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Review
In recent years, a greater understanding has emerged of
the role epigenetic mechanisms play in the brain, not
only during development, but also in mature neurons
involved in long-term memory. The identification of
spatially and temporally tuned epigenetic modification
of genetic loci during memory storage has revealed the
remarkably input-responsive, target-specific, and long-
term nature of epigenetic regulation, but the underlying
mechanisms have remained elusive. New insight into
these mechanisms has come from the study of small
RNAs, which have emerged as regulators that can confer
sequence specificity to DNA- and chromatin-modifying
processes. We discuss advances in the elucidation of the
epigenetic mechanisms involved in long-term memory,
focusing on the role of small RNAs, and in particular
piwi-interacting RNAs (piRNAs), in the epigenetic regu-
lation underlying memory storage.

Memory storage: translating transient signals into
lasting information
Synaptic plasticity, the ability to modify the communica-
tion between neurons, lies at the heart of our ability to
acquire, store, and recall information. Indeed, complex
cellular signaling cascades have evolved within neurons
in part to preserve a biological history capable of inform-
ing future responses. Elucidation of the molecular bases
of memory has focused on switches that might transduce
transient signals into a more enduring record. Protein-
based switches were the first identified, but soon the
versatility of RNA, and the stability of DNA, suggested
the possibility that both RNAs and epigenetic mecha-
nisms – modifications to chromatin structure that affect
gene expression without altering the DNA sequence –
contribute to the storage of cellular memory. In particu-
lar, recent discoveries regarding the interplay between
small RNA-based specificity and epigenetic durability
have opened a new avenue for investigation of long-term
memory.

The retention of cellular signaling events through
changes in the epigenome appears to be an ancient evo-
lutionary motif. The slime mold dictyostellid sits on the
0166-2236/$ – see front matter

� 2013 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.tins.2013.05.004

Corresponding authors: Kandel, E.R. (erk5@columbia.edu); Rajasethupathy, P.
(priya4@stanford.edu).
Keywords: epigenetics; DNA methylation; piRNA; small RNA; memory.
cusp of multicellularity and provides a particularly vivid
snapshot of this motif: most of its life cycle is spent in a
solitary, amoeboid trophic phase, but during starvation,
individual dictyostellids secrete cyclic adenosine mono-
phosphate (cAMP), stream together along the chemical
gradient [1], and differentiate to form a motile slug.
Although cAMP appears only transiently, epigenetic ac-
tivity maintains long-term differentiation [2]. The epige-
netic mechanisms active in dictyostellids, including
histone modification, DNA methylation, and small RNA
pathways, reappear in neuronal communication and in-
formation storage.

In this review, we describe new insights into the role of
epigenetic mechanisms in long-term memory, focusing on
DNA methylation because of its particular capacity for
high target-specificity, dynamic responsiveness to input,
and ability to transduce transient stimuli into long-term
changes in gene expression. We then discuss the recent and
growing body of work on small noncoding RNAs, particu-
larly piRNAs, which are well suited for conferring specific-
ity and responsiveness, and their role in regulating several
memory processes. These findings illustrate the impor-
tance of small noncoding RNAs as part of the epigenetic
control of long-term memory storage.

Epigenetic mechanisms in memory storage
The term ‘epigenetics’ broadly includes nonheritable but
potentially stable changes to chromatin structure. Al-
though epigenetic mechanisms have played an important
role in transducing transient environmental cues into long-
lasting cellular behavior at least since the evolution of
multicellularity, dynamic epigenetic regulation in animals
was long thought to be restricted to development and
differentiation. However, the discovery that mature neu-
rons use conserved mechanisms for the same purpose of
maintaining long-term cellular behavior initiated a new
field of research. The markers that encode epigenetic
information fall into two broad categories: covalent mod-
ifications to histone proteins and modifications to the DNA
molecule itself, of which DNA methylation is the most well
characterized mode. Both categories have consistently
been found to have important roles in memory storage.

Histone modifications in memory storage

Histone proteins compact DNA into nucleosomes rendering
it inaccessible to RNA polymerase, and thereby silenced.
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Figure 1. Input responsiveness of chromatin remodeling to regulate expression of C/EBP, an immediate early gene (IEG) [5]. (A) Represents a neuron at baseline activity. In

this state, CREB2/ATF4 binds the CRE element and complexes with HDAC to remove acetyl histone modifications to the histone protein. Deacetylation causes compaction of

chromatin and thus inhibition of transcription of IEGs (e.g., C/EBP). (B) Represents a neuron following exposure to serotonin. In response, CREB1/CREB becomes activated.

It competitively binds the CRE and can displace CREB2/ATF4, which is simultaneously inhibited. CREB1/CREB complexes with CBP, whose HAT domain restores acetylation

marks. Acetylation causes expansion of the chromatin, and promotes transcription of IEGs. Note: the compaction of chromatin at the IEG may be affected by modifications

at a remote histone. Abbreviations: C/EBP, CCAAT/enhancer binding protein; CREB-1,2, cAMP response element-binding protein-1,2; ATF4, activating transcription factor 4;

CRE, cAMP response element; HDAC, histone deacetylase; CBP, CREB-binding protein; HAT, histone acetyltransferase; AC, acetylation.
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Histones are subject to an array of post-translational
modifications of specific residues [3], the numerous possible
combinations of which contribute to their diverse effects on
chromatin structure and gene regulation (reviewed in [4]).
A role for histone modifications in regulating long-term
memory was first identified in the marine snail Aplysia
californica [5]. The facilitating neuromodulator serotonin
and the inhibitory modulator L-phenylalanyl-L-methionyl-L-
arginyl-L-phenylalaninamide (FMRFamide) produced bidi-
rectional effects on chromatin structure – histone acetyla-
tion and de-acetylation of the cAMP response element-
binding protein (CREB) promoter – that led to opposing
effects on gene expression, synaptic strength, and long-term
memory (Figure 1). Subsequent studies throughout the past
decade have revealed a conserved role for histone acetyla-
tion in long-term memory in mammals as well (reviewed in
detail in [6]). Furthermore, in recent years, chromatin
remodeling through histone deacetylase (HDAC) inhibitors
has been found to reverse memory deficits as seen in aged
mice [7], and in a mouse model with significant brain atro-
phy, induced by temporally and spatially restricted neuro-
nal and synaptic loss [8]. In addition to histone acetylation,
other histone modifications such as histone phosphorylation
[9] and histone methylation [10] have also been shown to
affect long-term memory.

Although histone modifications have an important role
in memory formation, several challenges to their role in
consolidation and maintenance of memories have been
raised. Because the compaction of chromatin at one locus
may be affected by modifications on remote histones,
histone modifications are thought not to produce precise,
locally specific changes in gene expression. Furthermore,
marks are often reversed on short time scales, raising
questions as to their role in maintaining long-term
536
changes in behavior. However, recent studies reveal that
histone modifications in the cortex can be critical for long-
term memory consolidation. For olfactory associative
memory in mice, an early cortical tag is required consist-
ing of increased H3 histone acetylation that assumes the
subsequent hippocampal–cortical interactions necessary
for maintenance and storage of long-term memory [11]. In
addition, a series of histone modifications, including his-
tone phosphorylation and trimethylation, although only
transiently activated in the hippocampus, have a more
delayed but persistent role in the cortex, which is neces-
sary for long-term memory consolidation [12]. These stud-
ies develop the idea that chromatin modifications,
including their kinetics and duration of action, vary by
region, and suggest that epigenetic mechanisms may in
certain instances serve as a gateway for remote memory
consolidation and maintenance.

DNA methylation in memory storage

More recently, DNA methylation has emerged as an
important regulator of memory. This new emphasis can
be traced to the discovery of several DNA methyltrans-
ferase (DNMT) enzymes that are differentially expressed
in neurons, two of which, DNMT 1 and 3a, show expres-
sion in adulthood [13]. The DNMTs function in both de
novo methylation (DNMT 3a and 3b) and maintenance
methylation (DNMT1). They almost exclusively mark the
50 position of cytosine residues followed by guanine,
known as cytosine–phosphate–guanine (CpG) sites,
which are statistically over-represented at promoter
regions in dense clusters known as CpG islands. Methyl-
ation here almost always results in transcriptional re-
pression, either by inhibiting transcription factor binding
or recruiting methyl-binding domain proteins (MBDs)
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Figure 2. High specificity in the regulation of a single gene in memory formation

[19]. Lubin et al. elegantly show how chromatin changes can lead to highly specific

effects at a given gene locus, allowing for coordinated control over the expression

of individual exons. The rat Bdnf gene has four alternatively spliced 50 noncoding

exons (I, II, IV, and VI), governed by distinct promoters, in addition to a single 30

coding exon (IX). It is believed that the noncoding exons regulate temporal and

spatial expression of the BDNF protein. In the steady state, the primers for exons I,

II, IV, and VI of the Bdnf gene exist in partially methylated states. Fear conditioning

results in heavy methylation of exons I, II, and VI whose mRNA levels fall

dramatically, whereas exon IV undergoes significant demethylation and

subsequent increase in mRNA levels. These changes in expression are important

for contextual fear memory. Application of zebularine, an inhibitor of methylation,

along with fear conditioning produces minimal demethylation at exons I, II, and VI

with little accompanying change in mRNA and extensive demethylation of exon IV

leading to a very robust increase in mRNA. As a result, no contextual fear memory

is formed. Abbreviation: BDNF, brain-derived neurotrophic factor.
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and histone de-acetylases for long-term silencing of gene
expression.

Initial studies on the effects of early-life experience on
later-life cognition implicated DNA methylation in the
persistence of certain types of emotional memories, even
showing inheritance of behaviors for one or more genera-
tions. Rat pups (Rattus norvegicus) deprived of proper
maternal care such as licking, grooming, and ached-back
nursing were similarly abusive to their own offspring,
and this was linked to persistent changes in DNA meth-
ylation of the glucocorticoid receptor gene in the hippo-
campus [14]. The epigenetic marks were likewise
heritable and only partially reversed by cross-fostering
with a nurturing mother, suggesting that behavior is
driven by heritable changes in the epigenome, not the
postnatal environment. Subsequent work also demon-
strated that abusive behavior is at least partially revers-
ible later in life through reversal of the epigenetic
changes alone [15]. Childhood abuse shows similar effects
on the epigenetic programming of the glucocorticoid re-
ceptor in humans. Suicide victims with a history of child-
hood abuse exhibit decreased glucocorticoid receptor
mRNA levels corresponding with a high degree of meth-
ylation at its promoter, compared with suicide victims
with no history of childhood abuse [16].

Recently a focus on activity-dependent epigenetic
changes at individual loci linked with causally related
electrophysiological and behavioral consequences has pro-
vided more direct indications of DNA methylation’s role in
memory storage. In response to fear conditioning, it was
observed that the gene protein phosphatase 1 (PP1), which
suppresses memory formation, was transcriptionally
inhibited by methylation at specific sites in its promoter,
whereas the gene reelin, which promotes memory forma-
tion, was rapidly induced by demethylation at its promoter
[17]. These events together led to the coordinated en-
hancement of long-term potentiation (LTP), associative
learning, and fear memory in mice. Although methylation
at both of these gene loci in the hippocampus were found to
return to baseline levels within 24 h [17], another study
found that methylation of the calcineurin (CaN) gene in
the prefrontal cortex during memory storage lasted up to
30 days [18], suggesting that hippocampal DNA methyla-
tion may serve a more transient function, but that cortical
methylation may be necessary for the maintenance of
long-term memories. These studies again underscore
the fact that kinetics, duration, and readout of epigenetic
modifications will vary in different brain regions, cell
types, and genes. In another series of experiments,
DNA methylation was found to be not only persistent,
but also highly specific and dynamic in the regulation of
memory-related genes. Methylation at the Bdnf gene was
found to regulate alternative splicing in the production of
brain-derived neurotrophic factor (BDNF) isoforms with
specific consequences on memory storage [19]. The alterna-
tively spliced exons have distinct promoters, which can be
independently regulated, allowing for nuanced and highly
coordinated gene regulation (Figure 2). Next-generation
sequencing with single-nucleotide resolution [20] promises
to offer genome-wide analysis linking methylation status,
gene expression, and behavior.
Noncoding RNAs in epigenetic and transcriptional
regulation
Although growing evidence indicates that epigenetic
changes in adult neurons are necessary for long-term
information storage, the mechanisms that give rise to
activity-dependent epigenetic changes remain poorly un-
derstood. How is DNMT recruited to specific regions when
it lacks sequence specificity beyond CpG [21]? How does
fear conditioning lead to differential methylation of dis-
tinct promoters in a single gene for Bdnf? In short, how
does the cell ‘know’ which genes to tag for expression,
which to silence? This remains poorly understood, but
promising discoveries in the world of small RNAs may
constitute a first step.

The recent discovery of several classes of small noncod-
ing RNAs with nuclear expression and functional roles in
targeting gene promoters for epigenetic regulation has
underscored the important role of RNAs as regulators of
gene expression in addition to the well-described function
537
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of microRNAs in post-transcriptional regulation of cyto-
plasmic mRNAs. The idea that RNAs could provide the key
to specificity in gene regulation is not new. In 1969, almost
30 years before the discovery of miRNAs or even protein
transcription factors, an RNA-driven model was proposed
[22], developing an earlier suggestion [23] that a comple-
mentary strand of RNA could form a sequence-specific
complex with genomic DNA to effect transcriptional regu-
lation [22]. However, it was not until decades later that
widespread evidence for RNA-dependent transcriptional
regulation was uncovered through the discovery and char-
acterization of small noncoding RNAs.

The first class of small noncoding RNAs to be identified
was the microRNAs [24,25]. These are 19–22 nucleotide
small RNAs that have some function as transcriptional
regulators in plants, but function entirely as post-tran-
scriptional regulators of gene expression in animals. Initial
excitement over the burgeoning field of miRNAs came from
the revelation of a vast and unexplored set of conserved
small RNA genes whose use of shared RNAi-machinery
facilitated gene regulation with unprecedented specificity
and complexity. The large-scale identification of miRNAs
[26–28], and the development of tools to mine and charac-
terize them, led to the discovery of several other classes of
small RNAs, many of which had nuclear functions. Endog-
enous siRNAs (endo-siRNAs) serve various repressive
roles including assembly of heterochromatin, silencing of
retrotransposons, and inhibition of RNA polymerase II
[29–31]. Furthermore, a host of newly characterized small
RNAs participate in almost every aspect of nuclear mRNA
processing and regulation, from transcription initiation
(transcription initiation RNAs, tiRNAs) to splicing
(splice-site RNAs, spliRNAs) to transcriptional silencing
(repeat associated RNAs, RASiRNAs) [32].

Finally, a recently discovered class of slightly larger 26-
to 32-nucleotide small RNAs, known as piRNAs, which
were initially thought to be germline specific [33,34], were
linked to transcriptional regulation via de novo DNA
methylation. piRNAs are characteristically generated from
long genomic clusters, sometimes larger than 100 000
bases, with almost all piRNAs within a cluster being
derived in the same orientation, suggesting that piRNAs
are transcribed en masse in long precursor RNA strands.
The discovery of an upstream promoter common to piRNAs
in Caenorhabditis elegans [35], together with a functional
forkhead transcription factor that can bind and activate
these promoters [36], has provided a possible mechanism
for how piRNAs are generated. Importantly, piRNA clus-
ters are not necessarily sequence conserved across species,
but are highly syntenic, in that their relative locations
across genomes are conserved [37], suggesting that their
location of origin is crucial to their function. Initial discov-
eries that invertebrate piRNAs, such as those in C. elegans
and Drosophila, are generated from repeat and transpo-
son-rich regions of the genome, suggested that piRNAs
function in transposon silencing. For example, piRNAs
generated antisense to transposons at the same locus could
facilitate base-pairing-mediated cleavage and silencing of
the target transposons. Further elaboration of a ‘ping-pong’
mechanism of piRNA biogenesis proposed that not only do
primary piRNAs cleave target transposons, but in that
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process, they could generate secondary piRNAs that are
capable of cleaving the original piRNA cluster at a defined
offset, generating still further piRNAs and thus creating
an amplification cycle to ensure persistent production of
piRNAs at a given locus. Although an attractive hypothe-
sis, only a small fraction of piRNAs appear to be generated
in this manner, suggesting other mechanisms may be at
play. In addition to their biogenesis (for further review see
[38]), the function of many piRNAs also remains enigmatic,
but progress has been made in recent years. piRNA asso-
ciate functionally with piwi, a member of the argonaute
family of proteins, of which some homologs are nuclear and
some cytoplasmic. Functional loss of piwi protein activity
and mutations in the piRNA biogenesis pathway have
consistently led to phenotypes of infertility and sterility
in worm, fly, zebrafish, and mice [39]. Initial observations
that invertebrate piRNAs are generated from transposon-
rich areas of the genome suggested that piRNAs are posi-
tioned not only to directly cleave antisense transposon
transcripts, but also to recruit epigenetic factors at the
same transcriptional locus for transposon silencing. For
instance, mice lacking one or more of their piwi homologs
were found to have substantial demethylation and dere-
pression of transposable elements targeted by germline
piRNAs [40–43]. These observations pointed toward a role
for piRNAs in maintaining germline genome integrity and
tranposon control through de novo DNA methylation. How-
ever, the large majority of piRNAs in mammals derive from
nontransposon associated, gene-rich, regions of the ge-
nome [44], and a few even from individual mRNA tran-
scripts [45,46], suggesting broader functions for piRNA
beyond transposon silencing, including the regulation of
gene expression. Although piRNAs were initially thought
to be restricted in expression to germ line and stem cells, a
broader role for piRNAs is further suggested by the discov-
ery of piRNAs in somatic cells [47–49]. Furthermore, piR-
NAs were recently found in high abundance in neurons of
the Aplysia central nervous system (CNS), where at least
one piRNA was shown to have a critical role in the epige-
netic regulation of synaptic plasticity during long-term
memory storage [50]. It is to this example that we now
turn.

A role for piRNAs in the epigenetic control of memory
The search for small RNAs involved in learning and
memory in Aplysia initially focused on the functional
analysis of two highly abundant and brain-specific miR-
NAs in Aplysia, miR-124 and miR-22, which, along with
several other miRNAs, undergo a transient, but signifi-
cant decrease in response to serotonin treatment. miR-124
was determined to act as a post-transcriptional inhibitory
constraint on the memory-related transcription factor
CREB-1 [51], and miR-22 as an inhibitory constraint on
the prion-like translation factor cytoplasmic polyadenyla-
tion element binding protein (CPEB) (P. Rajasethupathy
and F. Fiumara, personal communication). As a result, the
serotonin-induced de-repression of these miRNA targets
led to, and provided a mechanism for, the enhancement of
different components of synaptic plasticity underlying
long-term memory. In the process of studying these miR-
NAs, the researchers serendipitously discovered a highly
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Figure 3. An Aplysia piRNA involved in the serotonin-dependent epigenetic regulation of gene expression underlying long-term memory [50]. In Aplysia neurons,

Rajasethupathy et al. showed piwi/piRNA-dependent methylation at the CREB2 promoter in response to serotonin, which led to long-lasting depression of CREB2 levels and the

persistence of synaptic facilitation. In the baseline condition, low methylation at the proximal CpG site of the CREB2 promoter allows high production of CREB2 and the absence

of long-term facilitation. Exposure to serotonin causes a significant but delayed upregulation of the neuronally enriched piRNA piR-F, which recruits the piwi/piRNA complex to

bind a target site on the nascent transcript in the 50-UTR of CREB2 pre-mRNA by putative sequence-specific direction. This leads to the recruitment of factors that promote the

activation of DNMT, a DNA methyltransferase. DNMT acts to methylate the proximal (but not the distal) CpG island in the CREB2 promoter, leading to reduced expression of

CREB2, induction of long-term facilitation, and formation of memory. By 12 h, piR-F levels return to baseline, but up to 48 h later, methylation of the proximal CpG island

persists, ensuring long-lasting depression of CREB2 levels and the persistence of long-term facilitation and memory. Adapted from the summary figure in [50]. Abbreviations:

Piwi, P-element induced wimpy testis; piR-/piRNA, piwi-interacting RNA; CREB-1,2, cAMP response element-binding protein-1,2; DNMT, DNA methyltransferase.
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abundant and nuclear-localized class of 28-nucleotide
RNAs in brain that function in the epigenetic regulation
of long-term memory [50]. These novel, neuronally-
expressed, small RNAs were found to be piRNAs by sev-
eral stringent criteria including the requirement for a
clustered arrangement in the genome, characteristic 20-
O-methyl modification at their 30 ends, and selective
coprecipitation with the neuronally-expressed piRNA car-
rier protein piwi but not with the miRNA carrier argo-
naute. Furthermore, piwi knockdown led to specific
depletion of these piRNAs. Functional analyses revealed
that a subset of the piRNAs in Aplysia CNS was upregu-
lated by serotonin. Importantly, and consistent with
known roles of piRNAs in DNA methylation in germline
and stem cells, one particular piRNA, piR-F, specifically
upregulated by serotonin, was found to cause increased
piwi/piRNA-dependent methylation at the promoter of
inhibitory transcription factor CREB2, which corre-
sponded to a long-term (up to 48 h) drop in CREB2 tran-
script and protein levels and an enhancement in
facilitation of synapses (Figure 3). These effects on CREB2
and synaptic facilitation were reversed by inhibition of
piwi by antisense oligonucleotides or DNA methyltrans-
ferase by N-phthalyl-L-tryptophan (RG108). These data
provided a piRNA-dependent epigenetic mechanism by
which transient stimuli can cause more persistent
changes in the function of neurons involved in memory
storage.

The discovery that piRNAs exist outside the germline,
in several major organs of Aplysia, particularly the ner-
vous system, suggests much broader roles for piRNAs than
previously appreciated. It is also interesting to note that
piRNAs in Aplysia appear to have opposing functions from
previously studied miRNAs. For instance, although miR-
NAs in Aplysia CNS turn over rapidly in response to
serotonin, the opposite holds for piRNAs. Many of the
abundant piRNAs slowly and more persistently increase
with exposure to serotonin. Although relatively few small
RNAs have thus far been studied in Aplysia, the data
suggests that miRNAs and piRNAs have bidirectional
effects on synaptic facilitation. Although miRNAs con-
strain serotonin dependent long-term facilitation, piwi/
piRNAs enhance it. Finally, miRNAs and piRNAs appear
to have distinct targets. Although miRNAs target facil-
itators of synaptic plasticity (e.g., CREB1, CPEB), the
piRNAs target repressors (e.g., CREB2). On the basis of
these observations, a working model was proposed [50] of
small RNA regulation in the Aplysia nervous system
wherein two distinct classes of small RNAs are bidirec-
tionally regulated by serotonin, acting in a coordinated
539
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Figure 4. A working model: the integrative action of small RNAs during synaptic plasticity [50]. A model of bidirectional small RNA function during synaptic plasticity in

Aplysia: piRNAs and miRNAs are transcriptional and translational repressors at baseline. With exposure to serotonin, piRNAs become activated, which leads to further

transcriptional repression of its targets (inhibitors of synaptic facilitation) and the eventual enhancement of synaptic strength. By contrast, serotonin downregulates

miRNAs, which leads to translational upregulation of its targets (enhancers of synaptic facilitation) and the eventual enhancement of synaptic strength. The two classes of

small RNAs in Aplysia, therefore, may act in a coordinated fashion to regulate long-term memory processes. Abbreviations: 5HT, 5-hydroxytryptamine or serotonin; miRNA,

microRNA; piRNA, piwi-interacting RNA; UTR, untranslated region.
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fashion on a functionally segregated population of targets,
to enable memory related synaptic plasticity (Figure 4).

Recent work provides evidence that the piRNA path-
way is critically involved in initiating multigenerational
epigenetic memory in the C. elegans germline, lasting up
to 20 generations. Once triggered, memory maintenance
becomes independent of piRNAs, and thereafter depends
only on the chromatin machinery [52,53]. Although these
studies provide evidence of transgenerational silencing of
transposons and foreign genes, they suggest that piRNA
regulation of endogenous genes in other cell types such as
neurons, may have similarly long-lasting effects that one
might expect for memory storage. In addition, the activity
of long interspersed nuclear element (LINE-1) retrotran-
sposons, known to be regulated by piwi/piRNAs [54], was
found to influence experience-dependent neuronal plas-
ticity in the mouse hippocampus [55,56]. These findings
suggest that the piRNA pathway may be integral to
neuronal plasticity underlying memory storage not only
in Aplysia, but also in the mammalian hippocampus,
through regulation of retrotransposons, plasticity-related
genes, or both.

Concluding remarks
Memory – an emergent property of neurons that arises
from recursive communication between genes and synap-
ses – is a powerful adaptive tool. Epigenetic modifications
provide a mechanism for transient stimuli to be translated
into more stable and potentially long-lasting internal
representations within the cell, through persistent
540
changes in gene expression. Although it is not surprising
that epigenetic mechanisms evolved early for use in cellu-
lar communication and information storage, it is notewor-
thy that at least some of these mechanisms have been
highly conserved, from slime molds to humans.

DNA methylation, in particular, has several adaptive
advantages for information storage: the effects are long
lasting, activity dependent, and highly specific. From the
earliest studies on gene imprinting to more recent studies
on cell fate determination and transgenerational inheri-
tance, the lasting effects of DNA methylation in response to
transient stimuli have been well established. Further-
more, although we have long known that epigenetic
changes can be developmentally regulated, more recent
findings expand this view to include changes induced by
neurotrophins, neurotransmitters, and synaptic activity.
Finally, the effects of DNA methylation can be localized to
a single gene, or even single exon within a gene, thereby
effectively modulating long-term changes in gene expres-
sion in an isoform and cell type-specific way. This level of
specificity provides reason to believe that a neuron’s epi-
genome may contain clues about its experiential history.

Although the collection of studies presented in this
review provides support for the notion that long-term
memory can be governed by stable epigenetic changes,
the role of DNA methylation in neuronal plasticity of
differentiated cells in the adult brain has been met with
some skepticism. One primary concern is that methylation
is appropriate for changes in gene expression that are
permanent, as is the case during development; however,



Box 1. Outstanding questions

� How does the epigenome of individual neurons in a neural

network change during learning and memory?

� Are the observed changes in histone modification, and especially

DNA methylation, at individual loci causal rather than correlated

to observed deficits in long-term memory storage?

� What are the kinetics of epigenetic changes in neurons as a

memory evolves or persists? Do epigenetic modifications behave

like switches (as we assume) or confer graded responses?

� What are the mechanisms that drive experience-dependent

epigenetic changes in neurons? Could this occur through piRNAs,

or any other type of small RNA, in other systems as well?

New tools may yield new insights

� Single cell epigenomic and transcriptomic technology for mon-

itoring individual neurons in an evolving memory network.

� Transgenic mice containing single nucleotide loss-of-function

mutations that provide functional causality.

� Large scale crosslinking and immunoprecipitation (CLIP) analysis

linked to highthroughput sequencing to further delineate under-

lying small RNA- and protein-dependent mechanisms that

translate activity into epigenetic changes.
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this may not be the case in adult neurons because the
plastic nature of synaptic connections, by definition,
requires bidirectional and reversible changes in gene ex-
pression. A possible explanation is that neurons may use a
high activity threshold such that only very strong stimuli
lead to lasting epigenetic changes in neurons capable of
encoding a persistent memory. Additionally, the recent
identification of functional DNA demethylases in neurons
of the hippocampus suggests some level of reversibility,
which may accommodate both endurance and plasticity of
neuronal connections depending on context. Finally, it may
be the case that not all neurons in a newly created memory
trace are subject to epigenetic change, but rather the few
neurons that do may initiate a cell wide form of plasticity
that allows global synaptic strengthening. In this way,
certain neurons in the memory trace become memory hubs,
with extensive connectivity to other neurons in the same
trace, providing a mechanism for binding and retrieval of
that memory. Future studies may help clarify these issues
(Box 1).

As we consider the progress in the field of learning and
memory over the last several decades, it is interesting to
note that there have been many molecular candidates
with ‘information storage’ capacity. Second messengers
such as cAMP were intriguing because they could trans-
duce a very transient calcium influx into a longer-lasting
cellular signal by dispersing the information to many
downstream signals [57]. Then kinases with some level
of persistent activity were discovered: protein kinase A
(PKA) [58], and recently protein kinase Mz (PKMz) also
[59], although this has been challenged [60,61], when
independent of their regulatory domain, can prolong
the magnitude and duration of catalytic activity; Ca2+/
calmodulin-dependent protein kinase (CaMKII), when
phosphorylated, becomes autocatalytic for an extended
time even in the absence of calcium and calmodulin [62–
64]; PKCa by anchoring to synaptic membranes,
increases its effective concentration and local activity
for a greater duration of time [65]. Long-term stable
changes, however, need not occur through persistently
active enzymes. Transcriptional switches (CREB1 and
CREB2) [66,67], translational (prion-like) switches
(CPEB) [68,69], and cytoskeletal switches (i.e., actin)
[70] are perhaps even more effective in translating
short-term events into long-term events. Each of these
switches has some level of persistent activity but vary in
their duration. Therefore, as a cell receives information,
the initial responders to calcium transients begin a cas-
cade of events where persistent molecules pass the baton
to progressively slower and more robust switches, until
eventually the final switch is read out through enzymatic,
structural, or gene expression changes. Therefore, cur-
rent models for the role of epigenetic mechanisms in
memory are compatible with previous models where
one of the switches, or perhaps the final responder in a
cascade of switches, may be an epigenetic switch that
leads to stable changes in gene expression underlying
long-term memory.
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