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Abstract

The last decade has been marked by an increased interest in relating epigenetic mechanisms to complex human behaviors, although this interest has not been
balanced, accentuating various types of affective and primarily ignoring cognitive functioning. Recent animal model data support the view that epigenetic
processes play a role in learning and memory consolidation and help transmit acquired memories even across generations. In this review, we provide an
overview of various types of epigenetic mechanisms in the brain (DNA methylation, histone modification, and noncoding RNA action) and discuss their
impact proximally on gene transcription, protein synthesis, and synaptic plasticity and distally on learning, memory, and other cognitive functions. Of
particular importance are observations that neuronal activation regulates the dynamics of the epigenome’s functioning under precise timing, with subsequent
alterations in the gene expression profile. In turn, epigenetic regulation impacts neuronal action, closing the circle and substantiating the signaling pathways
that underlie, at least partially, learning, memory, and other cognitive processes.

The human brain encompasses approximately 86 billion neu-
rons (Azevedo et al., 2009) organized in a set of large- and
small-scale synaptic networks. The functional and structural
properties of these networks are what substantiate learning
in particular (i.e., the capacity to encode, process, consoli-
date/integrate, and retrieve information) and cognitive
processes in general. Numerous cellular and molecular
mechanisms have been recognized as important players in
learning and cognition, but among these mechanisms, a cru-
cial role is thought to be played by de novo protein synthesis
(Flexner, Flexner, & Stellar, 1963). Protein synthesis is
firmly controlled by gene expression, which is in turn orches-
trated by a number of mechanisms, including epigenetic
mechanisms (Allis et al., 2007), which act via modifications
to the DNA and histone components of nucleosomes and
noncoding RNA molecules. Broadly defined, epigenetic pro-
cesses are biochemical processes that regulate gene expres-
sion without altering the corresponding primary DNA se-
quence (Nikolova & Hariri, 2015).

Metaphorically speaking, epigenetics (from the Greek epi-,
meaning over, outside of, or around) can be viewed as the Cin-

derella of the genomic sciences: initially out of focus in the
field studying the etiology of complex human traits, yet now
one of the most rapidly expanding fields in genetics/genomics.
Such a shift in attention did not happen overnight, and the
distance between Conrad Waddington’s pioneering work on
epigenetics (1942) and today’s burgeoning field is mind-
boggling. Of note is that this distance has been overcome in
strides, marking the accelerating progression of the field.
This acceleration is also notable now. If at the beginning of
the 21st century there were only whispers of “an emerging
view that epigenetics . . . plays a role in complex diseases”
(Hatchwell & Greally, 2007, p. 588), the growing conviction
that “the ability of epigenetic marks to persist during develop-
ment and potentially be transmitted to offspring may be neces-
sary for generating the large range of different phenotypes that
arise from the same genotype” (Portela & Esteller, 2010,
p. 1057) can be heard as a shout! Today epigenetic/epige-
nomic mechanisms are understood to exert both indirect and
direct effects on phenotypes (Kiser, Rivero, & Lesch, 2015).
The former are generally considered to be exerted at the inter-
face between the genes and phenotypes of any individual,
moderating and contextualizing the effects of the genome
on complex behavior traits, embedded in a particular develop-
mental context. The latter assumes that epigenetic mecha-
nisms act as independent factors (Czyz, Morahan, Ebers, &
Ramagopalan, 2012), whose impact generates what is known
as Gene�Environment interaction.

However, it is important to note that the rapid emergence
of epigenetics as a distinct and growing field of study, as re-
flected in the literature on the etiology of complex human
behavior traits, does not question or diminish the role of
the structural variation in the genome in the development of
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complex traits. Multiple studies have indicated that the vast
majority of complex human traits display substantial herita-
bility estimates (Polderman et al., 2015; Yang et al., 2013).
Yet, structural variation, however important, cannot explain
how a stem cell (i.e., an omnipotent cell that contains the
baseline genome configuration for a particular individual)
may develop into any kind of cell, how cloned animals de-
rived from the same donor DNA may turn out to be neither
identical to their donor nor to each other (Esteller, 2008;
Rideout, Eggan, & Jaenisch, 2001), and how monozygotic
twins are identical at the DNA sequence level, but have differ-
ent patterns of DNA methylation (Feinberg, 2011; Fraga
et al., 2005; Kaminsky et al., 2009) and histone modification
(Fraga et al., 2005). Moreover, as epigenetics is generally de-
fined as the study of mechanisms that spatially (i.e., where in
the genome) and temporally (i.e., when in the genome) con-
trol gene expression in a potentially heritable way (Portela &
Esteller, 2010), there is a differentiation between one’s ge-
netic (i.e., DNA sequence based) inheritance, the magnitude
of which is captured by genetic heritability, and one’s epige-
netic (i.e., non-DNA sequence based) inheritance, the magni-
tude of which is captured by epigenetic heritability (Chuang
& Jones, 2007; Li, Beard, & Jaenisch, 1993). Genetic and
epigenetic inheritance both involve the transmission of infor-
mation from cell to daughter cell or from generation to gen-
eration.

The spectrum of phenomena that are covered by the field
of epigenetics is vast. There are only two illustrations, but
they provide a metric of the heterogeneity of what is encoun-
tered in the field (Bird, 2007). The first illustration comes
from one of the best studied and most straightforward exam-
ples of coat color in mice (Mus musculus). It is controlled by
the agouti (also known as nonagouti) locus, whose function is
affected by the extent of DNA methylation at an upstream
transposon. Offspring with different coat colors (i.e., brown
vs. yellow) may be generated by genetically identical parents
whose agouti genes are in different epigenetic states. The sec-
ond illustration comes from research on the effects of one of
the most essential and influential behaviors: that of early ma-
ternal care. Although it has long been known that the quality
of early maternal care has lasting effects on the development
of an offspring, only recently a potential mechanism for these
effects has been delineated from a study that established that
maternal nurturing in rats (Rattus norvegicus) alters DNA
methylation at the gene encoding the glucocorticoid receptor
(Weaver et al., 2004). Inadequate maternal care is associated
with hypermethylation of this receptor in young offspring,
which is consequently associated with the downregulation
of the receptor’s expression in adults and with functioning
and behavior (e.g., elevated anxiety). It was further demon-
strated that natural variation in maternal care in a rat not
only affects the epigenetic states and expression of the gene
in question but also is noticeable in a larger group of function-
ally related genes in the studied locus (McGowan et al.,
2011). This finding suggests that natural variation in maternal
behavior results in a detectable and coordinated epigenomic

response in the brain that affects networks of genes. Given
the heterogeneity of the phenomena that are labeled as epige-
netic/epigenomic, it is not surprising that the corresponding
fields of inquiry are vast.

Two dominant usages of the word epigenetic have been
differentiated (Bird, 2007). One of these usages goes back
to Conrad Waddington (1957), who was interested in the
study of epigenesis, or the differentiation of phenotypes
from genotypes during development, that is, how gene func-
tion causes the emergence of a phenotype. Following Wad-
dington’s meaning of developmental biology, Robin Holli-
day defined epigenetics as “the mechanisms that impart
temporal and spatial control on the activities of all those genes
required for the development of a complex organism” (Holli-
day, 1990, p. 329). The other is attributed to Arthur Riggs and
his colleagues (Russo, Martienssen, & Riggs, 1996), inter-
ested in the study of mitotic and meiotic non-DNA se-
quence-based mechanisms involved in the inheritance of phe-
notypic characteristics, that is, inheritance outside of
mutational changes. This multiplicity of the meaning of the
term epigenetic has been recognized as problematic and led
to extensive discussion in the literature (e.g., Jablonka &
Lamb, 2002; Ptashne, 2007; Van Speybroeck, 2002; Wu &
Morris, 2001). To clarify the current uses of the term, Bird
(2007) proposed a definition that captures today’s field of
studies and the connotation of the concepts of epigenetic
and epigenomic. According to his definition, epigenetic
events are those that result in “. . . the structural adaptation
of chromosomal regions so as to register, signal or perpetuate
altered activity states” (Bird, 2007, p. 398). Bird stresses four
features of this definition: (a) it is inclusive of chromosomal
marks so that both transient and stable DNA modifications
are included; (b) it focuses on chromosomes and genes and
excludes, for example, prions, except when they directly en-
croach on chromosomal function; (c) it views epigenetic pro-
cesses as interpreters of genetic variation, so that an identical
combination of genes might produce different developmental
outcomes; and (d) it conceptualizes epigenetic marks as reac-
tive, not proactive. It is intriguing that this definition meets
the expectation of a mnemonic, which is a memory-assisting
device (Gräff & Tsai, 2013), or a mnemogenic reaction,
which is a biochemical process that achieves cellular informa-
tion storage (Day & Sweatt, 2010; Roberson & Sweatt, 2001),
as epigenetic mechanisms defined as such “react to learning
(that is, neuronal activity triggered by new information);
and they can convey such information into specific gene ex-
pression programmes, which are a prerequisite for long-lasting
memories” (Gräff & Tsai, 2013, p. 97).

The essential role of epigenetic mechanisms has long been
recognized in such cellular processes as cell division, growth,
and fate determination. The recent accumulation of evidence
has illuminated the importance of epigenetic mechanisms in a
number of other processes, including DNA damage control,
genome stability, cell-cell interaction, and neuronal gene ex-
pression. With regard to the latter, the research indicates that
the relevance of epigenetic mechanisms lies not only in the
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control of a single neuronal cell but also in the control of neu-
ronal circuits and networks (Kinde, Gabel, Gilbert, Griffith,
& Greenberg, 2015). The long-range impact of epigenetic
mechanisms has been particularly striking in the analyses
of higher level behaviors, such as stress regulation, social be-
havior, learning, and other cognitive processes. Animal mod-
els have demonstrated the wide range of this impact, from
causing severe deficiencies to substantiating considerable im-
provement.

This review is focused on the insights into the molecular
mediators of epigenomic regulation that have revealed how
they mediate phenotypic variability in complex behaviors
in general and cognitive processes in particular. Such insights
have contributed enormously to the field’s understanding of
the (a)typical development of these processes. As this issue
presents numerous excellent articles on DNA methylation,
this article is focused primarily on other epigenetic mecha-
nisms (not to understate the importance of DNA methylation,
but simply to minimize redundancy). Moreover, whereas
making a reference to, drawing from, and commenting on
the fields of epigenetics and epigenomics in general, this re-
view is particularly fueled by a strengthening idea that long-
lasting (i.e., a substantial portion of the life span) functional
states of neurons involve epigenetic phenomena (Hong,
West, & Greenberg, 2005). The unique feature of these types
of cells compared to virtually all other types of cells is that
their states are not transmittable to daughter cells because al-
most all neurons never divide. Finally, the majority of the
field of behavior epigenetics/epigenomics focuses on pheno-
types that pertain to social–emotional development, whether
typical or atypical, whereas this review is concerned particu-
larly with phenotypes capturing various aspects of learning
and cognitive processing, however defined.

This overview is structured in such a way that, first, it in-
troduces some key concepts and definitions. Second, it covers
major methods used in the field of genetics and genomics.
Third, it provides a brief overview of the status of the field’s
appreciation, both data and theory driven, of the role of epi-
genetic mechanisms in cognitive processes. Fourth, it offers
a number of comments on the overall status of and potential
future developments in the field of behavioral epigenetics/
epigenomics, with a particular emphasis on cognitive pro-
cesses.

Concepts and Definitions: A Brief Overview

Epigenetic processes include posttranslational modifications
of histones (Imhof, 2006), DNA methylation (Klose &
Bird, 2006) and hydroxymethylation, actions of noncoding
RNAs (Weinberg et al., 2006), prions and prionlike phenom-
ena, chromosomal position effects, polycomb mechanisms
(Schwartz & Pirrotta, 2007), and numerous other processes.
These processes can be grouped into three main didactic cat-
egories: histone modifications and nucleosome positioning
(Portela & Esteller, 2010), DNA (hydroxyl)methylation,
and noncoding RNA actions. These mechanisms and tran-

scription factors and other specialized proteins (Leader,
Wang, Popov, Fu, & Pestell, 2006) collectively instruct the
genome as to which subsets of genes should be expressed
in each cell type, when, and to what extent. When considered
on a genome-wide scale, epigenetic mechanisms are quite
loosely, but still informatively, referred to as the epigenome
(Fazzari & Greally, 2004).

As mentioned above, the original definition of epigenetic
mechanisms (Waddington, 1942) denoted the mismatch be-
tween one genotype and multiple phenotypes as they arose
from that single genotype; that is, it addressed the question
of how differentiated cells emerge from omnipotent (i.e.,
stem) cells due to the interaction with their environmental
context (Kiser et al., 2015). This differentiation is assumed
to be associated with the concept of an epigenetic mark,
which is both a marker and a mechanism of cell differentia-
tion (Nikolova & Hariri, 2015). In this section, some of these
markers and related concepts are described.

The methyl group (Me or CH3) consists of an alkyl derived
from methane, containing one carbon atom bonded to three
hydrogen atoms. When attached to the DNA molecule, it
juts out from the cytosine nucleotide into the major groove
of the DNA. Its effect is twofold. First, its presence alters
the binding patterns of transcription factors, that is, proteins
that normally bind to specific DNA sequences to regulate
the rate of transcription (Kim, Kollhoff, Bergmann, & Stubbs,
2003). Second, it attracts specific proteins that bind to it, re-
sulting in gene silencing and chromatin compaction (Bird
& Wolffe, 1999).

Cytosine–guanine (cytosine nucleotide–phosphate–guanine
nucleotide [CpG]) rich regions of the genome (CpG islands)
were initially identified through the analyses of the strikingly
discordant patterns in the digestion of genomic DNA by the
restriction enzyme isoschizomers, Moraxella species 3416
(Msp I) and Haemophilus parainfluenzae series II (HpaII),
which differ from each other in only one aspect: their sensitivity
to cytosine methylation (Singer, Roberts-Ems, & Riggs, 1979).
Msp I, the methylation insensitive enzyme, digests the genome
to completion, whereas Hpa II, the methylation-sensitive en-
zyme, digests the genome such that the DNA maintains a
high molecular weight, as in mammalian genomes, where
55%–70% (Bird, 1980) of all Hpa II sites are methylated. Ac-
cording to a different source, of the roughly 28 million CpGs in
the human genome, 60%–80% are generally methylated (Smith
& Meissner, 2013). Hpa II digests the hypomethylated minority
of the genome into fragments that are known as Hpa II tiny frag-
ments. The analyses of Hpa II tiny fragments (Bird, 1986) re-
vealed that they predominantly consist of GþC dinucleotides,
and are CpG rich. This observation in turn led to the develop-
ment of the definition of a CpG island. A sequence is designated
as such if (a) its content is 55% or more (GþC); (b) the observed
to expected CpG dinucleotide ratio is 60% or greater; and (c)
both occur within a sequence of 500 base pairs or more (Takai
& Jones, 2002). Compared to the largely methylated CpGs,
CpG islands are usually unmethylated (apart from imprinted
loci, X-inactivated loci, and transposable elements) or are
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largely resistant to DNA methylation; they are observed in
�20% of the mammalian genome, which is substantially rarer
than chance. CpG islands are frequent in gene promoters in gen-
eral, and at transcription start sites of housekeeping and devel-
opmental regulator genes in particular (Deaton & Bird, 2011).
This underrepresentation of CpG islands is biochemically
driven. Specifically, the deamination of cytosine gives rise to
uracil; uracil is easily identified as foreign by the DNA repair
machinery and replaced. Conversely, the deamination of me-
thylcytosine (mC) gives rise to thymine, which is not recog-
nized and replaced as easily and can consequently result in mu-
tations and deletions in the genome (Duncan & Miller, 1980).
Cytosine methylation differs among tissues in both quality
and quantity and is therefore physiologically variable (Fazzari
& Greally, 2004).

Nucleosomes are basic chromatin units in which large eu-
karyotic genomes are packed into the cell nucleus. Nucleo-
somes include an octamer of histone proteins containing
two pairs of core histones (designated by the letter H followed
by a number, H2A, H2B, H3, and H4) around which 147 base
pairs of DNA are wrapped in about two turns of a left-handed
superhelix. Nucleosomes are arranged into higher order chro-
matin formations (Harshman, Young, Parthun, & Freiras,
2013). Histone proteins have protuberant N-terminal tails
that are able to interact with nucleosomal DNA; these tails
undergo posttranslational modifications (i.e., an addition of
one or more chemical groups), including acetylation, methyla-
tion, phosphorylation, ubiquitination, sumoylation, or ADP-
ribosylation, mediated by the counteracting activities of
enzymes, the so-called writers and erasers (Jiang et al.,
2008). There are more than 100 distinct histone modifications
(Margueron, Trojer, & Reinberg, 2005), which can dynam-
ically affect the interactions between the histones themselves,
between histones and DNA, and between histones and addi-
tional nuclear proteins (Kouzarides, 2007). For example,
such modifications affect the direct interaction of histone tails
with the nucleosomal DNA, thereby altering the chromatin
state (Bannister & Kouzarides, 2011) and thus determining
how accessible a stretch of DNA is to molecules regulating
transcription. In this way, they may determine how likely a
particular gene is to be transcribed at any moment. Acetyla-
tion is mediated by histone acetyltransferases (HATs) and
usually enhances transcription (i.e., compacted DNA is trans-
formed into a more “relaxed” structure accessible to transcrip-
tional machinery as a result of the placement of an acetyl
group on lysine), facilitating transcription initiation and elon-
gation (Shahbazian & Grunstein, 2007). Deacetylation is cat-
alyzed by histone deacetylases (HDACs). Phosphorylation is
mediated by nuclear kinase; dephosphorylation is catalyzed
by protein phosphatase. Methylation is mediated by the
SET domain of histone methyltransferases (HMTs); demeth-
ylation is catalyzed by demethylases (HDMs). The activity
of these enzymes is thought to be coordinated so that patterns
of their combinatorial interactions result in specific chromatin
modifications referred to as the histone code (i.e., a code for
gene regulatory information). These codes in turn are recog-

nized by protein complexes whose action is binary: to activate
or to repress gene expression (Strahl & Allis, 2000). How-
ever, some histone modifications are inherited epigenetically
(Grewal & Moazed, 2003; Ringrose & Paro, 2004).

Noncoding RNA molecules (ncRNAs) are those whose
structure is encoded in DNA, but not translated into proteins.
They form a large class of molecules, such as micro-RNA
(miRNA), small interfering RNA (siRNA), PIWI-interacting
RNA (piRNA), and long noncoding RNA (lncRNA), with the
capacity to participate in the epigenetic machinery directly, that
is, by modifying other RNA molecules or RNA–protein com-
plexes, or indirectly, by binding to DNA- or chromatin-modify-
ing enzymes and deploying their activity to specific genomic
sites, thereby modulating chromatin states (Castel & Martiens-
sen, 2013; He & Hannon, 2004; Mercer & Mattick, 2013).

A Brief Overview of the Methods Used to Elucidate
Epigenetic Mechanisms

The main goal of epigenomics has been stated as the identifi-
cation of the features of the DNA sequence that direct epige-
nomic processes. This identification is complex, involves
multiple steps, engages both molecular experiments and
bioinformatics analyses, and generates large-scale databases.
These databases are not easy to process and interpret for a num-
ber of reasons: first and foremost, because of the related issues
of correlation and causality; that is, a particular DNA sequence
feature might be a result of the epigenetic process or may be a
player in this process itself. Second, epigenomic mechanisms
are time specific and, if not sampled at the “right” time, might
not be traceable by the available analytical methods.

Cell-specific patterns of cytosine methylation and histone
modification (including histone methylation) are thought to
be major players in the differentiation of cell types. The sys-
tem represented by these patterns is referred to as the epige-
nome (Novik et al., 2002), in which all epigenetic processes
are included; it is called the methylome (Feinberg, 2001)
when only DNA methylation-related processes are included.
Thus, the identification and characterization of this system as
a whole or its different patterns is the task of epigenetics
(for specific genes) and epigenomics (for the genome as a
whole). There are different laboratories, multilaboratory teams,
and international groups that are engaged in this awe-inspir-
ing task.

The International Human Epigenome Consortium is
aimed in particular at the identification of the sites in which
the cytosine methylation component varies between cell
types, that is, differentiates various cells and tissues. It prom-
ises to provide insights into CpG methylation in 30,000 hu-
man genes using 200 cell types (Bradbury, 2003). Although
still in progress, this project provides public access to epige-
nomic data (http://epigenomesportal.ca/ihec/index.html). In
addition, a number of other public databases are available
for open access. Thus, the Human Roadmap Epigenomics
project has recently compiled and analyzed a total of 127 ref-
erence human epigenomes (Roadmap Epigenomics, 2015)
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and raw data, including basic DNA sequences, DNA
methylation sites, and messenger RNA (mRNA) levels, as-
sayed in peripheral blood and brain, among other tissue types
(http://www.roadmapepigenomics.org and http://compbio.mit.
edu/roadmap). Yet another resource is Braincloud (http://
braincloud.jhmi.edu), a database containing genomic, epige-
nomic, and transcriptomic data sampled across stages of de-
velopment (Schultz, 2002; Wang et al., 2012). The data are
currently available only for the prefrontal cortex, but there
is a plan to add additional brain regions.

An important issue in studying epigenetic mechanisms
pertains to the question of the selection of cell types and tis-
sues to study. As epigenetic marks are expected to vary be-
tween cell types and tissues, it is logical to assume that in
studying epigenetic marks it is important to sample from
the tissue whose function is being studied; that would be,
of course, the brain for the purposes of understanding the
role of epigenetic mechanisms in cognitive processes. Yet
to do this working with human participants is near impossible
with rare exceptions (i.e., working with postmortem or surgi-
cal tissue). Thus, it has been investigated whether peripheral
cell types (i.e., blood or saliva) can be used as substitutions or
veritable proxies for studying epigenetic patterns in the brain.
These studies report blood–brain correlations in DNA
methylation of up to 0.90 (Horvath et al., 2012; Tylee, Kawa-
guchi, & Glatt, 2013). Thus, although it is known that there
are numerous regions of the methylome in particular (and
likely the epigenome in general) that are variable among tis-
sues, and that some differ substantially (the largest methylation
differences have been observed within or near genes involved
in tissue differentiation, including neurogenesis and hemato-
poiesis; Davies et al., 2012), it has been deemed informative
to use peripheral cell types for understanding how epigenetic
mechanisms operate in the formation and regulation of com-
plex traits such as cognitive processes. First, significant
cross-tissue concordance in methylation patterns has been ob-
served for CG-rich promoters across genes (Davies et al.,
2012). Second, it is reassuring that there are now multiple stud-
ies that have compared patterns of methylation between blood
and saliva and found them to be consistently converging
(Thompson et al., 2013). It is interesting that it has been ob-
served that the methylation patterns of DNA extracted from sa-
liva compared to those extracted from blood resemble more
closely the methylation patterns of DNA from the brain tissue
(Smith et al., 2015).

Yet, whatever population of cells from whatever tissue is
used in the analyses, epigenetics and epigenomics employ a
number of different methods: both generic, suitable for a
“broad-net” (or genome-wide) association analyses, and
highly targeted, suitable for elucidating specific regulatory
mechanisms. Here, some brief accounts of methods of study-
ing DNA methylation and histone modification are provided.

Since the original postulation of genome methylation as an
epigenetic regulator (Holliday & Pugh, 1975; Riggs, 1975),
numerous techniques have been developed for its analyses,
the goals of which are to detect methylated sequences through-

out the genome (Fazzari & Greally, 2004). Restriction land-
mark genomic scanning (RLGS) was one of the early tech-
niques utilized for genome-wide epigenetic patterning
analyses (Shibata et al., 1994). RLGS uses a combination of re-
striction enzymes, some of which are specific to DNA modifi-
cations. Specifically, RLGS cuts DNA and then labels it directly
with a radioactive isotope (usually phosphorus-32) to detect
differences in methylation at restriction sites (e.g., Nocardia
argentinensis I [Nar I]) using two-dimensional gel electrophor-
esis. The resulting radioactive second-dimension gel is then
transferred onto a film. The radiation produced by the radioac-
tive labeling will result in the film being exposed wherever
the restriction fragments have migrated during electrophoresis.
The film is then developed so that a visual representation of
the results in the form of an autoradiograph is generated. Re-
peated analyses of the same DNA samples subjected to an in-
terrogation with the same combination of restriction enzymes
will produce the same pattern of “dots” (exposures). However, if
methylated and unmethylated DNA regions are compared, dif-
ferent patterns will emerge. That is, the autoradiographs gener-
ated from methylated and unmethylated DNA can be compared
to reveal any changes that have led to visual differences in the
film. Each autoradiograph contains thousands of spots, each
corresponding to a labeled DNA restriction landmark. It readily
detects alterations deviating from normal, and has been excep-
tionally effective in identifying hyper/hypomethylation in tu-
mors, as well as changes in the methylome throughout the de-
velopment of an organism. This technique, although perhaps
not the easiest to use, is known for its high sensitivity. For ex-
ample, its utilization has resulted in the identification of several
imprinted genes (Plass et al., 1996; Shibata et al., 1994).

Subsequent to RLGS, additional techniques have been de-
veloped. These techniques share several features: (a) the meth-
ylated fraction of the genome is enriched in a specific man-
ner that depends on the restricted digestion of unmethylated
sequences using a methylation-sensitive enzyme; and then
(b) polymerase chain reaction (PCR) is carried out, so that
the digested fragments fail to amplify. Specifically, in differ-
ential methylation hybridization (DMH; Yan et al., 2002),
two restriction enzymes are used simultaneously: Mse I (Mi-
crococcus species) to reduce the average size of the DNA
while preserving CpG-rich sequences and a 50 methylcyto-
sine-sensitive restriction enzyme (e.g., Bacillus stearothermo-
philus 458 series I [BstU I] or Hpa II). The amplification of
intermethylated sites (Frigola, Ribas, Risques, & Peinado,
2002) uses the methylation-sensitive Sma I (Serratia marces-
cens) restriction enzyme. A methylation target array (MTA;
Chen, Chen, et al., 2003) uses a similar approach to DMH, cut-
ting initially with an enzyme that spares CpG-rich sequences fol-
lowed by the use of a methylation-sensitive enzyme such as BstU
I or Hpa II. Both DMH and MTA require a subsequent hybridi-
zation to genomic microarrays, whereas amplification of inter-
methylated sites, given the limited number of SmaI sites in the
genome, utilizes a fingerprinting approach using electrophoresis.

As evident from the description above, all these methods
depend on the characteristics of the specific enzymes they util-
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ize (as they cut DNA only at specific nucleotide sequences,
or restriction sites), therefore limiting the proportion of CpGs
in the genome that can be recognized by these enzymes. For
example, in the human genome, the proportion of CpGs lo-
cated within Hpa II sites, used in DMH and MTA, is estimated
to be 8.04% (4.14% in transposable elements and 3.90% in
unique sequences), but only the unique-sequence CpGs can
be tested with hybridization techniques. The usage of Not I
(Nocardia otitidis-caviarum), capitalized on by RLGS, results
in even more limited representation of the CpGs (although it is
more CpG island specific). Yet, despite their limitations, these
techniques have been successfully utilized (Day et al., 2002;
Huang, Perry, & Laux, 1999; Yan et al., 2000, 2002).

The next block of technologies have been developed only
recently. These use a combination of cell types as the source
of DNA, so that the CpGs at which methylation occurs varies
(methylation-variable positions) and can be identified from
the mixed methylated/unmethylated pattern observed (Novik
et al., 2002). Specifically, matrix-assisted laser desorption/
ionization is a mass spectrometry technique utilizing soft
ionization. Two other technologies are based on the deamina-
tion of unmethylated cytosines with sodium bisulfite, or the
enrichment with targeting antibodies (Heyward & Sweatt,
2015; Laird, 2010). There are various applications of these
technologies, allowing for the analyses of candidate genes
and regions, as well as for whole-genome analyses, either
with microarrays or via sequencing. These methods do not
have the limitations characteristic of the restriction enzyme-
dependent methods. For example, among high-throughput
methods used to characterize DNA methylation in the central
nervous system (CNS), there are whole-genome bisulfite se-
quencing, ten–eleven translocation (TET)-assisted bisulfite
sequencing, reduced representation bisulfite sequencing,
and affinity enrichment based (e.g., MeDIP-Seq), each of
them has advantages and disadvantages (Heyward & Sweatt,
2015; Table 1). Although there is an evident increase in the
utilization of these techniques in studies of (a)typical devel-
opment, cognitive processes have unfortunately been largely
neglected by such studies.

The composition of chromatin (i.e., in studies of histone
modifications) is analyzed using a technique called chromatin
immunoprecipitation (ChIP). In general, ChIP assays are de-
signed to detect connections between the genome and pro-
teome, that is, between specific genomic regions and specific
proteins, such as transcription factors on gene promoters and
other DNA-binding sites, including detection of the specific
locations of various histone modifications in the genome.
The appeal of ChIP assays is that they are able to provide a
glimpse into transcription regulation at any given time by reg-
istering specific Protein�DNA interactions and quantifying
this interaction by means of various techniques, such as quan-
titative PCR, hybridization on biochip, or targeted sequenc-
ing. ChIP is a multistage experiment, engaging a number
of molecular biology and biochemistry techniques, such as
trapping protein–DNA interacting partners (crosslinking),
cell lysis, nucleic acid shearing, antibody-based immunopre-

cipitation of DNA-protein complexes, DNA purification, and
DNA quantification (quantitative PCR). The utilization of
this method in genome-wide analyses using microarrays has
resulted in the development of the ChIP on chip (also known
as ChIP-chip) technology, which combines chromatin immu-
noprecipitation (ChIP) with the DNA microarray (chip). This
technology, used with whole-chromosome oligonucleotide
microarrays, has resulted in the mapping of transcription-fac-
tor binding sites (Cawley et al., 2004; Martone et al., 2003).
Other examples include CpG islands (Weinmann, Yan, Ober-
ley, Huang, & Farnham, 2002; Wells, Yan, Cechvala, Huang,
& Farnham, 2003) and promoters (Li et al., 2003) identified
across the genome. Although highly popular, ChIP-on-chip
experiments are not without challenges because they require
the creation of suitable genomic microarrays and the amplifi-
cation of sparse starting material for hybridization (Buck &
Lieb, 2004). In this regard, ChIP-on-chip methods share their
main limitation with the whole-genome cytosine methylation
methods: the need for widespread availability of suitable
genomic microarrays. The current state of the art method to
study chromatin marks across the entire genome is ChIP fol-
lowed by massively parallel next-generation sequencing
(ChIP-Seq). The DNA portion obtained after ChIP is not
used to study selected genes or predefined sets of loci across
the genome via quantitative PCR or to study the genome via
microarrays, but is subjected to massive parallel sequencing.
High-throughput sequencing now enables the elucidation of
the complete methylome. There are now base pair resolution
data, obtained when the methylome is sampled across devel-
opment from zygote to terminally differentiated adult cells
(Smith et al., 2012). The limitations of the method include
the fact that it yields genome-wide maps of a given chromatin
mark, the data analysis of which requires intensive bioinfor-
matics manipulations. ChIP-Seq is routinely used in other
research areas (Wang et al., 2008), but has just started being
applied to the study of cognitive processes. To illustrate,
Park, Rehrauer, and Mansuy (2013) used a fear conditioning
paradigm for associative learning and then performed a ge-
nome-wide analysis of the acetylation of the lysine residue 5
of histone 4 (H4K5ac) via ChIP-Seq. Although there was a
correlation between H4K5ac and learning-induced gene ex-
pression overall, it was substantially stronger when obtained
for situations in which mice received strong fear stimuli. Com-
menting on this result, Fischer (2014) suggested that this find-
ing is similar to those obtained in studies of human diseases
and model animals lacking specific enzymes of the epigenetic
machinery (Kerimoglu et al., 2013; Peleg et al., 2010).

To study ncRNA, researchers typically utilize methods
that allow the isolation and genotyping or sequencing of
small ncRNAs (e.g., microRNAs) as well as long ncRNA
species in order to understand the role of ncRNA in gene ac-
tivation and silencing and the posttranscriptional regulation
of gene expression.

Finally, it is important to acknowledge the availability of
novel transgenic systems that are used to confirm functions
of epigenetic processes in multiple different lineages, and
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to identify the developmental windows in which specific epi-
genetic processes are essential (Smith et al., 2012).

Epigenetic Mechanisms and Cognitive Processes

There is a growing literature aimed at understanding the con-
nection between epigenetic and cognitive processes. The
main quest of this literature is to identify what has been referred
to as an “epigenetic code for memory” (Gräff & Mansuy,
2008). Several types of epigenetic mechanisms have been
associated with cognitive processes. The relevant literature is
focused primarily on DNA methylation and hydroxymethyla-
tion, histone modification by acetylation and methylation, and
the action of ncRNAs (Gräff, Kim, Dobbin, & Tsai, 2011).
Here the corresponding literature will be reviewed briefly for
illustrative purposes. This review is structured so that the litera-
ture on epigenetic processes is summarized; followed by a brief
comment on the epigenetic regulation of a single gene whose
role in cognitive processes is recognized; and then completed
with a brief overview of the role of epigenetic mechanisms
in clinical conditions, where cognitive processes are severely
challenged.

DNA methylation

The important role of DNA methylation (for a review, see Wu
& Zhang, 2010, 2014) has been established in a variety of bio-
logical processes, such as chromosomal inactivation, transpos-
able element silencing, genomic imprinting, and embryonic stem
development (Jaenisch & Bird, 2003). For example, allele-spe-
cific DNA methylational profiles have been associated with X
chromosome inactivation (Pfeifer, Steigerwald, Hansen, Gar-
tler, & Riggs, 1990) and gene-specific imprinting (Bartolomei,
Webber, Brunkow, & Tilghman, 1993). DNA methylation is a
covalent alteration of DNA catalyzed by a family of enzymes
known as DNA methyltransferases (DNMTs). They catalyze
the transfer of a methyl group from S-adenosyl methionine to
DNA. There are five DNMTs known in mammals, DNMT1,
DNMT2, DNMT3a, DNMT3b, and DNMT3L; yet only three
of them, DNMT1, DNMT3a, and DNMT3b, manifest methyl-
transferase activity. These three enzymes are thought to have
differential functions, with DNMT3a and DNMT3b referred
to as de novo and DNMT1 as maintenance DNMT (Portela
& Esteller, 2010). It is important to note that DNMT1 acts to
maintain methylation profiles after DNA replication (Bird,
2002), bestowing the heritability of this epigenetic mark in
cell generations. However, the division of labor between de
novo and maintenance methylation is not straightforward, as
captured in the revision of the model proposed by Jones and
Liang (2009).

Methylation of DNA (i.e., the covalent attachment of a
methyl group) at the fifth position carbon (50 or C-5) within
the cytosine pyrimidine ring (5-methylcytosine [5mC];
Bird, 2002) is considered to be the best studied epigenetic
modification (Fischer, 2014). It is important to understand
that what results from this reaction is a very strong carbon–

carbon (the 50 carbon on the cytosine ring and the methyl
carbon) bond, the breaking of which requires a high degree
of energy (Day & Sweatt, 2010). In mammals, DNA
methylation typically occurs at promoter regions and at
CpG dinucleotides within genes (Bird, 1980). Yet recent re-
search has indicated the presence of a relatively high amount
of non-CpG methylation, including nucleotide combinations
such as CHG and CHH, where H is A, C, or T (Portela &
Esteller, 2010). Moreover, according to the results of a ge-
nome-wide study that sampled DNA methylation at different
developmental stages in the neurons and glial cells of mice
and humans (Lister et al., 2013), non-CpG, CH methylation
strongly accumulates in neurons through early childhood
and adolescence and becomes the more prevalent form of
methylation in mature neurons. Recent research has provided
further evidence that non-CpG methylation plays a critical
role in neuronal differentiation by showing that non-CpG
methylation is a better predictor of neuron subtype-specific
gene expression patterns when human GABAergic inter-
neurons and glutamatergic projection neurons are compared
(Kozlenkov et al., 2016).

The field of studies implicating DNA methylation in cog-
nition originated in the late 2000s (Miller & Sweatt, 2007)
and is burgeoning now. Miller and Sweatt (2007) demon-
strated that exposure to learning (in this particular case,
through the Pavlovian fear conditioning paradigm) led to an
upregulation of the mRNA of de novo DNMTs (DNMT3a
and DNMT3b) in the rat hippocampus, which in turn corre-
lated with increased DNA methylation of the protein phos-
phatase 1 (PP1) and the reelin (Rln) genes within 1 hr after
memory training. It is remarkable that learning-induced lo-
cus-specific DNA methylation is dynamic and the initial sta-
tus can restore spontaneously, that is, expression changes in
both PP1 and Rln returned to a baseline level 24 hr after
fear conditioning training (Miller & Sweatt, 2007). In addi-
tion, DNA-methylation was linked to the brain-derived neu-
rotrophic factor (Bdnf) gene expression within 2 hr after
memory training, while no difference in DNA methylation
was detectable 24 hr later (Lubin, Roth, & Sweatt, 2008),
This can be stimulated forcefully, by pharmacological inhibi-
tion of DNMT via the administration of DNA-methylation in-
hibitors such as 5-aza-20-deoxycytidine or zebularine (Miller,
Campbell, & Sweatt, 2008; Miller & Sweatt, 2007), or via in-
jecting enzymatic DNMT inhibitors (Lubin & Sweatt, 2007)
into the hippocampus. The impact of these latter pharmacolog-
ical manipulations contribute to what is now viewed as con-
vincing evidence that DNA methylation in the adult brain is
quite dynamic and related to neuronal functioning during
task performance, learning and new memory formation pro-
cesses, and other cognitive processes (Fischer, 2014).

Another example of the importance of DNA methylation
in memory formation comes from studies of the amygdala.
It has been recently demonstrated that individual differences
in the methylation of the proximal promoter of the human se-
rotonin transporter (5-HTT) gene (solute carrier family C6,
member 4 [SLC6A4]) explain 6.7%–10.4% of the variability
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in threat-related amygdala activity in two unrelated cohorts of
participants (Nikolova et al., 2014). Four observations are of
particular interest here. First, the association was consistent,
when DNA methylation was assessed in blood and saliva.
Second, it was observed at different stages of development,
specifically in adolescence and young adulthood. Third, the
variability was comparable to or greater than that of the asso-
ciation between the SLC6A4 polymorphism–5-HTT linked
polymorphic region (5-HTTLPR) genotype and amygdala ac-
tivity (Murphy, 2013). Fourth, the methylation of the CpG
site most strongly associated with amygdala activity was neg-
atively correlated with serotonin transporter mRNA concen-
trations in postmortem amygdala tissue. Similarly, numerous
examples now exist illustrating that increased methylation
within (particularly in the promoter region) or near candidate
genes for cognitive processes is associated with reduced gene
expression (Nikolova & Hariri, 2015; Table 1).

Of importance as well were findings from these studies
that implicated a kind of cross talk between learning-related
DNA methylation and histone acetylation, such that the latter
apparently overrides the former (Miller et al., 2008). These
observations contributed to the growing literature on the pres-
ence of such cross talk, which has been demonstrated in a
cell culture system (Cervoni & Szyf, 2001) and in vivo, where
rat maternal behavior induced epigenetic programming
(changes in DNA methylation and histone acetylation) in
the offspring’s glucocorticoid receptor gene promoter in the
hippocampus (Weaver et al., 2004). The utilization of genetic
approaches also offers support to the hypothesized impor-
tance of DNA methylation in cognition (Fan et al., 2001;
Feng et al., 2010; Oliveira, Hemstedt, & Bading, 2012), al-
though this evidence is still not voluminous.

The dynamic changes in the DNA methylation of genes re-
lated to cognition (e.g., Rln and Bdnf) might offer insight into
the mechanism of the association between DNA methylation
and learning and memory. For example, it has been reported
that contextual fear conditioning within 24 hr after training in-
duced hypermethylation of the gene calcineurin in the pre-
frontal cortex. Moreover, the gene’s methylation persisted
for 30 days, even after the gene’s expression had returned
to a baseline level. In addition, the administration of
DNMT inhibitors 30 days after conditioning impaired long-
term memory. These observations were interpreted as indica-
tive of the importance of DNA methylation for memory con-
solidation, shifting the newly formed memory to the cortex,
and memory stability.

DNA hydroxymethylation

It was recently observed that DNA is subject not only to
methylation but also to hydroxymethylation. This epigenetic
mark, the attachment of a hydroxymethyl group to 5-cytosine
(5hmC), was initially described in the 1970s (Penn, Suwalski,
O’Riley, Bojanowski, & Yura, 1972), but gained deserved at-
tention from the field only much later (Rudenko & Tsai,
2014), due to reports of the presence of 5 hmC in the cerebel-

lar neurons (Kriaucionis & Heintz, 2009) and the discovery of
the TET proteins and their capacity to convert 5 mC to 5 hmC
in mammals (Tahiliani et al., 2009). It turned out that three
TET proteins (TET 1–3) mediate DNA methylation by ini-
tially converting 5mC to 5hmC, then to 5-formylcytosine
and 5-carboxylcytosine, thereby eventually mediating active
DNA demethylation (Pastor, Aravind, & Rao, 2013). Given
the recent nature of these findings, relatively little is known
about 5mhC and its related proteins. Of interest is that one
study presented findings that TET1 can regulate and be regu-
lated by neuronal activity (Kaas et al., 2013). Of interest as
well is that one of the protein readers of 5mhC is the meth-
yl-CpG binding protein 2 (MeCP2) protein (Spruijt et al.,
2013), which is well known for its role in chromatin and tran-
scriptional regulation through 5mC binding.

Compared with other cell types, hmC is substantially en-
riched in CNS neurons; hydroxymethylation accounts for
25%–40% of all modified CG dinucleotides in the frontal cor-
tex and cerebellum (Kinde et al., 2015). As the data on the
role of 5hmC DNA is just accumulating, its exact functional
significance is not known yet. All TET proteins are expressed
in the adult brain (Kriaucionis & Heintz, 2009; Szulwach
et al., 2011). An analysis of the distribution of 5hmC in
both human and mouse brains identified stable and dynam-
ically modified loci during neuronal development and ageing
(Szulwach et al., 2011). The whole-genome analysis of 5hmC
dynamics during mammalian brain development has gener-
ated interesting findings (Lister et al., 2013), namely, that
(a) 5hmC is enriched within active genomic regions in both
fetal and adult mouse brains; and (b) despite lower absolute
levels of hmC in the fetal brain, adult patterns of hmCG are
already forming in utero in both neurons and astrocytes, sug-
gesting the importance of hydroxymethylation developmen-
tally (Rudenko & Tsai, 2014). Findings from the studies of
TET1 have generated hypotheses about the importance of hy-
droxymethylation for increased transcriptional flexibility,
which might be highly relevant for the genomic regulation
of cognition (Rudenko et al., 2013). It has been shown that
TET1 and TET3 mRNA levels appear to change in response
to neuronal activity (Kaas et al., 2013; Li et al., 2014). Only a
few animal model studies of hydroxymethylation have been
conducted (Kaas et al., 2013; Rudenko et al., 2013), but their
results suggest that 5-hydroxymethylcytosine is simply a
product of DNA demethylation. These hydroxymethylation
events are thought to be critical for transcriptional regulation,
as well as long-lasting cellular status changes in development
and heritable traits (Guan, Xie, & Ding, 2015; Shukla, Seh-
gal, & Singh, 2015).

Histone acetylation

Evidence connecting histone acetylation to learning has been
accumulating since the 1970s (Schmitt & Matthies, 1979),
when it was shown that the acetylation of histones is altered
when rats undergo memory consolidation. The process of his-
tone acetylation constitutes the addition of a negatively charged
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acetyl group to lysine residues (K) on a histone protein, which
reduces the affinity between the positively charged residue and
negatively charged DNA (Brownell & Allis, 1996) and struc-
turally opens chromatin for translational activities. Specifically,
the acetylation of H2BK5, H3K14, H4K5, and H4K12 has
been shown to be particularly important in substantiating cog-
nition (Gräff & Mansuy, 2008; Puckett & Lubin, 2011).

Histone acetylation is controlled by HATs, which catalyze
the addition of acetyl group, and HDACs, which catalyze the
removal of the acetyl group, exerting opposing actions on his-
tones. Both HATs and HDACs are classified into subfamilies:
Gcn5-related N-acetyltransferases (GNATs), MYST (named
after founding members MOZ, Ybf2, Sas2, and Tip60), and
p300/CREB-binding protein histones (p300/CBP) for the
former, and zinc-dependent Classes I, II, and IV and NAD-
dependent Class III (Haberland, Montgomery, & Olson,
2009) for the latter.

Early evidence from the 1970s has been critical for the re-
newal of interest in epigenetic mechanisms in the 21st cen-
tury. Swank and Sweatt (2001) demonstrated that the expo-
sure of mice to a novel taste can trigger long-lasting lysine
acetylation and increased histone acetyltransferase activity
in the insular cortex. The connection between histone acetyla-
tion and learning and memory has been further substantiated
and differentiated by studies that focus on specific histone
modifications and their corresponding enzymes (Federman,
Fustiñana, & Romano, 2009; Fischer, Sananbenesi, Wang,
Dobbin, & Tsai, 2007; Levenson et al., 2004). Yet, because
the majority of these studies report on bulk histone modifica-
tions, the field’s understanding of the specifics (pairing par-
ticular modifications with particular enzymes and particular
types of learning) is still limited.

The functional meaning of histone acetylation is in the
modification of a chromatin structure such that it becomes
more permissive to gene transcription; it is accomplished by de-
creasing the electrostatic affinity between histone proteins and
the DNA (Kouzarides, 2007; Li, Carey, & Workman, 2007).
Moreover, there is evidence that histone acetylation intensifies
following neuronal activity, thereby promoting gene expression
changes and, consequently, long-term synaptic plasticity and
memory (Gräff & Tsai, 2013). In other words, there are different
types of cellular modulations that trigger histone acetylation,
which in turn enhance ongoing or prompt other modulations.
These are modulations of and by neuronal activity, synaptic
plasticity, and memory formation (Gräff & Tsai, 2013).

Histone acetylation has been observed to be initiated by a
number of different types of neuronal activity, including the
stimulation of neurotransmitter pathways by receptor-specific
agonists (Crosio, Heitz, Allis, Borrelli, & Sassone-Corsi,
2003), potassium chloride mediated neuronal depolarization
(Maharana, Sharma, & Sharma, 2010), and, more generically,
activation of the mitogen-activated protein kinase pathway
(Sweatt, 2001), either directly (Levenson et al., 2004) or
through cross talk with other types of histone modification
(Latham & Dent, 2007). Other triggers of histone modification
have also been registered (Gräff & Tsai, 2013). Of particular

relevance to the discussion here is the role of brain-derived
neurotrophic factor (BDNF) in this process (see references to
this gene above and below). BDNF is a known agent of neuro-
plasticity (Cowansage, LeDoux, & Monfils, 2010). It has been
demonstrated, for example, that the stimulation of cortical
neurons with BDNF resulted in the nitrosylation of HDAC2
on cysteine (C) 262 and C 274, histone hyperacetylation, and
a concurrent increase in neurotrophin-dependent gene expres-
sion, including BDNF itself (Nott, Watson, Robinson, Cre-
paldi, & Riccio, 2008). It is also known that the expression
of the BDNF gene is intensified by neuronal activity-driven
calcium-dependent derepression by MeCP2 (Chen, Chang,
et al., 2003). Conversely, it is negatively regulated by HDAC2
(Guan et al., 2009). Based on these two observations, it can
be hypothesized (Gräff & Tsai, 2013) that a surge of neuronal
activity may engage a positive-feedback loop clustered around
HDAC2 and BDNF, which can lead to histone acetylation
mediated, self-sustaining gene expression action that in turn
can result in a change in synaptic strength and thus learning.

Histone acetylation also promotes and is promoted by long-
term synaptic plasticity. The literature contains examples of as-
sociations between long-term facilitation (LTF; transcription-
dependent facilitation of electrical transmission across syn-
apses) and enhanced histone acetylation in the genes implicated
in LTF (Guan et al., 2002), and between long-term depression
(transcription-dependent deterioration of electrical transmis-
sion across synapses), and reduced histone acetylation in the
genes implicated in long-term depression (Hart et al., 2011).
Induction of the molecular equivalent of LTF in mammals,
long-term potentiation (LTP; an increase in synaptic transmis-
sion efficiency as a result of presynaptic high-frequency
stimulation), has also been associated with the intensification
of H3 and H4 acetylation (Levenson et al., 2004), in particular
at the promoter regions of Bdnf, a rodent homolog of the hu-
man BDNF gene (Sui, Wang, Ju, & Chen, 2012).

Histone acetylation also appears to be associated with
memory formation; moreover, it has been hypothesized that
different types of memory and learning might “elicit distinct
epigenetic signatures in the brain” (Gräff & Tsai, 2013, p. 99).
Of particular interest here is that such memory-induced his-
tone acetylation is specific to certain genes implicated in
learning and memory, in particular, Bdnf, which shows an in-
crease in expression concurrent with the increase in acetyla-
tion (McQuown et al., 2011). Once again, it is hypothesized
that histone acetylation triggers a system of positive recipro-
cal processes involving the modulation of gene expression,
and further histone modifications (Gräff & Tsai, 2013).

Because of the accumulation of evidence on the role of
histone acetylation in learning in general and specific cog-
nitive processes (e.g., memory) in particular, there have
been systematic attempts to, first, differentiate the roles of
HDACs and HATs as functionally specialized groups of mol-
ecules and, second, differentiate the roles of different types of
HDACs and HATs within these groups.

With regard to HDACs, 11 of the mammalian HDACs re-
quire the Zn2þ ion as a cofactor and are often referred to as
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zinc-dependent HDACs (de Ruijter, van Gennip, Caron,
Kemp, & van Kuilenburg, 2003; Gregoretti, Lee, & Good-
son, 2004). Under typical circumstances, all HDAC genes
are expressed in an adult brain (Broide et al., 2007). Although
there are some initial data implicating them in cognition (Gao
et al., 2010), there is considerably less information on the
NAD-dependent Class III HDACs, or sirtuins (Bordone &
Guarente, 2005; Haigis & Sinclair, 2010), with regard to
learning and specific cognitive functions as compared to
HDACs. The zinc-dependent HDACs include Class I
(HDAC1–HDAC3 and HDAC8), Class IIa (HDAC4,
HDAC5, HDAC7, and HDAC9), Class IIb (HDAC6 and
HDAC10), and Class IV (HDAC11); they all are expressed
in the brain. Yet, their brain expression is differentiated
such that HDACs differ by subcellular localization, the fre-
quencies at which they are expressed in different regions in
the brain, and by their known (or potential) function in mem-
ory formation (Fischer, 2014; Gräff & Tsai, 2013). For exam-
ple, Class I HDACs 1–3 are known to be negatively associ-
ated with learning and memory (Guan et al., 2009; Malvaez
et al., 2013; McQuown et al., 2011; Nelson, Bal, Kavalali,
& Monteggia, 2011). Although HDAC1 and HDAC2 are
close homologues that originated from gene duplications,
their functions differ. Thus, HDAC1 has been implicated,
more specifically, in memory extinction (Bahari-Javan
et al., 2012) and HDAC2 and HDAC3 in memory constraints
(Gupta-Agarwal et al., 2012). It appears that HDAC2 is par-
ticularly attention worthy, because the literature contains con-
vincing evidence on its increased expression, and therefore
decreased histone acetylation, in Alzheimer disease (AD;
Gräff et al., 2012) and aging (Peleg et al., 2010), particularly
in Bdnf (Gräff & Tsai, 2013; Walker, LaFerla, Oddo, &
Brewer, 2013). There is also evidence, although limited,
that Class IIa HDACs 4, 5, 7, and 9 are also relevant to cog-
nition (Gräff & Tsai, 2013), with HDAC4 (Kim et al., 2012;
Wang et al., 2011) and HDAC5 (Gupta-Agarwal et al., 2012;
Koseki et al., 2012) being better researched than HDAC7 and
HDAC9. Specifically, a shortage of HDAC4 in adult mice
brains is associated with impaired memory formation and
plasticity (Kim et al., 2012; Sando et al., 2012). Of interest
also is a report that there is a subtype of intellectual disability
that is associated with the haploinsufficiency of HDAC4
(Williams et al., 2010). Even less research has focused on
HDAC Classes IIb and IV; yet, although scarce, these studies
do provide some evidence of the involvement of the members
of these classes, for example, HDAC11 (Gupta-Agarwal
et al., 2012), in substantiating learning and memory.

Compared to the body of HDAC-related research, the lit-
erature on HATs is limited. There are at least 18 HATs en-
coded in the mammalian genome, which are clustered in sev-
eral families: the GNAT, the MYST, and the p300/CBP
families; and several other HATs that cannot be grouped (Al-
lis et al., 2007; Lee & Workman, 2007). Of these families, the
majority of studies focus on the p300/CBP HATs. Thus, one
of them, CBP/KAT3A, has been shown to participate in
memory consolidation (Alarcon et al., 2004; Barrett et al.,

2011; Korzus, Rosenfeld, & Mayford, 2004; Wood, Attner,
Oliveira, Brindle, & Abel, 2006; Wood et al., 2005), although
the data are not consistent (Josselyn, 2005). Yet another
member of this family, P300/KAT3B, has been demonstrated
to impair memory consolidation (Maurice et al., 2008; Oli-
veira, Wood, McDonough, & Abel, 2007). Unfortunately,
at this point, genome-wide investigations of transcriptional
networks associated with CBP function are limited; yet, there
is evidence connecting CBP function to synaptic plasticity
(Chen, Zou, Watanabe, van Deursen, & Shen, 2010) and al-
tered gene expression following environmental enrichment
training (Lopez-Atalaya et al., 2011).

It is also important to note that numerous researchers have
investigated the effects of various nonspecific histone deace-
tylase inhibitors, including trichostatin A, suberoylanilide
hydroxamic acid, sodium butyrate, phenylbutyrate, and val-
proic acid on learning and memory in mice and rats. The
general conclusion that has arisen from this work is that
these treatments appear to be effective in ameliorating spe-
cific cognitive deficits and improving various aspects of
cognitive processes in animal models in response to specific
targeted mutations, triggered neurodegeneration, and trau-
matic brain injury (for review, see Rudenko & Tsai, 2014).
Clearly, there is promise that needs to be further examined
with regard to the applicability of these leads to human re-
search.

To conclude, there is substantial evidence that histone
modification enzymes HATs and HDACs are important play-
ers in various cognitive processes. As Fischer stated, pointing
to these enzymes’ “general role in the regulation of cellular
processes, it is tempting to speculate that they coordinate
gene expression programs linked to long-term memory con-
solidation, but a major effort in future research will be to un-
derstand the mechanisms by which HATs and HDACs regu-
late plasticity in specific brain cells” (2014, p. 950).

Histone methylation

Histone methylation is also regulated by the counteracting ac-
tivity of HMTs and HMDs. However, unlike in acetylation, in
methylation the lysine residues (K) of histones can be mono-,
di-, or trimethylated (me, me2, me3). Moreover, unlike acet-
ylation again, the impact of histone methylation on transcrip-
tion can differ based on what particular K residue of the his-
tone tail is altered (Lipsky, 2013). Each of these residues can
be catalyzed by specific enzymes (Badeaux & Shi, 2013):
HMTs and HDMs.

There is a growing body of studies indicating histone
methylation in neuronal plasticity and, correspondingly, in
cognitive functions. One popular target of these studies is
H3K4 trimethylation (H3K4me3), indicating active gene pro-
moters. H3K4me3 is catalyzed by at least 10 different en-
zymes (Badeaux & Shi, 2013). It has been shown that the
amount of H3M4me3 increases along with unfolding fear
conditioning training in rodents (Gupta et al., 2010), and
that levels of H3K4 me3 and me2 correlate with the expres-
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sion of glutamate receptors in the human brain (Stadler et al.,
2005). Model animals in whom the function of H3K4 HMTs
is altered demonstrate impaired memory (Gupta et al., 2010;
Kerimoglu et al., 2013); moreover, the mechanism for this
impairment has been further traced to the deregulation of
learning-relevant genes and H3K9 acetylation (Kerimoglu
et al., 2013). This latter observation further substantiated evi-
dence of some cross talk between different histone “-lations.”
Yet, overall, the relevant literature is relatively small and not
without contradictions (Gupta-Agarwal et al., 2012; Maze
et al., 2010; Neelamegam et al., 2012; Schaefer et al.,
2009). The role of histone methylation is considered critical,
but the direction of its impact, as documented from experi-
ments with different methyltransferases (HMTs), is not
homogeneous. Even less data are currently available for
HDMs, although, as is the case with HMTs, the available
data are strongly suggestive of their relevance to cognitive
functions (Rujirabanjerd et al., 2012; Simensen et al., 2012).
In his analyses of the available data on histone methylation,
Fischer (2014) concluded that histone methylation and HMT-
and HDM-related activities appear to be relevant to cognitive
processes, but no clear picture of this relevance is available
just yet.

Noncoding RNAs

It is well established that, in addition to coding RNAs, the
transcriptome includes noncoding RNAs of various sizes
and types, and ncRNAs constitute the majority of the tran-
scriptome. Noncoding RNAs are typically differentiated by
their length, so that RNAs below 200 nucleotides are referred
to as small and above 200 bases as long. Numerous ncRNAs
have been identified, and their diversity and prominence are
particularly noticeable in the brain (Qureshi & Mehler,
2012). Best researched are small ncRNAs known as miR-
NAs. These RNAs are 12–22 (�21, on average) nt long
and catalyze gene silencing by binding to a target messenger
RNA that in turn stimulates either its degradation or the in-
hibition of protein translation, thereby regulating protein
homeostasis (Im & Kenny, 2012). Although there is a dis-
agreement as to whether the action of ncRNA should be
viewed as one of the epigenetic mechanisms, there is clear
evidence that they mediate gene expression (Fatica & Boz-
zoni, 2013).

In particular, in neurons, specific miRNAs regulate a
number of target genes to control protein secretion. For ex-
ample, miR-134 (mature miRNA, which are numbered) has
been demonstrated to regulate negatively the size of dendritic
spines (Schratt et al., 2006). What underlies this regulation is
the inhibition by miR-134 of an mRNA encoding a protein
kinase that controls spine development, Limk1. There are
numerous processes that permit such long-range control of
protein synthesis; one such process is mRNA trafficking
(Cougot et al., 2008). The same miR-134 has been hypothe-
sized to regulate plasticity in neurons (Bekinschtein et al.,
2008). Specifically, overexpression of miR-134 in the hippo-

campus C1 area led to a significant impairment in long-term
memory using the contextual fear conditioning model. Con-
versely, reducing miR-134 in vivo increased memory func-
tion.

It has been shown that miRNAs are critical regulators of
synaptic plasticity (Karr et al., 2009; Lee et al., 2012; Saba
et al., 2012; Schratt, 2009; Schratt et al., 2006). It has also
been shown that miRNA has an important role in memory
consolidation, for example, via the regulation of the cyc-
lic-AMP-responsive element-binding protein (CREB) in
serotonin-induced synaptic plasticity (Gao et al., 2010; Ra-
jasethupathy et al., 2012). Yet, it has been acknowledged
that the impact of miRNA is challenging to encapsulate, be-
cause these RNAs are functionally more volatile (Kiser
et al., 2015). For miRNA to mature, the double-stranded
RNA-specific endoRNA (DICER) protein is required. Inter-
preting available data on DICER, Fischer (2014, p. 955)
suggested that miRNA “may represent a molecular brake
to memory formation processes, which is critical for neu-
ronal homeostasis.”

Long noncoding RNAs (lncRNAs) represent a different
class of ncRNA molecules whose functions in the regulation
of neural development and functioning have rarely been ex-
plored to date. Nevertheless, emerging evidence suggests that
lncRNAs are capable of inducing hypomethylation in gene
promoters, thereby regulating gene expression (Kurihara,
Shiraishi, Satake, & Kimura, 2014). The results from a recent
study by Kaur et al. (2016) suggested that BC048612, a long
ncRNA, coregulated (with miR-203) the expression of neu-
ronal growth regulator 1 (NEGR1) cell adhesion protein in
neurons. In this study, the patterns of expression of lncRNA
and the coacting miRNA were specific to different neuronal
maturation stages: lncRNA expression increased the amount
of NEGR1 during early maturation of the neurons, with the
regulatory control being “passed to” the miRNA during later
stages to fine-tune the expression of NEGR1. Thus, although
little is known at this point about ncRNAs comparatively
speaking, it is a very promising class of agents for understand-
ing how the brain organizes gene expression during cognitive
processing.

Epigenetic regulation of the BDNF gene in rodents and
humans

BDNF is a small secreted protein that is a well-studied mem-
ber of the neurotrophin family of growth factors (Leibrock
et al., 1989). It is essential for the establishment of LTP and
is intimately involved in neuroplasticity and learning and
memory (Choi et al., 2010; Park & Poo, 2012; Psotta, Less-
mann, & Endres, 2013). There is a voluminous literature on
BDNF, because it plays a very important role in (a)typical
neural development. In the context of this review, however,
what is relevant is the recent interest in the epigenetic regula-
tion of BDNF that mediates the influence of the environment,
however defined, on the expression of the BDNF gene (Roth
& Sweatt, 2010).
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The first report focusing on the in vitro connection be-
tween neuronal depolarization and hypomethylation within
the transcriptional regulatory region of the BDNF gene,
along with the corresponding increase in BDNF mRNA
expression, was published by Martinowich et al. in 2003.
The importance of this finding cannot be overstated because
it was a major step toward understanding the role of DNA
methylation as a potential mediator of activity-dependent
transcriptional regulation within the CNS. The results of this
work have not only substantiated the hypothesized importance
of epigenetic dynamic regulation (i.e., reduced methylation–
increased BDNF gene expression; increased methylation–
decreased BDNF gene expression) but also opened a new
chapter in detailing the working model implicating transcrip-
tional regulation as the permissive context for synaptic
plasticity and memory (Kandel, 2001, 2012; Levenson et al.,
2004).

The data on epigenetic mechanisms of BDNF regulation
have been obtained primarily in rodent studies (for a review,
see Boulle et al., 2012). For example, it has been demon-
strated that MeCP2 is a repressor of Bdnf gene transcription
(Im, Hollander, Bali, & Kenny, 2010; Klose & Bird, 2003).
Moreover, promoter IV of Bdnf contains a specific binding
site for CREB (Tao, West, Chen, Corfas, & Greenberg,
2002), which in turn can influence chromatin remodeling
(Chan & La Thangue, 2001). Moreover, Miller and Sweatt
(2007) demonstrated that contextual fear conditioning en-
hanced DNMT gene expression in the adult hippocampus,
which in turn correlated with increases in the mRNA levels
for BDNF.

The BDNF gene in rodents and humans has multiple pro-
moters orchestrating transcription. It has been reported
that promoters of BDNF undergo dynamic chromatin remod-
eling. One of these promoters, a major activation promoter
IV, appears to be of particular importance for substantiating
cognitive processes (Lipsky et al., 2001). Specifically,
HDAC1, in conjunction with the corepressor molecule
Sin3a, maintains the repressed state of the Bdnf gene (Marti-
nowich et al., 2003). In turn, intensified Bdnf transcription
correlates with promoter IV phosphorylation and the disso-
ciation of MeCP2 (Chen, Chang, et al., 2003; Martinowich
et al., 2003). Activity-induced DNA demethylation of Bdnf
promoter IX has been reported to be associated with in-
creased hippocampal neurogenesis (Ma et al., 2009). More-
over, there is evidence that methylation at lysine (K) 27 on
histone H3 (H3K27) co-occurs with transcriptional repres-
sion, whereas acetylation on histones H3 and H4 is associ-
ated with transcriptional activation (Tsankova, Renthal,
Kumar, & Nestler, 2007). BDNF activation leads to the dis-
sociation of HDAC2 from the chromatin by nitrosylation on
cysteines 262 and 274 of HDAC2 (Nott et al., 2008). Both
acetylation and nitrosylation result in the increased histone
acetylation of the promoter regions of the BDNF gene and
other plasticity-related genes. There are numerous reports
on the epigenetic regulation of the BDNF (Boulle et al.,
2012), its reversibility (Shirayama, Chen, Nakagawa, Rus-

sell, & Duman, 2002), and the consequences of these com-
plex relations for cognitive processes.

Epigenetic mechanisms in clinical conditions where
cognitive processes are severely challenged

Another source of information relevant to understanding the
role of epigenetic mechanisms in cognitive processes comes
from studies of clinical conditions. Here relevant lines of re-
search are discussed only briefly (for review, see Fischer,
2014; Rudenko & Tsai, 2014). In general, the critical infor-
mation has been ascertained from studies of developmental
disorders, as exemplified here by Rubinstein–Taybi syn-
drome (RTS; Rubinstein & Taybi, 1963), Rett syndrome
(RTT; Rett, 1966), and Kabuki syndrome (KS; Niikawa
et al., 1988); and by studies of neurodegenerative disorders,
as exemplified here by Huntington disease (HD; Walker,
2007) and AD (Sennvik et al., 2000).

RTS is an autosomal dominant condition (Oike et al.,
1999) that affects 1 in 125,000 to 1 in 720,000 births (Petrif
et al., 1995) and is characterized by anatomical abnormalities
and severe intellectual disability. RTS is caused by mutations
in the histone acetyltransferase, HAT, protein, CREB-binding
protein, CBP/KAT3A (Petrif et al., 1995) or mutations in
EP300 (Roelfsema et al., 2005), a protein closely associated
with CBP.

RTT is an X-linked dominant developmental disorder and
is the best studied human epigenetic abnormality. It is charac-
terized by profound developmental regression, where devel-
opment progresses normally until 6–18 months of age, but
then declines in severe developmental stagnation accompa-
nied by microcephaly, hypotonia, weight loss, and severe
mental retardation (Bruck, Philippart, Giraldi, & Antoniuk,
1991; Hagberg, Aicardi, Dias, & Ramos, 1983; Motil,
Schultz, Brown, Glaze, & Percy, 1994). The majority of
RTT cases are caused by mutations in MeCP2 (Amir et al.,
1999; Chahrour et al., 2008; Chahrour & Zoghbi, 2007).

KS is a developmental disorder, characterized by the pres-
ence of pale, chalky facial skin (reminiscent of the makeup
of actors of Kabuki, a Japanese traditional theatrical form)
and bodily dysmorphology, developmental delay, intellectual
disability (ranging from mild to severe), and often micro-
cephaly, hypotonia, and nystagmus or strabismus. According
to the prevalence data collected in Japan, KS occurs in ap-
proximately 1 in 32,000 newborns (Niikawa et al., 1988). Ob-
served worldwide, the syndrome is caused by various muta-
tions in the lysine-specific methyltransferase 2D (MLL2/
KMT2D) gene on chromosome 12q13 (Ng et al., 2010).

HD is an autosomal dominant, progressive, neurodegen-
erative disorder with a distinct phenotype characterized by
chorea, dystonia, lack of coordination, cognitive decline,
and behavioral difficulties; it is associated with progressive,
selective neural cell loss and atrophy in the caudate and puta-
men (Walker, 2007). Given the intergenerational dynamics of
HD in some families (i.e., the phenomenon of anticipation, as
each subsequent generation experiences the onset of symptoms
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earlier in life than the previous generation), epigenetic influ-
ence was hypothesized (Ridley, Frith, Crow, & Conneally,
1988). The field has been gradually accumulating molecular
data substantiating and detailing this hypothesis, implement-
ing, in particular, histone-modifying enzymes (Bardai, Price,
Zaayman, Wang, & D’Mello, 2012; Bates, Victor, Jones,
Shi, & Hart, 2006; Cong et al., 2005; Jiang et al., 2006).

AD is the most common form of progressive dementia in
the elderly. It is a neurodegenerative disorder characterized
by specific alterations to the brain and its function, specifi-
cally the formation of amyloid-beta plaques, neurofibrillary
tangles, and severe neuronal loss, eventually leading to de-
mentia (Sennvik et al., 2000). Although familial early onset
forms of AD (�5%) implicate specific structural variants in
the human genome in the etiology of this disease (Haass &
Selkoe, 2007), more typical forms of late onset AD (�95%)
have been attributed to variable combinations of genetic and
environmental risk factors (Goate & Hardy, 2012; Sananbenesi
& Fischer, 2009). It has been shown that multiple epigenetic
mechanisms (histone acetylation, DNA methylation, and
ncRNAs) are relevant to both the manifestation and novel ther-
apeutic avenues of the latter form of AD (Fischer, 2014).

Discussion

Despite the diversity of the data and findings captured in this
brief overview, the critical mass of evidence pertaining to the
importance of epigenetic mechanisms in the development,
manifestation, and decline of cognitive functions is neverthe-
less clear. As indicated above, although convincing with re-
gard to the importance of epigenetic regulation at the macro-
scopic level, the data are not homogeneously convergent
either on the direction or the amount of epigenetic influence.
Understanding the importance of these data, but finding them
challenging to interpret, has led to the publication of multiple
recent reviews (Boyce & Kobor, 2015; Fischer, 2014; Gräff
& Tsai, 2013; Guan et al., 2015; Rudenko & Tsai, 2014)
and attempts at sophisticated conceptual integrations of these
data (Heyward & Sweatt, 2015; Sweatt, 2009), carving out a
new field studying the (a)typical epigenetic regulation of cog-
nitive processes also referred to as neuroepigenetics (Sweatt,
2013).

Yet, although the current attempts at integration are driven
by animal data, they are still highly relevant to thinking about
designs for human studies. To illustrate, two such integrations
are considered here. With regard to the epigenetic machinery
as a whole, Guan et al. (2015) proposed that the machinery
has two functions in cognitive processes: specifically, the
“gating” that triggers gene expression required for acquisition
and the “stabilizing” that enables gene expression needed for
long-term storage. It is argued that a staged view of cognitive
information processing (i.e., from acquisition through consol-
idation to storage) can be paralleled by the staged engagement
of the epigenetic machinery (i.e., from cellular through circuit
to network molecular mechanism; Xie et al., 2014). It is
important to note that it is thought that the status of chromatin

conformation before and during the presentation of cognitive
stimuli (i.e., before initiation and during cognitive process-
ing) is essential for the stimuli-triggered expression (Guan
et al., 2009). Specifically, according to Guan et al. (2015,
pp. 33–34),

. . . specific epigenetic regulations, which increase or dampen the ac-
tivity-dependent gene expression, modulate the amount of protein
expression essential for neuronal circuit modification to facilitate
or block the sensory stimulus-induced changes in the epigenetically
regulated neuron, resembling the “gating” of memory formation in
neurons or neuron ensembles. . . . Epigenetic regulation might
also take on the role of “stabilization” for long-term memory, in
which specific epigenetic markers might maintain important gene
expression changes for memory consolidation. The markers that
achieve the role of “stabilization” are different from those that per-
form the role of “gating.” Different epigenetic regulatory machines
and marker dynamics are employed in those two conditions.

Thus, the same neuron can utilize different epigenetic mecha-
nisms as engaged by/with different genes to perform differ-
ent stages of cognitive processing. Then, if a population of
neurons is involved, a developmental perspective can be
considered: epigenetic machinery might be tuned in such a
way that it enhances the acquisition of information early
in life (i.e., boosting cognition during early sensitive periods
of the development) and the maintenance of information la-
ter in life (i.e., protecting cognition from decline during later
periods of life).

The second illustration comes from the presentation of a
hypothetical framework designed to interpret the data accu-
mulated on the role of DNA methylation in cognitive pro-
cesses (Heyward & Sweatt, 2015). This focus is particularly
driven by the desire to understand the conundrum generated
by the accumulated data suggesting that the longevity of the
cellular and molecular modifications substantiating the
changes in synaptic plasticity is substantially more lasting
than the longevity of the proteins that constitute the molecular
basis of synaptic plasticity (Crick, 1984; Dash, Moore, Ko-
bori, & Runyan, 2007; Davis & Squire, 1984; Day & Sweatt,
2010; Holliday, 1999; Lisman, 1985). This phenomenon has
been referred to as a memory paradox (Heyward & Sweatt,
2015): memories have a capacity to persist through the life
span whereas the very proteins that corroborate synaptic plas-
ticity underlying the formation and maintenance of the mem-
ory trace are subject to ongoing metabolic turnover cycles. It
has been argued that the solution to this paradox lies in con-
sidering DNA methylation as “. . . a self-perpetuating infor-
mation storage device, . . . therefore capable of serving as
the mnemogenic process underlying long-term memory”
(Heyward & Sweatt, 2015, p. 2). A formalization of this con-
sideration has resulted in the development of a model based
on the comparison between basal (less energy consuming)
versus neuronal activity-induced (more energy consuming)
conditions. The model (Heyward & Sweatt, 2015) makes a
number of assumptions. First, it is assumed that there are
“memory permissive” (i.e., promoting) and “memory disrup-
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tive” (i.e., suppressing) genes. Second, in the activity-in-
duced combined transcription of these genes, there is a bal-
ance between cellular and molecular events, which either
do or do not allow the establishment of synaptic connectivity
and memory formation. Third, it is assumed that the basal con-
dition is characterized by the predominant expression of the
memory disruptive genes, whereas the activity-induced condi-
tion is characterized by the predominant expression of the
memory permissive genes. Fourth, levels of methylation are
expected to be lower for memory suppressing genes and higher
for memory promoting genes at the basal condition and higher
for suppressing and lower for promoting at the activity-induced
condition. Fifth, it is assumed that, as the activity-inducing
stimulus (stimuli) elapses, memory permissive genes undergo
DNMT1-mediated remethylation and transcriptional suppres-
sion whereas memory disruptive genes undergo TET1-medi-
ated demethylation and transcriptional activation.

Thus, there is increasing evidence confirming that epige-
netic processes constitute a critical system of mechanisms
for proper neuronal functioning (Rudenko & Tsai, 2014).
Of note is that one of the emerging features of epigenetic reg-
ulation is its versatility. Specifically, epigenetic control not
only provides a way to convey neuronal response but also reg-
ulates gene expression. DNA (de)methylation can serve not
only as a very fast response to cognitive stimuli but also as
a robust and long-lasting way to create catalogues of epige-
nomic annotations. Perhaps of the most importance, epige-
netic regulation appears to be a key ingredient of cognitive
processing and control.

It is important to realize that epigenetic effects on genome
composition could be subject to the signature of evolution
(especially if the effect is “human specific”). Thus, when re-
sults of a descriptive (correlational) study are interpreted,
such an evolutionary perspective has to be taken into account
(Fazzari & Greally, 2004).

While examining genomic and epigenomic variation within
and across human populations, researchers have registered epi-
genetic dissimilarities between samples from different human
populations (Adkins, Krushkal, Tylavsky, & Thomas, 2011;
Fraser, Lam, Neumann, & Kobor, 2012; Heyn et al., 2013;
Moen et al., 2013). Moreover, within a population, there ap-
pear to be genomic regions that are highly variable in
methylation status across individuals; these locations are re-
ferred to as variably methylated regions (Teh et al., 2014).

Of note also is that epigenetic regulation represents a well-
orchestrated system of multiple co-co-occurring events, inter-
acting and influencing each other (Lipsky, 2013). For exam-
ple, an unmethylated histone H3 (H3K4) serves as a docking
site for DNMTs, which in turn cause de novo DNA
methylation and the silencing of gene transcription (Szyf,
2009). It appears that most epigenetic regulation is carried
out through a highly interwoven network of such co-occur-
ring epigenetic changes (referred to as “cross talks”; Gräff
& Mansuy, 2008).

Epigenetic mechanisms are characterized by a high degree
of “issue” or “stimuli” specificity. It actually appears that cell-

and circuit-specific patterns of DNA methylation are impor-
tant for differentiating the different types of cognitive pro-
cesses they substantiate (Lipsky, 2013).

It is well known that stress appears to be a major trigger of
epigenetic mechanisms. There are data showing that stress
induces cognitive impairment by increasing the expression
of HDAC(s); Levine, Worrell, Zimnisky, and Schmauss
(2012); Oztan, Aydin, and Isgor (2011). Based on these
data, it has been hypothesized that changes in histone acety-
lation might be a mechanism for translating early-life stress-
ors into persistent effects in adulthood (Gräff & Tsai, 2013).
The literature contains multiple references to such reduced
acetylation mnemonics, that is, an epigenetic “blockade”
(Gräff et al., 2012), “bottleneck” (Sananbenesi & Fischer,
2009), or “brake-pad” (McQuown & Wood, 2011) for cog-
nitive functions.

A key issue that needs to be addressed is cell type spec-
ificity. Most studies still conduct their analyses in heteroge-
neous populations of cells, mostly from brain tissue or
blood. However, the results of these investigations can be
misleading if baselines are not established on how, for ex-
ample, different blood cells differ from each other in their
response to inflammatory processes, cell death, or specific
type of cell signaling. To overcome this problem, multiple
options have been developed (Fischer, 2014). First, specific
cells can be isolated from complex tissue via fluorescence-
activated cell sorting. However, in many cases, the utilization
of fluorescence-activated cell sorting requires biochemical
pretreatment of the initial cell populations/tissue; moreover,
such pretreatment works only or best on freshly connected
specimens, and a substantial number of cells do not survive
the pretreatment. Second, it is possible to utilize laser capture
microdissection, but this procedure has another drawback in
that it is very time consuming. Third, there is a possibility
of directly sorting nuclei using endogenous marker proteins.
Yet, although having been applied extensively in animal
models, these methods have not been utilized much in human
research. Fourth, the rapid development of methodological
bases of research in epigenomics provides an opportunity to
investigate epigenetic states of a single cell, a very promising
approach in neuroepigenetics due to the highly individualized
function of distinct neurons and their small groups in the
brain.

A related issue is the timing of epigenetic alterations in
response to environmental stimuli. For example, memory
training has been found to induce epigenetic modifications
within 30–60 min after its administration (Levenson et al.,
2004; Peleg et al., 2010). It is clear that to understand the
mechanics of such modifications, researchers need to exer-
cise procedures that allow rapid access to cell populations
and tissues of interest. Otherwise, it may be difficult to estab-
lish whether the status of the cells would truly be representative
of the in vivo situation.

There is a rapid accumulation of data suggesting that DNA
methylation, chromatin plasticity and its underlying enzy-
matic machinery, and ncRNA all contribute to the biological
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foundation of cognitive processes. Yet, conclusive data are
lacking; much of the available data are mostly associative
(Guan et al., 2015). Thus, for example, there are limited (if
any) genome-wide data to buoy the hypothesis that transient
changes in gene expression that arise during training/learning
or some other environmental stimulation correlate with spe-
cific epigenetic mechanistic changes.

There is an anticipation that technologies such as epige-
nome-wide association studies (EWAS) and epigenome-wide
sequencing studies (Fischer, 2014), will become rather rou-
tine in neuroscience, as the field tries to gain insight into the
biological mechanisms underlying cognitive processes.
These technologies, typically available today through core
facilities in academic health centers, make the molecular
component of such projects almost trivial. Yet, statistical
analyses of epigenomic data are complex, notwithstanding
such challenging issues as autocorrelations and sample
size (Fazzari & Greally, 2004). There is a lack of guidance
in how to analyze the resulting epigenetic data and how to
relate them to complex cognitive phenotypes. There are
some informative examples of the utilization of data mining
techniques, such as machine learning approaches (Bonn
et al., 2012). Yet, it is clear that even when complex data-
analytic techniques are applied, at best they will detect and
describe epigenetic networks, but not elucidate the inner in-
tricacies of their “workings.” To do the latter, it would be
necessary to devise subsequent hypothesis-driven mechanis-
tic studies (Fischer, 2014).

A related issue is that of confounding. There is always a
chance that the correlated epigenetic feature might have no
direct consequences for an outcome, but might physically co-
segregate in the epigenome with a particular (hidden) se-
quence characteristic that was not analyzed. Moreover, an
outcome itself might not be a consequence, but a cause (Faz-
zari & Greally, 2004).

Conclusion

Given the content and length of this review, it is clear that
there is a rapid and intense accumulation of literature on the
role of epigenetic regulation of cognitive processes in animal
models. The relevant literature in humans is scarce. A major
reason for this disproportion is that most of the animal litera-
ture uses brain tissue as the substance of cognitive processes
and, therefore, the matter in which the role of epigenetic reg-
ulation is investigated. This, of course, cannot be done with
humans. Whereas postmortem tissue is utilized, although still
rarely, for investigation of epigenetic mechanisms, these
mechanisms have a time scale that is difficult to capture in
the postmortem brain. Such tissues are also inherently inap-
propriate for the (currently lacking) studies that seek to estab-
lish developmental patterns in the functioning of the epige-
nome, and to map these patterns onto the alterations in the
neural circuits that support relevant behavioral manifestations
of cognitive development and processing.

However, the development, dispersion, and cost of EWAS
methodologies has already resulted in the appearance of a siz-
able literature where epigenetic regulation is investigated mostly
when groups of humans (i.e., case vs. controls, exposed vs. un-
exposed) are studied. Although currently this literature is fo-
cused primarily on noncognitive phenotypes (e.g., mental and
physical health), there are some studies focused on cognitive
processes. There is evidence that the number of EWAS ap-
proaches in behavior epigenetics will only increase. In this con-
text, it is highly important to sensitize the scientific community
to the methodological, statistical, and interpretational issues that
are associated with EWAS approaches. Some of them have
been mentioned above, but there is no doubt that in the near fu-
ture the field will be near-ripe with studies that will form the
foundation for many reviews and commentaries of both content
and methodological character. They are coming.
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