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Abstract
Although the term ‘epigenetics’ was coined nearly seventy years ago, its critical function in
memory processing by the adult CNS has only recently been appreciated. The hypothesis that
epigenetic mechanisms regulate memory and behavior was motivated by the need for stable
molecular processes that evade turnover of the neuronal proteome. In this article, we discuss
evidence that supports a role for neural epigenetic modifications in the formation, consolidation
and storage of memory. In addition, we will review the evidence that epigenetic mechanisms
regulate synaptic plasticity, a cellular correlate of memory. We will also examine how the
concerted action of multiple epigenetic mechanisms with varying spatiotemporal profiles
influence selective gene expression in response to behavioral experience. Finally, we will suggest
key areas for future research that will help elucidate the complex, vital and still mysterious, role of
epigenetic mechanisms in neural function and behavior.
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The renowned playwright, Tennessee Williams, once commented, “Life is all memory,
except for the one present moment that goes by you so quickly you hardly catch it going”.
This quote highlights the critical role of memory in the life and survival of the organism.
Still, neuroscience is a long way from a precise understanding of the anatomical, cellular
and molecular underpinnings of this process. By ‘memory’, we are not only referring to
storage of factual information. Rather, learning and memory are defined more broadly as the
acquisition and persistence of altered behavioral responses of the organism to an
environmental stimulus [1]. While this definition is empirically biased, we feel it is
appropriate in the context of the behavioral and molecular studies discussed below.

A newly formed memory must first be acquired (learned) and then be converted to a more
persistent state in a process known as consolidation. Finally, stored memories are subject to
retrieval upon re-exposure to the initial environmental stimulus [2]. It has been long
appreciated that alterations in protein synthesis, gene expression and structural properties of
neurons and synapses contribute to memory consolidation, storage and retrieval. Within the
neuron, synaptic depolarization activates complex molecular signaling cascades that
coalesce on specific gene loci, resulting in acute modulation of transcriptional efficacy. The
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resulting protein products are thought to produce stable alterations in cellular phenotype by
influencing the structure and physiology of postsynaptic dendritic spines [3,4].

A central paradox in this explanation, however, becomes apparent when one considers the
transient nature of novel memory-associated molecular products [5,6]. Although the
memory trace can persist for years, these protein and RNA products are subject to half-lives
on the order of minutes to hours [7]. Notably, the AMPA receptor, a vital regulator of
synaptic strength and plasticity, is subject to a mere 30 h metabolic half-life [8].
Computational approaches therefore necessitate the existence of molecular markers that
either evade macromolecular turnover or promote self-perpetuating signaling cascades. For
instance, the calcium/calmodulin-dependent protein kinase and regulator of long-term
memory and synaptic plasticity, CaMKII, undergoes activity-dependent autophosphorylation
that persists in the absence of the initial activating stimulus (calcium influx into the cell) [9].
However, this example of short-term molecular memory is still subject to turnover and fails
to account for long-term perpetuation of the memory trace.

The need for memory mechanisms that are impervious to molecular degradation has
motivated a novel and burgeoning literature pertaining to epigenetic contributions to
behavior. Traditionally, epigenetics has been defined as a set of stably heritable molecular
phenotypes that do not affect the DNA sequence [10]. The term was precociously coined by
developmental biologist, Conrad Waddington, who speculated that a layer of regulation
upstream of the genome mediates gene–environment interactions which ultimately dictate
the phenotype of the organism. Proposing a metaphorical ‘epigenetic landscape’,
Waddington hypothesized these mechanisms help steer the increasing immutable cellular
phenotype during development and differentiation. Epigenetics, therefore, would explain the
diversity of cellular phenotypes produced and maintained in development despite nearly
identical genomes. Displaying marked evolutionary insight, Waddington and his
predecessors proposed that adaptive traits could appear in the absence of genetic mutation
and that this phenotypic plasticity could become further rooted in genetic polymorphism
[11].

In this article, we plan to summarize key findings in ‘neuroepigenetics’, specifically as it
relates to lasting behavioral and cellular memory. We will begin with a brief overview of
epigenetic molecular mechanisms and then discuss their relevance to brain physiology. We
will then discuss how epigenetic mechanisms operate within the CNS during the formation
and storage of memories. Next, we will review how specific epigenetic marks contribute to
altered gene readout and discuss how these changes may be relevant for learning and
memory. Finally, we will highlight key challenges in the field and offer speculations into
future directions.

Molecular epigenetics
Traditionally, epigenetics has been defined as a set of heritable, stable molecular phenomena
that modify gene expression and do not involve alterations to the DNA sequence of a cell. In
light of the functionality of these same mechanisms in postmitotic cells including those in
the brain, this definition has undergone considerable revision [12]. Here, we define
molecular epigenetics or neuroepigenetic mechanisms as those which acutely or persistently
modify transcription in cells, irrespective of their position in the cell cycle and which do not
mutate the genome. This broader definition encompasses a number of distinct mechanisms,
including those that have been co-opted by the nervous system for acute or persistent
regulation of gene function in the absence of DNA sequence changes. Here, we will discuss
the two canonical epigenetic mechanisms: post-translational modification of histone proteins
and DNA methylation.
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Chromatin: an epigenetic template
The diploid genome contained within a single cell spans 2 m of DNA. This requires several
levels of organized compaction which allows the nucleus to envelope DNA and
transcriptional machinery to access genes. This is achieved by chromatin, a complex
structure consisting of DNA and closely apposed proteins known as histones. Four core
proteins (H2A, H2B, H3 and H4) compose the histone octamer complex. Together with the
147 bp of surrounding DNA and linker DNA, this constitutes the nucleosome, the
fundamental unit of chromatin. Functional epigenetic mechanisms acting on chromatin
include posttranslational modifications of histones, covalent modification of DNA and
chromatin remodeling.

Histone complexes comprise a globular domain and more loosely structured N-terminal tails
[13]. These contain a large number of amino acid residues that are subject to covalent
modifications including acetylation, phosphorylation, methylation, ubiquitination,
sumoylation and ADP ribosylation. Histone writers include enzymes such as histone
acetyltransferases (HATs) that catalyze addition of these moieties, although these vary in
their target specificity. These modifications are subject to dynamic reversal by eraser
enzyme complexes such as the distinct catalysts of histone deacetylation (histone
deacetylases; HDACs) [14,15]. Histone modifications influence local gene expression
through three mechanisms [16]. First, modifications affect the recruitment of transcription
factors capable of activating or repressing gene transcription. Second, modifications to
chromatin architecture directly influence binding of the machinery required for gene
transcription. Finally, ATP-dependent complexes can be recruited to induce chromatin
remodeling.

Histone acetylation, the best-documented transcriptionally permissive mark, occurs on the
amino group nitrogen on lysine residues. Although initially positively charged due to
protonation and closely juxtaposed with the anionic DNA backbone, the lysine residue
becomes neutralized after acetylation because resonance stability of the resulting amide
precludes protonation. This process leads to unraveling of nucleosome contacts and places
chromatin in a permissive state. Moreover, readers containing bromodomains bind acetyl-
lysine residues and can influence transcription directly or indirectly.

Histone phosphorylation predominantly occurs on serine and threonine residues and also
influences chromatin tone by adding negative charge to the histone tail. This typically
permissive mark is subject to dynamic regulation by kinases such as Aurora-B and IKKα
and phosphatases such as protein phosphatase 1 (PP1) [17]. Histone phosphorylation plays a
functional role in regulating immediate-early gene expression in vitro, and perhaps, also in
chromosome dynamics during mitosis. Histone phosphorylation is especially intriguing in
light of the broader function of phosphorylation in cellular signaling. This mechanism
therefore may serve as a link between membrane-to-nuclear molecular cascades and
chromatin dynamics.

Unlike acetylation and phosphorylation, histone methylation does not affect nucleosome
charge and can play either a permissive or repressive function in gene expression. A number
of histone methyltransferases (HMTs) and demethylases (HDMs) act as writers and erasers,
respectively, and act on lysine and arginine substrates and regulate dynamic methylation
[18]. Since multiple residues (e.g., – K4, K9, K27, K36 on histone H3) can each be modified
with one, two or three methyl moieties, a high degree of combinatorial outcomes arise,
thereby enabling complex modulation of transcriptional efficacy. Histone methylation marks
are read directly by RNA polymerase II or by chromodomain-containing effectors. While
H3K4 methylation is typically an activation mark, methylation at other residues is usually
repressive. Likewise, the peptide modifications of histones including ubiquitination and
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sumoylation usually suppress transcription but appear to play ambiguous, context-dependent
roles that are less well understood [19–21].

DNA methylation
Covalent modification of DNA canonically involves conversion of cytosines at CpG
dinucleotides to 5-methylcytosine. These CpG sites occur at low frequency through the
genome but also cluster into dense CpG islands, which are traditionally defined as DNA
regions spanning at least 200 bp that possess an observed:expected CpG ratio of greater than
0.6. The latter are predominantly kept in a demethylated state and function in part to regulate
local gene expression [22]. Although methylated promoter elements can either facilitate or
inhibit expression, DNA methylation is usually associated with gene suppression and, as
such, is thought to contribute to silencing of foreign genomic elements such as transposons
and viral sequences [16,23]. Writers include de novo and maintenance isoforms of DNA
methyltransferase (DNMT). Though previously assumed to be immutable due to the stability
of the carbon–carbon bond, DNA methylation has been shown to undergo active reversal,
although the identity and mechanism of action of these erasers is less well understood [24].
The methyl mark is read either through steric inhibition of transcription factor binding or
through recruitment of reader proteins containing methyl-binding domains (MBDs). These
either directly influence transcriptional efficiency or indirectly affect chromatin structure by
recruiting HDACs [25].

Neural expression of the epigenetic machinery
The expression of several components of the epigenetic machinery discussed above in the
nervous system drove interest into its then putative function in neurophysiology and
behavior. For instance, a number of studies have documented a role for HDAC expression in
neural development and function in the mature brain [26–28]. It is important to note that
different homologs are expressed at different neurodevelopmental time points. For example,
HDAC1 is largely confined to progenitor cells while HDAC2 is profoundly expressed
postmitotically [29,30]. In addition, the histone methyltransferase complex GLP/G9a was
shown to play a significant transcriptional role in forebrain cortical neurons [31].

More surprising was the finding of diverse DNMT expression in the developing and mature
nervous system [32]. In this study, the reporter gene lacZ was fused to the promoters of the
de novo methyltransferases DNMT3a or 3b to study temporal and spatial expression
patterns. Immunohistochemistry revealed relatively acute embryonic expression of dnmt3b
but broader expression of dnmt3a in the mature nervous system (including neurons and
some glia) [32]. Intriguingly, although dnmt3a is expressed in neurons during the first three
weeks of postnatal maturation, levels slowly decline in adulthood. This finding along with
reports of attenuated DNA methylation in the aged brain suggests isoform-specific
functional roles of DNMTs in development, maturation and aging in the CNS [33–35].

It is also surprising that DNMT1 was found to show robust expression into adulthood since
this enzyme predominantly catalyzes maintenance of DNA methylation from
hemimethylated DNA templates after cell division. Its role in the largely senescent brain is
less clear, although studies indicate that it selectively silences reelin and gad1, genes
associated with development/synaptic function and inhibitory interneuron physiology,
respectively, in the cortex [36,37]. The fact that dnmt1 transcription negatively correlates
with schizophrenia candidate gene expression implies a potential avenue of therapeutic
intervention [38].

Although little is known about the function and molecular mechanisms underlying DNA
demethylation, an important clue recently was uncovered in the hippocampus. A novel study
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utilizing a mammalian cDNA expression library and methylated reported constructs found
that the growth arrest and DNA damage-inducible protein 45 (Gadd45) family contributes to
active DNA demethylation [39], although this result is somewhat controversial. Another
finding highlighted the expression of these genes in the dentate gyrus, a key anatomical
region involved in downloading sensory information to the hippocampus [40]. In particular,
the isoform Gadd45b exhibited robust upregulation in response to cell depolarization. Thus,
Gadd45b is functionally associated with activity-regulated DNA demethylation and
postnatal neurogenesis in the dentate gyrus.

Epigenetic contributions to neurophysiology
Neurons communicate by releasing chemical neurotransmitters which diffuse across
synaptic clefts and activate receptors on the closely apposed neighboring cell varicosities.
The target cells then undergo depolarization, the signature feature of neuronal activation, in
the case of excitatory transmission. The sum of local electrical potentials passively affect
somatic potential at the axon initial segment and, if threshold potential is reached, trigger an
all-or-none burst of activity known as an action potential, the sine qua non of neural
information processing [41]. The likelihood of spiking depends on the strength of
postsynaptic responses to presynaptic activity. This parameter known as synaptic weight can
undergo activity-dependent changes that persist for hours ex vivo. This phenomenon, long-
term synaptic plasticity, is a well-characterized cellular correlate of long-term memory. A
growing body of evidence implicates epigenetic mechanisms in synaptic function and
plasticity and these are summarized in Table 1.

Spontaneous neurotransmission
Although short-term synaptic function, unlike lasting plasticity, does not depend on gene
expression changes, accumulating evidence points to a functional role of epigenetic
signaling in baseline neurotransmission. An intriguing study highlights a functional role of
DNA methylation in spontaneous miniature postsynaptic currents [42]. Pharmacological
inhibition of DNMT activity in hippocampal cultures blocked excitatory (miniature
excitatory postsynaptic currents; mEPSC) but not inhibitory (miniature inhibitory
postsynaptic currents; mIPSC) neurotransmission, an effect that was sensitive to inhibition
of transcription and presynaptic activity. One interpretation of these results is that
glutamatergic pyramidal cells undergo activity-dependent changes in epigenetic signaling
and gene expression and the resulting protein products modulate changes to cellular tone.
The authors provide evidence for this model, showing that blockade of inhibitory
transmission mimics the effect of DNMT inhibition on spontaneous activity. Further work is
needed to support the notion that DNA methylation acts through modulation of homeostatic
tone and to address the specificity of affected cell types.

If DNA methylation affects neuronal function through epigenetic control of gene expression,
it is likely that inhibition of molecules that bind to methylated DNA would mimic the effect
of DNMT blockade. This was demonstrated by a number of studies examining
neurotransmission deficits in mecp2 mutants [43]. This gene is mutated in Rett Syndrome, a
debilitating neurodevelopmental disorder associated with learning and memory deficits from
a young age. Deletion of mecp2 results in deficits in paired-pulse facilitation, a form of
short-term plasticity; this was documented in hippocampal slices from null mutants but only
from symptomatic animals [44]. A second study utilizing a truncated allele reported
enhanced evoked activity – measured upon direct stimulation of presynaptic fibers – and
deficits in short-term plasticity. These results imply enhanced vesicle release probability in
mutants, suggesting epigenetic contribution to presynaptic function. The specific site of
action is unclear, but one experiment suggests selective effects on release kinetics but not
size or number of spontaneously recycling vesicles [42]. Intriguingly, pretreatment of
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cultured slices with S-adenosylmethionine (SAM), the methyl-donor and substrate for
DNMT, reversed deficits in spontaneous neurotransmission in mecp2 null mutants [42]. This
effect was only seen after prolonged incubation, suggesting the synaptic phenotype is
dependent on long-term homeostatic gene expression changes that are epigenetically
regulated. Consistent with these results, overexpression of MeCP2 led to enhanced short-
term plasticity [45].

Rett Syndrome is also associated with aberrant neuronal maturation and morphology in the
cortex [46,47]. Accordingly, reduced spontaneous activity from excitatory cortical
pyramidal cells was reported in mecp2 mutants in the absence of alterations in action
potential threshold [48]. Both frequency and amplitude of the mEPSCs was affected,
suggesting MeCP2 contributes to both presynaptic vesicle release and postsynaptic
sensitivity to glutamatergic input. Enhanced inhibitory synaptic charge in mutants further
suggests epigenetic mechanisms regulate excitation/inhibition balance and homeostasis in
cortical networks.

As stated earlier, substantial crosstalk between DNA methylation and histone modifications
has been reported. MeCP2 in particular is known to interact directly with HDAC1 and 2
through its transcriptional repressor domain, suggesting that DNA methylation at certain loci
indirectly silences gene expression through chromatin modification [25,43,49]. One would
predict that HDAC inhibition would affect synaptic function similarly to mecp2 ablation.
Indeed, a selective reduction in mEPSC frequency was observed upon broad HDAC
inhibitor treatment [50]. This effect was sensitive to inhibition of transcription, suggesting
mediation through gene expression changes – mostly like repression rather than induction.
Mecp2 knockout neurons were impervious to HDAC inhibition, which is consistent with the
notion of MeCP2 and HDAC acting as co-repressors. Surprisingly, HDAC inhibition in
immature neurons enhanced mEPSC frequency, presynaptic vesicle mobilization and
synaptogenesis [51]. However, this study confirmed the previously reported effect in mature
neurons, suggesting that HDACs form a developmental switch that affects synapse function
in accordance with cell maturation. It is notable that the effect in mature neurons was
mediated selectively by HDAC2 rather than HDAC1. This implies isoform-specific
functionality of HDACs in neuronal function.

Long-term synaptic plasticity
Although epigenetic processes modify baseline synaptic function and short-term plasticity,
their contribution to lasting behavioral changes are more readily explained by long-term
changes in synaptic weight. Indeed a number of studies implicate these mechanisms in long-
term potentiation (LTP). Histone acetylation is by far the best characterized epigenetic
mechanism in long-term plasticity. One of the first such insights came from an in vitro study
of pharmacologically induced plasticity at sensorimotor synapses from the sea slug Aplysia
[52]. Acute application of the neurotransmitter, serotonin, produces short-term facilitation
whereas repeated application induces long-term facilitation (LTF). Intriguingly, HDAC
inhibition in the presence of acute serotonin led to LTF. In addition, although repeated
application of the peptide FMRFa normally induces long-term depression (LTD, a persistent
reduction in synaptic strength), co-application of an HDAC inhibitor promoted LTF instead,
even though the drug alone did not produce plasticity. These results provide evidence for a
role of histone acetylation in a dynamic, bidirectional switch that controls the strength and
direction of synaptic plasticity.

More recent studies confirm that histone acetylation acts as a regulator of long-term synaptic
dynamics in the mammalian brain. Declarative memory is largely rooted in the mammalian
hippocampus and depends vitally on long-term synaptic plasticity during memory
consolidation. One of the earliest studies to suggest a link between LTP and histone
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acetylation showed robust enhancement of LTP induction and late phase magnitude upon
bath application of trichostatin A (TSA) and sodium butyrate, two structurally distinct
HDAC inhibitors [53]. Important control studies confirmed the dependence of this
phenotype on transcription and a lack of effect on baseline neurotransmission, short-term
plasticity and NMDA receptor function. There are four chemically and structurally distinct
classes of HDACs and these drugs target at least ten isoforms constituting class I and II
HDACs [29,34]. It is unclear which enzymes specifically contribute to synaptic plasticity. A
recent study, however, illustrates that although both are class I molecules, HDAC2 but not
HDAC1 selectively impairs LTP magnitude [26]. While LTP magnitude can be manipulated
with HDAC blockade, the ease of LTP induction can also be modified. For instance, TSA
treatment produces transcription-dependent, lasting LTP in response to a stimulus train that
normally only results in early phase potentiation [54]. In addition, the structurally unrelated
mammalian class III deacetylase SIRT1 was recently shown to positively regulate
hippocampal LTP. This finding appears contrary to the above results, but SIRT1 appears to
act via noncoding RNA regulation rather than direct influence of target effector genes.

The finding that canonical HDAC activity impairs synaptic plasticity suggests that opposing
HAT activity augments it. This was most clearly demonstrated in the context of CREB-
binding protein (CBP), a well characterized HAT. For instance, CBP haploinsufficiency in
mice, a model for Rubinstein–Taybi syndrome (RTS), leads to selective deficits in late-
phase, gene expression-dependent LTP and this effect is reversed upon treatment with a
nonselective HDAC inhibitor [55]. Expression of a dominant negative truncated form of
CBP also selectively impaired LTP but not baseline neurotransmission [56]. However, while
this manipulation affected the ease of LTP induction, a more robust LTP induction paradigm
produced normal plasticity, suggesting the mutation specifically blocked the ease of
induction rather than capacity for LTP expression.

The ability of other histone modifications such as histone methylation to modulate synaptic
plasticity and LTP is less well understood, in part because of the diverse array of enzymes
that modulate this reaction. However, one study uncovered a function of Eed and Mll,
members of the polycomb and trithorax group proteins, in hippocampal LTP [57]. These
proteins function in complexes that in part affect repressive and permissive histone
methylation marks, respectively. Haploinsufficiency of eed selectively enhanced LTP
magnitude only after 30 minutes while mutation of mll produced a late-phase deficit. The
temporal selectivity of these phenotypes is consistent with altered epigenetic regulation of
effector gene expression. Likewise, ADP-ribosylation of histones, a much less well
understood epigenetic mechanism, has also been implicated in synaptic plasticity. Inhibition
of polyADP-ribose polymerase 1 (PARP-1) selectively impaired hippocampal LTP without
affecting baseline function [58].

Studies have demonstrated that chromatin regulation of LTP is not specific to the
hippocampus. For instance, a study shows that TSA treatment augments LTP in the
amygdala [59]. However, this effect may be due more to acetylation of a transcription factor
rather than histone tails. Further evidence comes from reports of epigenetic regulation of
neuronal plasticity in the visual cortex. In one study, TSA treatment in vivo was shown to
promote ocular dominance plasticity in a monocular deprivation paradigm [60]. Taken
together, these results implicate chromatin modifications in neural plasticity across varying
modalities.

The hypothesis that DNA methylation influences the behavior of the organism predicts
similar regulation of synaptic plasticity. Both writers and readers of DNA methylation have
been functionally linked to LTP. In hippocampal slice experiments, for example, bath
application of two different DNMT inhibitors blocked both early and late phases of LTP
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[61]. Though epigenetic mechanisms influence cell phenotype by regulating transcription
which normally only affects late LTP, it is not uncommon that manipulations of gene
expression can also affect early phase LTP. An interesting follow-up result found that co-
application of TSA reversed the effect of DNMT inhibition, verifying the importance of
horizontal epigenetic crosstalk in synaptic plasticity [62]. Since these pharmacological
agents vary in specificity and toxicity and are thought to require DNA synthesis for their
action, a further study employed a genetic manipulation approach to verify these results
[63]. When the maintenance and de novo isoforms, DNMT1 and 3a respectively, were both
removed from forebrain neurons, a profound selective deficit in late-phase LTP was found
in the absence of a baseline physiological phenotype. Only a minor reduction in
hippocampal volume and normal cell count were reported in mutants, suggesting a selective
effect on synaptic plasticity. In addition, enhanced LTD found in mutants implies that DNA
methylation controls both direction and magnitude of late phase plasticity.

Readers of DNA methylation similarly contribute to dynamic regulation of synapse strength.
Genetic deletion of the DNA-binding protein and silencer of gene expression, MBD1,
impaired LTP in the dentate gyrus, a part of the hippocampus largely implicated in spatial
memory [64]. Similarly, truncation or deletion of MeCP2 impairs LTP expression [44,65].
In addition, null mutants also exhibit attenuated LTD. These findings are consistent with the
synaptic phenotype of the dnmt null mutants, again suggesting bidirectional regulation of
long-term plasticity by DNA methylation.

Epigenetic regulation of memory
Epigenetic mechanisms in a several brain regions contribute to stable changes in behavior
(see Figure 1 for summary), including learning and memory, drug addiction, depression and
long-term responses to maternal care [66–71]. Here, we highlight the contributions of
histone modifications and DNA methylation to memory dependent on several different
areas. First, we will discuss hippocampus- and cortex-dependent phases of associative
memory, as these anatomical regions are thought primarily to subserve the consolidation and
storage of memory, respectively. Next, we will discuss the novel findings that chromatin
dynamics regulate reward learning and addiction, mechanisms that rely on signaling in the
striatum.

Histone acetylation & hippocampus-dependent memory
A number of molecular memory mechanisms are phylogenetically conserved in mammals
and epigenetic mechanisms have similarly been maintained throughout evolution [72]. For
example, in accordance with the function of histone acetylation in synaptic plasticity in
Aplysia, a recent finding points to similar regulation of memory in the invertebrate
Chasmagnathus [73]. In measuring habituation in an associative contextual task, the authors
confirmed enhanced memory retention in response to HDAC inhibition only when
administered within either of two temporally distinct consolidation windows. In mammals,
the hippocampus largely regulates contextual memory consolidation and, as such, as been
the focus of studies of epigenetic regulation of spatial and contextual memory. Several
results have highlighted the effect of HDAC inhibition on the enhancement of contextual
memory in associative fear conditioning, spatial memory in the Morris water maze (MWM)
and object recognition in wild-type rodents [53,54,74]. As with synaptic plasticity, these
effects appear to be selectively regulated by specific HDAC isoforms. In particular, HDAC2
plays a critical function in these memory tasks, as over expression and deletion impaired or
exaggerated hippocampus-dependent memory, respectively [26]. These studies illustrate
congruent effects of HDAC manipulation on synaptic function and behavior. These findings
are consistent with a model proposing that epigenetic regulation of histones affects memory
through modulation of the neuron’s plasticity phenotype.
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As with synaptic plasticity, the best characterization of chromatin regulation in mammalian
behavior comes from a number of studies investigating the consequences CBP mutations.
Heterozygous ablation of cbp, for instance, selectively impaired long-term memory in fear
conditioning and novel object recognition tasks [55]. In the former, the animal learns to
associate a shock with a novel context (contextual component) and with an auditory tone
(cued component). Mutants showed deficits in both of these tests, suggesting contributions
from both hippocampus and amygdala, a part of the limbic system that regulates emotional
behavior. In the novel object recognition task, the animal is initially exposed to two identical
objects during training and then re-exposed to one familiar object and one novel object.
Enhanced time interacting with the novel object is used to index memory. In both tasks, a
deficit was found 24 h rather than 1 h after training. Intact short-term memory, which does
not depend on transcription, is consistent with an epigenetic interpretation of these results.
Still, since CBP plays direct roles in gene expression aside from its function as a HAT, an
additional study created an inducible dominant negative transgenic lacking only the HAT
domain of CBP [75]. Again, selective late-phase memory deficits were found in two object
recognition tasks and the MWM. HDAC inhibition was found to reverse the recognition
memory defect, consistent with the selective manipulation of histone acetylation.
Surprisingly, no fear conditioning phenotype was found. These results suggest that while
CBP regulates memory in a number of tasks, its epigenetic function may act more
selectively in behavior.

The CREB dependence of CBP HAT function and temporal specificity in memory remains
controversial. A recent study, for instance, shows that HDAC inhibition not only augments
the consolidation of object recognition memory but also converts weak memory traces that
normally dissipate into more robust, persistent memories [74]. These findings illustrate a
role for histone acetylation in both the strength and induction threshold for lasting memory.
HDAC inhibition further rescued memory deficits in mice expressing a form of CBP with a
mutated CREB-binding domain. CBP acts as a transcriptional co-activator with CREB, a
vital transcription factor in dynamic neuronal function [4,76]. Highlighting the dependence
of the behavioral and synaptic function of CBP on intact CREB function, a study confirmed
that creb mutants exhibiting fear memory and LTP deficits were resistant to rescue by
HDAC inhibition [54]. The varying severity of mutations in these studies may help explain
this disparity.

Manipulating the balance between acetylation and deacetylation therefore appears robustly
to control the strength and uniquely the long-term duration of the memory trace. However,
the absence of a short-term memory phenotype conflicts with another recent result. The
authors produced a selective knockout of cbp in excitatory forebrain neurons and uncovered
both short- and long-term deficits in contextual fear memory and object recognition [77].
More surprisingly, even chronic HDAC inhibitor treatment failed to rescue behavioral
deficits in mutants despite a clear enhancement in wild-types. The authors suggest that
residual HAT activity in the other cbp mutants may have been required for HDAC inhibition
to function. These results are surprising since remaining HATs beside CBP were unable to
compensate for the loss of CBP function, highlighting the critical and unique role of CBP in
neuronal function. In particular, the HAT and CBP homolog p300/PCAF fails to compensate
for CBP dysfunction. For instance, selective long-term deficits in spatial and contextual fear
memory were found in mice with mutated p300 HAT domain [78]. These results mimic
deficits seen with CBP mutants despite the high degree of sequence similarity between the
two proteins. Differential association with transcriptional regulators and differences in target
substrates may help explain these distinct roles [79,80]. Indeed, divergent functions were
reported in motor learning, a cerebellum-dependent phenomenon [81]. It is possible that
functions of CBP outside of the epigenetic regulation of chromatin may account for its
additional role in short-term memory function. Since short-term memory depends more on
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cortical processing than hippocampal function, further studies are needed to address its
anatomical resolution [82].

It is becoming increasingly evident that manipulation of histone acetylation patterns through
HDAC inhibition may become a promising avenue of clinical therapeutics in
neurodegenerative disease states. For example, behavioral rescue of memory impairments in
Alzheimer’s disease and aging-associated cognitive dysfunction by HDAC inhibition have
both been reported [83,84]. Epigenetic dysregulation and therapeutic implications in
neurological disease states have been extensively reviewed elsewhere [21,34,85–90].

Histone acetylation & hippocampus-independent associative memory
Though mostly studied in hippocampus-dependent memory, histone acetylation in other
brain regions similarly regulates memory processing. The cortex, for instance, regulates
short-term working memory which is impaired in mice with genetic deletion of p300,
although it is unclear if this effect is entirely due to its HAT function [91,92]. Long-term
memory became impaired in mutants with age, but it is unclear whether this effect is a due
to hippocampus- or c ortex-dependent mechanisms [92].

The cortex also functions in memory storage and epigenetic mechanisms may also regulate
long-term cortical memory. A recent study, for instance, confirms a double dissociation
between the hippocampus and insular cortex in related tasks measuring memory for object
location and recognition, respectively [93]. HDAC inhibition improved memory only when
infused into the respective brain region during the memory consolidation window. The study
also highlights the influence of glucocorticoid receptor activation in this memory enhancing
effect. Though glucocorticoid treatment augmented both forms of memory, no rescue of
object location memory was found in cbp mutants, suggesting differential molecular
functions of CBP in the hippocampus and insular cortex. Histone acetylation has also been
implicated in insular cortex-dependent taste aversion and visual cortex-dependent recovery
of visual acuity after monocular deprivation [94,95]. Further studies are needed to address
the likely broader function of cortical histone modifications in postnatal behavior.

Additional histone modifications & associative memory
Histone phosphorylation is particularly intriguing because it provides a unique molecular
signature that functions as a target of intracellular signaling cascades and a regulator of
chromatin dynamics [21]. Recent studies have examined the function of the mitogen- and
stress-activated protein kinase 1 (MSK1) in these signaling pathways and behavioral
function. A germline knockout showed selective deficits in long-term spatial and contextual
but not cued fear memory [96]. In accordance with findings from cbp mutants, HDAC
inhibition failed to rescue this deficit in msk1 knockouts, suggesting a critical role for
crosstalk between histone acetylation and phosphorylation or common upstream regulators
of these modifications. Similarly, msk1/2 double knockouts displayed memory impairments
in a forced swim memory paradigm, a task thought to be especially dependent on the dentate
gyrus, a subfield of the hippocampus [97,98]. In addition to MSK, the α isoform of IκB
kinase (IKK) complex, a known regulator of NF-κB disinhibition, was shown to regulate H3
phosphorylation in the hippocampus [99]. Inhibition of IKKα blocked contextual fear
memory reconsolidation, a phenomenon in which memories become labile and subsequently
strengthened following reactivation. Highlighting the evolutionary significance of this
pathway, an earlier study identified a similar effect on memory consolidation in
Chasmagnathus [100].

Taken together, these studies point to a critical function of histone kinases in memory
formation. Future studies are needed to address the function of other kinases such as Aurora-
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B and Rsk-2 in memory-associated histone phosphorylation [101]. In addition, little is
known about the role of dephosphorylation in memory. A recent study, however, shows
PP1, a known memory suppressor, also acts on histones [102]. However, the pleitropic
functionality of a number of these enzymes necessitates additional approaches to manipulate
histone phosphorylation more selectively. For instance, PP1 inhibition produced alterations
in histone acetylation and methylation in addition to phosphorylation. It is unclear whether
these modifications results from epigenetic crosstalk specifically initiated by
hyperphosphorylation or indirect effects of PP1 inhibition on other enzymes and
transcription factors.

Recent studies have also uncovered a role for ADP-ribosylation of histones in behavioral
memory. PARPs catalyze the addition of negatively charged ADP polymers which affect
local chromatin architecture directly and the binding of transcription factors and chromatin
remodeling complexes. PARP-1 was first discovered selectively to regulate long-term
memory formation in an operant feeding paradigm in Aplysia [103]. Two recent studies
confirm a conserved role of PARP-1 in mammalian memory formation. Intraventricular
infusion or systemic injection of PARP-1 inhibitors impaired long-term performance in
object recognition and place avoidance tasks [58,104]. Further investigations are needed into
the role of additional histone modifications such as ubiquitination and sumoylation.

DNA methylation in memory formation & storage
Although most investigations into molecular epigenetic regulation of memory have focused
on covalent histone modifications, a more recent and growing body of literature similarly
implicates DNA methylation in mammalian performance in behavioral tasks. Observations
from mutations in reader proteins provided early insights into a causative role of DNA
methylation in memory. Mice lacking mbd1, for instance, showed deficits in spatial memory
in the MWM [64]. Likewise, mecp2 truncation mutants showed poor performance in
hippocampus-dependent spatial, contextual and social recognition memory paradigms [65].
These behavioral deficits mimic behavioral dysfunction in Rett syndrome patients,
suggesting a conserved function of MeCP2 in mammals.

More direct evidence for a functional role of DNA methylation in behavior came from
pharmacological and genetic manipulations of DNMTs. Infusions of the DNMT inhibitors
zebularine or 5-azacytidine into the CA1 subfield of the hippocampus prior to or
immediately after training impaired long-term performance in contextual fear conditioning
[62,105,106]. Still, the lack of specificity, associated toxicity and requirement for DNA
synthesis for the function of these agents called into question the conclusion that DNMTs
specifically regulate long-term behavior [107]. A number of control experiments, however,
have addressed these concerns. First, no lasting impairment in anterograde memory was
found since repeated training produced robust memory in rats that had been treated with the
inhibitor [106]. Second, infusion of a structurally unrelated competitive inhibitor, RG108,
similarly impaired memory retention [105]. In addition, pretraining infusion of an HDAC
inhibitor completely rescued the memory deficit [62]. This result provides evidence that
histone acetylation and DNA methylation play complementary, permissive roles in memory
and synaptic plasticity. These studies, however, failed to account for potentially off-target
effects of DNMT inhibitors. This was addressed by genetic manipulation of dnmt genes.
When both dnmt3a and dnmt1 were deleted in postnatal forebrain excitatory neurons,
mutants displayed impaired long-term spatial and contextual memory [63]. No effects on
hippocampal morphology or cell count were observed and only a minor reduction in volume
was reported, suggesting a specific role in adult function. Taken together, these studies
strongly implicate DNMT function in adult memory consolidation. Further investigations
should use isoform-specific knockdown with RNA interference in a region-specific manner
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in adults to avoid completely any nonspecific effects that may have been missed in these
studies.

The storage of memory is largely distinct from consolidation both anatomically and
mechanistically. While these studies established the role of DNMTs in hippocampus-
dependent memory formation, they fail to demonstrate the speculative ability of DNA
methylation to regulate the long-term persistence of consolidated memory. It has been
reported that remote contextual fear memory is largely dependent on the anterior cingulate
cortex, a subregion of the dorsomedial prefrontal cortex [108]. A recent study capitalizing
on these findings demonstrated a similar role of DNMTs in memory maintenance [109].
Intra-cortical infusion of distinct DNMT antagonists 29 days after training impaired memory
retention. Importantly, the treatment failed to produce deficits if given 1 day after training, a
period that precedes the time when memory is downloaded to the cortex. These results are
the first to demonstrate that DNMTs regulate not only the initial formation of memory but
also its perpetuation.

Aberrant DNA methylation has been reported in CNS disorders, but its potential
manipulation for therapeutic use is still poorly understood. A small but growing set of
studies, however, suggest functional changes in DNA methylation at pathologically
dysregulated loci contribute to the Alzheimer’s disease phenotype and that these changes are
promising targets of intervention. Indeed, manipulations of SAM, the substrate for DNA
methylation reactions, epigenetically regulated expression of ps1 and bace in cell culture
[110–112]. These enzymes catalyze processing of amyloid precursor protein (APP) and
subsequent release of Ab, a hallmark pathological feature of Alzheimer’s disease. Enhancing
DNA methylation attenuated Aβ load, suggesting molecules that enhance single-carbon
transfer reactions may impede disease progression. A recent study confirms that folic acid
treatment, a nonspecific way to enhance DNA methylation, in Alzheimer’s disease model
mice partially augments the therapeutic effects of memantine in a memory task and
suppresses neuronal toxicity [113]. In the same mouse model, B vitamin (including folate)
deficiency was associated with site-specific demethylation near the ps1 transcriptional start
site, suggesting that systemic manipulation of methyl-donor levels may promote cognitive
rescue at least in part through epigenetic regulation of disease-associated loci.

While such interventions have not been attempted in patients, reduced DNA methylation in
Alzheimer’s disease has been reported. Hypomethylation was confirmed in cortical
postmortem tissue from patients and was exaggerated in neurons with characteristic
pathological features [114]. It has yet to be determined which genes are most affected by
aberrant DNA methylation, but it appears that aberrant epigenetic regulation of transcription
in Alzheimer’s disease is highly locus-specific and associated with increased interindividual
variability [115,116]. Consistent with the in vitro studies is the reportedly low systemic
folate and high homocysteine, a metabolite of the DNA methylation reaction, in patients
[117]. Collectively these results provide a case for DNA methylation as a target of
therapeutic intervention in Alzheimer’s disease and perhaps more broadly in aging-
associated cognitive loss. Future work may focus on developing means to enhance DNA
methylation or perhaps inhibit demethylation selectively in the brain.

Epigenetic regulation of reward-related behaviors
Control of learned & unlearned responses to drugs of abuse

Exposure to drugs of abuse produces long-lasting structural and functional changes in brain
reward circuits including the nucleus accumbens and ventral tegmental area [118–120].
These changes are believed to be mediated by equally long-lasting changes in expression of
genes such as ΔFosB and creb [120]. A number of recent reports have also revealed that
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epigenetic mechanisms are critical for both learned and unlearned responses to drugs of
abuse. The first of these studies focused on histone modifications and revealed that histone
acetylation is a critical regulator of conditioned place preference (CPP) for cocaine. For
example, treatment with an HDAC inhibitor prior to cocaine or morphine exposure results in
an increased locomotor response to these drugs and boosts the formation of preferences for
places associated with drug delivery [121–123]. Likewise, over-expression of HDAC4 in the
nucleus accumbens results in a blunted conditioned place preference for cocaine and a
decrease in the motivation to seek cocaine [121,124]. Similarly, overexpression of HDAC5
in the nucleus accumbens impairs the development of conditioned place preferences for
cocaine, whereas treatment with TSA or genetic deletion of hdac5 results in enhanced drug
CPP [123]. In addition, antagonism of a distinct class of HDACs (the sirtuins) within the
nucleus accumbens impairs cocaine CPP and decreases lever press responses for intravenous
cocaine [125]. Interestingly, histone acetylation can also play an important role in the
reversal of drug-association memories, as HDAC inhibitors can facilitate the extinction of
cocaine place preference [93].

In addition to histone acetylation, histone phosphorylation and methylation have both been
implicated in behavioral responses to drugs of abuse. For example, viral knockdown of the
histone dimethyltransferase G9a within the nucleus accumbens produces an increase in
cocaine place preference, whereas the increased spine density caused by repeated cocaine
administration was blocked by overexpression of G9a in the nucleus accumbens [126].
Moreover, specific ablation of methyltransferases, glp or g9a, in adult forebrain neurons
(including the striatum) resulted in a number of deficits, including impaired sucrose
preference, impaired fear conditioning and impaired exploratory behavior [31]. Conversely,
increased histone phosphorylation is also necessary for a number of reward-related
behaviors. Indeed, blocking the upstream signaling pathways that result in phosphorylation
at serine 10 on H3 diminishes behavioral sensitization to both cocaine and morphine and
blocks conditioned place preference for cocaine [127].

Increasing evidence indicates that DNA methylation also plays a critical role in the
regulation of drug-related behavior. For example, knockdown of the methyl binding protein
MeCP2 in the dorsal striatum prevents the escalated increase in cocaine intake observed in
animals under extended access conditions and flattens the dose-response curve for cocaine
[128]. Furthermore, knockdown of MeCP2 in the nucleus accumbens boosts the locomotor
activating effects of amphetamine but decreases amphetamine-induced CPP [129]. Likewise,
mice with a hypomorphic mutation in mecp2 (resulting in deletion of the C-terminus) also
possess exaggerated locomotor responses to amphetamine and impaired amphetamine CPP
[129]. Importantly, mecp2 mutant mice also fail to show increased spine density in the NAc
in response to chronic amphetamine treatment [129]. Taken together, these results suggest
that DNA methylation within the striatum may regulate responses to drugs of abuse.
Consistent with this hypothesis, a recent study revealed that inhibition of DNA
methyltransferase activity using zebularine significantly impaired the induction of locomotor
sensitization following seven days of cocaine treatment [130]. Moreover, site-specific
inhibition of DNMT activity with RG-108 boosts the development of cocaine CPP, whereas
overexpression of the DNMT3a isoform within the nucleus accumbens impairs cocaine
place preference while mimicking cocaine’s effects on spine density [119]. Furthermore,
DNA methylation within the hippocampus and prelimbic cortex is also necessary for the
formation and expression of cocaine place preferences, respectively, indicating that
epigenetic changes in brain regions outside of the striatum are also key regulators of drug
memories [126].
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Control of responses to stress, depression & natural rewards
In addition to drug-related behaviors, burgeoning literature has also revealed that epigenetic
patterns within the striatum are important for responses to stressful situations and
depression. Thus, mice lacking hdac5 exhibit exaggerated responses to social defeat stress,
including an avoidance of novel mice and stress-induced anhedonia [123]. In contrast,
treatment with two different HDAC inhibitors in another report essentially rescued the
deficits produced by chronic social defeat stress on social interaction, anhedonia and
immobility in the forced swim test [125]. These behavioral effects are very similar to those
produced by antidepressants such as fluoxetine and indicate that HDAC inhibitors may be
useful in treatment as antidepressant drugs. Consistent with the above findings, DNA
methylation also regulates stress responses. Thus, overexpression of DNMT3a produced
prodepressive responses on acute defeat stress and forced swim tests, whereas DNMT
inhibition reversed social avoidance phenotype following chronic social defeat in a manner
similar to the antidepressant fluoxetine [119].

These data suggest that epigenetic regulation of gene expression patterns may be a central
component in long-term responses to many different rewarding and stressful experiences.
However, very little is known about whether learned experiences surrounding natural
rewards like food, water and social interaction are capable of producing epigenetic
alterations in the same way that drugs of abuse can. Indeed, although natural reward learning
can activate the same biochemical pathways that lead to the epigenetic modifications
described above [127,131,132], it is unclear if drugs of abuse and stress are uniquely capable
of altering histone marks or DNA methylation patterns. This question is especially relevant
given that these modifications presumably evolved to support the formation or storage of
associations between actions or stimuli and rewards in the environment. However, it is also
possible that drugs of abuse usurp these mechanisms in a way that allows drug memories to
become especially potent and induce drug relapse after extended drug abstinence. Therefore,
future studies will be required to enable comparisons between the epigenetic modifications
induced by learning for natural rewards and learning for drug rewards.

Epigenetic signatures in neural function: upstream mechanisms &
effectors

The above studies raise several important questions regarding epigenetic control of neural
function and behavior. Are manipulations of epigenetic readers and erasers associated with
changes in epigenetic marks? If so, do these span the genome broadly or affect selective
gene expression? To what extent do these marks act cooperatively? Do they synergize to
affect transcription or act in an additive manner? Do epigenetic signatures in memory
formation differ from those associated with nonspecific depolarization? Are different marks
associated with different brain regions or specific cell types? These questions have
motivated numerous investigations into activity- and experience-dependent epigenetic
mechanisms in the brain. Although further research into these problems is necessary, our
current understanding suggests that anatomical-, locus- and experience-specific marks
functionally regulate synaptic physiology and memory formation. These mechanisms and
downstream effectors are outlined in Table 2.

Insights from invertebrates
A pioneering study on epigenetic regulation of synaptic plasticity in cultured Aplysia
neurons confirmed specific histone acetylation patterns in response to activity. Serotonin
application promoted acetylation of histone H3 and H4 on lysines 14 and 8, respectively, in
the promoter of c/ebp, an immediate-early gene positively associated with memory function
[52]. This effect was correlated with release of CREB2, a repressive transcription factor.
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Consequently, FMRFa application induced HDAC5 recruitment, histone deacetylation and
CREB2 binding. These findings suggest bidirectional regulation of synaptic plasticity is
functionally dependent on epigenetic regulation of memory-associated genes. Likewise, in
Chasmagnathus, HDAC inhibition in vivo and training both increased acetyl H3 signal in
the central brain [73]. Critically, HDAC inhibition facilitated acetylation in trained crabs
too. Unlike the Aplysia study, this result shows a global increase in acetylation. This may
represent a net effect of different site-specific modifications. In addition, in the mollusk
Helix lucorum, taste aversion training augmented H3 acetylation specifically in command
neurons and this effect was sensitive to inhibition of the signaling protein MEK [133].
Finally, ADP-ribosylation of the linker histone H1 and activation of PARP-1 were
associated with long-term facilitation and associative memory in Aplysia [103].

Chromatin marks in mammalian memory
These and other epigenetic signatures appear to be conserved in the context of memory and
synaptic plasticity in the mammalian brain. For instance, novel object recognition training
induced PARP-1 activity in the hippocampus and cerebral cortex [104]. Similar results were
found with high-frequency stimulation of hippocampal slices and these results were
associated with increased polyADP-ribose (PAR) polymer formation [58]. Histone variant
H1 is a target of polymerization and subsequent clearance. Accordingly, PARP-1 function
led to recruitment of transcription factors NF-κB and CREB and RNA polymerase II to
immediate-early gene promoters. This may functionally depend on histone acetylation, as
PARP-1 was shown in vitro to promote neurotrophin-mediated histone H4 acetylation [134].
Intriguingly, PARP-1 itself is a target of PAR modification and interacts with
phosphorylated ERK, a key upstream regulatory factor activated by MEK, in neuronal
plasticity function, in a positive feedback mechanism. This mechanism could account for
sustained activity of PARP-1 and possibly implicate it in lasting memory storage in addition
to its f unction in consolidation.

Neuronal activation in vivo has been functionally associated with transient and lasting
histone acetylation. Acute electroconvulsive shock, for instance, produced short-term H4
hyperacetylation in the promoter of c-fos and immediate early gene, while chronic shock led
to sustained hypoacetylation [135]. Similar dissociative patterns in creb and bdnf were
found, suggesting that the pattern of cellular input induces site- and duration-specific
modifications in the hippocampus that correlate with transcription rate. In a model of status
epilepticus, a prolonged seizure state, H4 hypoacetylation and downregulation was
associated with glur2, which encodes an AMPA receptor subunit [136]. Likewise, H4
acetylation and H3 phosphorylation and upregulation of c-fos and c-jun were also reported
[137]. These effects were dependent on the HAT function of CBP, highlighting its crucial in
vivo role in transcriptome plasticity.

Given that activity-dependent epigenetic modifications in the hippocampus are input-
specific, it is not surprising that memory function is similarly regulated. Contextual fear
training selectively enhanced H3 acetylation while latent inhibition, a variant in which prior
exposure to the context causes the animal to diassociate the context and shock, affected only
H4 acetylation [53]. This result argues that epigenetic modulation of gene expression is
tuned to behavior-specific patterns of activity. In addition, upstream signaling is also
regulated in a selective fashion. Contextual training depends on the NMDA receptor and
downstream MAP kinase activation, which results in H3 acetylation. A different mechanism
may underlie H4 acetylation and this is less well understood. Intriguingly, a selective mark,
H4K12 acetylation, is attenuated after fear memory training in aged mice [84]. This study
suggests aging-related cognitive decline is associated with a specifically disrupted histone
acetylation/ deacetylation balance. As with hippocampus-dependent memory, gustatory
memory depends on MAPK activation and histone and cytosolic protein acetylation [94].
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Likewise, histone acetylation marks at important plasticity genes appear to play a critical
role in responses to drugs of abuse. For example, studies using chromatin
immunoprecipitation have revealed that acute cocaine experience produces a robust but
transient acetylation at histone H4 and phosphoacetylation of H3 at the promoter region for
the c-Fos gene [121]. Likewise, chronic cocaine administration results in increased
acetylation of H3 at the bdnf and cdk5 genes in the striatum [121]. Subsequent studies using
microarray technology revealed that cocaine experience produces a number of changes in
histone modifications that are linked to altered transcription of hundreds of gene targets
[123]. Interestingly, many of these changes were controlled by a specific striatally-enriched
HDAC (HDAC5), which is dynamically shuttled in and out of the cell nucleus following
cocaine exposure.

Mechanisms of the establishment and role of histone acetylation are becoming clearer, but
some results remain ambiguous. cbp haploinsufficiency resulted in H2B hypoacetylation
while forebrain deletion of cbp produced H3 and H2B hypoacetylation and both were
reversible by HDAC inhibition [55,77]. Early-response gene induction was normal in the
former case while reductions in transcripts pertaining to the calcium-dependent CaM kinase
signaling and glutamate receptor signaling proteins were downregulated in the latter. These
results may reflect differential effects by cell type or variable extent of CBP dysfunction. It
is unclear how much is truly due to impaired HAT activity. In the amygdala, fear
conditioning spurs HAT activity and interaction between NF-κB and both CBP and HDAC3
[59]. Still, the relative contributions of acetylation of histone and non-histone proteins as
well as target gene loci remain uncertain. It is also unclear whether MAPK signaling also
mediates experience-dependent epigenetic effects in amygdala.

Studies of locus-specific histone modifications uncover a number of target genes implicated
in memory. HDAC2 removal was linked to global increases in H4K12, H4K5 and H2B
acetylation and enhanced expression of CREB-CBP pathway target genes such as zif268/
egr-1 and bdnf and other genes implicated in synaptic remodeling and plasticity [26,138–
140]. Also of note, HDAC2 enrichment was found at the promoter of pkmζ, a critical gene
in memory maintenance [141]. Memory enhancement by HDAC inhibiton is thought to act
through multiple gene targets such as these, but a recent study posits a crucial, specific
dependence of this effect on CREB-mediated induction of the transcription factors, Nr4a1/
nurr77/NGFI-B and Nr4a2 [54].

Most of these studies employ training paradigms that incorporate emotionally arousing
experiences. Glucocorticoids, which are known to mediate such memories, were recently
shown to regulate the memory-enhancing effects of HDAC inhibition [93]. Corticosterone
enhanced H3K14 acetylation in a manner dependent on protein kinase A (PKA), a cystosolic
mediator of membrane-to-nucleus signaling. Since glucocorticoids influence stress
responses, it is not surprising that stress-related memory formation is associated with similar
epigenetic marks. Forced swimming training induced the permissive marks, H3S10
phosphorylation and H3K14 acetylation in the dentate gyrus and these are mediated by the
NMDA receptor, MEK and MSK1/2 [97]. In addition, both the glucocorticoid and NMDA
receptors are necessary for memory- and novelty-associated phosphoacetylation and c-fos
induction [98]. Downstream effectors mediating epigenetic modifications include MSK
itself and Elk-1 binding to serum response elements and recruitment of CBP and p300. In
addition, immobilization stress epigenetically suppresses transcript-specific bdnf expression
[142]. As with stress-related memory, learning in MWM and fear conditioning is associated
with ERK-dependent phosphoacetylation in the hippocampus [98,143]. MSK1 appears to
play a critical role in this epigenetic tag during fear memory consolidation, as msk1 null
mutants showed impaired learning-induced CREB phosphorylation and phosphoacetylation
[96]. Although NMDAR and glucocorticoid receptor-mediated signaling play a significant
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role in memory-associated chromatin modifications, the in vivo function of neuromodulators
is less well understood. However, dopamine, acetylcholine and glutamate have been shown
to regulate phosphoacetylation in vitro [144].

A comprehensive appreciation of chromatin dynamics in memory necessitates a discussion
of histone methylation. The roles of readers, writers and erasers of histone methylation
marks are poorly understood, but one study links contextual fear memory to dynamic
modulation of the permissive H3K4me3 and suppressive H3K9me2 marks in the
hippocampus [145]. Target genes include zif268 and bdnf. Similarly, a recent report also
reveal dynamic modulation of histone methylation in the striatum response to cocaine
experience and these changes in methylation were associated with altered expression of a
number of genes, including cdk5, Nf-κB, arc and bdnf exon VI [126]. Intriguingly, HDAC
inhibition suppresses H3K9 methylation, suggesting histone acetylation acts upstream of
methylation [146]. The growing evidence for co-occurring histone modifications and
extensive epigenetic crosstalk engendered the controversial ‘histone code’ hypothesis, in
which combinatorial marks putatively produce a concerted effect on local transcription
[21,147,148]. Whether a specific histone mark results from recruitment of writers and
erasers in response to other marks or common upstream enzymes process multiple marks
simultaneously is unclear. However, one study suggests PP1 functions as such a suppressor
of multiple permissive signatures including H3S10 phosphorylation, H3 and H4 acetylation
and H3K36 methylation that bidirectionally affect genes such as creb and Nf-κB [102]. In
line with these observations, PP1 inhibition enhanced object recognition memory and
associated epigenetic modifications. Comprehensively, these studies show that multiple
signaling cascades converge onto effectors that orchestrate an array of epigenetic marks. To
a degree, the anatomical and genetic location of these effects reflects the organism’s
environment and behavior.

DNA methylation marks in memory
A smaller but growing body of evidence points to active DNA methylation alterations in
response to neuronal activity and behavior. As mentioned above, DNMT inhibitors have
pronounced effects on memory formation and storage as well as behavioral responses to
drugs of abuse. However, the ability of DNA methylation to affect these behaviors implies
that the plasticity genes which are important regulators of these experiences contain active
sites for methylation and/or demethylation of DNA. Indeed, this appears to be the case. In
fact, a large number of genes which have previously been shown to positively and
negatively modulate behavioral memory contain dense CpG islands surrounding their
promoter regions (Figure 2). Thus, these genes are potential targets for changes in the
machinery that underlies DNA methylation in neurons.

Early evidence from cell culture models showed neuronal depolarization produces bdnf exon
IV promoter demethylation associated with release of MeCP2 [149]. This may act through
upstream activators such as those discussed above, as PKC activation in hippocampal slices
similarly produced bdnf exon I demethylation [61]. In contrast to activity-regulated
demethylation, direct inhibition of DNMT also led to reelin and site-specific bdnf
demethylation in vitro and in vivo [42,61,105]. The requirement for DNA synthesis of such
inhibitors suggests active demethylation and methylation may occur at a baseline rate in a
base excision-repair fashion at neuron-specific loci [150–152]. Indeed, the putative mediator
of active DNA demethylation, Gadd45b, is necessary for bdnf exon IX demethylation [40].
In addition, altered DNMT expression may contribute to demethylation in neurons.
Expression of DNMT3a and DNMT1 was suppressed by depolarization in a cortical neuron
culture and accompanied bdnf upregulation [153]. Still, this conflicts with the finding that
PKC activation and fear memory formation upregulated DNMT3a and DNMT3b [61,106].
This suggests unique activity patterns differentially regulate DNA methylation machinery. It
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is also possible in the latter studies that enhanced DNMT expression actually promoted
demethylation directly through DNMT action [152]. However, the fact that acute DNMT
inhibition in the hippocampus in naive animals produces region-specific demethylation
events in bdnf challenges this interpretation [105]. It is also now clear that changes in the
expression of DNMTs also occurs in the striatum in response to cocaine administration
[119,130], suggesting that this may be a general mechanism for alterations in DNA
methylation profiles throughout the brain.

DNA methylation may also control neuronal tone by regulating ion channel expression. For
instance, DNMT blockade and a chronic intermittent ethanol paradigm led to demethylation
and upregulation of NR2B, an NMDA receptor subunit [154–157]. Similar effects were
found upon activity suppression in cortical neurons, suggesting DNA methylation mediates
lasting homeostatic plasticity [158]. Many of these induced demethylation events are
associated with release of MeCP2 and other repressive factors [149,158]. Likewise, an
induced plasticity state by HDAC inhibition was associated with permissive epigenetic
marks in bdnf and reduced HDAC1, MeCP2 and MBD1 binding [159].

How then might changes in DNA methylation directly lead to memory formation and
stabilization? Recent data support a model in which dynamic DNA methylation interacts
with other epigenetic changes to program memory-associated behavior (Figure 3). For
example, contextual fear conditioning enhanced and reduced methylation at the promoters of
pp1β and reelin, respectively, with commensurate decrease and increase in transcription
[106]. This pattern of epigenetic modulation is consistent with the reported roles of pp1β
and reelin as memory-suppressive and memory-permissive genes, respectively
[139,160,161]. This suggests memory consolidation is associated with bidirectional, site-
specific DNA methylation dynamics. DNMT blockade immediately after training drove
further demethylation of both genes and notably doubled pp1β transcripts. The latter finding
fits with the surprising fact that DNMT inhibition, which presumably would enhance gene
expression broadly, blocks hippocampus-dependent memory. DNA methylation may
therefore mediate behavioral function more by silencing memory suppressors than by
affecting memory activators [162]. However, while promoter-specific DNA methylation
events were found in bdnf after fear conditioning, DNMT inhibition prior to training
paradoxically inhibited exon IV demethylation [105]. This implies DNMT is functioning in
active demethylation itself or that this effect is an indirect consequence of DNMT activity at
other suppressor gene loci. PP1 may play a crucial role, but other suppressors may be acting
similarly. An additional, although not mutually exclusive possibility, is that histone
modifications may be necessary for DNA methylation changes. Indeed, HDAC inhibition
reversed DNMT inhibitor-induced memory deficits and DNMT inhibition in slices blocked
active H3 acetylation [61,62]. In line with the suppressor hypothesis, remote memory
storage in the cortex was shown to be sensitive to DNMT inhibition before retrieval of 1
month-old memories [109]. In particular, this treatment disrupted lasting memory-specific
hypermethylation of the promoter of calcineurin, a phosphatase and memory suppressor
gene and led to its upregulation [139]. This study is the first to demonstrate a functional role
of DNA methylation in cortical memory storage, although it is unclear whether the true
alteration in cellular phenotype acts by promoting synaptic plasticity, permanently
preventing further plasticity or by affecting the global responsiveness of the cell [71].
Further, it is unclear how specifically, if at all, these events affect cortical pyramidal cells,
the principle computational units of the cortex, in comparison to other cells. Of note,
excessive cortical DNMT expression associated with psychosis acts in part by silencing
gad67 and reelin expression in inhibitory interneurons [163]. DNMT may also function to
enhance network activity in memory consolidation by indirectly modulating inhibitory tone,
but this has not been shown.
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Alternatively, DNA methylation in the context of memory may act as a transcriptional
enhancer (Figure 3). For instance, ZIF268 expression is enhanced during memory
consolidation despite an increase in DNA methylation [145]. Still, the enhanced H3K4
trimethylation in the same region may have overcome or tuned the potential influence of
DNA methylation on expression. Alternatively, the recruited MeCP2 may be acting as a
transcriptional activator in a gene- and behavior-specific manner. Of note, a neuronal
genome-wide analysis revealed that most MeCP2-bound promoters are actively expressed,
not repressed [164]. These observations imply the existence of a complex layer of dynamic
and persisting epigenetic regulation of gene expression that is specific to the pattern of
behavior of the organism. A more inclusive activator and suppressor model, therefore, may
be appropriate in defining how DNA methylation affects the neural transcriptome.

It remains perplexing that most of these mechanisms observed in the context of cell
activation are relatively transient, in contrast to the canonical interpretation of epigenetics as
a set of stable mechanisms associated with cellular differentiation. Insights from these
studies on brain tissue show instead that epigenetic marks are written and erased
dynamically in response to sensory input. In associative memory, this finding is consistent
with the well-established role of the hippocampus in the conversion of short-term to long-
term memory. This consolidation process lasts for a matter of hours, similar to the time-
scale, for instance, of DNA methylation changes in the hippocampus after contextual fear
conditioning. Indeed, reelin and pp1β methylation and expression return to baseline within
24 h of training [106]. In addition, DNMT blockade 6 h after training, a period that lies
outside of the consolidation window, failed to block memory. This suggests DNA
methylation has evolved as an acute rather than stable transcriptional regulator of
experience-sensitive gene expression in the hippocampus. This interpretation conforms to
interpretation that computational units in the hippocampus must be primed for acquisition of
information after the consolidation of one episodic event is complete. In theory, stable
modification of the epigenome during consolidation would eventually cause epigenetic
saturation and inability to react to future events. In combination with the above results, it
appears an unidentified DNA demethylase complex or protein is necessary to explain events
such as rapid reelin demethylation or the return of pp1β methylation to baseline after fear
conditioning. Gadd45b and other putative regulators of this process have been identified in
the hippocampus and future work is needed to delineate their function in memory and
associated epigenetics.

In contrast to the temporally pliable epigenetic regulation of gene expression following
memory acquisition, the lasting storage of memory demands self-perpetuating or otherwise
stable molecular mechanisms that evade protein turnover. Stable epigenetic marks in the
prefrontal cortex corresponding to sensory input and memory have been shown, but it is
unclear what governs this dissociation between these persistent DNA methylation marks and
more malleable ones the hippocampus. One possibility is that cortical cells are
developmentally tuned to undergo stable epigenetic changes by utilizing unique molecular
mechanisms that ‘lock’ the epigenome in response to specific behaviors. In this model,
hippocampal cells may lack or suppress these stabilizing signals. Alternatively, specific
patterns of activity in the different brain regions that correspond to sensory input may
modulate this switch. This network scale interpretation ignores any inherent, developmental
differences between the cells in the hippocampus and cortex and reflects the differences in
organization between these areas. In any scenario, it appears likely that a locking switch
exists, but its identity is presently unclear. It is also unclear to what extent lasting epigenetic
modifications mediate other functions besides remote memory storage. Most hippocampal
studies have only found acute modifications, although H3K9 dimethylation is reduced in the
hippocampus 1 day after training [145]. However, this effect is not specific for memory
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formation. It remains to be seen to what extent, if any, persistent epigenetics controls neural
function in other behavioral paradigms and other brain regions.

Conclusion & future perspective
Epigenetic mechanisms in the brain are alluring candidates for regulation of behavioral
function. Phenomena such as posttranslational modifications of histones and covalent
modification of DNA have emerged as necessary regulators of synaptic physiology and
memory, although as noted above these molecular changes vary considerably in anatomical
locus and temporal dynamics. To an extent, these differences reflect the recent or remote
patterns of environmental cues and behavioral events, suggesting epigenetics has evolved to
encode information from an organism’s experiences. These mechanisms affect behavioral
phenotype indirectly by regulating cellular phenotype through dynamic or persistent
transcriptional control.

Despite our growing understanding of these mechanisms, however, future studies are needed
to address a number of challenges. For instance, the breadth of gene targets affected by these
mechanisms has yet to be uncovered by previous analyses, marking the need for high-
throughput studies such as epigenome-wide screens. In addition, it is unclear which specific
cells experience the epigenetic modifications reported above. Thus, cell type-specific studies
will be critical for our understanding of how unique circuits within the same brain region
may differentially control behavioral function via epigenetic modifications. Further, the role
of DNA methylation in the cortex in persisting memory storage has only been appreciated
recently. Although this result is very exciting, the specific role of this modification in
maintaining the memory engram will need to be explored in future studies. Moreover, the
role that additional mechanisms such as histone modifications play in this long-term
maintenance of memory has yet to be examined.

So-called noncanonical epigenetic mechanisms such as RNA interference have also been
found in brain function, although their specific role in memory and behavior is poorly
understood at the present time. However, a recent study demonstrated that a novel class of
noncoding RNA, enhancer RNAs, responds to the H3K4me1 signal and may regulate local
gene expression in neurons [165]. Indeed, growing evidence suggests a key role for
noncoding miRNAs and siRNAs in memory and synaptic function [166–168]. Notably,
SIRT1 regulates memory and synaptic plasticity through a specific miRNA, suggesting
crosstalk between histone acetylation and noncanonical epigenetics may be necessary for
either to alter neural function [169]. This is a promising area for future research. Finally,
studies have shown that epigenetic mechanisms regulate postnatal neurogenesis in the
dentate gyrus [170]. In light of the reported but controversial contribution of neurogenesis to
memory, it remains to be shown whether epigenetic regulation of hippocampus-dependent
memory relies on neurogenesis [129]. Thus, future studies will be necessary to examine this
link and to determine whether the role of epigenetic marks in neurogenesis differs from their
role in learning and memory. These and other exciting avenues of research will enhance our
understanding of the breadth of influence of epigenetics in the adult nervous system and of
the molecular underpinnings of memory formation and behavior.

Executive summary

□ Lasting changes in behavioral responses to environmental cues, an empirical
definition of memory, require persistent molecular correlates in the brain and
this necessity drove much of the initial interest in epigenetic mechanisms as
regulators of memory function.

Molecular epigenetics
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□ Dynamic and stable covalent alterations of histone and DNA itself, the core
constituents of chromatin, constitute the two canonical epigenetic
mechanisms.

□ Isoform-specific expression of the epigenetic machinery, consisting of
readers, writers and erasers of epigenetic marks, has been confirmed in the
developing, nascent and mature brain.

Epigenetic contributions to neurophysiology

□ A functional role of DNA methylation and histone acetylation in spontaneous
neurotransmission and short-term synaptic plasticity has been confirmed with
pharmacological and genetic approaches in vitro.

□ Lasting changes in synaptic efficacy, a cellular correlate of long-term
memory, are sensitive to alterations in histone methylation, acetylation,
ADP-ribosylation and DNA methylation. This result is consistent with the
well-established finding that late-phase synaptic plasticity depends on stable
changes in gene expression.

Epigenetic regulation of memory

□ Studies of invertebrates and mammals confirm that the action of epigenetic
readers, writers and erasers in a range of brain regions subserves long-term
memory in paradigms associated with those anatomical locations.

□ The influence of epigenetics on memory also acts in a spatiotemporally
specific manner. Notably, dynamic DNA methylation changes in the
hippocampus underlie consolidation whereas persistent patterns in the cortex
propogate long-term storage.

Epigenetic regulation of reward-related behaviors

□ As with associative, spatial and recognition memory, epigenetic mechanisms
regulate stereotyped behavioral responses in rodents to drugs of abuse, stress
and natural rewards.

Epigenetic signatures in neural function: upstream mechanisms & effectors

□ Consistent with the reported role of the epigenetic machinery in memory and
synaptic function, epigenetic modifications to chromatin are associated with
specific patterns of activity in response to the organism’s experience and
behavior.

□ A number of membrane-to-nucleus signaling cascades translate neuronal
activity patterns into alterations in transcriptional efficacy which subserve the
dynamic cellular phenotype.

□ Combinations of co-occurring permissive and repressive signatures are
associated with acute and persistent regulation of effector gene transcription,
suggesting an ‘epigenetic code’ modulates discrete patterns of gene-
expression changes in line with specific environmental cues and behavior.

Future perspective

□ Many challenges in addressing epigenetic contributions to memory remain.
Further investigation into the breadth and combinatorial pattern of epigenetic
signatures with powerful tools such as genome-wide association approaches
is needed. In addition, studies will need to address how epigenetic marks
alter the physiology of specific cells and network function associated with
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memory formation and storage. A number of noncanonical epigenetic
mechanisms in brain function have also been identified but still poorly
understood.
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Figure 1. Functions known to be regulated by epigenetic mechanisms across brain regions
Epigenetic mechanisms occur in a range of brain regions and regulate cell physiology and
behavior associated with those anatomical areas (see text for details). It is important to note
that certain memory tasks are associated with multiple regions, which may reflect
temporally and spatially distinct phases of memory such as acquisition, consolidation and
storage. Epigenetic mechanisms such as histone acetylation, in particular, appear to play a
common role in many different memory modalities. However, other epigenetic marks such
as DNA methylation have not received as much attention. Future work is needed to explore
the diverse functionality of these mechanisms in multiple phases and categories of memory.
Please note that these lists are not meant to be exhaustive and do not indicate that all of these
functions are controlled by the same epigenetic marks in the same fashion.
CPP: Conditioned place preference.
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Figure 2. CpG islands span memory-associated genes
The majority of mammalian gene promoters are associated with CpG islands. Here, we show
a large number of memory-associated transcription start sites are embedded within CpG
islands, suggesting potential regulation by DNA methylation. Genes both positively (left)
and negatively (right) linked to memory and synaptic plasticity are associated with these
dense, CpG-rich regions.
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Figure 3. Memory activator versus suppressor model
The synaptic membrane harbors key signal transduction mediators acting through ion influx
and G-protein-coupled receptors. Signaling proceeds to the nucleus through kinase and
phosphatase cascades that impinge on transcription factor modulation. Acute effects include
altered expression of proteins constituting the epigenetic machinery that regulates histone
acetylation, DNA methylation and other effects. Canonically, histone acetylation and
phosphorylation (denoted by circles on histone tails) and DNA demethylation induce
transcription while histone deacetylation and DNA methylation (denoted by circles on DNA
strand) silence genes. Acting at memory activator loci (left panel), DNA demethylation and
histone acetylation/phosphorylation would result in transcription of important plasticity
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genes. However, it is also possible that DNA methylation at these loci enhances
transcription by MeCP2 recruitment and subsequent, noncanonical activation. Acting at
memory suppressor loci (right panel), such as those encoding phosphatases, the DNA
methylation would repress these genes and promote cellular activity and plasticity by
disinhibiting the neuron. This model helps explain why DNA methylation is memory-
permissive (i.e., why DNMT inhibition impairs memory formation and maintenance). It is
surprising that DNA methylation and histone acetylation are both memory-permissive even
though they canonically affect gene expression through opposite directions. Differences in
locus-specificity as suggested by this model could help explain this perplexing finding. It is
also noteworthy that although these models may help to explain memory formation, entirely
different models may be necessary to explain prolonged memory stabilization across time,
wherein further activation of plasticity genes may be counterproductive to memory storage.
DNMT: DNA methyltransferase; HAT: Histone acetyltransferases; HDAC: Histone
deacetylases.
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Table 1

Summary of epigenetic regulation of synaptic function.

Mechanism Manipulation Physiological phenotype

Histone acetylation HDAC inhibition Reduction in mEPSC frequency in mature neurons but
enhances it in immature neurons
Facilitates induction of LTF in Aplysia neurons
Enhancement of LTP in the hippocampus and amygdala

CBP (histone acetyltransferase) inhibition
or deletion

Impairment of LTP in the hippocampus

Histone methylation Deletion of eed, a regulator of transcriptionally
repressive histone methylation

Augmention of LTP

Deletion of mll, a regulator of transcriptionally
permissive histone methylation

Impairment of LTP

Histone ADP-ribosylation Inhibition of PARP-1 Impairment of LTP

DNA methylation DNMT inhibition Selective reduction in mEPSC frequency
Reduction in spine density in nucleus accumbens

DNMT inhibition and genetic deletion of dnmt1
and dnmt3a

Impairment of LTP

Deletion or truncation of mecp2 Reduction in paired-pulse ratio
Increase in vesicle release probability
Reduction in spontaneous neurotransmission
Enhanced inhibitory tone

Genetic deletion of mbd1 Impairment of LTP in the dentate gyrus

Overexpression of DNMT3a Increase spine density in nucleus accumbens

CBP: CREB-binding protein; DNMT: DNA methyltransferase; HDAC: Histone deacetylase; LTF: Long-term facilitation; LTP: Long-term
potentiation; mEPSC: Miniature excitatory postsynaptic current.
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Table 2

Summary of epigenetic processes in memory and memory-associated transcription.

Mechanism Findings

Histone acetylation HDAC inhibition promotes associative memory consolidation and H3 acetylation in Chasmagnathus
HDAC activity is negatively associated with hippocampus (especially HDAC2) and cortex-dependent memory
in mammals and may operate through induction of Nr4a1 and Nr4a2 transcription factors
Contextual fear conditioning promotes H3 acetylation while latent inhibition training induces H4 acetylation
Forced swim training induces H3K14 acetylation
hdac2 deletion enhanced H4 and H2B acetylation as well as numerous targets of CREB-dependent transcription
CBP inhibition produces memory deficits that vary by the severity and selectivity of the manipulation
Overexpression of HDACs in the nucleus accumbens impairs conditioned place preference for cocaine; HDAC
inhibitors increase cocaine place preference

Histone phosphorylation msk1 deletion impaired spatial and contextual memory and deletion of msk1 and 2 impaired forced swim
memory. These tasks are associated with H3S10 phosphorylation and H3K14 acetylation

Histone methylation Contextual fear conditioning produces enhancements in H3K4me3 and H3K9me2 marks and this appears to
regulate genes including zif268 and bdnf
Overexpression of the histone methyltransferase G9a in the nucleus accumbens impairs conditioned place
preference for cocaine; viral knockdown of G9a increases cocaine place preference

Histone ADP-ribosylation PARP-1 inhibition blocked memory consolidation in Aplysia and rodents and memory formation led to ADP
ribosylation of H1

DNA methylation Deletion of mbd1 and mecp2 impair long-term memory in rodents
Inhibition in the hippocampus or genetic ablation of DNMTs selectively impairs long-term
memory consolidation
DNMT inhibition in the cortex impairs remote contextual fear memory storage
DNMT inhibition or knockout in the nucleus accumbens boosts development of conditioned place
preference for cocaine, whereas overexpression of DNMT3a in the nucleus accumbens reduces cocaine
place preference
DNMT inhibition in the hippocampus prevents development of conditioned placed preference for cocaine,
whereas DNMT inhibition in the prefrontal cortex prevents expression of cocaine place preference
after learning
Fear conditioning produces dynamic alterations in DNA methylation at loci including reelin pp1β, bdnf and
zif268 in the hippocampus during memory consolidation
Remote memory storage is associated with lasting hypermethylation and downregulation of calcineurin in
the anterior cingulate cortex

CBP: CREB-binding protein; DNMT: DNA methyltransferase; HDAC: Histone deacetylase.
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