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Abstract
A new line of neuroscience research suggests that epigenetics may be the site of nature and nurture
integration by providing the environment with a mechanism to directly influence the read-out of
our genome. Epigenetic mechanisms in the brain are a series of post-translational chromatin and
DNA modifications driven by external input. Given the critical hub that epigenetics appears to be,
neuroscientists have come to suspect its fundamental influence on how our minds change in
response to our unique environment and, in turn, how these changes can then impact our future
interactions with the environment. The field of learning and memory is becoming particularly
interested in understanding the cognitive influence of epigenetics. With the majority of us working
with an eye toward therapeutics, the question naturally arises: “Has neuroepigenetics gotten us
closer to treating memory disorders and if so, where do we go from here?” This review will begin
with a brief exploration of recent advances in our understanding of how epigenetic mechanisms
contribute to learning and memory processes that are susceptible to failure. Next the implications
for disorders of cognition, such as Alzheimer’s Disease, will be discussed. Finally, we will use
parallels from the field of cancer to speculate on where we should consider heading from here in
the pursuit of therapeutics.

Mechanistically, epigenetics regulate transcription through post-translational modification of
the N-terminus of core histone proteins and cytosine residues of DNA. These modifications
influence transcription factor accessibility to gene promoters by controlling the organization
of chromatin’s structure. Core histones are highly basic alkaline proteins that align and order
DNA (~147 bp) into structural units termed nucleosomes. The nucleosome is comprised of
protein octamers containing a pair of each core histone (H2A, H2B, H3, H4). These histones
contain N-terminal tails that provide sites for a range of covalent chemical modifications that
regulate the overall chromatin structure. These histone modifications include acetylation,
phosphorylation, methylation, ubiquitination and sumoylation, though most research to date
has focused on the first three. The addition and removal of these functional groups results in
changes to chromatin structure that can either facilitate or repress gene expression. Histone
acetylation, a transcriptional activator, is catalyzed by histone acetyltransferases (HATs),
whereas histone deacetylases (HDACs) are responsible for removal of the acetyl group.
Similarly, histone phosphorylation of serine, threonine and sometimes arginine residues,
most often leads to transcriptional activation. As with histone acetylation, methylation can
also occur on lysine residues. The transcriptional effects of histone methylation depend on
which histone and lysine residues are involved, as well as the degree of methylation (i.e.
mono-, di- or trimethylation).
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The methylation of genomic DNA at CpG dinucleotides is predominantly associated with
transcriptional silencing. DNA methylation is catalyzed by DNA methyltransferases
(DNMTs) and usually involves the recruitment methyl-DNA binding proteins, such as
MeCP2. Although DNA methylation has long been perceived to be a static modification,
with changes only occurring in disease states (e.g. cancer), recent evidence suggests the
process can be highly dynamic (Bhattacharya et al., 1999; Miller & Sweatt, 2007;
Kangaspeska et al., 2008; Metivier et al., 2008; Kim et al., 2009; Ma et al., 2009).

The role of epigenetic mechanisms in memory
Most work in the field of epigenetics has focused on its involvement in the development and
differentiation of both normal and cancerous cells. However, in recent years, an increasing
number of neuroscientists have begun to acknowledge the important role of epigenetic
mechanisms in neuronal function, cognition and behavior; as these molecular regulators
have found their place at the nexus of environment-genome interplay. The young field of
neuroepigenetics is discovering unanticipated, but critical, roles in post-mitotic neurons.

Accordingly, there has been an explosion in the number of studies investigating the
involvement of epigenetic mechanisms in learning and memory. The findings indicate that
various stages of memory, from acquisition to extinction, undergo epigenetic regulation and
that epigenetic dysregulation may contribute to and modulate memory disorders.

Memory formation and consolidation require a long-lasting increase in synaptic strength that
is supported by transcription. In the last few decades, considerable effort has gone into
identifying the numerous transcription factors and genes that participate in this neuronal
plasticity. Only recently has attention shifted towards the chromatin modifications that
control access of these transcription factors to the appropriate gene promoters.

Histone modifications and memory
Some of the earliest evidence to suggest a relationship between chromatin modifications and
memory formation came from a 2001 study in which novel taste learning in rats resulted in
heightened acetylation of histone H2A and H4 in the insular cortex in an ERK/MAPK-
dependent manner (Swank & Sweatt). This general notion of epigenetic involvement in
memory was further extended to show that hippocampus-dependent fear memory is
associated with histone acetylation (specifically H3) in an ERK/MAPK-dependent manner
(Levenson et al., 2004). A series of studies at this same time utilized transgenic and
knockout mouse-models targeting well-known transcription coactivator proteins with HAT
activity, CREB binding protein (CBP) and P300, to demonstrate their necessity for
hippocampal synaptic plasticity and long-term memory for novel objects and contextual fear
(Alarcón et al., 2004; Korzus et al., 2004; Woods et al., 2005 and 2006; Oliveira et al.,
2007;). The importance of histone acetylation to memory was further highlighted by studies
in which HDAC inhibitors (HDACi’s) elevated histone acetylation and ameliorated
impairments of neuronal plasticity and memory (Levenson et al., 2004; Alarcón et al., 2004;
Korzus et al., 2004; Vecsey et al., 2007; Stefanko et al., 2009). HDACi’s have even been
shown to support the formation of long-term memories following a training protocol that is
too weak to support memory in the absence of HDACi treatment (Stefanko et al., 2009). In
addition, CREB-CBP interaction has been indicated as a likely prerequisite for this HDACi-
driven enhancement of synaptic plasticity and memory (Vecsey et al., 2007). Consistent
with these findings, selective overexpression of HDAC2 decreases dendritic spine density,
synapse number, synapse plasticity and contextual fear memory in mice (Guan et al., 2009).
Conversely, HDAC2-deficient mice display elevated synapse number and fear memory.
While the exact mechanism that HDACi’s use to improve synaptic plasticity and memory is
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still unclear, recent data indicate that they might act to induce formation of new synapses
and dendritic sprouting (Fischer et al., 2007).

Other histone modifications implicated in memory include histone phosphorylation and
methylation. A significant up-regulation of histone H3 phosphorylation occurs at the Ser10
residue in hippocampal Area CA1 during the formation of contextual fear memory (Chwang
et al., 2006). This phosphorylation increase was found to be ERK/MAPK-dependent, as the
effect was suppressed by administration of either NMDA receptor antagonists or the ERK/
MAPK inhibitor SL327. In a similar vein, phosphorylation at the CREB gene promoter was
elevated during novel object recognition, while it was reduced at the NF-κB promoter
(Koshibu et al., 2009). Furthermore, the formation of contextual fear memory is also
associated with increased H3K4 trimethylation (a transcriptionally active marker) at the
zif268 and bdnf promoters, while the memory of mice lacking the H3K4-specific histone
methyltransferase Mll was impaired (Gupta et al., 2010).

DNA methylation and memory
Another major mode of epigenetic regulation is the methylation of genomic DNA. While
DNA methylation was initially thought to be a relatively static epigenetic marker in post-
mitotic cells, this has become increasingly challenged by findings of recent studies that
suggest DNA methylation can be a dynamic and reversible post-translational modification
(Miller & Sweatt, 2007; Kangaspeska et al., 2008; Metivier et al., 2008; Kim et al., 2009;
Ma et al., 2009).

The first indication of a role for DNA methylation in memory came from the work of
Levenson et al. (2006), which demonstrated that DNMTs are critical for synaptic plasticity.
Further, chemical activation of hippocampal slices results in altered methylation of the bdnf
and reelin genes. This notion quickly gained in vivo support, demonstrating several points
(Miller and Sweatt, 2007; Miller et al., 2008). First, hippocampal DNMT expression is up-
regulated in rats during consolidation of contextual fear memory. Second, intra-hippocampal
administration of DNMT inhibitors (DNMTi’s) blocks this memory consolidation. However,
the DNMTi memory deficits can be overcome by HDACi pre-treatment (Miller and Sweatt,
2007; Miller et al., 2008). And third, rapid changes in DNA methylation at the time of
learning provides bi-directional transcriptional regulation of memory promoting (reelin) and
suppressing (PP1) genes. Importantly, the methylation changes associated with learning
were prevented with DNMTi (Miller and Sweatt, 2007). Similar changes in DNA
methylation have been noted for bdnf during contextual fear learning (Lubin et al., 2008).
Additionally, conditional knockout mice lacking both DNMT1 and DNMT3a forebrain
expression display deficits in long-term plasticity in the hippocampus, as well as
hippocampal memory impairments (Feng et al., 2010). Interestingly, the hippocampal
changes observed after learning in the Miller and Sweatt study (2007) were transient, lasting
less than a day after training. This led to the examination of DNA methylation changes in
the prefrontal cortex as the initially hippocampus-dependent fear memory underwent
cortical integration during system consolidation. Hippocampal learning triggered gene-
specific hypermethylation in the cortex that persisted for weeks. In addition, inhibiting this
persistent DNA methylation in the anterior cingulate cortex thirty days after learning
disrupted the memory (Miller et al., 2010). Taken together, these data indicate that DNA
methylation can be both dynamic (to support synaptic consolidation) and stable (to support
system consolidation).

Epigenetic mechanisms and memory disorders
Based on the accumulating evidence implicating epigenetic modifications in normal learning
and memory processes, it stands to reason that some memory disorders may have epigenetic
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origins. Here we will focus on one neurologic disorder marked by memory failure,
Alzheimer’s disease (AD).

AD is a common form of dementia, marked by a rapid decline in cognitive function and
memory failure. It is characterized by accumulation of β-amyloid plaques and tau protein-
related neurofibrillary tangles in the cortex and some subcortical regions (Wenk, 2003). The
β-amyloid plaques are formed by deposition of neurotoxic β-amyloid peptides, which
themselves are produced from the endoproteolysis of the amyloid precursor protein (APP)
by β- and γ-secretases. Interestingly, this catalytic reaction also leads to the generation of an
APP intracellular domain (AICD), which interacts with the nuclear adaptor protein Fe65 and
the HAT TIP60. Together they work as a transcriptional regulator (Cao & Südhof, 2001).
These results suggest that dysregulation of histone acetylation might be involved in some
pathological features of AD. In further suppport of this, mutations of the gene responsible
for coding of the catalytic subunit of the γ-secretase, presenilin 1 (PS1), maintains CBP
activity in vitro; thus indicating potential hyperacetylation in cases of AD (Marambaud et
al., 2003). Conversely, an increasing number of studies are highlighting hypoacetylation as a
potential risk factor for AD.

For example, conditional knockout mice of PS1 and 2 show impairments in hippocampus-
dependent synaptic plasticity and learning, as well as reduced expression of CBP and
CREB-CBP contingent target genes (e.g. c-fos and bdnf) (Saura et al., 2004). In light of
these findings from cell culture and animal models, histone acetylation likely plays a
modulatory role in the development AD. However, the differences across studies suggest
that the relationship between histone acetylation and AD may vary across brain regions, cell
types and gene targets. Human evidence for the role of histone modifications in AD is
sparse. However, preclinical animal work has gained some support from postmortem
studies. Elevated levels of histone phophorylation at H2A serine 139 have been observed
post-mortem in the hippocampus and cortex of patients diagnosed with AD (Myung et al.,
2008). Moreover, there is evidence that changes in histone-DNA interplay during lipid
perioxidation may contribute to the DNA damage induced by oxidative stress that is
frequently noted in AD (Drake et al., 2004).

A link between aberrant DNA methylation and AD etiology has been observed in a wide
range of studies; usually in terms hypomethylation. One of the earliest human studies to
report epigenetic dysregulation in AD revealed hypomethylation of APP’s promoter in the
parietal cortex of AD patients (West et al., 1995). Intriguingly, parietal cortex
hypomethylation of this same promoter has been reported in individuals over the age of 70
(Tohgi, et al., 1999). More recently, a significant reduction in global DNA methylation was
reported in layer II neurons of the entorhinal cortex with AD (Mastroeni et al., 2010).
Finally, pharmacologically induced hypermethylation of the PS1 promoter region in vitro
reduced PS1 expression and β-amyloid production (Scarpa et al., 2003). This highlights the
use of a methyl-donor rich diet (such as folic acid and vitamins B6 and 12) as a promising
therapeutic avenue.

Several studies have examined the therpaeutic effects of HDACi’s in animal models of
aging and neurodegeneration. Age-dependent dysregulation of hippocampal H4K12
acetylation in mice is reported to contribute to memory decline by suppressing key learning
and memory genes. Importantly, the authors demonstrate that administration of the HDACi
SAHA (suberoylanilide hydroxamic acid) normalized H4K12 acetylation, reinstated gene
expression and improved memory function in aged mice (Peleg et al., 2010). In a related
study, both environmental enrichment and HDACi elevated histone acetylation and restored
synaptic plasticity and learning in a neurodegenerative mouse model (Fischer et al., 2007).
HDACi has also been demonstrated to improve memory performance in different mouse

Mikaelsson and Miller Page 4

Neurobiol Learn Mem. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



models of AD (Ricobaraza et al., 2009; Kilgore et al., 2010). The HDACi sodium 4-
phenylbutyrate reduced tau phosphorylation and ameliorated spatial learning and memory
deficits in the Tg2576 mouse model of AD (Ricobaraza et al., 2009). Similarly, the
administration of three distinct HDACi’s rescued and maintained memory in the APPswe/
PSI model of AD. This study further demonstrated unexpected class I HDAC selectivity of
the inhibitors used in the study (Kilgore et al., 2010). This latter finding is particularly
important. As we will discuss in more detail below, isoform-selectivity is crucial for the
development of epigenetic therapeutics in order to reduce unwanted “off-target” effects.
However, it is important to bear in mind that some HDACs can exert additional effects on
neuronal function through interactions with non-histone proteins. For instance, while the
HAT activity of P300 has been demonstrated to be crucial for normal memory function
(Oliveira et al., 2007), this enzyme has also been associated with heightened acetylation of
Tau proteins. This, in turn, prevents the degradation of phosphorylated Tau commonly
associated with tauopathy (Min et al., 2010). Additionally, the NAD-dependent HDAC
SIRT1 (Sir2, homolog 1) is thought to confer neuronal protection through the synergism of
several different non-histone substrates, including deacetylation of Tau (Min et al., 2010),
attenuation of β-amyloid production and inhibition of pro-apoptotic protein (e.g. P53 and
FOXO proteins) functions (for more in depth review of this topic, see Wang et al., 2010;
Outeiro et al., 2008; and Anekonda, 2006).

Developing epigenetic treatments for memory disorders
It is clear that the rapidly growing field of neuroepigenetics holds tremendous and far-
reaching promise, particularly for the identification and treatment of memory-related
disorders. In this final section, we will be more speculative as we discuss what the future of
targeting epigenetic mechanisms for cognitive therapeutics may look like.

Epigenetic modifications as biomarkers?
The brain is a remarkable structure, complete with multiple “fail-safes” designed to protect
tasks that are crucial to survival. This includes our ability to learn and remember. The
downside to such excellent engineering is that the early stages of cognitive failure are
difficult to detect with the disappointingly rudimentary means currently available to
clinicians. These include patient interviews and cognitive assessment tests that require such
substantive failures as the inability to complete the numbers on a clock face. Thus,
individuals that can still remember the name of our country’s president and a list of three
words are regularly sent home with the reassurance that they are fine, despite the sinking
suspicion by the patients themselves that something is not right. And, because one of the
brain’s best abilities is compensation, patients that do present with cognitive abnormalities
are akin to patients with Stage III breast cancer. Treatment at this point is an uphill battle, at
best. For this reason, there is a critical need for biomarkers of susceptibility to cognitive
failure and early markers of the failure itself. There is, of course, a physical barrier to testing
for any type of biomarker of neurologic disorders that must be overcome. Nevertheless,
determining a memory disorder’s unique epigenetic signature may identify some of these
biomarkers. Such an approach is proving to be useful in the cancer field. For example,
acetylation of histone H3 and trimethylation of H3K9 enables discrimination between
prostate cancer and non-malignant prostate tissue (Ellinger et al., 2010), while
overexpression of the enhancer of zeste homolog-2 (EZH2), a histone demethylating
component of the polycomb repressive complex-2 (PRC2), is a prognostic marker of
heightened tumor cell proliferation in various types of cancer (Bachmann et al., 2006).
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Epigenetic therapeutics as cognitive enhancers?
We have just finished stressing the potential importance of identifying epigenetic changes
associated with cognitive failure. However, a theme that is integral to our own work is that
the solution to memory disorders need not be the cause (Kilgore et al., 2010). For instance, a
great deal of effort has been dedicated to understanding the etiology of AD, yet one of the
primary complaints associated with AD is memory failure. While plaque and tangle
pathology may be key players in producing memory deficits, epigenetic treatments have the
potential to circumvent the damage by providing access to alternative pathways for memory
traces (Fischer et al., 2007; Kilgore et al., 2010). This taps into the notion of cognitive
reserve, which was first considered more than two decades ago, after a post-mortem study of
patients diagnosed with AD revealed an unexpected finding. The degree of neuropathology
did not always correlate with clinical symptoms of the disease (Katzman et al., 1988). One
interpretation provided by the authors is that some patients have a greater ability to access
alternate pathways for memory storage as cellular damage and loss occurs (Figure 1).
Indeed, a 2008 study found a correlation between level of education (used by the authors as
a proxy for cognitive reserve) and degree of dementia symptoms (Roe et al., 2008). And a
study published just a few months later confirmed and extended this finding. The authors
reported that, while level of education is correlated with dementia risk, it does not slow
progression of memory loss once it begins (Wilson et al., 2009).

This is consistent with the notion that the educated mind has reached the limit of its
cognitive reserve capabilities once symptoms appear. Therefore, if epigenetic mechanisms
can be harnessed to further increase flexibility and the mind’s capacity for cognitive reserve,
we may have a novel treatment strategy. Preclinical studies with HDACi’s strongly support
this possibility (Fischer et al., 2007; Kilgore et al., 2010). Thus, in the spirit of epigenetics
(“above the genome”), epigenetic therapies may be epi-etiology; that is to say – “above the
cause.” Recognition of this idea broadens the potential neurologic and psychiatric uses of
epigenetic-modifying drugs.

What does the ideal epigenetic therapeutic look like?
As we are in the early stages of our neuroepigenetic explorations, now is the time to stop
and consider what characteristics we are looking for in epigenetic-modifying drugs. It seems
that, in an ideal world, these drugs would be reversible and specific. Reversibility is
particularly important for cases of treating unwanted memories, as with post-traumatic stress
disorder (PTSD) and relapse in drug addiction. And specificity is best achieved through
isoform and gene-target selectivity, as well as the ability to target individual regions of the
brain. The notion of using epigenetic intervention to counter cognitive disorders is
particularly appealing; as such compounds have the potential to confer greater specificity
than the current neurotransmitter-targeting compounds can alone. While the action of
neurotransmitter-based pharmaceuticals is limited to receptor availability, epigenetic
therapies have the potential to up-regulate the receptor by influencing its transcription rate.
This, in turn, would make the neurotransmitter-based pharmaceutical more efficacious.
Epigenetic therapies can offer an additional level of influence, as the efficient treatment of
memory disorders will likely benefit from up and down-regulating the transcription of
memory-related genes (i.e. up-regulation of memory promoters and down-regulation of
memory suppressors). Therefore, unraveling the aberrant and complicated epigenetic
landscape underlying memory impairments will potentially enable the design of epigenetic
modifying drugs that can target the transcription of specific memory genes. This would be
accomplished by exerting synergistic effects on chromatin to collectively promote and
suppress appropriate targets. Further, epigenetic modifiers provide the same desirable
reversibility of traditional drugs because epigenetic marks occur above the level of the
genome. This is something that most gene therapies currently under development lack.
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Parallels from cancer research can provide us with valuable insight into obstacles we can
anticipate in our own field’s pursuit of epigenetic therapies. For example, in cancer, a set of
tumor-suppressor genes are hypermethylated within a landscape of global hypomethylation
(Jones & Baylin, 2007). Recall that DNA methylation is associated with transcriptional
repression. Therefore, global hypomethylation, in conjunction with suppression of tumor-
suppressor genes, would support rampant and unchecked cell division. In parallel, effective
epigenetic modifying drugs for memory-related disorders must contend with the opposing
effects of memory promoter (e.g. reelin, bdnf) and suppressor (e.g. phosphatases [PP1,
calcineurin]) genes (Miller & Sweatt, 2007; Miller et al., 2010). This highlights the need for
gene- specificity with epigenetic therapies, as a compound that globally elevates
transcription would presumably create its own set of problems by pitting memory-promoters
and suppressors against one another in a brain that is already struggling to form and
maintain memories.

Furthermore, in recent years HDACi’s have received a great deal of attention in the field of
cancer as propitious therapeutic drug targets. However, despite their promising potentials for
cancer therapy, HDACi’s exhibit toxicity in the clinic that threatens to limit their potential
(see Balasubramanian et al., 2009 for review). These adverse effects are likely to arise from
the fact that currently available HDACi’s interact with several HDAC isoforms (Kilgore et
al., 2010), thus highlighting the importance of isoform-selectivity for the development of
epigenetic-modifying therapeutics. HDAC2, for example, would be an excellent target for
inhibition (Guan et al., 2007).

Future preclinical efforts will also need to concentrate further on how epigenetic
modifications act in concert during the distinct phases of memory formation. Indeed, the
biological profile underlying cognitive and behavioral phenotypes may be determined by a
collective pattern of epigenetic modifications, rather than individual changes in post-
translational histone or DNA modification (see Gräff & Mansuy, 2008, for review). In
relation to this, it is important to determine whether an epigenetic treatment for individual
memory disorders will require the targeting of one or more epigenetic modifications
simultaneously. And more broadly, whether such epigenetic treatments could be useful in
combination with other, currently available pharmacologic treatments. It has been proposed
in the cancer field that the use of DNMTi’s might be particularly beneficial if used in
conjunction with chemotherapy. DNMTi’s could potentially suppress the activation of pro-
apoptotic genes in response to cytotoxic agents. This would confer greater resistance to
chemotherapy, resulting in less cell death (Kelly et al., 2010). Similarly, epigenetic
modifiers might improve the efficacy of the current and developing AD treatments with
broad molecular targets (e.g. cholinesterases, mementine, β-secretase inhibitors).
Alternatively, epigenetic modifying drugs might prove to be effective sole therapies if they
can positively regulate gene targets involved in the degradation and clearance of β-amyloid
peptides.

Summary
Epigenetics has a long history in the fields of developmental biology and cancer. Over the
past seven or eight years, epigenetics has made its way into the thoughts and experimental
plans of neuroscientists. A particularly compelling body of work has accumulated in a
surprisingly short period of time that implicates epigenetics in memory processes. In
addition, studies are now demonstrating that epigenetic modifying drugs present a promising
avenue for the amelioration of memory deficits. The future therapeutic potential of
epigenetics in memory relies on both the continued efforts of labs already deeply involved in
the research and newcomers providing a fresh perspective. If these research efforts are
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combined with an historical appreciation of epigenetics and an eye on therapeutics, this
could be a decade of enormous advances in cognitive epigenetics.
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Figure 1. Multiple paths to memory storage
The evidence for cognitive reserve supports the idea that the brain should be capable of
employing multiple paths for memory storage. In this simple schematic, associative input
arrives at location A in the brain. To achieve the correct behavioral output, location C must
be reached. While the simplest path to C is via B (blue), this linear approach to storing a
memory is tenuous. If B becomes damaged, the memory trace is disrupted. However, a
flexible mind can circumvent the blue trace if damage occurs and complete the connection
to C by utilizing a cognitive reserve pathway (orange). The idea of cognitive enhancers
(green path) draws on this same principle by employing molecular modifications to prepare
additional locations (e.g. E and F) for participation in the memory trace.
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