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Abstract

Epigenetic mechanisms have long been associated with the regulation of gene-expression changes
accompanying normal neuronal development and cellular differentiation; however, until recently
these mechanisms were believed to be statically quiet in the adult brain. Behavioral neuroscientists
have now begun to investigate these epigenetic mechanisms as potential regulators of gene-
transcription changes in the CNS subserving synaptic plasticity and long-term memory (LTM)
formation. Experimental evidence from learning and memory animal models has demonstrated
that active chromatin remodeling occurs in terminally differentiated postmitotic neurons,
suggesting that these molecular processes are indeed intimately involved in several stages of LTM
formation, including consolidation, reconsolidation and extinction. Such chromatin modifications
include the phosphorylation, acetylation and methylation of histone proteins and the methylation
of associated DNA to subsequently affect transcriptional gene readout triggered by learning. The
present article examines how such learning-induced epigenetic changes contribute to LTM
formation and influence behavior. In particular, this article is a survey of the specific epigenetic
mechanisms that have been demonstrated to regulate gene expression for both transcription factors
and growth factors in the CNS, which are critical for LTM formation and storage, as well as how
aberrant epigenetic processing can contribute to psychological states such as schizophrenia and
drug addiction. Together, the findings highlighted in this article support a novel role for epigenetic
mechanisms in the adult CNS serving as potential key molecular regulators of gene-transcription
changes necessary for LTM formation and adult behavior.

Keywords

acetylation; amygdala; behavior; DNA methylation; epigenetics; hippocampus; histone; histone
deacetylases; histone methylation; long-term memory; prefrontal cortex

A plausible role for epigenetic mechanisms in human learning &
remembering

Memory is the basis of the entire human psyche. It comprises the many processes by which
an organism takes in information presented as environmental stimuli and converts that
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information to stored knowledge, capable of being recalled at any time to make executive
decisions, form a narrative or generate a comprehensive picture of the world. The general
classifications for memory include sensory memory (SM), short-term memory (STM) and
long-term memory (LTM) [1]. Information from the surrounding environment is
continuously presented first to the senses, and what each modality registers is defined as
SM. The initial sensory port into the conscious mind acts as a buffering system for our
focus, as only the percentage of SM which is attended to will be further translated into STM.
Transient in nature, STM quickly decays if it is not consolidated and converted into LTM
[2]. After LTM is formed, these memories can be recalled from long-term storage to act as
perspective on additional environmental influences, participate in decision-making based on
acquired knowledge, and subsequently influence behavioral responses. Recall of LTM to
supply current thought processes is so fluid a phenomenon that, as humans, we experience
this as a smooth stream of consciousness. Behavioral neuroscientists are interested in the
biological basis of these processes, and one major goal in the learning and memory field has
been to elucidate the molecular events that are triggered by learning to allow for the
conversion of memory from the working short term into stored long term for later recall.

Epigenetic modifications represent an appealing candidate gene-transcription mechanism for
accomplishing this task. Traditionally, the field of epigenetics has been explored primarily
by developmental biologists interested in understanding how the regulation of gene-
expression patterns influence cellular differentiation and mitotic maintenance. However,
these epigenome-regulating mechanisms may have implications well beyond the process of
early development. In fact, an emerging hypothesis is that such epigenetic modifications
may continue to occur in the adult nervous system to mediate neuronal functions. As a
consequence, researchers have begun to investigate whether chromatin structure regulation
via DNA methylation and post-translational histone modifications could be responsible for
gene transcriptional changes in the adult CNS that are necessary to consolidate and recall
stored memories [3-6]. Indeed, inquiries into how chromatin structure is regulated in the
CNS have now revealed that epigenetic modifications can be triggered by learning
experiences to contribute to the process of LTM formation and to mediate synaptic long-
term potentiation (LTP), the cellular correlate of LTM [3-6]. This newly hypothesized role
for epigenetic mechanisms in the adult CNS has been characterized in the context of
memories, which the brain retains long after the learning experience is first introduced.

The effects of histone and DNA modifications are dynamic and reversible, suggesting that
the epigenome can be quickly altered in response to experiential stimuli to regulate the
expression of memory-permissive genes, including immediate—early genes (IEGSs) that are
necessary for the synaptic plasticity accompanying active learning. Importantly, certain
regulatory changes to the functioning epigenome can stably persist throughout the lifespan, a
detail that might explain how patterns of stored memories can remain unchanged and
dormant for extended periods of time until the conscious brain demands their recall. It
follows, then, that certain behavioral patterns, emotional responses and even psychiatric
disturbances can be attributed to the profound influence that experiential stimuli have on the
functioning epigenome. In this article, we will focus on the role of epigenetic mechanisms in
the process of converting STM to LTM, which requires gene-transcription activity in adult
neurons during memory consolidation. In addition, we will highlight studies investigating
how aberrant epigenetic processing can contribute to psychological states such as
schizophrenia and drug addiction, and alter adult behavior.

A brief overview of epigenetic mechanisms in LTM formation

Epigenetic modifications typically encompass alterations to chromatin structure by the
addition of functional groups either to histone proteins or directly onto the DNA. In turn,
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these epigenetic modifications affect the accessibility of transcription factors and enhancer
element binding proteins to gene promoter sites. By convention, the restructuring of
chromatin, or chromatin remodeling, impacts transcriptional regulation of genes without
altering the DNA sequence [7]. Thus, regulation of chromatin structure represents the
functional interface between the genome and transcription factors, which must bind
consensus sequences within DNA in order to facilitate mMRNA expression [8]. Epigenetic
modifications are believed to be dynamic, and have defining properties, which make them
differentially suited for acting as regulators of chromatin structure in memory.

The unfolding and folding of chromatin results from enzymatic processes, which include the
addition or removal of acetylation, phosphorylation, ubiquitination or sumoylation
functional groups on amino acid residues at the unstructured N-terminus tails of histone
proteins (H3 and H4) [8]. Histones H3 and H4 form a heterodimer, which combines with
another heterodimer of histones H3 and H4 to form a tetramer. This tetramer combines with
another tetramer composed of two histone H2A and H2B homodimers to form the compact
octamer nucleosome core. In mature neurons, the addition of these functional groups to
histone tails is generally transient and can be easily reversed and flexible in response to
environmental stimuli [8]. As a reference, Figure 1 illustrates an overview of the specific
epigenetic modifications that occur in mature neurons and are believed to play a role in
LTM, LTP and synapse formation. Furthermore, the paragraphs below describe in brief
detail the major epigenetic modifications in the adult CNS found to play a major role in the
process of LTM formation and its cellular correlate, LTP.

Histone acetylation

In the context of memory formation and LTP, acetylation and deacetylation of histone tails
have been primarily characterized in the H3 and H4 classes of histone proteins [9-25]. For
example, the addition of acetyl groups to histone H3 and H4 tails by histone
acetyltransferases (HATS) neutralizes the positive charge of the basic histone octamer and
repels the negatively charged backbone of DNA, thus relieving chromatin compaction and
promoting gene expression necessary for synaptic plasticity, LTP and memory formation.
The interaction between DNA and the histone octamer is what keeps DNA tightly
compacted. Therefore, the direct consequence of HAT activity is a functional conversion
from heterochromatin, the closed form of chromatin, to euchromatin, the open form of
chromatin, which indicates transcriptional activation of genes. A well-known example of a
protein with HAT activity is the transcriptional coactivator p300 also known as cCAMP
response element binding (CREB) binding protein (CBP), which interacts with the co-p300/
CBP-associated factor (PCAF). Interestingly, the coactivator p300/CBP/PCAF complex
mediates acetylation of the amino terminal ends of all core histone proteins as well as other
nonhistone transcription Y-related factors, which results in active transcription [26].

Conversely, removal of the negatively-charged acetyl group via histone deacetylase
(HDAC) activity allows the DNA to re-establish a transcriptionally closed, or
heterochromatic state. Interestingly, when global HDAC inhibitors such as suberoylanilide
hydroxamic acid (SAHA, also known as Vorinostat) or sodium butyrate are infused into the
hippocampus or amygdala during fear learning, LTM formation for this experience is
improved and synaptic plasticity (LTP) at the cellular level is also enhanced. Moreover,
while evidence supports that histone acetylation mediates learning-induced transcriptional
regulation, the investigation of the specific HDAC isoforms involved in chromatin
modifications in multiple memory systems are in the early stages of discovery.

Early investigations into the particular roles of HDAC isoforms at gene promoters in mature
neurons have revealed that some HDACs (HDACL1 and HDACS5) may be positive regulators
of neuronal responses whereas others (HDAC2 and HDACS3) are negative regulators [16,27-
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29]. For example, recent investigations by Koshibu et al. implicate protein phosphatase 1
(PP1) as a key molecule in orchestrating chromatin modifications through its interaction
with HDAC1 at transcriptionally silent gene promoters [30]. In addition, HDACS has been
implicated in the maintenance of the histone deacetylated state in brain regions such as the
nucleus accumbens (NAc), the reward center of the adult brain [31]. Indeed, disruption of
HDACS activity in the NAc results in a hypersensitive response to chronic drug abuse and
stress in rodents [31].

In relation to memory formation, HDAC2 has been implicated in the regulation of histone
acetylation levels in the hippocampus during fear memory formation. Guan et al. established
that SAHA, a HDAC inhibitor specific to HDAC1, 2 and 6, improved memory and synaptic
plasticity [16]. The authors were able to eliminate the role of HDAC6 in SAHA effects by
synthesizing a novel HDAC6-specific inhibitor, WT-161. Administration of this new
compound had no effect on fear-memory formation. In addition, the authors investigated the
specific role of HDACL and 2 via genetic knockout and overexpressor mice models.
Interestingly, they found that HDAC2 overexpression produced decreased dendritic spine
density, synapse number, synaptic plasticity and attenuated fear—memory formation
compared with HDAC1 overexpression. HDAC?2 deficiency resulted in an increased synapse
number and enhanced memory formation that was similar to effects observed with the
HDAC inhibitor SAHA. Crucially, HDAC?2 deficiency was not associated with gross
changes in neuronal morphology or behavior, suggesting that HDAC2 can be safely targeted
without broadly disrupting neuronal physiology.

In addition to HDAC2, HDACS3 has recently been defined as a negative regulator of LTM
formation. McQuown et al. demonstrated that HDACS3 is part of a corepressor complex that
has direct interactions with Class |1 HDACSs that may be important for its molecular and
behavioral consequences [29]. Intriguingly, increased acetylation levels by CBP HAT
activity are often observed at the promoter regions of IEGs as a priming mechanism for the
regulation of these genes, which are rapidly expressed in response to experience-driven
stimuli [11,32]. Thus, pharmacologically manipulating histone acetylation levels via HDAC
inhibitors represents a powerful tool for globally upregulating gene transcription in the adult
CNS to promote memory formation and may potentially serve as a viable therapeutic target
for treatment of cognitive impairments associated with neurological disorders.

DNA methylation

In addition to acetylation and deacetylation of histone proteins, DNA methylation is another
epigenetic modification that has been implicated as a crucial mediator of LTM formation.
DNA methylation is catalyzed by a group of DNA methyltransferase (DNMT) enzymes
including DNMT1, DNMT3A and DNMT3B, which have been found to be highly
expressed in the adult CNS [33-35] and are subject to activity-dependent regulation in the
CNS [34]. In addition, in cortical neuronal cultures, altering DNA methylation levels using
the DNMT inhibitor 5-azadeoxycytidine results in decreased expression of the memory-
related gene, REELIN [34]. Thus, the presence of DNMT mRNA and protein, along with
data demonstrating that DNMT activity is dynamically regulated within the CNS, supports
DNA methylation changes in the normal functioning adult CNS.

DNMT1, DNMT3A and DNMTS3B are involved in both the maintenance and de novo
methylation of DNA [33-35] and mediate DNA methylation via the transfer of a methyl
group from the donor S-adenosylmethionine to the 5’-position of the pyrimidine ring of a
cytosine residue that is covalently linked to an adjacent guanine residue (CpG site) in the
backbone of DNA [36]. CpG-rich regions of DNA are termed ‘CpG islands’, which are
found within inactive promoter regions [7,37-40]. The methylated CpG residues are docking
sites for proteins such as methyl CpG binding protein-2 (MeCP2), which contains the
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methyl-binding domain [41]. MeCP2 binds to methylated DNA and this interaction is
typically associated with recruitment of HDAC proteins to further facilitate suppression of
gene transcription [42—-44].

Although DNA methylation at CpG islands is thermodynamically very stable and occurs in
inactive gene promoter regions, there exist several lines of evidence to suggest that this
process is reversible in terminally differentiated neurons. In this regard, several DNA
demethylating mechanisms in mature neurons have been proposed. One possibility, which
still remains unclear, is that the DNMT enzymes themselves contribute to the DNA
demethylation process [35]. Loss of DNMT activity in the hippocampi of DNMT1 or
DNMT3A knockout mice results in the animals’ inability to form new memories, indicating
that DNMT activity is of crucial importance in the process of LTM formation, either through
the active methylation of memory-repressive genes via DNMT or DNMT participation in
the demethylation of key memory-permissive genes.

Another potential mechanism for the active demethylation of DNA in mature neurons is the
deamination of 5-methylcytosine to thymine, which triggers normal base-excision repair
mechanisms. Indeed, research findings have also proposed that members of the Gadd45
family, known to be involved in DNA repair, are crucial regulators of DNA demethylation
in the CNS [45,46]. Moreover, 5-methylcytosine can be hydroxylated by the TET enzymes
to the 5-hydroxymethylcytosine form; base-excision repair mechanisms might again
participate in restoring the original unmethylated cytosine [47-50]. However, the key
players involved in dynamic DNA demethylation changes in mature neurons in the context
of memory formation and storage are unexplored at present. Nonetheless, active DNA
methylation and DNA demethylation support the idea that these epigenetic markings are not
intractably set in place in the adult CNS by early-life experiences and can be further
manipulated and reversed by learning events to influence an organism’s behavior and
adaptation to future stimuli.

Histone methylation

Histone methylation is another well-characterized post-translational modification of histones
that was discovered over 40 years ago [51]. Unlike histone acetylation and phosphorylation,
histone methylation can have differing effects on gene-transcription activity depending on
the lysine residue of the histone tail being modified within the cell. An additional level of
complexity is present because each lysine residue can add up to three methy! residues, which
can exist in three states: mono-, di-, and tri-methylated mediated by histone
methyltransferases (HMTSs). These lysine methylated states can have disparate effects on the
transcriptional machinery and are differentially distributed across the chromatin fibers. For
example, the trimethylated form of the lysine 4 residue of histone H3 (H3K4me3) is
associated with transcriptional activation sites, whereas the monomethylated form at the
same lysine 4 site is associated with enhancer regions that are at a distance from the
transcriptional start sites of the genes [52,53]. Another noteworthy example of methylation
disparity is observed with the monomethylated marks at lysine 9 and 27 of histone H3 and
lysine 20 of histone H4 that are associated with active gene transcription, whereas the di-
and tri-methylated forms at lysine 9 (H3K9me2 and H3K9me3) are associated with gene
repression [45]. The specific pattern of these modifications affects the assembly of the
transcriptional machinery, differentially working in both the recruitment and inhibition of
transcription factors or DNMTSs at the gene promoter sites [8,54,55]. The recruitment of
DNMT enzymes to methylated histone lysine sites is a mechanism by which DNA
methylation and histone methylation operate in tandem to regulate chromatin structure
[8,54,55].
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Histone methylation was once considered to be as persistent of an epigenetic mark as DNA
methylation [37]. However, emerging information suggests that histone methylation patterns
bring a certain stable yet dynamic complexity to the epigenome that can signal a vast
number of subsequent regulatory marks necessary for transcriptional control, notably in the
adult CNS during LTM formation [45,56,57]. For example, Gupta et al. found that certain
histone methylation patterns, including the histone H3 methylation marks H3K4me3 and
H3K9me2, serve to activate and repress gene transcription, respectively, in the hippocampus
during fear—memory consolidation [58]. These marks have been demonstrated to be
catalyzed by different HMT enzymes in the hippocampus during memory formation.
Specifically, H3K4me3 corresponds to an increase in the activity of mixed-lineage leukemia
1 (MLL1), while H3K9me?2 is due to the enzymatic action of the G9a dimethyltransferase
[16,59-61]. Indeed, the addition of methyl groups to histone H3 proteins is as important to
the process of memory formation as the methylation marks on DNA [58]. Thus, both histone
and DNA methylation are likely to be involved in the evolution of the adult CNS to respond
to experience-induced LTM [62].

Coordinated chromatin-structure regulation of genes in memory formation

The timing and rate of gene transcription is strongly influenced by the microenvironment
surrounding a given gene promoter. In this respect, there are several factors to consider in
the context of epigenetic regulation of gene transcription such as the accessory proteins that
are recruited to the promoter region and whether the steric nature of the chromatin allows for
transcription factors to bind and function, all in accordance with the epigenetic state of the
genome. How epigenetic modifications work in concert to coordinate gene-transcription
changes in mature neurons during memory formation is at an early stage of discovery and
may prove to be complex. As summarized in Table 1, a number of epigenetic modifications
in mature neurons have been demonstrated to be triggered by various learning paradigms to
mediate gene-expression changes in several memory-related brain regions. In the next few
paragraphs, we will discuss current studies that describe the coordinated chromatin
remodeling events involved in the regulation of genes in mature neurons across several brain
regions in the context of memory formation and storage.

During the process of LTM formation, upregulation of several mRNA transcripts for a
diverse range of genes have been demonstrated to be modulated. These genes encode a
number of proteins including growth factors, structural proteins, channels/transporters,
transcription and signaling transduction molecules, all for the purpose of supporting synaptic
strengthening and the maintenance of the memory trace [63]. Importantly, experience-driven
expression of these genes does not only occur in one brain region, but in several memory-
related brain regions, including the hippocampus and the amygdala, depending on the
environmental experience presented. Whether learning induces gene-expression patterns
across different brain regions to work independently or in conjunction with each other is
currently unknown.

In relation to brain region-specific epigenetic modifications, several learning paradigms
have demonstrated histone acetylation changes to occur in concert with DNA methylation in
the adult brain (see Table 1). For example, cued-fear conditioning paradigms that recruit
emotional fear responses from the amygdala correlate with increased levels of H3
acetylation and an upregulation of DNMT3A activity, and the same epigenetic trends have
been demonstrated in the hippocampus during contextual-fear conditioning, which
necessitates the integration of spatial recognition [20,64,65]. High-density microarray assays
of brain tissue from these animals demonstrate significant gene-transcription activity in both
the hippocampus and amygdala regions during fear conditioning with very little overlap,
indicating that the functional genome manifests differently in specific brain areas; moreover,
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eight clusters of similar genes from the amygdala and six from the hippocampus
demonstrate time-based variance [66]. These data suggest that the expression patterns of
certain memory-related genes are altered during memory formation. Using several learning
and behavior tasks, behavioral neuroscientists have been able to identify important IEGs
whose protein expression in the hippocampus or amygdala is altered in response to learning,
including BDNF, CREB and NF-«B.

DNA methylation events measured in the promoter region of BDNF during memory
consolidation reflect a changing epigenetic landscape triggered by learning, and the
subsequent expression pattern of the BDNF protein has a profound effect on the
establishment of new memories [58,67]. Bisulfite sequencing, a technique for quantifying
the percent of DNA methylation changes, revealed altered DNA methylation at the BDNF
gene promoters assayed shortly after fear conditioning that corresponds to an increase in
exon-specific BDNF mRNA transcripts in the hippocampus, potentially impacting synaptic
plasticity, spine morphology and neuronal circuitry changes subserving memory formation
[22,68]. Such activity in neurons in response to learning coincides with the phosphorylation
and subsequent dissociation of the MeCP2 repressive complex from active BDNF promoters
[69]. Furthermore, a recent animal study focusing on chromatin remodeling in cortical
neurons from the medial prefrontal cortex (mPFC), another important brain region involved
in LTM storage, found that DNA methylation changes induced by fear conditioning endured
for at least 30 days after training [70]. Whether these persistent DNA methylation changes in
the mPFC promote or contribute to memory storage remains unclear. Nevertheless,
persistent changes in DNA methylation 30 days post-learning are surprising and further
studies are necessary to better elucidate how DNA methylation in the mPFC contributes to
the maintenance of these long-term memories.

Together, the studies described above indicate that memory processing is related to the
methylation status of DNA in specific memory-related brain regions. These include the
hippocampus and amygdala, areas that function in primary LTM formation and can store
memories for short durations. The expression of growth factors such as BDNF demonstrated
to be methylation sensitive is likely to contribute to the necessary plasticity in these
processes; however, chromatin changes observed in response to learning are not retained
long-term in these regions. On the other hand, DNA methylation changes observed in the
mPFC that can store memories for long durations do persist long after the initial learning
event, indicating that DNA methylation is differentially utilized throughout the brain to
mediate the process of LTM formation and maintenance.

In response to learning, intracellular signaling cascades involving cAMP production are
triggered by synaptic depolarization via NMDA receptor activity [71,72]. These events
result in active regulation of transcription factors, including CREB. This transcription factor
is phosphorylated in an activity-dependent manner to bind CRE consensus sequences within
DNA, consequently recruiting the coactivator CBP which has HAT activity [71,72]. CBP
HAT activity, as previously mentioned, results in increased histone acetylation levels around
gene promoters, which subsequently promotes active gene transcription [73]. For example,
spatial memory coincides with CREBL1 activation in association with at least two HAT
enzymes in the hippocampus, CBP and PCAF, to modulate histone acetylation near the
promoter regions of plasticity-related genes [74]. Conversely, binding of the CREB2
isoform, also known as activating transcription factor 4 (ATF4), to DNA subsequently
engages HDACS to gene promoter sites, which has the effect of repressing transcription
[15]. Thus, the CREB family of transcription factors can serve as regulators of histone
acetylation levels by recruiting either HAT or HDAC enzymes to gene promoters during
memory formation [22,63].
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In response to fear memory, histone modifications can also occur in the amygdala to
regulate changes to IEGs such as BDNF and CREB [75]. The amygdala mediates fear-
related emotional memories and incorporates several epigenetic modifications during this
process. These epigenetic modifications have been demonstrated to be regulated by PP1
activity. The PP1 enzyme acts as a negative regulator of memory formation by mediating the
removal of phosphate groups from a number of cellular proteins including histones, resulting
in transcriptional silencing. Furthermore, PP1 associates with HDAC1 and the histone
demethylase jumonji domain-containing protein 2A (JMJD2A) to repress gene-expression
changes during memory formation [30]. However, in hippocampus-dependent tasks such as
novel-object recognition and Morris water maze learning paradigms, PP1 activity is
associated with increased CREB gene expression that corresponds to an enhancement in
LTM formation [30]. These studies further underscore the idea that epigenetic modifications
are differentially regulated in brain regions, yet integrated to ultimately alter the morphology
of synapses and the protein expression of synaptic receptors within these brain regions to
facilitate the process of memory formation and storage.

NF-«xB is another transcription factor with many regulatory functions in the nervous system,
which has been demonstrated to be involved in the modulation of epigenetic mechanisms in
mature neurons during memory formation. Originally believed to be involved only in
immune responses, NF-kB transcription subunits have been demonstrated more recently to
have additional roles in controlling gene-expression changes in the CNS [76]. In particular,
regulation of gene transcription by members of the NF-xB superfamily, p65/RelA and c-Rel,
is necessary for neuronal activity and consolidating LTM. For example, c-Rel knockout
mice exhibit deficits in both contextual and cued-fear conditioning as well as in novel object
recognition memory tasks [77]. The NF-kB DNA binding complex, which can contain
combinations of the p65/RelA or c-Rel sub-units, is activated when the inhibitor kB (IxB)
protein is phosphorylated, an event that leads to its further ubiquitination and ensuing
degradation. This phosphorylation is mediated by the IxB kinase (IKK). The active retrieval
of fear memory requires the specific isoform, IKKa, to indirectly activate the NF-xB DNA
binding complex, as well as to regulate histone H3 phosphorylation and acetylation at the
IxB and the IEG Zif-268 gene promoters in the hippocampus [23]. These results suggest that
specific signaling components of the NF-xB pathway serve to regulate histone modifications
(phosphorylation and acetylation) during the storage of fear memories. Inhibition of the NF-
kB signaling pathway, either at the IKK or NF-xB DNA binding complex level, results in
disruption of fear-memory formation [23]. Moreover, infusion of the HDAC inhibitor,
sodium butyrate, rescues the observed memory deficits either by increasing histone H3
acetylation levels, or potentially by enhancing p65/RelA acetylation levels within the NF-xB
complex [23]. Indeed, CBP HAT activity and certain HDAC isoforms have been
demonstrated to mediate acetylation or deacetylation of both histone and nonhistone proteins
in the process of memory formation [78,79]. For example, the p65/RelA subunit can be
acetylated at lysine 310 and lysine 314/315 by CBP, and both modification sites are
associated with transcriptional activity [80-82]. Thus, HAT and HDAC proteins are now
generally referred to as protein lysine-modifying enzymes rather than histone-modifying
enzymes. Together, these findings are exciting, as they not only implicate epigenetic
mechanisms in memory formation, but also demonstrate the ability of HDAC inhibitors to
rescue memory via acetylation of both histone (H3) and nonhistone (NF-xB) proteins.

Epigenetic patterns established by early-life experiences create behavioral
phenotypes

Memories which are processed in the hippocampus and amygdala learning centers of the
brain and transferred into long-term storage in the mPFC profoundly influence the behavior
of the individual. The lasting influence of epigenetic patterning on memory and behavior is
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illustrated in how early-life experiences biologically dictate an individual’s reaction to
present-day stressors encountered in the environment. An eloquent series of experiments by
Weaver et al. demonstrates how epigenetic responses to experiential stimuli work to regulate
expression patterns of the glucocorticoid receptor (GR), involved in the stress response,
within the hippocampi of rat offsprings as a function of maternal care and ensuing stress
levels [83]. For these studies, the authors separated mothers with their pups into two groups,
each classified by maternal behavior. In one group the mothers readily licked and groomed
their newborn offspring, providing an early nurturing environment. Mothers in the other
group often withheld this fostering stimulation from the neonates, thus representing a more
adverse early atmosphere for the pups [83].

Upon maturation, the offspring of these high-licking and low-licking mothers were observed
for behavioral responses to stress-inducing events and categorized, in order to expose any
differential consequences of their early-life situation. The researchers found that pups of the
high-licking mothers had lower cortisol plasma levels in response to acute stress. They also
had higher expression levels of GR mRNA in the hippocampus along with lower cortisol-
releasing hormone mRNA levels in the hypothalamus [83]. These responses in GR and
cortisol-releasing hormone mMRNA levels correlated with dampened output from the
hypothalamic—pituitary— adrenal (HPA) axis, the cascade responsible for cortisol release in
response to stress, which is negatively regulated by the very hormone it produces to control
for biological sensitivity to stress. Pups of the high-licking mothers were more sensitive to
the stifling negative feedback of cortisol release than pups of low-licking mothers,
suggesting that the former group was more equipped than the latter to respond moderately to
anxiety-inducing circumstances.

Clearly, those early-life experiences intimately modulated the biology of the HPA axis,
conceivably by transforming the receptor—ligand response to a stressful environment. The
investigators further proposed a stimulus-driven epigenetic cascade to explain how
physiological memory influences the future behavior of the HPA axis, providing a basic
molecular model for environmental gene programming [83]. During prenatal development in
the rat hippocampus, there is no 5-methylcytosine present at exon 17 of the GR gene;
however, parturition generates hypermethylation of the DNA in this region, corresponding
with tightly compacted chromatin and repression of the hormone receptor’s transcription
[83]. It is the stimulation of the grooming that the pups received from their mothers that
promotes the DNA demethylation of genes in the hippocampus of newborns. Specifically,
the experience of being groomed induces the activity-dependent transcription factor, nerve
growth factor 1-A (NGF1-A, also known as Zif-268), to target the methylated GR promoter.
NGF1-A further recruits HAT enzymes to acetylate histone H3 at several sites along exon 17
of the GR promoter, and the association of HAT and NGF1-A promotes stable transcription
of the GR-protein receptor in the hippocampus that is maintained past the neonate stage
[83]. This model is encouraging, as the sustainability of the altered psychological state
brought about by these observed epigenetic changes indicates the persistence of such
behavior-modifying molecular effects into adulthood and throughout the lifespan. It remains
to be determined how this dynamic yet stable reprogramming of the epigenome is
maintained, since one of the central questions remaining unanswered in the field of
epigenetics revolves around the details of the active demethylation process.

The work by Meaney and colleagues supports the theory that comprehensive behavioral
traits can be produced through an established epigenome responding, for example, to
continual adversity in an individual’s early environment to manifest later as a predisposition
to anxiety. The changes encoded by these epigenetic modifications include tuning the output
of the HPA axis, a well-characterized signaling pathway, and this alteration leads to
enhanced sensitivity of the individual to a stressful environment. The heightened basal and
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evoked activity of the HPA axis in these model animals correlates with higher levels of
cortisol release upon experience-induced stimulation, which corresponds to a very real
behavioral phenotype. In humans, such programming can result from moderate to severe
forms of trauma, such as childhood abuse, where increased methylation in the promoter of a
neuronal glucocorticoid receptor called nuclear receptor subfamily 3, group C, member 1
(NR3C1) leads to decreased transcription of hippocampal GR; the translational study
referenced here was performed using postmortem tissue from suicide victims either with or
without a history of childhood abuse [84]. Higher concentrations of cortisol can even
explain some of the memory deficits observed in chronically stressed animals, since cortisol
accumulations in the hippocampus can have devastating effects on the anatomy and function
of this brain region. In autopsy studies of rodents that have experienced either chronic stress
or acute stress, extensive necrosis and apoptotic-related cell death have been detected in the
hippocampus [85]. Furthermore, animals that experienced frequent stress, even at low levels,
had region-specific increases in atrophied apical dendrites within the hippocampal
formation, including areas CA1 and CA3, and, to a lesser extent, the dentate gyrus [86].
These problems, which can lead to various cognitive deficiencies, arise because the
hippocampus is so vulnerable to the toxic effects of cortisol — a recurrent observation also
noted in the postmortem brains of patients with schizophrenia, a psychiatric condition where
stress and inappropriate epigenetic processing are known to contribute to the emergence of
the disease.

Epigenetic processing in psychiatric diseases, including schizophrenia &

addiction

The field of behavioral epigenetics finds strong footing in its attempts to explain the origins
of psychological disturbances. Schizophrenia is a disease particularly well-suited for
investigating how environmental conditions early in an organism’s lifespan are translated
into faulty epigenetic regulation that continues to shape behavior well into adulthood [87]. It
has been categorized as a neurodevelopmental disorder, in which prenatal stress or
abnormally adverse family life during the childhood of a person at genetic risk for
schizophrenia can be strong predictors of the psychosis to emerge when the patient is in his
or her twenties [88]. Epigenetic changes can explain this neural-diathesis model of
schizophrenia, since the pathology advances in the brain under the influence of
environmental insults to the neurobiological vulnerability [89]. This abnormal stress
response is believed to be connected to the aberrant transmission of dopamine observable in
schizophrenia [90]. It also points to the possibility that the same epigenetic mechanisms are
becoming dysregulated by early stress in patients, and then again in response to some
acutely stressful incident that usually precedes the shift from a normally functioning brain to
the pathological condition, so that these processes underlie the environmentally induced
changes in both latent biological susceptibility and disease emergence.

Such epigenetic etiology for the disease has been considered for decades since it was
observed that administering antidepressants comprised of the methyl donor molecule .-
methionine actually worsened symptoms in the schizophrenic population [91]. This led
researchers to investigate how the DNA methylation status of the genome might be
responsible for a diagnosis of schizophrenia, and the important discovery that the reelin
protein, known to be involved in synaptic plasticity and specific to GABA-ergic cortical
interneurons, has a hypermethylated promoter when analyzed in postmortem brain tissue
from schizophrenia patients that accounts for its dramatically reduced expression levels
[92,93]. Indeed, it is a defining characteristic of the disease that patients suffer from
diminished inhibitory GABA-ergic cortical activity, leading to hypofunctionality in the
frontal cortex and the inability to smoothly switch focus between tasks, behavior which can
be elicited in humans with psychiatric tests including prepulse inhibition and the Stroop task
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[94,95]. Later human autopsy studies confirmed that the methylated REELIN promoter does
in fact correlate with increased activity of DNMT1 and decreased levels of reelin mRNA in
schizophrenia patients [96-98].

The epigenetic status of the promoter region of GABA-related glutamic acid decarboxylase
(GAD) has also been investigated, since its expression is severely decreased with
schizophrenia [99,100]. Histone methylation plays a role in sustainably programming the
expression of the important GAD67 isoform with schizophrenia, as the downregulation of
this protein noted in postmortem human brain tissue is accompanied in the schizophrenic
condition by low levels of the activating H3K4me3 mark and high levels of the repressive
H3K27me3 mark around its promoter [100]. GADG67 expression is also reduced as a result
of promoter hypermethylation, which may be the consequence of overactive DNMTs in the
frontal cortex of schizophrenia patients, introducing another layer of epigenetic complexity
[101]. In mice developed to model schizophrenia by mimicking the hypermethylated states
of the REELIN and GAD67 promoters, the infusion of a nonspecific HDAC inhibitor,
sodium valproate (VPA), normalized mRNA expression of these genes [101,102].
Furthermore, the drug had an effect on some of the behavioral hallmarks of the disease
exhibited by these model animals. By increasing acetylation along histone H3 and
surmounting hypermethylation of the REELIN promoter, treatment with VPA was able to
rescue deficiencies previously noted in prepulse inhibition and social interaction [102].
These findings add to an epigenetic understanding of schizophrenia and demonstrate how
tweaking one epigenetic modification (e.g., histone acetylation) may work to overcome the
effects of another (e.g., DNA methylation).

Epigenetic modification may also influence the development and maintenance of addiction,
another instance where such lasting changes appear to help define a psychiatric state.
Addiction arises when the natural reward mechanisms of the NAc, a central brain region that
deals with cultivating motivation, are hijacked by drugs and refocused on obtaining more
and more of the substance [103]. In theory, this may be regarded as a strange
misappropriation of the mechanisms of memory recall, since drug cravings represent a kind
of constant physiological nostalgia for the levels of euphoria experienced when the user first
took the drug. Lately, a greater emphasis has been placed on the potential of epigenetic
mechanisms to dictate how neural substrates and comprehensive behavioral patterns are
influenced by drugs of abuse, and addiction research indicates that neuronal plasticity is
critical and that transcriptional alterations accompany such changes. For example, in
defining the cellular events that transpire with nicotine addiction, Penton and Lester noted
that nicotinic acetylcholine receptors containing the a4 and B2 subunits have the highest
affinity for the ligand. With chronic administration of nicotine, binding sites with this
composition are upregulated, implying that transcription and expression of these two
subunits may also be increased [104]. Furthermore, Kenny and colleagues discovered that,
while acute exposure to nicotine effectively decreased the mRNA levels of BDNF in the
hippocampus, more chronic exposure served to upregulate these transcript levels, suggesting
that the epigenetic regulation of the growth factor plays a role in the reinforcing properties
of the addiction [105].

Investigations into the mechanisms controlling addiction, craving and withdrawal in cocaine
users have provided evidence of several plasticity-related gene-expression changes. Cocaine
abuse has been demonstrated to alter the dendritic morphology and spine distribution in
neurons of the NAc, processes that require the structural plasticity obtainable by a fine
tuning of epigenetic modifications [106]. To that end, it has been demonstrated that, in
response to chronic-cocaine exposure in animals, increased HAT activity encourages
acetylation of H3K9 and H3K14 associated with the promoter region of the BDNF gene,
sustainably upregulating its expression for at least a week after the last experience with the
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drug and helping to explain craving and withdrawal [18]. Furthermore, Renthal et al.,
working with animal models of addiction, established that administration of SAHA, a
HDAC inhibitor, strengthens the hold that cocaine has on brain reward mechanisms by
indirectly increasing acetylation, as gauged by the SAHA-induced boost in cocaine-
conditioned place preference tests [31]. This group later determined that drug-related
changes in the functional activity of HDACS5, one of the main histone deacetylases native to
the NAc, may arbitrate when and how the physiological attraction to cocaine and other drugs
of abuse is translated into a long-term dependence on these substances. Experiments with
HDACS knockout mice revealed a more intense regimen of cocaine-seeking behavior in
these animals, where acetylation levels are naturally higher as compared with controls, and
the altered phenotype is rescued by overexpressing HDACS in the NAc of the knockouts
[31].

Epigenetically regulated plasticity changes may explain how exposure to cocaine and other
drugs of abuse can facilitate the compulsion to consume more of that drug, and these
changes can be different depending on whether administration is acute or chronic. Some of
the earliest work on chromatin regulation in animal models of addiction uncovered that an
immediate consequence of introducing cocaine into the nervous system is acetylation of
histone H4 near the promoters of the IEGs c-fos and fos-B, with subsequent expression of
the transcription factor AFosB in the NAc [107]. In addition, phosphorylation of histone H3
at serine 10 by the kinase MSK1 near certain genes in the striatum following acute cocaine
exposure, including c-fos, may account for the cultivation of some drug-related behavioral
adaptations, especially as the drug itself is known to inhibit the action of PP1, thus keeping
the chromatin populated with negatively charged phosphate groups and in a transcriptionally
permissive state [108]. In the same way, histone methylation patterns change in response to
cocaine, again in a way that activates gene expression to allow for enhanced plasticity. The
HMT G9a is the enzyme responsible for inserting the repressive H3K9me2 mark into
promoters of genes, but G9a was found to be downregulated following chronic cocaine
administration by AFosB activity, so that key addiction-related genes could be actively
transcribed. Research on cocaine abuse has revealed that many of the structural alterations
and plasticity changes in the NAc and other brain reward regions require active
transcription, which necessitates a permissive epigenetic environment in the chromatin of
critical gene promoters.

Conclusion

The accumulation of evidence in the past few decades leaves little doubt that dynamic
regulation of gene expression is a necessary and critical process in the formation, storage
and recall of memory and subsequent behavior. Both structural and synaptic plasticity
require the activation of various transcription factors, IEGs, and growth factors, including
BDNF, CREB and NF-«kB. This is accomplished through the coordinated modification of
epigenetic marks at the promoter regions of these genes. DNA methylation changes are
essential for the formation of LTM, and inhibiting DNMT activity diminishes the capability
of an organism to consolidate and recall memory. Likewise, histone acetylation and
phosphorylation are methods by which portions of the genome can be rapidly opened up to
the transcriptional machinery, and reversing this process through the activity of HDAC and
protein phosphatases, respectively, can transcriptionally compromise DNA and have huge
effects on memory and behavior. Furthermore, different histone methylation patterns,
including the activating H3K4me3 marks and the repressive H3K9me2 and H3K27me3
marks, can recruit or prohibit transcription by either facilitating the tighter binding of
transcription factors or providing steric hindrance against them at gene promoter sites.
Stable gene expression influenced by experiences early on in life work to shape aspects of
behavior that have very real biological underpinnings, as illustrated by the epigenetic
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programming of GR expression and HPA-axis sensitivity by differential levels of stress
generated through maternal care in rodents and humans. Such behavioral phenotypes are the
focus of psychiatric diseases encompassing schizophrenia and drug addiction that involve
the continued dysregulation of epigenetic processing, evidenced by hypermethylation of the
REELIN and GADG67 gene promoters with schizophrenia, and the hyperacetylation of several
histone sites in the development of cocaine addiction. Epigenetic modifications in the CNS
will continue to be an area of intense research for those who hope to elucidate the full
trajectory of molecular events in the transduction of experiential stimuli into consolidated
memory, and the profound way that such stored memory is recalled to fuel the psyche and
dictate behavior.

Future perspective

Although exceptional progress has been made in the field of epigenetics since these
regulatory chromatin-modifying mechanisms were first described in development, much is
still unclear regarding their consequence in the adult CNS and in memory and behavior. For
example, even as it is understood that memory formation is associated with increased
epigenetic activity in the CNS, not all of the gene targets affected have been validated. It
will be an arduous task; however, if the entire pathway of memory consolidation and recall
is to be characterized, then the identity of important memory-related genes and the time
course of epigenetic alterations and expression patterns will have to be recorded. This work
up may well change depending on the kind of memory being studied, be it hippocampus-
dependent spatial memory, fear-related cued memory, or even memory associated with
motor skills that could shed light on the complex mechanisms triggering drug-seeking
behavior in addicts. Furthermore, the particular relationship between DNA methylation and
histone methylation must be further explored, as these modifications represent a more subtle
and long-term adjustment to transcriptional competency than the transient and overtly
electrostatic effects of histone phosphorylation and acetylation.

The concept of DNA methylation itself, though the most ancient known regulator of cellular
memory, is still not fully understood. Specifically, the dynamic nature of DNA
demethylation has yet to be satisfactorily elucidated. The new discovery of 5-
hydroxymethylcytosine is exciting, since it represents a potential transition between the 5-
methylcytosine produced by DNMT activity and the return to an unmethylated cytosine
residue. The bisulfite treatment used by many epigenetic researchers to quantify methylation
levels within particular promoters does not functionally account for the presence of 5-
hydroxymethylcytosine, only 5-methylcytosine. The chromatin immunoprecipitation
technique, which uses antibodies aimed at these differently methylated marks, might be
employed in order to parse out the changes contributed by each of these DNA methylation
transition molecules. Finally, the field of behavioral epigenetics is at an early stage of
discovery, whose impact will be further explored with future studies. Indeed, debate over the
quality and extent of the epigenome’s influence on the adult brain continues to grow at an
exciting pace, as new information surfaces regarding the powerful and dynamic
consequences of environmental influences on behavior.

Executive summary
A plausible role for epigenetic mechanisms in human learning & remembering
. Epigenetic modifications are triggered in the processes of memory formation.

. Short-term memory is consolidated into long-term memory (LTM), and
epigenetic upregulation of transcription factors and immediate—early genes
accompany this conversion.
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A brief overview of epigenetic mechanisms in LTM formation

Epigenetic regulation of the working genome is accomplished through
changes made to chromatin structure that do not affect the DNA sequence.

The activity of epigenetic enzymes including DNA methyltransferases,
histone acetyltransferases/histone deacetylases and histone
methyltransferases/histone demethylases within a promoter region control
how accessible the DNA of a specific gene is to transcription factors, and
these epigenetic marks have been observed to change with learning and
experience.

Epigenetic regulation of immediate—early genes in memory formation

The consolidation and recall of LTM requires plasticity, which is influenced
by epigenetic mechanisms.

Histone modifications and DNA methylation changes are observed in the
hippocampus, amygdala and cortex in response to learning, corresponding
with the expression of key memory-related immediate—early genes and
transcription factors.

Epigenetic patterns established by early-life experiences create behavioral
phenotypes

Early-life adversity is tightly associated with regulation of the hypothalamic—
pituitary—adrenal axis, the governing mechanism of the stress response.

Chronic stress acts through epigenetic mechanisms to reprogram expression
patterns of the glucocorticoid receptor, influencing the sensitivity of an
individual’s response to environmental stressors.

Epigenetic processing in psychiatric diseases, including schizophrenia & addiction

Hypermethylation of the REELIN promoter may account for the significant
decrease in GABA-ergic plasticity observed in schizophrenia.

The cultivation of addiction requires epigenetically regulated plasticity
changes within neurons in the nucleus accumbens, a central reward region in
the brain.

Conclusion

The transduction of experiential stimuli into LTM necessitates the molecular
mechanisms of epigenetics to regulate gene expression.

Experience modifies the epigenome, and epigenetic modifications have been
detected at several memory-related gene promoters, regulating their
expression, which is critical for the plasticity that occurs in response to
learning.

Future perspective

In the coming years, molecular memory scientists will continue to work on
mapping the complete and timely expression patterns of genes identified to
be essential to the process of LTM formation. These future studies will

correlate gene-expression changes with the causal epigenetic modifications.
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Figure 1. Epigenetic modifications in mature hippocampal neurons during memory formation
and storage

(A) Histone acetylation mediated by CBP HAT activity contributes to long-term memory
storage, LTP and synapse formation. Blockade of histone deacetylation, as well as
indications of nonhistone protein deacetylation, via pharmacological inhibition of HDAC2
and/or HDACS is likely to result in a hyperacetylated chromatin structure state, which leads
to an enhancement in memory, LTP and increased synapse number. (B) Alterations in both
DNA methylation and DNA demethylation have been demonstrated to occur at specific
memory-related gene promoters in response to learning and synaptic activity. Studies
involving loss of DNMT1 or DNMT3a activity indicate that both DNA methylation and
DNA demethylation are important to the process of memory storage and LTP. MeCP2 has
been demonstrated to bind methylated DNA to facilitate both active-gene transcription and
gene silencing during memory formation. (C) Learning-induced changes in histone
methylation represented by the active transcription mark, histone H3 lysine 4 trimethylation
(H3K4me3), and the repressive transcription mark, histone H3 lysine 9 dimethylation
(H3K9me2), support the idea that both gene activation and gene silencing are necessary for
memory formation. Studies utilizing transgenic mice and pharmacological inhibitors
indicate that alterations to H3K4me3, via MLL1, or H3K9me2 via G9a/GLP, lead to
memory deficits as well as decreased LTP.

DNMT: DNA methyltransferase; HAT: Histone acetyltransferase; HDAC: Histone
deacetylase; LTP: Long-term potentiation; MeCP2: Methyl-CpG binding protein 2.
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