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The formation of long-termmemory involves a series ofmolecular and cellular changes, including gene transcrip-
tion, protein synthesis and synaptic plasticity dynamics. Someof these changes arise during learning and are sub-
sequently retained throughout life. ‘Epigenetic’ regulation, which involves DNA methylation and histone
modifications, plays a critical role in retaining long-term changes in post-mitotic cells. Accumulating evidence
suggests that the epigenetic machinery might regulate the formation and stabilization of long-term memory in
two ways: a ‘gating’ role of the chromatin state to regulate activity-triggered gene expression; and a ‘stabilizing’
role of the chromatin state tomaintainmolecular and cellular changes induced by thememory-related event. The
neuronal activation regulates the dynamics of the chromatin status under precise timing, with subsequent alter-
ations in the gene expression profile. This review summarizes the existing literature, focusing on the involvement
of epigenetic regulation in learning and memory. We propose that the identification of different epigenetic
regulators and signaling pathways involved in memory-related epigenetic regulations will provide mechanistic
insights into the formation of long-term memory.

© 2014 Elsevier Inc. All rights reserved.
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Introduction

Learning and the formation of new memories require the structural
and functional remodeling of synapses (Martin et al., 2000; Lamprecht
and LeDoux, 2004) through tightly regulated cellular andmolecular reg-
ulation machines. In response to a specific pattern of neuronal activity,
synaptic strength undergoes long-lasting reduction or enhancement,
known as long-term depression (LTD) and long-term potentiation
(LTP), underlying the cellular mechanism of memory formation
(Martin et al., 2000; Cooper, 2005; Bliss and Collingridge, 1993). At
the molecular level, the neuronal activation triggers modification,
D206, School of Life Sciences,
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trafficking and new protein synthesis of memory-related molecules
through intracellular signaling cascades (Dash et al., 2007), gene tran-
scription and protein synthesis (Davis and Squire, 1984; Barondes
and Jarvik, 1964). However, it is still unclear how these changes
in memory-related molecules are maintained in the long term in
supporting various cellular events during memory formation, consoli-
dation and retrieval.

What is the molecular mechanism involved in regulating memory
formation and maintenance? In this review, we discuss the role of epi-
genetic modifications in regulating the cellular processes involved in
neuronal memories. Epigenetic regulation has been widely recognized
as a mechanism for making stable changes in the cellular status during
development and for some heritable phenomena that require cellular
memory (Ringrose and Paro, 2004; Levenson and Sweatt, 2005;
Lipsky, 2013). Recent studies revealed the critical role of epigenetic
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regulation in synaptic plasticity andmemory (Kaas et al., 2013; Liu et al.,
2009; Lubin et al., 2008; Rudenko et al., 2013; Stefanko et al., 2009; Sui
et al., 2012; Yu et al., 2011; Guan et al., 2009). The types of epigenetic
modifiers and their metabolic dynamics are specifically regulated in
particular brain regions (Baker-Andresen et al., 2013; Gupta-Agarwal
et al., 2012; Levenson et al., 2004, 2006; Mori et al., 2013; Miller et al.,
2008; Bousiges et al., 2013; Chwang et al., 2006). During learning, differ-
ent epigenetic regulators work in concert to converge the upstream cas-
cade signaling and manipulate downstream gene transcription with
precise timing.We propose that epigenetic regulation has two functions
in learning and memory formation: as a ‘gating’ mechanism that
enables gene expression changes that are important for learning, and
a ‘stabilizing’ mechanism, which enables the maintenance of gene
expression changes that is important formemory consolidation.Wehy-
pothesize that such dual roles of epigenetic regulation allow cellular
memory to form the basis of circuitry memory, where information
regarding different properties is stored in discrete neuronal cells
(Xie et al., 2014).

Epigenetic modifications in memory formation

Nucleosomes, the basic units used by eukaryotic chromatin to pack
huge genomes into the cell nucleus, contain an octamer of histone pro-
teins, which are two pairs of the core histones H2A, H2B, H3 and H4
surrounded by 147 bp of DNA. The protruding N-terminal tails of the
histone proteins, which are known to interact with nucleosomal DNA,
undergopost-translationalmodifications (Jiang et al., 2008). As summa-
rized in Fig. 1, various epigenetic modifications change the status of
chromatin, thereby affecting gene transcription. Histone acetylation
usually enhances transcription, because the acetyl group on lysine re-
leases compacted DNA to be accessible to the transcription machinery,
facilitating transcriptional initiation and elongation (Shahbazian and
Grunstein, 2007). The addition of the acetyl group is catalyzed by
histone acetyltransferases (HATs). The removal of the acetyl group is
Fig. 1. Illustration of epigeneticmodification involved in learning andmemory. (A) 146 bp of DN
closed state by different combinations of histone modifications. In an open state, transcripti
prevented from binding to the gene region. (B) (C) Epigenetic modification enzymes catalyz
group and HDACs remove it. HMTs and HDMs are responsible for the addition and removal of m
by PKs. Finally, the DNMTs add amethyl group to the cytosine basewhile the active DNA demet
group; Ac, acetyl group; P, phosphoryl group; RNAPII, RNA polymerase II; TF, transcription fact
mediated by histone deacetylases (HDACs). Histone phosphorylation,
which is tightly associatedwith histone acetylation, affects transcription
in a histone microenvironment-dependent manner (Chwang et al.,
2006; Banerjee and Chakravarti, 2011). The histone tail is usually phos-
phorylated by nuclear kinase and dephosphorylated by protein phos-
phatase (Brami-Cherrier et al., 2009; Koshibu et al., 2009). Another
important histonemodification is histonemethylation, which is related
to either transcription activation or repression (Kouzarides, 2007). The
histone methylation is catalyzed by the SET domain of histone methyl-
transferases (HMTs) and removed by histone demethylases (HDMs),
such as LSD1 and JMJD2 (Fuke et al., 2004; Shin and Janknecht, 2007).
In addition to post-translational modifications on histones, other epige-
netic processes include DNAmethylation, non-coding RNAs, prions and
prion-like phenomena, chromosomal position effects and Polycomb
mechanisms. DNA methylation preferentially occurs on cytosine nucle-
otides adjacent to guanine nucleotides by adding a methyl group to the
five prime positions of the cytosine base via DNA methyltransferases
(DNMTs) (Turker, 1999; Bird, 2002; Goll and Bestor, 2005), including
DNMT3a and DNMT3b for de novo synthesis, and DNMT1 for mainte-
nance. Although the mechanism of DNA demethylation is still unclear,
the recent discovery of ten-eleven translocation (TET) family enzymes
suggests the existence of a demethylation pathway through oxidizing
5-methylcytosine to 5-hydroxymethylcytosine, followed by thymine
DNA glycosylase (TDG)-mediated base excision repair or passive exci-
sion by DNA repair (Kohli and Zhang, 2013). These epigenetic modifica-
tions are critical for transcriptional regulation, as well as long-lasting
cellular status changes in development and heritable phenomena.

Compelling evidence from pharmacological and genetic studies has
revealed that various epigenetic regulators may be involved in learning
and memory (Table 1). One of the most well-demonstrated epigenetic
modifications is histone acetylation. The administration of trichostatin
A and sodium butyrate as global HDAC inhibitors (HDACi) enhanced
long-term memory but not short-term memory, whereas genetic
disruption of HATs impaired the formation of long-term memory
A coiled aroundhistone octamers forms chromatin, which can be turned in to open state or
onal machinery is accessible to the chromatin, while in a closed state, the machinery is
e the addition and removal of modification groups. HATs catalyze the addition of acetyl
ethyl group, respectively. The histone tail is phosphorylated by PPs and dephosphorylated
hylation is conducted by TETs or through TDG-mediated base excision repair. CH3,methyl
or.



Table 1
The implication of epigenetic regulators in learning and memory.

Classification Regulator Effect Refs.

HATs CBP/P300 Knockout of CBP in dorsal CA1 or p300 in superficial layers of the cortex and CA1 impairs long-term poten-
tiation and long-term memory for contextual fear and object recognition. Intra-LA inhibition of CBP/P300
activity impairs fear memory consolidation and reconsolidation in the LA.

Barrett et al. (2011), Maddox et al.
(2013) and Oliveira et al. (2011)

PCAF PCAF-KO mice show impaired learning and memory. Maurice et al. (2008)
HDACs HDAC1 Overexpression of HDAC1 in the hippocampus affects the extinction of contextual fear memories. Bahari-Javan et al. (2012)

HDAC2 Neuron-specific overexpression of HDAC2 decreased dendritic spine density, synapse number, synaptic
plasticity and memory formation; loss of HDAC2 increases synapse number, improves associative learning
and extinction rate of conditioned fear responses.

Guan et al. (2009) and Morris
et al. (2013)

HDAC3 Genetic deletions and pharmacologic inhibition of Hdac3 in area CA1 of the dorsal hippocampus enhanced
long-termmemory;Hdac3deletion in nucleus accumbens enhance CPP acquisition; generally pharmacologic
inhibition of Hdac3 enhances extinction of an established CPP.

Rogge et al. (2013), Malvaez et al.
(2013) and McQuown et al.
(2011)

HDAC4 Selective deletion of Hdac4 in brain impairs long-term synaptic plasticity and hippocampal-dependent
learning and memory.

Kim et al. (2012)

SIRT1 Loss of function of SIRT1 impairs memory and synaptic plasticity; Knockout of SIRT1 affects in both short and
long-term hippocampus-dependent memory.

Michan et al. (2010) and Gao et al.
(2010)

HMTs EHMT Both short- and long-term courtship memories are impaired in EHMT mutant flies. Kramer et al. (2011)
G9a/GLP Inhibition of G9a/GLP in the EC enhances contextual fear conditioning. Gupta-Agarwal et al. (2012)
Mll Knockout of mll2/kmt2b gene in forebrain impairs hippocampus-dependent memory formation. Kerimoglu et al. (2013)

DNMTs DNMT1/DNMT3a Dnmt1 and Dnmt3a double knockout mice show abnormal long-term plasticity in CA1 region and impaired
learning and memory.

Feng et al. (2010)

PPs PP1 Genetical inhibition of PP1 or nuclear pool of PP1 in hippocampal neurons enhances learning and memory. Graff et al. (2010) and Genoux
et al. (2002)

Others TET1 Expression of TET1 catalytically inactive mutant impairs contextual fear memory; Tet1KO mice exhibited
abnormal hippocampal long-term depression and impaired memory extinction.

Kaas et al. (2013) and Rudenko
et al. (2013)

Gadd45b Gadd45bKOmice show selective enhancements in hippocampal-dependent memory and synaptic plasticity Sultan et al. (2012)
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(Vecsey et al., 2007; Yeh et al., 2004; Alarcon et al., 2004; Barrett et al.,
2011). It has been found that HDAC2 is one of the major regulators
involved in the regulation of long-term memory. Specifically, mice
over-expressing HDAC2 showed impaired LTP and memory, while
HDAC2-knockout mice showed enhanced synaptic plasticity (Guan
et al., 2009). Other HDACsmight also be involved in this process. The in-
hibition of HDAC3 enhanced behavior performance in fear memory for-
mation and the extinction of drug-seeking behavior (Rogge et al., 2013;
Malvaez et al., 2013; McQuown et al., 2011). In contrast to HDAC2- and
HDAC3-deficient mice, mice with brain-specific knockout of HDAC4
showed significant memory deficits (Kim et al., 2012). The inhibition
or knockout of SIRT1, the class III HDAC, led to the deficits in both
short-term memory and long-term memory (Michan et al., 2010; Gao
et al., 2010). Therefore, the HDAC regulation on memory is type-
specific, suggesting that the specificity of epigenetic processes on differ-
ent genomic loci resulting fromvarious regulatoryprocessesmight have
different impacts. In addition to HDACs, HATs such as the CREB-binding
protein (CBP) and E1A-binding protein (p300) are also known to regu-
late long-termmemory. Importantly, thedisruptions of those epigenetic
regulators have been associated with the pathogenesis of Alzheimer's
disease (Caccamo et al., 2010; Duclot et al., 2010; Maddox et al., 2013).

Histone methylation is another modification tightly associated
with learning and memory. Forebrain-specific knockout of the his-
tone methyltransferase myeloid/lymphoid or mixed-lineage leuke-
mia 2 (mll2/kmt2b) gene, which specifically regulates H3K4 di- and
tri-methylation, led to impaired learning function (Kerimoglu et al.,
2013). Another methyltransferase, Ehmt, which catalyzes H3K9
dimethylation, has been reported to regulate courtship memory in
Drosophila (Kramer et al., 2011). Additionally, the inhibition of the
G9a/GLP complex in the hippocampus affected long-termmemory for-
mation inmice, while the inhibition of G9a in the entorhinal cortex (EC)
interfered with memory consolidation (Gupta-Agarwal et al., 2012).
Therefore, both histone methylation and acetylation are critical regula-
tors of memory formation.

In addition to histonemodifications, DNAmethylation has also been
associated with memory formation and maintenance. The inhibition of
DNAmethyltransferases resulted in memory suppression and impaired
memory consolidation (Lubin et al., 2008; Miller et al., 2008; Miller and
Sweatt, 2007). Additionally, Dnmt1 and Dnmt3a double-knockoutmice
had deficits in synaptic plasticity, learning and memory (Feng et al.,
2010). Importantly, it has been found that DNAmethylation underwent
activity-dependent dynamics in the hippocampi of adult mouse brains,
which are critical for the proper encoding of external stimuli in the
brain (Guo et al., 2011). The overexpression of the DNA methylation
regulator TET1 in the hippocampus impaired memory formation
(Kaas et al., 2013), whereas TET1 knockoutmice only showed abnormal
memory extinction, with nomemory formation defects (Rudenko et al.,
2013).

Taken together, the accumulating evidence has revealed not only the
critical role of epigenetic regulators in learning and memory but also a
complicated and specific epigenetic regulatorymachine, which encodes
and maintains a molecular network to achieve accurate and stable
transcriptional regulation for functional alterations.

Furthermore, the cellular memory events within neuronal cells dur-
ing memory formation might be related to and even constitute the cir-
cuit memory by which sensory information is stored within the brain
circuit. Although it has been reported that neuronal activation triggers
general changes in epigenetic markers, themodifiedmarkers are differ-
ent during various memory tasks and at different time points of the
same task, suggesting the specificity of epigenetic regulation in various
processes of memory formation. For example, acetylation of histone H3
is generally enhanced after several hippocampus-dependent behavioral
paradigms, such as contextual fear conditioning and the water maze
(Levenson et al., 2004; Bousiges et al., 2013; Alarcon et al., 2004;
Korzus et al., 2004). By contrast, histoneH4 but notH3 shows significant
enhancement in acetylation during latent inhibition tasks (Levenson
et al., 2004). Therefore, epigenetic regulations during the processes of
memory formation and consolidation might be specific according to
the specific neuronal process. Additionally, different brain circuits com-
monly share the same epigenetic regulation mechanism for the same
task and time point. The increase in H3K4me3 and H3K9me2 has been
observed not only in the CA1 region of the hippocampus but also in EC
(Gupta-Agarwal et al., 2012; Chwang et al., 2006; Gupta et al., 2010),
implying that epigenetic regulation is commonly used in different
brain areas. Therefore, the epigenetic modifications were observed in
different states of memory processing in animals, underlying different
molecular events to achieve specific and enduring memories within
the brain circuit.
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‘Gating’ mechanism of epigenetic regulation in memory formation

It has been known for decades that newprotein synthesis is required
for new memory formation (Davis and Squire, 1984). During memory
formation, epigenetic regulation might act as a ‘Gating’ mechanism to
allow for downstream gene expression changes in response to the envi-
ronmental stimuli. Sensory stimuli trigger well-defined signal cascades,
starting with the activation of the N-methyl-D-aspartate acid (NMDA)
receptor. Several signaling pathways, such as the mitogen-activated
protein kinase/extracellular signal-regulated kinase (MAPK/ERK) and
the PKA pathway, transmit the activation signal transduction to the nu-
cleus. In the nucleus, the signal-dependent phosphorylation of the CRE
binding protein (CREB) activates the transcription of essential memory
genes (Loebrich and Nedivi, 2009). This process produces new synaptic
proteins and associated functional proteins, which allows long-lasting
synaptic remodeling for memory circuit formation (Fig. 2). Evidence
shows that the status of chromatin conformation before and during
the stimuli is critical for the activity-triggered gene expression (Guan
et al., 2009). Thus, specific epigenetic regulations, which increase or
dampen the activity-dependent gene expression, modulate the amount
of protein expression essential for neuronal circuit modification to facil-
itate or block the sensory stimulus-induced changes in the epigenetical-
ly regulated neuron, resembling the ‘Gating’ of memory formation in
neurons or neuron ensembles.

Memory-related chromatin regulation is enriched for specific genes,
especially the promoter area of synaptic plasticity-related genes. For
instance, HDAC2 is significantly enriched at the promoters of genes re-
lated to synaptic plasticity. HDAC2KO mice showed increased acetyla-
tion of histones H3 and H4 at the promoter regions of BDNF, zif268,
fos and GLUR1 (Guan et al., 2009). Tet1 knockout mice have robust de-
creases in the expression levels of neuronal activity-regulated genes,
such as Npas4, Arc and c-fos (Rudenko et al., 2013). A lack of HDAC3 pro-
longs the learning-induced expression of c-fos and Nr4a2 (McQuown
et al., 2011). Both HDAC2- and HDAC3-deficient mice showed alterna-
tions in memory formation. Thus, epigenetic regulators target specific
memory-related genes.

Furthermore, the stimuli-induced neuronal activation triggered the
modification on some epigenetic markers. For example, the contextual
fear conditioned learning induced histone H3 acetylation and phos-
phorylation on BDNF promoters. Evidence showed that such activity-
Fig. 2. (A) A model for epigenetic ‘gating’ of neuronal activity induced transcription in learning
stream signal cascades, which lead to the epigenetic modification changes in memory-related
potentiation (LTP), synaptic and structural plasticity. (B) A model for ‘stabilization’ shows tha
‘initial state’ to ‘tagged state’, with different epigenetic markers on plasticity-related genes. Th
potential of plastic changes, protecting the intact circuit of specific memory traces from disr
stabilization of long-term memory.
dependent epigenetic remodeling is induced by upstream classic signal
cascades, as NMDA receptor inhibitor or ERK inhibitor, which impaired
the formation of new memory, prevented the learning induced epige-
netic changes (Levenson et al., 2004). Similar to the histone acetylation,
learning also induced the expression of DNMT3a, the DNA methylation
regulator. The learning induced expression of DNMT3a is suppressed by
inhibition of NMDA receptor and ERK (Monsey et al., 2011). In addition
to the NMDA–ERK pathway, other memory-related signaling pathways
are also involved in epigenetic regulation: In response to learning, the
CREB co-activator CBP/P300, a histone acetyltransferase, was phosphor-
ylated through the Ca2+/calmodulin-dependent kinase-IV (CamKIV),
ribosomal protein S6 kinase-2 (RSK2) andmitogen-activated protein ki-
nase (MAPK) pathways (Impey et al., 2002; Wang et al., 2003;
Gusterson et al., 2002); the learning-induced activation of L-type Ca2+

channels and cAMP-dependent protein kinase A is sufficient to induce
acetylation in histone 3 (Li et al., 2004).

In addition, the coupling between epigenetic changes and activity-
triggered signaling pathway activation may amplify the initial signal.
For instance, BDNF is a well-known neurotrophin that is involved in
neuroplasticity and learning and memory (Choi et al., 2010; Psotta
et al., 2013; Park and Poo, 2012). It has been reported that the promoter
of BDNF undergoes dynamic chromatin remodeling. Interestingly, the
activation of the Trk receptor by BDNF depolarizes the neuron and in-
creases the phosphorylation of NMDAR (Figurov et al., 1996). At the
same time, BDNF activation leads to the dissociation of HDAC2 from
the chromatin by nitrosylation on cysteines 262 and 274 of HDAC2
(Nott et al., 2008). Both of the effects result in the increased histone
acetylation of the promoter regions of the BDNF gene and other
plasticity-related genes to largely increase gene expression by forming
a positive feedback loop, maximizing the circuit changes duringmemo-
ry formation.

In addition to targeting genes, the epigenetic regulators might also
work by modifying non-histone proteins. The NF-κB pathway is
known to be associated with memory formation (Kaltschmidt et al.,
2006; Freudenthal et al., 2005; Kassed et al., 2002). The P65/RelA sub-
unit of NF-κB can be either methylated by Set9 at K37 and K314/315,
or acetylated by CBP at K310 and K314/315, regulating the DNA binding
abilities of NF-κB (Ea and Baltimore, 2009; Yang et al., 2009, 2010;
Rothgiesser et al., 2010). Moreover, HDAC2 showed nitrosylation on
cysteines 262 and 274, which was triggered by neuronal activation
and memory. Task induced activation of specific post-synaptic receptor activates down-
gene region. The open epigenetic status allows the neuronal activity to trigger long-term
t specific neuron population is activated by environmental stimuli, transformed from the
e ‘tagged’ neurons showed different cellular properties from the ‘initial state’, such as the
uption by subsequent events. These long-lasting epigenetic modifications maintain the
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and led to a hyperacetylation-related increase of gene expression in cul-
tured neurons (Nott et al., 2008). Therefore, neuronal activation, as the
trigger of new memory formation, is tightly associated with gene tran-
scription and post-transcriptional regulation on epigenetic regulators.
Preventing such changes in the epigeneticmarkers and gene expression
leads to the failure of circuit modification and memory formation.

Importantly, such epigenetic regulation in memory is precisely reg-
ulated in a time-sensitive window. Histone H3 only showed increased
acetylation 1 h after contextual fear conditioning, and not 24 h later. A
similar phenomenon was reported for H3K9me2 (Gupta-Agarwal
et al., 2012; Levenson et al., 2004). Such precise timing of epigenetic reg-
ulation during learning appears to be critical formemory formation. The
inhibition of DMNT impaired fear memory only if infused immediately
after training. The HDACi only improves memory retrieval at day 30 if
applied during early exposure (Lubin et al., 2008; Miller et al., 2008;
Lesburgueres et al., 2011). Similarly, the effect of DNMT inhibition and
HDACi onmemory consolidation is observed only if infusion is conduct-
ed 60 min after memory reactivation, but not 6 h after the reactivation
(Maddox and Schafe, 2011). In general, epigenetic changes are required
at specific time points to encode or modify the memory traces.

The ‘stabilization’ mechanism of epigenetic regulation for
long-term memory

Learning-induced protein synthesis is transient, while memories
stored in our brain usually last for months or years, or even a lifetime.
Owing to the rapid turnover of proteins, the newly synthesized proteins
might not underlie the long-lasting character of long-term memory. In
fact, epigenetic regulation might also take on the role of ‘stabilization’
for long-term memory, in which specific epigenetic markers might
maintain the important gene expression changes for memory consoli-
dation. Thesemarkers that achieve the role of ‘stabilization’ are different
from those that perform the role of ‘gating’. Different epigenetic regula-
tory machines and marker dynamics are employed in those two condi-
tions. Recent work showed that contextual fear conditioning induced
rapid and transient increases in DNMT expression in the hippocampus
within 24 h (Miller et al., 2008; Gupta et al., 2010). Surprisingly, a
long-lasting increase of DNA methylation in the specific gene promoter
region in the medial prefrontal cortex (mPFC) was observed 30 days
after fear conditioning, while the administration of a DNMT inhibitor
on day 30 in themPFC impairedmemory recall (Miller et al., 2010). Ad-
ditionally, DNA demethylation is required for memory extinction. TET1
knockout mice showed impaired memory extinction, and the lack of
TET1 in the hippocampus blocked memory recall (Rudenko et al.,
2013). These results implicated that keeping the marker of DNA meth-
ylation changes could be essential for the proper recall of long-term
memory. However, those reports need to be further validated by other
research groups, and the cellular mechanism by which DNA methyla-
tion regulates long-term memory is still waiting to be revealed.

In addition to DNAmethylation, histonemodificationsmight also be
involved in the maintenance of long-term memory. DNA methylation
and histone markers showed intensive cross-talk to maintain memory
status. The administration of a DNMT inhibitor, which prevented the re-
instatement of old memories before extinction (Maddox and Schafe,
2011; Wang et al., 2010; Lattal et al., 2007), affects not only DNAmeth-
ylation but also the decrease of H3 and H4 acetylation (Sui et al., 2012).
Similarly, HDACis could also prevent the reinstatement of past memo-
ries when administered before extinction. HDACis not only increases
the histone acetylation, but also reduces DNMT1 expression through
the suppression of the ERK pathway (Sarkar et al., 2011). Consistently,
HDACis rescued the impairment of memory reconsolidation and the
retrieval-induced H3 acetylation by inhibiting the expression of DNMT
(Maddox and Schafe, 2011). The various modifications on the histone
tail showed intensive cross-talk as well. The administration of HDACi
in the hippocampus leads to an increase in H3K4me3 but a decrease
in H3K9me2 (Gupta et al., 2010). Such crosstalk between various
epigenetic modifications suggested that the epigenetic machinery
might require different enzymesworking in concert to achievememory
consolidation and maintenance.

In fact, some mechanistic studies have revealed the importance of
the crosstalk between various epigenetic regulators. One case is PP1,
which is reported to be a memory suppressor gene (Koshibu et al.,
2010). PP1 is responsible for histone 3 S10 dephosphorylation. It inter-
actswith and regulates the activities of other epigenetic regulators, such
as HDACs and histone demethylases (Koshibu et al., 2009). HDACi abol-
ishes the interaction between PP1 andHDACs (Brush et al., 2004). How-
ever, the inhibition of DNMT by inhibitors increased PP1 expression
(Miller and Sweatt, 2007), thus demonstrating the interplay between
those epigenetic regulators.

Furthermore, recent studies suggested that long-term memory
could require epigenetic tagging, a form of the ‘stabilization’ role of
epigenetic regulation, in the cortical circuit. Such neuron tagging is ob-
served in the hippocampus only at an early stage, but showed persisten-
cy in the cortex (Lesburgueres et al., 2011). Interestingly, the delivery of
HDACi in the cortex during the early but not the late phase of memory
consolidation improved remote memory, suggesting that epigenetic
modification may be associated with the initial cortical neuron tagging.
Most recently, S-nitrosylation of HDAC2 and histone acetylation are
found during recent memory recall, which enables the expression of
c-fos and neuronal plasticity-related genes; however, this expression
is absent in remotememory recall. Further intervention of the epigenet-
ic tagging by HDACi during the reconsolidation phase allows for the at-
tenuation of the remote memory (Graff et al., 2014). In addition to fear-
conditioned learning, the administration of HDACi converts short-term
memory into long-term memory in object recognition tasks (Stefanko
et al., 2009). The HDAC inhibitor also stabilized the extinction memory
to eliminate the spontaneous recovery of fear memories (Lattal et al.,
2007). Therefore, although the circuit and molecular mechanisms
underlying the maintenance of long-term memory are still far from
clear, accumulating evidence supports the role of epigenetic regulation
in the ‘stabilization’ of long-term memory.

Taken together, in the same neuron, the ‘gating’ mechanism of epi-
genetic regulation might facilitate storage of the most relevant stimuli
in the cell, while the ‘stabilization’mechanismmight protect the stored
information from disruption by unrelated events to maintain the integ-
rity of long-term memory within the brain circuit. In a population of
neurons, such dual role of epigenetic regulationmight facilitate learning
in the early period of life under the ‘gating’ mechanism and secure the
learned information in adults under the ‘stabilization’ mechanism. The
inter-connections between the transition from the ‘gating’ mechanism
to the ‘stabilization’mechanism still need to be discovered. Such specific
epigenetic markers as tags for neurons in a developmentally identical
population might participate in an important circuit mechanism for
preserving various long-term memory traces by suppressing gene
expression and plasticity within specific cell ensembles (Fig. 2B).
Summary and outlook

Accumulating evidence has revealed the important role of epigenet-
ic regulation in learning and memory. However, until now, most of the
evidence supporting the role of epigenetic regulation in long-term
memory is still associative. To validate the attractive hypothesis that
epigenetic regulation underlies the molecular mechanisms of long-
term memory, two essential points need to be addressed. Firstly, the
mechanisms underlying the neuronal activation-triggered changes of
chromatin status and its role in the formation andmaintenance ofmem-
ory traces are poorly understood. Secondly, by assessing the chromatin
status in a mixture of various neurons and non-neuronal cells from
the brain regions, current studies cannot determine whether and how
neuronal activation triggers specific epigenetic regulations within
the memory-related neuronal circuit. Regardless, recent studies of
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epigenetic events in the central nervous system have had a promising
impact on our understanding of long-term memory and related
diseases.
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