acterized by condensed chromatin and subsequent transcriptional repression. Euchromatin is characterized by a relaxed chromatin state that allows
transcriptional machinery access to DNA for gene expression. (B) Methylation of DNA involves covalent addition of a methyl group to the 5′ position
of the cytosine pyrimidine ring by DNMTs. DNA methylation commonly occurs at genes enriched with cytosine-guanine nucleotides (CpG islands).
Proteins with methyl-binding domains, like MeCP2, bind to methylated DNA and recruit repressor complexes containing HDACs. Recent evidence sug-
gests that active DNA demethylation can occur via several mechanisms involving members of the Gadd45 family, TET family, and DNMTs themselves.
(DNMTs) DNA methyltransferases, (Gadd45) growth arrest and DNA damage 45, (HATs) histone acetyltransferases, (HDACs) histone deacetylases,
(HDMs) histone demethylases, (HMTs) histone methyltransferases, (MeCP2) methyl CpG binding protein 2, (PKs) protein kinases, (PPs) protein phospha-
tases, (TETs) ten eleven translocation, (TF) transcription factor, (RNAP II) RNA polymerase II.

Epigenetics and memory

www.learnmem.org 62 Learning & Memory



from the methyl donor S-adenosyl-methionine (SAM) to the 5′ po-
sition on the cytosine-pyrimidine ring (Chiang et al. 1996; Turker
1999; Bird 2002; Price 2010). Distinct subgroups of DNMTs carry
out distinct functions, whereby de novo DNMTs 3a and 3b estab-
lish novel methylation marks and the maintenance DNMT1
maintains previously established methylation marks (Cheng
et al. 2010). Methylation of a cytosine on one strand prompts
maintenance DNMTs to methylate the corresponding cytosine
on the opposite strand, which allows for the self-perpetuation
and persistence of this mark throughout cell division and in the
face of DNA damage (Santos et al. 2005). Although DNA methyl-
ation primarily represses transcription by interfering with the
binding of transcriptional machinery to regulatory sites on DNA
(Iguchi-Ariga and Schaffner 1989) and by promoting closed chro-
matin states via the recruitment of transcriptional repressors
(Karymov et al. 2001; Drewell et al. 2002; Fuks et al. 2003), recent
evidence suggests that methyl-CpG-binding protein 2 (MeCP2)
can also activate transcription through interactions with CREB
(Chahrour et al. 2008). Such duality of function was recently re-
ported for de novo DNMTs as well, whereby DNMT3a1 and
DNMT3a2 isoforms are associated with heterochromatin and eu-
chromatin, respectively (Chen et al. 2002; Kotini et al. 2011).

Post-translational modifications (PTMs) of histones are an-
other critically important regulator of chromatin compaction
and gene expression. The positive charge of unmodified histone
proteins facilitates interactions with negatively charged DNA
and promotes closed chromatin states (Muhlbacher et al. 2006).
Histones can undergo a number of modifications, including acet-
ylation, phosphorylation, and methylation, which alter their
charge and binding properties (Muhlbacher et al. 2006; Sanchez
Mde and Gutierrez 2009). Histone acetylation is the most widely
studied modification and involves the transfer of an acetyl group
from acetyl coenzyme A to lysine residues of histone tails via his-
tone acetyltransferase (HAT) enzymes (Hebbes et al. 1988). In con-
trast to DNA methylation, histone acetylation is associated with
transcriptional activation, which is largely attributed to acetylat-
ed histones acting as recognition sites for chromatin-remodel-
ing proteins, transcriptional regulators, and RNA polymerase II
(Mujtaba et al. 2007). Whereas acetylation and phosphorylation
are primarily associated with transcriptional activation, histone
methylation can either promote or repress transcription, depend-
ing on which residue is modified and with how many methyl
groups (Nakayama et al. 2001; Peters and Schubeler 2005). For ex-
ample, methylation of H3 lysine 4 (H3K4) is associated with tran-
scriptional activation regardless of the number of methyl groups,
whereas di- or tri-methylation of H3K9 is associated with tran-
scriptional repression (Binda et al. 2010). Different types of mod-
ifications are not independent, in that specific modifications tend
to co-occur, based largely on their role as transcriptional activators
or repressors (Strahl and Allis 2000). In addition, DNA methyla-
tion interferes with histone acetylation through the recruitment
of complexes that include histone deacetylase (HDAC) enzymes,
which remove acetyl groups from histones (Wade 2001a,b). The
opposite may also hold true, as a recent study in plants has impli-
cated HAT enzymes in active DNA demethylation though a yet
unknown mechanism (Qian et al. 2012). It is important to note
that the roles of specific modifications in either activation or re-
pression of transcription are based on generalizations of pre-
dominant instead of absolute associations with transcriptional
outcomes. For example, bidirectional promoters are silenced on
one side and active on the other in spite of similar chromatin
states (Lin et al. 2007; Vastenhouw and Schier 2012), and histone
H3K9me2 is considered to be a repressive mark even though it
does not strictly correlate with transcriptional activation or re-
pression on a genome-wide scale (He and Lehming 2003; Barski
et al. 2007). Thus, caution is warranted when extrapolating tran-

scriptional outcomes from observations of histone modifications
in isolation. Even more important, the imperfect congruence be-
tween individual epigenetic modifications and transcription em-
phasizes the importance of investigating the overall pattern of
epigenetic modifications on transcriptional outcomes, particular-
ly when drawing inferences regarding complex outcomes, such as
learning and memory.

There is now growing evidence that DNA methylation is
dynamically and bidirectionally regulated in response to a variety
of experience-induced events, including neural activity in the
brain, estrogen treatment in human cells, and exercise in muscle
(Kangaspeska et al. 2008; Metivier et al. 2008; Guo et al. 2011a,b;
Barres et al. 2012). Tremendous gains have been rapidly made in
identifying the mechanisms of active DNA demethylation, which
include base excision repair in response to deamination of a meth-
ylated cytosine by Gadd45 or oxidation by TET proteins, which
convert methylated cytosines (5mC) into hydroxyl-methyl-cyto-
sines (5hmC) (Gehring et al. 2009; Kriaucionis and Heintz 2009;
Ma et al. 2009; Tahiliani et al. 2009; Wu and Sun 2009; Guo
et al. 2011b; Niehrs and Schafer 2012). In addition, the same
DNMT enzymes that methylate DNA have been implicated in
DNA demethylation (Metivier et al. 2008), but this mechanism
has not yet been investigated in the brain. Thus, active regulation
of epigenetic marks is a critical regulator of gene expression in a
variety of tissue types.

Achieving signaling- and task-specificity

at the level of epigenetic regulation

For epigenetic mechanisms to support the formation of distinct
and diverse memories, epigenetic modifications must be respon-
sive to signaling cascades induced by environmental stimuli.
Resulting modifications of chromatin structure must then regu-
late the expression of memory-associated genes within the appro-
priate neural networks. In other words, epigenetic modifications
must be actively and selectively induced by specific signaling cas-
cades at specific genes in the cells and brain regions that sup-
port specific types of memory. Indeed, many studies have now
shown that epigenetic changes that support memory formation
and maintenance involve task-, region-, gene-, time-, and signal-
ing-cascade specific changes in the epigenetic regulation of gene
expression.

Epigenetic mechanisms regulate memory

across tasks and brain regions

The majority of evidence supporting an epigenetic basis for mem-
ory formation and maintenance has been found using hippocam-
pus-dependent tasks that include contextual fear conditioning,
Morris water maze (MWM), novel object recognition (NOR), and
object-location memory. In general, hippocampus-dependent
tasks have been associated with global increases of euchromatin-
related post-translational modifications of histones and with pos-
itive regulation of gene expression. For example, contextual fear
conditioning produced increased levels of acetylation at H3
lysine 14 (H3K14), phosphorylation at H3 serine 10 (H3S10),
and trimethylation at H3 lysine 4 (H3K4me3) in the hippocampus
(Levenson et al. 2004; Chwang et al. 2006), although a recent
study also found increased levels of the heterochromatin-related
dimethylation at H3 lysine 9 (H3K9me2) (Gupta et al. 2010;
Gupta-Agarwal et al. 2012). Similarly, training on the Morris water
maze induced increased acetylation at H4 lysine 12 (H4K12)
and pan-acetylation of H2B (tetra-acetylated-H2BK5K12K15K20)
(Bousiges et al. 2010).
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Memory consolidation for a particular task involves the
establishment of distinct epigenetic modifications in individual
components of memory-supportive networks. For example,
contextual fear conditioning induced distinct H3K9me2 and
H3K4me3 patterns in the hippocampus compared with those of
the entorhinal cortex, and the inhibition of H3K9me2 in the en-
torhinal cortex, but not in the hippocampus, enhanced memory
formation (Gupta-Agarwal et al. 2012). Similarly, cued fear condi-
tioning as well as BDNF-induced plasticity in cell culture resulted
in different patterns of histone PTMs at the homer1 promoter in
hippocampal and amygdala neurons (Mahan et al. 2012), indicat-
ing that the same gene can be differentially regulated by identical
stimuli in different regions of the brain. Epigenetic modifications
can be further localized to discrete subregions of the hippocam-
pus. For example, Castellano and colleagues (2012) found that
training in a one-day redundant place/cue version of the MWM
induced increased pan-acetylation of H3 and H4 and decreased
acetylation of H3 lysine 9 (H3K9) in the CA1, whereas only H3
pan-acetylation was increased in area CA3. In addition to in-
creased pan-acetylation of H3, the dentate gyrus (DG) was also
characterized by sparse immunolabeling for H3S10. These data
highlight the subregion specificity of histone modifications
and exemplify the need to further refine our analysis to distinct
subregions and, ideally, to specific genes and cell populations
to better understand the sort of information encoded by these
modifications.

In contrast to studies involving contextual fear condition-
ing and MWM that directly measured histone PTMs induced by
learning, the role of histone modifications in object-recognition
and object-location memory have been substantiated primarily
via pharmacological and genetic manipulations of HATs and
HDACs (Vecsey et al. 2007; Stefanko et al. 2009; Roozendaal
et al. 2010; Haettig et al. 2011; McQuown et al. 2011). Given the
role of histone acetylation in long-term memory formation,
many groups have targeted different HATs such as CREB-binding
protein (CBP), E1A-binding protein (p300), and p300/CBP-associ-
ated factor (PCAF) (Oike et al. 1999; Bourtchouladze et al. 2003;
Alarcon et al. 2004; Korzus et al. 2004; Wood et al. 2005, 2006;
Maurice et al. 2008; Chen et al. 2010; Barrett et al. 2011;
Oliveira et al. 2011; Valor et al. 2011). In a comprehensive review,
Barrett and Wood (2008) examined the numerous memory defi-
cits associated with mouse models containing mutations in one
of the three previously mentioned HATs. Interestingly, a deficit
in NOR memory was the most common impairment among all
the different genetically modified mice, suggesting the relative
importance of HAT activity and histone acetylation for NOR
memory.

Studies using a variety of behavioral paradigms in brain re-
gions outside of the hippocampus, particularly in the amygdala,
the prefrontal cortex, the insular cortex, and the striatum, have
begun to investigate the role of epigenetic mechanisms in relation
to learning and memory paradigms associated with those brain re-
gions, including cued fear conditioning, memory extinction, con-
ditioned taste aversion, and reward learning, respectively (Swank
and Sweatt 2001; Bredy et al. 2007; Kwon and Houpt 2010; e.g.,
Barros et al. 2011; Bayerlein et al. 2011; Monsey et al. 2011). For
example, increased expression of euchromatin-associated modifi-
cations of histones was reported during the consolidation of cued
fear conditioning in the amygdala (Monsey et al. 2011). In addi-
tion, histone modifications may be important for the consolida-
tion of conditioned taste aversion (CTA) memories. Studies in
the mollusk Helix lucorum show unilateral increases in H3K14
acetylation in premotor interneurons that initiate withdrawal
behavior in response to a food item previously paired with an
aversive electric shock (Danilova et al. 2010). In rodents, a role
for histone acetylation in CTA memory is indirectly supported

by increased levels of lysine-HATactivity in the insular cortex after
training (Swank and Sweatt 2001). There is also a rapidly growing
literature on the role of epigenetic modifications in the striatum
in the development of drug addiction and a number of excellent
reviews are available on the subject (e.g., Maze and Nestler
2011; Robison and Nestler 2011). The breadth of epigenetic in-
volvement in various learning and memory tasks is indicative of
the seemingly universal requirement for epigenetic mechanisms
in producing lasting changes in neural function and behavior in
response to a variety of transient environmental stimuli.

Fewer studies have been conducted on the role of DNA meth-
ylation in learning and memory and this role is best characterized
for fear conditioning. In 2007, Miller and Sweatt reported the
first evidence for increased de novo DNMT expression in the hip-
pocampus in response to contextual fear conditioning. This
change in enzyme levels was accompanied by increased DNA
methylation at the promoter of the memory-suppressor gene pro-
tein phosphatase I (PP1) and decreased methylation at the promot-
er of the plasticity-associated gene reelin. Later studies identified
learning-induced changes in DNA methylation of BDNF, arc,
and calcineurin genes (Lubin et al. 2008; Miller et al. 2010;
Munoz et al. 2010; Penner et al. 2011), which play critical roles
in memory formation and maintenance. Recent studies from
Glen Schafe’s group demonstrated that DNA methylation is im-
portant for the consolidation and re-consolidation of cued fear
conditioning in the amygdala using DNMT inhibitors to block
DNA methylation (Maddox and Schafe 2011; Monsey et al.
2011), although that group has not directly investigated DNA
methylation changes at specific genes. A number of studies have
also found DNA methylation to be associated with drug responses
and drug-related reward learning in striatal structures (e.g., Barros
et al. 2011; Bayerlein et al. 2011; Nielsen et al. 2012) and with
the establishment of lasting behavioral modification across spe-
cies, including Aplysia and the honey bee (Lockett et al. 2010;
Biergans et al. 2012; Rajasethupathy et al. 2012). Although the
specific nature of the link between DNA methylation and behav-
ioral modification is not clear, the available evidence suggests that
DNA methylation is critical for coordinating appropriate patterns
of gene silencing and activation.

DNA methylation and the balance between memory

activators and memory suppressors

An interesting feature of DNA methylation is the gene-specificity
and the directionality of observed changes, with some genes ex-
hibiting increased and others exhibiting decreased DNA methyla-
tion after learning (Miller and Sweatt 2007; Lubin et al. 2008; Feng
et al. 2010; Gupta et al. 2010; Miller et al. 2010). Given this obser-
vation, it is not clear whether memory deficits observed after
DNMT inhibition reflect a greater functional relevance of methyl-
ation over demethylation, or a disrupted balance between these
opposing modifications. There is ample evidence to support the
need for a balance between memory activators and inhibitors, in-
cluding the opposing actions of proteases and phosphatases in the
cytoplasm and of transcriptional activators and repressors at gene
promoters (Blitzer et al. 1995; Wang and Kelly 1997; Wang et al.
1997; Koshibu et al. 2009; Lee and Silva 2009; Rajasethupathy
et al. 2012). In fact, it has been suggested that a similar need for
balance may be required at the epigenetic level (Koshibu et al.
2009), where DNA methylation must remain in balance with
demethylation, and histone acetylation must be balanced with
histone deacetylation, and so on. A requirement for an epigenetic
balance is consistent with the observation that increased expres-
sion of plasticity genes reelin and BDNF in response to DNMT in-
hibition is not sufficient to support memory consolidation in
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the face of increased expression of PP1 (Miller and Sweatt 2007;
Lubin et al. 2008).

The available evidence suggests that DNA methylation may
tip the balance to favor the expression of plasticity-associated
genes by inhibiting the activity of memory-suppressor genes
(Miller and Sweatt 2007; Miller et al. 2010; Rajasethupathy et al.
2012). Indeed, such a mechanism has been described for SIRT1,
a class III HDAC that promotes memory formation by inhibiting
microRNA134-mediated degradation of CREB (Gao et al. 2010).
Memory-suppressor genes PP1 (protein phosphatase 1) and calci-
neurin (a.k.a. Ca2+/calmodulin dependent protein phosphatase,
PP2) in rodents, and CREB2 in Aplysia provide a powerful con-
straint on memory, such that the silencing of any one of these
genes reduces the threshold for memory formation and improves
memory retention (Bartsch et al. 1995; Malleret et al. 2001;
Genoux et al. 2002; Koshibu et al. 2009). Cytoplasmic PP1 pro-
motes memory suppression through dephosphorylation of signal-
ing molecules critical for memory formation, including CaMKII
and GluR1 (Genoux et al. 2002), whereas nuclear PP1 promotes
memory suppression through dephosphorylation of serine 10
on histone H3 (Koshibu et al. 2009, 2011). In addition, PP1 inter-
acts with HDACs and histone demethylases to increase their
activity, thus promoting transcriptional silencing through his-
tone deacetylation and demethylation (Koshibu et al. 2009).
Calcineurin enhances PP1 activity by dephosphorylating a key
PP1 inhibitor (Malleret et al. 2001), whereas CREB2 mediates
memory suppression through inhibition of CREB1, a trans-
criptional activator critical for memory formation in Aplysia
(Bartsch et al. 1995). DNA methylation relieves the repressive ef-
fects of these genes to allow for memory consolidation and the ex-
pression of plasticity-promoting genes in rodents and in Aplysia.
As mentioned previously, fear conditioning is associated with in-
creased methylation and decreased expression of hippocampal
PP1 1 h after training (Miller and Sweatt 2007) and with increased
methylation and decreased expression of cortical calcineurin 30 d
after training (Miller et al. 2010). Similarly, treatment with the
memory modulator serotonin induces DNA methylation and
transcriptional repression of CREB2, the major memory suppres-
sor in Aplysia (Rajasethupathy et al. 2012). These studies provide
correlational evidence to support the hypothesis that methyla-
tion of memory-suppressor genes may prove to be a key mecha-
nism for supporting memory consolidation, but additional
studies are required to test this hypothesis directly.

A somewhat peculiar observation regarding the balance be-
tween opposing epigenetic modifications is that memory deficits
produced by DNMT inhibitors can be reversed by treatment with
HDAC inhibitors (Miller et al. 2008; Maddox and Schafe 2011;
Monsey et al. 2011). In other models, including cancer, DNMT
and HDAC inhibitors tend to have synergistic effects (Zhu and
Otterson 2003; Fraczek et al. 2012), an outcome that is consistent
with the transcriptionally repressive role of both enzymes. We
speculate that the opposing action of DNMTand HDAC inhibitors
in the hippocampus may be at least partly explained by increased
expression of PP1 in response to DNMT inhibition (Miller and
Sweatt 2007). Inhibition of nuclear PP1 reduces HDAC activity
(Koshibu et al. 2009) and HDAC inhibitors disrupt the interaction
between HDAC and PP1 complexes (Brush et al. 2004). Thus, by
increasing PP1 expression, DNMT inhibitors may also result in in-
creased HDAC activity, which would account for the reversal of
memory deficits by treatment with HDAC inhibitors. Although
this hypothesis has not been investigated directly, a recent study
has shown that intra-cortical administration of DNMT inhibitors
reduced histone acetyltransferase expression and produced a con-
comitant decrease in H3 and H4 acetylation (Sui et al. 2012). Based
on these observations, we hypothesize that epigenetic modifica-
tions may regulate a fine balance between the activity of memory

suppressors and promoters at the level of individual genes in a
fashion consistent with the required balance between memory
suppressors and activators at all levels of signaling (Blitzer et al.
1995; Wang and Kelly 1997; Wang et al. 1997; Koshibu et al.
2009; Lee and Silva 2009; Rajasethupathy et al. 2012). Direct tests
of this hypothesis will provide a critical contribution to our un-
derstanding of epigenetic mechanisms in memory formation.

Additional explanations for memory impairment produced
by DNMT inhibitors are also possible and are not mutually exclu-
sive. For example, some evidence suggests that DNA methylation
may not always repress transcription. In fact, the methyl CpG
binding protein MeCP2 is capable of acting as a transcriptional re-
pressor when bound to HDACs, or an activator when bound to
CREB (Chahrour et al. 2008). Such mechanisms appear relevant
in the brain, as regulation of the gene encoding the norepineph-
rine transporter was associated with changes in MeCP2 binding,
but not with changes in DNA methylation in mouse cortical cells
(Harikrishnan et al. 2010). Nonrepressive methylation mecha-
nisms may also be relevant for contextual fear conditioning, as
zif268 expression was enhanced 30 min after training even
though promoter methylation was increased at that time point
(Gupta et al. 2010). Another possibility is that DNMTs may be in-
volved in both DNA methylation and demethylation (Metivier
et al. 2008), such that blanket inhibition of these enzymes with
DNMT inhibitors would disrupt both processes, although this
hypothesis has not been tested in neural tissue. However, a recent
study showed that a novel DNMT isoform, DNMT3a2, is associ-
ated with transcriptional activation rather than repression
(Chen et al. 2002) and is positively associated with memory for-
mation (Oliveira et al. 2012), although the mechanism that medi-
ates this positive association is not clear. Currently, there are no
techniques available to manipulate epigenetic modifications at
individual genes selectively, but the available techniques can,
nevertheless, provide important insights into potential ways in
which these mechanisms interact to regulate memory formation
and maintenance.

Time-course specificity

Temporal specificity of gene expression and protein synthesis in
appropriate brain regions is essential for the formation and per-
sistence of a lasting memory trace (e.g., Katche et al. 2010).
Numerous studies show that learning induces temporally distinct
waves of gene expression and protein synthesis in the hippocam-
pus (Igaz et al. 2002, 2004a,b; Bekinschtein et al. 2007; Katche
et al. 2010; Lonergan et al. 2010). Specifically, early changes oc-
curring within 3 h of training are critical for the initial memory
formation, whereas delayed changes occurring between 12 and
24 h after training are required for memory persistence over
time (Bekinschtein et al. 2007). Changes in protein expression
that support memory persistence at later time points are driven
by transcriptional events at earlier time points. This is illustrated
in a study by Bekinschtein and colleagues (2007), who found
that blocking hippocampal BDNF 12 h after training impaired
c-fos expression at 24 h and impaired memory recall at 7 d
(Bekinschtein et al. 2007; Katche et al. 2010), indicating that the
timing of gene expression within the hippocampus is a critical
regulator of memory formation and stabilization. The delayed
changes in hippocampal gene expression may reflect the process
of systems consolidation, in which the hippocampus has a tempo-
rally restricted role in memory formation and undergoes a process
of “downloading” the memory to the cortex for maintenance over
prolonged periods of time (Frankland et al. 2004, 2006; Frankland
and Bontempi 2005; Teixeira et al. 2006; Ding et al. 2008; Wang
et al. 2009; Lesburgueres et al. 2011).
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The majority of available studies on epigenetic mechanisms
in memory have found that epigenetic markers are dynamically
and specifically regulated during the initial consolidation window
in the hippocampus. Using fear conditioning as a model of asso-
ciative learning, Miller and Sweatt (2007) found that DNA meth-
ylation was rapidly altered 1 h after training and that the changes
in DNA methylation returned to baseline within 24 h. Also using
fear conditioning, it was found that histone acetylation, phos-
phorylation, and methylation followed a similar temporal pattern
(Levenson et al. 2004; Chwang et al. 2006; Miller et al. 2008;
Gupta et al. 2010; Gupta-Agarwal et al. 2012). Consistent with a
role for epigenetic mechanisms in initial memory consolidation,
the administration of DNMT inhibitors impaired fear memory
and HDAC inhibitors improved fear memory (Miller and Sweatt
2007; Lubin et al. 2008; Miller et al. 2008; Monsey et al. 2011;
Fass et al. 2013) only if administered during the restricted consol-
idation window shortly after training. Neither drug was effective
at reversing memory if administered 6 h after training (Miller
et al. 2008; Monsey et al. 2011). However, more recent studies
have reported protracted epigenetic changes during the hippo-
campus-dependent process of consolidation. For example, the
transcriptionally repressive H3K9me2 mark was increased 1 h
and reduced 24 h after fear conditioning in the hippocampus
(Gupta et al. 2010), whereas the transcriptionally permissive
H3K4me3 mark was increased 1 h and decreased 24 h after fear
conditioning in the entorhinal cortex (Gupta-Agarwal et al.
2012) compared to untrained controls. These results indicate
that epigenetic changes may also occur in waves that contribute
to temporally distinct patterns of gene expression that are in-
volved in establishing transient and persistent memory traces.
However, temporal dynamics of epigenetic changes in the hip-
pocampus have not been extensively studied and much more
work is required to test directly a potential epigenetic basis for reg-
ulating distinct waves of gene expression at different stages of
consolidation.

The finding that epigenetic modifications in the hippo-
campus are transient challenged the initial hypothesis that
persistent changes in DNA methylation support long-lasting
memories (Miller and Sweatt 2007). The systems consolidation
theory of memory maintenance (Frankland and Bontempi 2005;
Frankland et al. 2006) suggests that the transient changes in epige-
netic markers in the hippocampus parallel the transient involve-
ment of the hippocampus in memory formation. According to
the theory, memory consolidation is dependent on the hippocam-
pus immediately after and for �7 d after training, whereas older
memories (≥7 d, approximately) are downloaded to the cortex
for maintenance over prolonged periods of time. Accordingly, a
number of studies have shown that newly acquired memories are
associated with transiently increased gene expression and spine
density in the hippocampus, but that older memories are associat-
ed with altered gene expression and increased spine density in the
cortex (Maviel et al. 2004; Restivo et al. 2009). Indeed, in contrast
to transient changes (,24 h) in DNA methylation observed in the
hippocampus (Miller and Sweatt 2007; Gupta et al. 2010), in-
creased DNA methylation in the medial prefrontal cortex becomes
evident 1 d after training, increases thereafter, and persists for at
least 30 d (Miller et al. 2010). Altered DNA methylation at 30 d is
critical for memory maintenance, as interference with DNA meth-
ylation by the administration of DNMT inhibitors into the medial
prefrontal cortex blocks the recall of memory, suggesting that sta-
ble changes in cortical DNA methylation may support the mainte-
nance of memory over time. Gräff et al. (2012) recently implicated
dynamic histone modifications during systems-wide consolida-
tion of hippocampus-dependent memories. As with DNA methyl-
ation, hippocampal H3S10phosphorylation and H3K14and H4K5
acetylation were transiently induced after object-recognition

learning, whereas modifications in the cortex were delayed and
persisted for up to 7 d. These biochemical changes were measured
after memory recall and may thus reflect retrieval-induced epige-
netic modifications in the cortex, a hypothesis that is indirectly
supported by the absence of hippocampal histone modifications
at 24 h in the absence of recall. Although fascinating in its own
right, additional studies are required to confirm the spatiotempo-
ral dynamics of histone modifications during memory consolida-
tion and in the absence of memory recall.

Studies of cortical DNA methylation in remote memory
indicate that distinct memory-associated genes exhibit tempo-
rally distinct patterns of methylation (Miller et al. 2010). Of
the candidate genes examined, only calcineurin was persistently
methylated, whereas reelin was transiently methylated and down-
regulated during the period of transition (approximately encom-
passing the first 7 d after training) from the hippocampus to the
medial prefrontal cortex (Miller et al. 2010). We speculate that
cortical DNA methylation at earlier time points (1–7 d) may direct
sustained changes in DNA methylation at later time points (≥7 d)
to regulate the timing and the duration of gene expression re-
quired for different stages of memory formation and mainte-
nance. Although this notion is largely speculative at this point,
there is some evidence to suggest that DNA methylation and his-
tone modifications may delay or prolong the inhibition of
memory-suppressor genes to allow for sufficient relief from the
mechanisms that promote forgetting. For example, CREB2,
a memory suppressor that inhibits activation of the memory
promoter CREB1 in Aplysia (Bartsch et al. 1995), exhibits the high-
est levels of methylation and inhibition between 12 and 24 h
after serotonin application, which corresponds with the period
of increased activity of CREB1 and memory consolidation
(Rajasethupathy et al. 2012). Importantly, these data point to a
dual role of epigenetic modifications as dynamic regulators of
gene expression in the hippocampus and as persistent main-
tainers of remote memories in the cortex. More work is required
to investigate the role of temporally and region-specific changes
in DNA methylation in memory formation and maintenance,
as well as the distinct ways in which these temporally distinct epi-
genetic modifications translate into functional memories.

Epigenetic modifications are regulated in response

to specific signaling cascades

Intertwined with the requirement for temporal specificity is the
need for epigenetic marks to be laid down in a regulated fashion
to allow for precise changes in gene expression by appropriate up-
stream signaling events. For example, NMDA receptor activation
initiates the extracellular signal-regulated kinase/mitogen-acti-
vated protein kinase (ERK/MAPK) signaling cascade, which, via
nuclear kinases such as mitogen- and stress-activated protein ki-
nase 1 (MSK1), is involved in downstream histone H3 acetylation
and phosphorylation in the hippocampus (Levenson et al. 2004;
Chwang et al. 2006, 2007). Importantly, stimulation of ERK sig-
naling (Levenson et al. 2004) and treatment with HDAC inhibi-
tors (Graff and Tsai 2011; Graff et al. 2011) produced gene- and
histone-specific changes in PTMs, indicating that distinct signal-
ing cascades may establish precise histone codes that correspond
to particular types of memory (Graff et al. 2011). Moreover,
BDNF activity regulates the consolidation of contextual fear con-
ditioning through alterations of histone- and residue-specific
post-translational modifications at the homer1 promoter in the
hippocampus and the amygdala (Mahan et al. 2012). In addition,
nitric oxide (NO) has been implicated in histone acetylation by
regulating the dissociation of HDAC2 from CREB-regulated gene
promoters (Nott et al. 2008; Nott and Riccio 2009) and, most
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recently, HDAC inhibitors were shown to reverse fear condition-
ing deficits in NO knockout mice through increased H3 acetyla-
tion in the hippocampus and the amygdala (Itzhak et al. 2012).
Similarly, the enhancement of object-recognition memory by
HDAC inhibitors can be blocked with antagonism of the glucocor-
ticoid receptor and the downstream activation of PKA (Roozen-
daal et al. 2010). DNA methylation and histone acetylation also
appear to be regulated by overlapping signaling cascades, as evi-
denced by impaired DNA methylation in response to NMDA re-
ceptor antagonist treatment in the hippocampus (Lubin et al.
2008; Miller et al. 2010) and reduced DNMT3a expression in re-
sponse to ERK/MAPK inhibition in the amygdala (Monsey et al.
2011). Similarly, DNA methylation of the memory-suppressor
gene CREB2 in Aplysia is dependent on serotonin signaling, in
that DNMT inhibitors blocked serotonin-induced CREB2 silenc-
ing and the associated enhancement of cellular activation, and
the inhibition of serotonin signaling blocked DNMT-inhibitor
mediated alterations of cell activity (Rajasethupathy et al. 2012).

Many of the post-translational modifications of histones dis-
cussed above are specifically induced at particular residues on spe-
cific histones, while others are not affected (e.g., Chwang et al.
2006; Gupta et al. 2010; Gupta-Agarwal et al. 2012; Mahan et al.
2012), indicating that upstream signaling cascades may differen-
tially regulate the activity of multiple HATs, HDACs, histone
methylases, and histone demethylases that regulate specific mod-
ifications at distinct residues. For example, specific HATs, includ-
ing HPA2 and Gcn, specifically acetylate H3K14 (Angus-Hill
et al. 1999; P Cheung et al. 2000a,b; WL Cheung et al. 2000),
and the histone methyltransferase Mll specifically methylates
H3K4 (Milne et al. 2002), whereas the G9a/G9a-like protein
(GLP) lysine dimethyltransferase complex catalyzes methylation
of K3K9 (Kubicek et al. 2007; Leung et al. 2011; Shinkai and
Tachibana 2011).

Different enzymes that catalyze the addition and removal of
post-translational modifications appear to have at least partially
independent effects on memory formation. For example, knock-
ing out different HATs, CBP or p300, produces distinct patterns
of memory deficits in mice (Korzus et al. 2004; Wood et al.
2005), and HDAC2 (and not HDAC1) is negatively associated
with spatial memory (Guan et al. 2009). In contrast, class III
HDACs (also called sirtuins) are positively associated with memo-
ry formation (Kim et al. 2007; Gao et al. 2010), supporting the idea
that different HATs and HDACs may regulate different types of
memory (Graff and Tsai 2011). However, it is not entirely clear
whether relevant modifications occur only at specific residues,
or whether general enhancement or reduction of a particular
modification is critical for memory formation. The best example
of residue-specific modifications in memory has been described
in a recent study of H3K9 methylation in Drosophila. Kramer
et al. (2011) isolated H3K9me by knocking out an H3K9-specific
euchromatin histone methyltransferase (EHMT) that resulted
in deficient learning and memory, and impaired dendrite devel-
opment. The deficits were associated with changes in H3K9 dime-
thylation on neural plasticity-related genes and were reversed
with the induction of EHMT expression in adulthood. This study
provides an excellent example of isolating a single modification
that is dynamically regulated on a subset of genes, many of which
are involved in memory formation, although the modification
remained stable on other genes. This observation provides fur-
ther evidence for the dual role of epigenetic modifications in
the maintenance of stable patterns of gene expression and in reg-
ulating dynamic changes in gene expression in response to envi-
ronmental signals.

In addition to subcategories of methyltransferases, HDACs,
HATs, and histone methylases, DNMTs can also be classified into
either de novo or maintenance subcategories and recent stud-

ies have identified different subtypes of DNMT3a, wherein
DNMT3a1 is associated with gene repression and DNMT3a2 is
associated with gene activation (Chen et al. 2002; Kotini et al.
2011). The latter is selectively and positively associated with
memory for trace fear conditioning and novel object recognition
(Oliveira et al. 2012). Overall, these findings indicate that a precise
pattern of chromatin modifications in the nucleus is established
in response to upstream signaling cascades, although the role of
specific enzymes and modifications of specific sites in learning
and memory need to be better elucidated. Based on their position
downstream of environmental stimuli and the associated sig-
naling cascades, epigenetic mechanisms are well suited to inte-
grate the upstream signaling information and translate it into
gene-specific transcriptional regulation.

Translation of epigenetic mechanisms into a

functional memory trace

Traditionally, studies of memory formation have focused on
activity-dependent changes at the synapse, particularly long-term
potentiation (LTP) and the formation of new synaptic contacts in-
dexed by changes in spine density (Bliss and Coolingridge 1993;
Restivo et al. 2009). However, it has been difficult to reconcile
such a synapse-specific basis of memory with the presumably cell-
wide changes produced by epigenetic modifications in the nucle-
us. One of the most obvious links between epigenetic mecha-
nisms and synaptic function is the epigenetic regulation of
genes that have a known role in the establishment of LTP and
memory formation. Reelin and BDNF are epigenetically regulated
(Miller and Sweatt 2007; Lubin et al. 2008) and have an estab-
lished role in LTP induction, synapse maturation, and spine devel-
opment (Weeber et al. 2002; Beffert et al. 2005; Qiu and Weeber
2007; Niu et al. 2008; Mei et al. 2011; Amaral and Pozzo-Miller
2012; Vigers et al. 2012). A number of studies have found evidence
supporting a role for HDACs in synapse formation and plasticity
(Kim et al. 2007; Guan et al. 2009; Gao et al. 2010; Calfa et al.
2012). Effects appear to be HDAC specific, wherein HDAC2 is as-
sociated with reduced synaptic plasticity, synapse number, and
spine density (Guan et al. 2009), and the HDAC SIRT1 is associat-
ed with enhanced synaptic plasticity (Gao et al. 2010) and greater
dendritic complexity (Michan et al. 2010). Moreover, DNMT in-
hibitors reduce synaptic plasticity and impair LTP induction
(Levenson et al. 2006; Nelson et al. 2008), thus highlighting the
importance of epigenetic modifications in regulating traditional
mechanisms of memory. Although the mechanism underlying
the effect of epigenetic modifications on synaptic structure and
function is not clear, recent studies have found that homer1
and TrkB (a receptor for BDNF) may serve as activity-regulated syn-
aptic tags that could localize BDNF and other plasticity-associated
proteins to recently activated synapses (Okada et al. 2009; Lu
et al. 2011), implicating synaptic tagging as a potential mecha-
nism for targeting epigenetically regulated genes to appropriate
synaptic sites. Eric Kandel’s group recently put forth another in-
teresting idea regarding the role of DNA methylation as a regula-
tor of memory allocation (Rajasethupathy et al. 2012). Memory
formation occurs in a subset of cells that exhibit higher levels of
CREB1, such that the memory trace is preferentially “allocated”
to neurons expressing higher CREB1 levels (Han et al. 2009;
Zhou et al. 2009). Kandel’s group observed widespread inter-
cell variation in CREB2 methylation, which is positively associat-
ed with CREB1 expression. This led the group to propose that
CREB2 inhibition may distinguish neurons that are currently in-
volved in memory formation from those that are not, thereby
implicating DNA methylation in regulating the sequence of cellu-
lar involvement in particular forms of memory.
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Euchromatin-associated modifications

enhance memory

So far in our discussion, we have focused primarily on the ability
of epigenetic mechanisms to promote memory by selectively re-
sponding to specific stimuli in the environment. However, many
studies have found that, in addition to the specific epigenetic
modifications that occur only in response to associative learning
(e.g., Levenson et al. 2004; Chwang et al. 2006; Miller et al. 2008;
Guptaetal. 2010;Gupta-Agarwal et al. 2012), exposure tononasso-
ciative control treatments also induces epigenetic modifications.
In fact, exposure to a novel environment produced increased levels
of ERK1/2 dependent H3 phosphorylation and acetylation that
was abolished by environmental habituation (Sarantis et al.
2012). Similarly, context exposure alone produced increased
H3K9me2 in the CA1 (Gupta-Agarwal et al. 2012) and exposure
to a visible-platform control condition produced similar changes
in H3 acetylation to those seen after MWM training (Castellano
et al. 2012). With respect to DNA methylation, the specificity of
the changes observed in response to the context and shock pair-
ing is dependent on the gene of interest, with some genes, includ-
ing egr1/zif268 and bdnf exon 1, exhibiting similar modifications
when shock and context are presented individually as when they
are presented in combination (Lubin et al. 2008; Miller et al.
2010). Divergent patterns of specificity can even be observed at
the single cytosine level, as evidenced by a training-specific meth-
ylation at only one cytosine in the promoter region of bdnf exon
IV among the multiple modifications that occurred in response
to nonassociative context exposure (Lubin et al. 2008). Such find-
ings suggest that certain epigenetic modifications may be induced
by specific sets of environmental stimuli, some of which reflect as-
sociative memory whereas others are induced by novel environ-
mental inputs that are independent of associative learning.

The nonspecific sensitivity of epigenetic mechanisms to
diverse inputs from the environment suggests that exposure to
new stimuli can promote neural plasticity irrespective of associat-
ive learning. By extension, the nonspecific epigenetic modifica-
tions produced by environmental exploration and novelty may
serve a function that alters the epigenome in a way that may either
promote or impair future learning. This is exactly the argument
that has been made to account for the effects of environmental
enrichment on learning and memory, as evidenced by heightened
levels of histone acetylation and open chromatin states in rodents
exposed to enriched environments (for review, see Graff and Tsai
2011). Indeed, Graff and Tsai (2011) have argued for beneficial ef-
fects of such an “increased dose” of euchromatin-associated epige-
netic modifications based on evidence that manipulations that
increase euchromatin-associated PTMs, such as PP1 inhibition, es-
trogen treatment, or the activation of glucocorticoid receptors
(Genoux et al. 2002; Koshibu et al. 2009; Roozendaal et al.
2010; Zhao et al. 2010; Koshibu et al. 2011) also enhance memory
formation. This link is further supported by evidence that HDAC
inhibitors enhance learning in response to weak stimuli that do
not induce memory on their own (e.g., Fass et al. 2012; Stafford
et al. 2012). In addition, variations in maternal behavior in early
life, which result in different patterns of hippocampal and cortical
DNA methylation in adult offspring, are associated with altered
patterns of learning and memory (Caldji et al. 1998; Bredy et al.
2003; Champagne et al. 2008; Roth et al. 2009), indicating that
preexisting differences in epigenetic modifications can reduce
the threshold for learning and memory. Similarly, one study has
found that post-training individual differences in DNA methy-
lation of the BDNF gene in the hippocampus correlate with
performance on a spontaneous object-recognition task (Munoz
et al. 2010), implying that preexisting changes in epigenetic
marks may mediate the responsivity of epigenetic marks to

memory-inducing stimuli. Ultimately, these findings point to a
bidirectional relationship between epigenetic mechanisms and
learning and memory, whereby learning induces the formation
of novel epigenetic marks and preexisting levels of epigenetic
marks regulate the threshold for learning and memory.

General considerations and limitations

Within the last decade, increased interest in neuroepigenetics has
resulted in exciting methodological and conceptual advances in
the field. As with any new field of study, however, it is important
to consider the inherent technical limitations and their impact on
the interpretation of data. For example, many studies of DNA
methylation used bisulfite sequencing to obtain single-nucleotide
resolution of cytosine methylation, which is unable to discrimi-
nate between 5mc and 5hmc (Huang et al. 2010; Jin et al. 2010;
Nestor et al. 2010), suggesting that the observed changes in
DNA methylation in previous studies will have to be reexamined
for the presence of hydroxyl methylation. Recently, several vari-
ants of bisulfite sequencing, including oxidative bisulfite se-
quencing (oxBS-Seq) and Tet-assisted bisulfite sequencing (TAB-
Seq), have been developed in order to address such limitations
(Booth et al. 2012; Yu et al. 2012). Furthermore, for mapping stud-
ies that do not require single base resolution, immunoprecipita-
tion techniques that employ 5mc and 5hmc specific antibodies
or proteins (e.g., hydroxylated/methylated DNA immunoprecipi-
tation [h/MeDIP] and methylated-CpG island recovery assay
[MIRA]) are available as reasonable alternatives if a DNA fragment
does not contain both modified cytosines (Jin et al. 2010). As the
field continues to grow, it is imperative that such techniques be-
come the standard in the field to ensure accurate 5mc and 5hmc
measurements.

On a similar note, certain commercially available antibodies
used to evaluate histone PTMs may, in fact, also lack the necessary
specificity to distinguish one modification from another. Using
peptide array technology, Castellano et al. (2012) showed that sev-
eral of their purchased antibodies recognized various histone
modifications in addition to the ones supposedly targeted by their
antibodies. This lack of antibody specificity has important impli-
cations for both past and future studies that examine how com-
binatorial patterns of histone modifications work together to
regulate gene expression. Furthermore, a lack of studies that
examine antibody cross-reactivity complicates cross-study com-
parisons and the proper resolution of potential discrepancies
(Castellano et al. 2012). Use of pharmacological approaches also
has inherent limitations. For example, a causal link between his-
tone modifications and behavior is often inferred on the basis of
pharmacological enhancement of memory with HDAC inhibi-
tors, many of which have widespread effects that are not specific
to histones, HDAC subtypes, or to modifications of specific his-
tone residues (for review, see Zovkic and Sweatt 2013), although
important advances have been made in understanding the role
of specific HATs and HDACs from studies that used genomic tools
to interfere with subtype-specific expression (e.g., Wood et al.
2005, 2006; McQuown et al. 2011; Gräff et al. 2012). Although
the results of the latter studies are generally in agreement with
those obtained with pharmacological HDAC inhibitors, they nev-
ertheless point to a need to develop additional HDAC-specific
compounds that mimic effects observed with genetic manipula-
tions, as reported for the pharmacological and genetic inhibition
of HDAC3 (e.g., McQuown et al. 2011).

Conclusions and future directions

In this review, we hope to have underscored the notion that epi-
genetic regulation of gene expression is a ubiquitous mechanism
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across learning paradigms and brain regions. It is now evident that
integration and regulation of epigenetic modifications allows for
complex control of gene expression necessary for long-term mem-
ory formation and maintenance. Dynamic changes in DNA meth-
ylation and chromatin structure are the result of well-established
intracellular signaling cascades that converge on the nucleus to
adjust the precise equilibrium of gene repression and activation.
It is through this altered transcriptional profile that cells are
then able to modulate the plasticity that underlies memory for-
mation, as depicted in Figure 2. Together, these findings usher
an exciting era of neuroepigenetics that will certainly continue
to grow.

As the field expands, several mechanistic questions remain to
be answered. Specifically, although tremendous progress has been
made in recent years, more research is required to better under-
stand the mechanisms by which epigenetic modifications are
generated, maintained, and removed. For example, the processes
that direct DNA methylation to specific sequences are largely un-
known. Some studies indicate that transcription factors may act as
“docking stations” for DNMTenzymes, which exhibit minimal se-
quence specificity on their own (Brenner et al. 2005; Cheng et al.
2010). Other evidence suggests that factors intrinsic to the DNA
sequence are relevant, including spacing of CpGs in CpG islands

(Cokus et al. 2008; Zhang et al. 2009; Cheng et al. 2010). More
work is also needed to investigate how the epigenetic code mani-
fests functional change within specific cells and neural circuits. It
is clear that epigenetic modifications alter LTP and synaptic plas-
ticity (Levenson et al. 2006; Guan et al. 2009; Gao et al. 2010), but
the mechanism through which this relationship occurs is not
clear. In addition, a potential role for epigenetic modifications
in regulating different types of plasticity is not well defined. For
example, little is known about the involvement of epigenetic
mechanisms in regulating intrinsic plasticity, defined as the effi-
ciency of coupling between excitatory potentials and spikes in
the post-synaptic neuron, compared to synaptic plasticity, de-
fined as the efficiency of synaptic connections between neurons
(Benito and Barco 2010). Although indirect evidence implicates
epigenetic mechanisms in both cell excitability and synaptic plas-
ticity (Guan et al. 2002; Levenson et al. 2004, 2006; Yeh et al.
2004; Miller et al. 2008; Nelson et al. 2008; Feng et al. 2010), the
nature of this link is still not clear. Further, a potential role for epi-
genetic mechanisms in memory allocation and the related con-
cept of metaplasticity also remain unexplored, although some
studies suggest a possible involvement of DNA methylation in
both. As mentioned earlier, memory allocation refers to the dis-
tribution of memory to specific cells (Silva et al. 2009), whereas
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Figure 2. A model depicting the role of epigenetic mechanisms in memory formation and maintenance. Environmental stimuli, which consist primarily
of associative learning tasks in animal models, initiate cellular communication by activating specific post-synaptic receptors. Receptor activation stimulates
specific intracellular signaling cascades that lead to particular patterns of epigenetic modifications, which in turn regulate the access of transcription
factors (TF) and RNA polymerase II (RNA P II) to gene promoters. These regulatory processes result in an increased transcription of memory activator
genes and decreased transcription of memory-suppressor genes, which ultimately promote memory formation and maintenance through effects on long-
term potentiation (LTP), spine density, memory allocation, cell excitability, and metaplasticity.
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metaplasticity refers to the ability of a neuron’s activation history
to prime it for future encoding (Abraham 2008). The ability of epi-
genetic modifications to be selectively induced and to persist un-
der appropriate conditions makes them perfectly positioned to
regulate the likelihood of a particular cell to be activated in the fu-
ture. Indeed, just such a mechanism was recently proposed by
Kandel’s group, as discussed above (Rajasethupathy et al. 2012).

To address these questions, future studies will benefit from
methodologies that increase the cellular and molecular resolution
of our investigations. A higher degree of cellular resolution will al-
low researchers to restrict their analysis to specific cell popula-
tions, ideally focusing on cells that make up the memory trace
for a particular behavioral paradigm. To fulfill this need, tech-
niques that allocate memories to specific cell populations within
a neural circuit (Han et al. 2009; Zhou et al. 2009) or that tag
cells activated during memory acquisition (Reijmers et al. 2007;
Tayler et al. 2011) could be combined with techniques such as la-
ser capture microscopy and fluorescence-associated cell sorting.
Additionally, these techniques in combination with reporter
rodent models could also be used to address how epigenetic mech-
anisms may be differentially regulated in distinct cell populations
(excitatory neurons vs. inhibitory neurons vs. glia) and how these
mechanisms may integrate to regulate the function of an entire
memory circuit. Recent evidence suggests that there is cell-type
specific expression of different HDAC isoforms (Baltan et al.
2011), again underscoring the importance of developing and us-
ing targeted manipulations of epigenetic modifying enzymes.

In addition to increased cellular resolution, a higher degree
of molecular resolution will allow researchers to better under-
stand how signaling cascades and nuclear protein complexes
interact to generate specific epigenetic modifications and how
these modifications integrate to regulate overall neuronal func-
tion and synaptic plasticity. The advent of high-throughput
sequencing has already increased the molecular resolution avail-
able to researchers by allowing genome-wide analysis of DNA
methylation and post-translational modifications of histones.
Although the studies conducted thus far have focused on candi-
date genes that have a known role in memory, genome-wide stud-
ies may identify additional epigenetically regulated genes that are
critical for memory formation and maintenance. Determining
whether these genes regulate synaptic or intrinsic plasticity will
help elucidate how exactly these epigenetic marks contribute to
learning and memory. Presumably, regulation of certain genes
will lead to consolidation of synaptic plasticity via the regulation
of synaptic effector molecules, whereas other genes might be bet-
ter positioned to regulate the intrinsic excitability of a cell via
modulation of Na+ and K+ channel functions. With these consid-
erations in mind, future research will undoubtedly enrich our un-
derstanding of the cellular and molecular underpinnings of
learning and memory at large, as well as further elucidate the
role epigenetic mechanisms have in this process.
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