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Abstract

Epigenetic regulation of cellular identity and function is at least
partly achieved through changes in covalent modifications on DNA
and histones. Much progress has been made in recent years to
understand how these covalent modifications affect cell identity
and function. Despite the advances, whether and how epigenetic
factors contribute to memory formation is still poorly understood.
In this review, we discuss recent progress in elucidating epigenetic
mechanisms of learning and memory, primarily at the DNA level,
and look ahead to discuss their potential implications in reward
memory and development of drug addiction.
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Introduction

The term ‘epigenetics’ refers to heritable changes in phenotype or
gene expression that cannot be directly attributed to changes in
DNA sequence (Jaenisch & Bird, 2003). In eukaryotes, DNA and
histones are assembled into nucleosomes, the basic unit of chromatin.
Nucleosomes are composed of 147 DNA base pairs wrapped around
an octamer of four core histone proteins: H2A, H2B, H3, and
H4 (Kornberg & Lorch, 1999). Histones contain extensive post-
translational modifications that regulate their various functions
(Kouzarides, 2007). Similarly, DNA methylation at CpG dinucleotides
can also modulate transcriptional outcome (Jaenisch & Bird, 2003).
Some of these modifications are heritable and are believed to be
responsible for a number of phenomena such as genomic imprinting,
paramutation, Polycomb silencing, and position effect variegation
(Bird, 1986; Campos & Reinberg, 2009; Fedorova & Zink, 2008;
Martin & Zhang, 2007).

Epigenetic regulation has been mostly studied in the context of
cellular differentiation and development, but accumulating evidence
suggests that epigenetic mechanisms also play important roles
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throughout the lifespan of postmitotic cells. As such, epigenetic
changes may also regulate mechanisms underlying learning and
memory, including brain reward and the development of drug addic-
tion. In this review, we will cover the various types of epigenetic
modifications on DNA and histones. We will also address the role of
epigenetic modifications in postmitotic neurons, in the context of
brain learning and memory. Finally, we will review recent progress
in understanding the epigenetic regulation of drug addiction that sets
the stage for future research in this burgeoning field.

DNA methylation

DNA methylation is the best-characterized form of epigenetic modi-
fication. It takes place at the 5’ position of cytosine and usually
occurs in the context of CpG dinucleotides. However, contiguous
groups of CpG dinucleotides, called ‘CpG islands’, are generally
unmethylated. Promoter methylation is generally associated with
gene silencing either by preventing binding of transcription
factors or by attracting methyl-CpG binding proteins that recruit
co-repressors of transcription (Bird, 1986; Klose & Bird, 2006).

DNA methylation plays important roles in several physiological
phenomena (Jaenisch & Bird, 2003). For example, genomic imprint-
ing, an allele-specific expression phenomenon, is controlled by
allele-specific DNA methylation. Additionally, X-chromosome inacti-
vation, a mechanism used to equalize X-linked gene expression in
males and females, uses DNA methylation to silence one of the two
female X chromosomes. DNA methylation also plays a crucial role
in other cellular processes such as cell differentiation and tissue-
specific gene expression. CpG island methylation is commonly
detected in tissue-specific and germline-specific genes, X-linked
genes, and imprinted genes (Jaenisch & Bird, 2003).

DNA methylation is catalyzed by DNA methyltransferases
(DNMTs), which are classified into de novo and maintenance
DNMTs based on their substrate preference (Goll & Bestor, 2005).
De novo DNMT3A and DNMT3B prefer unmethylated DNA
substrates, while DNMT1 prefers hemimethylated DNA substrates
and is mainly responsible for copying the DNA methylation pattern
during DNA replication (Hermann et al, 2004; Inano et al, 2000;
Moore et al, 2013). Interestingly, DNMT3A is abundantly expressed
in the postnatal brain (Feng et al, 2005), which suggests that it may
also play a regulatory role in postmitotic neurons.

DNA methylation is relatively stable when compared to histone
modifications, yet DNA demethylation has also been observed in
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Glossary

5caC  5-carboxylcytosine

5fC 5-formylcytosine

5hmC 5-hydroxymethylcytosine
5mC  5-methylcytosine

BDNF brain-derived neurotrophic factor
BER base excision repair

DA dopamine

DNMT DNA methyltransferase
GABA gamma-aminobutyric acid
HAT histone acetyltransferase
HDAC histone deacetylase

HDM  histone demethylase
HMT  histone methyltransferase
LTP long-term potentiation
NAc nucleus accumbens

PFC prefrontal cortex

SNpc substantia nigra pars compacta
TDG  thymine-DNA glycosylase
TET ten-eleven translocation
VTA ventral tegmental area

various biological contexts by active and passive means. Active
DNA demethylation involves enzymatic activity that selectively
restores an unmodified cytosine base, while passive demethylation
generally involves dilution of 5-methylcytosine (5mC) through
progressive cell division where DNA methylation maintenance
machinery is either absent or compromised (Moore et al, 2013; Ooi
& Bestor, 2008). Until recently, a mechanism underlying active DNA
demethylation has remained a topic of controversy.

It has now been shown that ten-eleven translocation (TET)
family proteins can catalyze oxidation of 5mC to 5-hydroxymethyl-
cytosine (5hmC) and further to 5-formylcytosine (5fC) and 5-carb-
oxylcytosine (5caC) (He et al, 2011b; Ito et al, 2010, 2011;
Kriaucionis & Heintz, 2009; Tahiliani et al, 2009). Thymine DNA
glycosylase (TDG), an enzyme previously known for its role in DNA
repair, has been shown to excise 5fC and 5caC, creating abasic sites
which can be repaired by the base excision repair (BER) pathway to
generate an unmodified cytosine residue, thereby completing the
demethylation process (He et al, 2011b; Shen et al, 2013; Zhang
et al, 2012) (Fig 1). Interestingly, 5hmC, the major oxidation
product of 5mC, positively correlates with transcription when it is
located in the gene body, and is at its highest levels in neurons (Jin
et al, 2011; Khare et al, 2012; Kriaucionis & Heintz, 2009; Szulwach
et al, 2011).

Given the abundance of 5hmC in neurons, the discovery of this
new cytosine modification is especially exciting as it suggests that
neural systems may be under active TET regulation, independent of
cell division and maturation, opening the possibility for epigenetic
regulation of adaptive processes such as learning and memory.

Histone modifications

In addition to DNA methylation, covalent modifications on histones
also play an important role in regulating gene expression. Major
histone modifications include acetylation, methylation, ubiquitina-
tion, and phosphorylation (Bannister & Kouzarides, 2011). These
modifications can either activate or repress transcription, depending
on the modification and the specific substrate residues (Margueron
et al, 2005; Martin & Zhang, 2005; Zhang, 2003), and can be

The EMBO Journal Vol 33| No 10 | 2014

Epigenetic memory and addiction  Luis M Tuesta & Yi Zhang

NH,
HiC_
N
| /& NH,
N“~0
! HO XN
DNA 5 == |N P
TET 5hmC | 0
..................... DNA
"""""""" NH, | DNMT \
S TET
: PD
DG~ ~5fC O NH,
/ Y
TET A
DEA °
TDG
¢ 5caC
0 NH,
o |\N
n o
DNA

Figure 1. TET/TDG-mediated 5mC demethylation.

Unmodified cytosine residues (C), highlighted left, are methylated by DNMTs
to produce 5mC. TET enzymes catalyze oxidation of 5mC to 5ShmC (Ito et al, 2010;
Tahiliani et al, 2009) and further to 5fC and 5caC (Ito et al,2011). In this pathway,
5mC demethylation can occur through passive dilution (PD) of 5ShmC, or
through active excision of TET oxidation products 5fC and 5caC to generate
abasic sites via TDG that are then restored to unmodified C by BER (He et al,
2011b; Shen et al, 2013; Zhang et al, 2012).

deposited or removed by a large family of histone-modifying proteins.
While DNA methylation is faithfully inherited through semi-
conservative replication (Bestor, 1992; Holliday & Pugh, 1975;
Leonhardt et al, 1992), the mechanisms by which epigenetic informa-
tion is inherited through histone modifications still remain unresolved.

Histone acetylation, which occurs at certain lysine (K) residues
of histones H3 and H4, is one common form of histone modification
associated with transcriptional activation. Upon acetylation, chro-
matin is generally decondensed due to the neutralization of the
positively charged K residues in histone tails. Acetylation and
deacetylation of K residues are mediated by histone acetyltransferases
(HATs) and histone deacetylases (HDACs), respectively (Borrelli
et al, 2008), yet the specificity of HDACs and HATs for specific K
residues still remains poorly understood. Despite a general correla-
tion between histone K acetylation and transcriptional activity, such
general correlation seems to not hold true in brain at several
promoters of genes involved in learning and memory, such as Bdnf,
following chronic cocaine treatment, implying the involvement of
alternate and complementary mechanisms of transcriptional regula-
tion (Kumar et al, 2005; Renthal et al, 2009).

Histone methylation has been associated with both transcrip-
tional activation and repression depending on the specific K residue
and valence of methylation (Martin & Zhang, 2005). However,
unlike acetylation, histone methyltransferases (HMTs) and histone
demethylases (HDMs) have greater residue specificity, with distinct
HMTs or HDMs acting on specific residues, determining valence of
methylation states (mono-, di-, or trimethylation). Transcriptional
silencing is mainly associated with H3K27me3 and H3K9me,
whereas transcriptional activation is associated with H3K4me3 and
H3K36me3 marks. Additionally, methylation marks can act as
recruiters for other effector proteins that assist in perpetuating
transcriptional states. Furthermore, some methyltransferases have
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the ability to bind methylated DNA and certain transcriptional
activators such as CREB-binding protein (CBP) (Volkel & Angrand,
2007).

As mentioned above, HDMs possess greater functional specificity
than HDACs and they belong to the LSD1 and the JmjC family
of proteins (Klose et al, 2006). Histone demethylation appears to
occur in a gene-specific manner, in part by conjunction with
nuclear factor complexes (Metzger et al, 2005; Tsukada et al,
2006; Yamane et al, 2006). Despite this, similar to histone acetyla-
tion, methylation states at certain gene promoters also fail to faith-
fully predict transcriptional behavior in brain following drug
treatment (Renthal et al, 2009). This indicates that the transcrip-
tional effects can be modulated by other factors and consequently
one cannot predict transcriptional activity solely based on histone
modifications.
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Figure 2. Models of epigenetic inheritance.

The EMBO Journal

Mechanisms of epigenetic inheritance

Classical ‘epigenetic’ modifications require a component of herita-
bility. In the context of this definition, DNA CpG methylation has the
best understood mechanism. As depicted in Fig 2A, CpG methyla-
tion is copied in a semi-conservative fashion where DNMT1 is
recruited by UHRF1 and PCNA to the replication fork and reestab-
lishes methylation marks on newly synthesized DNA strands (Zhu &
Reinberg, 2011). In a similar fashion, chromatin modifiers have been
reported to localize to replication forks (Esteve et al, 2006; Miluti-
novic et al, 2002), raising the possibility that inheritance of histone
modifications is an opportunistic phenomenon that utilizes DNA
replication as an avenue to rapidly pass on epigenetic information.
While histone modifications are a major source of heritable epige-
netic information, the exact modifications, degree of fidelity, and
mechanisms of inheritance still remain a subject of investigation.
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(A) Semi-conservative model of DNA CpG methylation: DNMT1 is recruited to the replication fork where it reestablishes methylation marks on the nascent DNA strand (Zhu &
Reinberg, 2011). (B) Conservative model of histone segregation and templated inheritance of histone methylation: Intact H3-H4 tetramers are transferred to daughter
DNA strands where methylation sensors such as PRC2 recognize existing histone methylation patterns which serve as a template to propagate the methylation signal onto
newly deposited histones (Margueron et al, 2009). (C) Reinforcement model of histone methylation: DNTM1 recruits histone methyltransferase G9a to the replication
fork where it restores methylation marks on newly deposited histones (Esteve et al, 2006).
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In the context of inheritance, K methylation has garnered special
interest because of its relative stability (Huang et al, 2013). While
histone lysine methylation marks possess a half-life ranging from
hours to days (Zee et al, 2010), histone acetylation and phosphory-
lation marks are much more short-lived, with half-lives in the range
of minutes (Chestier & Yaniv, 1979; Jackson et al, 1975). As such,
histone K methylation has become a favored modification in the
study of mechanisms of epigenetic inheritance. Based on the rela-
tionship to CpG methylation, several models for inheritance of
histone modifications have been proposed (Xu et al, 2012; Zhu &
Reinberg, 2011).

Conservative model of chromatin assembly As mentioned previ-
ously, CpG methylation occurs in a semi-conservative fashion where
DNMTT1 is recruited to the replication fork, methylating CpGs on
nascent DNA strands. This mechanism prompted the proposal of a
semi-conservative model of chromatin assembly (Weintraub et al,
1976). This model purported replication-dependent dissociation of
H3-H4 tetramers into two half nucleosomes that would be deposited
into each daughter strand. This was later proven incorrect
by sedimentation studies using heavy isotope-labeled histones
showing that nucleosomes do not divide, supporting conservative
segregation of histone octamers during replication (Leffak et al,
1977). However, speculation of a semi-conservative model was
refueled when it was discovered that H3-H4 tetramers deposit onto
chromatin, not as tetramers, but as dimers (Benson et al, 2006;
English et al, 2005; Tagami et al, 2004), perhaps as a result of
Asfl-mediated inhibition of H3-H4 tetramer formation (English et al,
2006). Regardless, more recent work suggests otherwise in that
H3-H4 tetramers indeed do not divide and in fact, also suggests that
inheritance of histone modifications occurs by copying modifi-
cations from neighboring pre-existing nucleosomes (Xu et al, 2010).
This brings about an established conservative model of chromatin
assembly in which H3-H4 tetramers are transferred intact to daughter
strands and serve as methylation templates for cis nucleosomes
(Martin & Zhang, 2007; Zhu & Reinberg, 2011) (Fig 2B). This raises
the question of how modifications on ‘old” histones are transferred
to ‘new’ adjacent histones. The answer to this question remains
under debate.

Templated modification One mechanism used to spread histone
modifications involves the coupling of a chromatin-modifying
enzyme to an effector protein that recognizes specific epigenetic
marks, thereby allowing propagation of a modification state (Zhu &
Reinberg, 2011). For example, recognition of H3K27me3 by Poly-
comb repressive complex 2 (PRC2) promotes propagation of this
repressive signal onto neighboring histones through allosteric acti-
vation of its catalytic domain (Margueron et al, 2009) (Fig 2B). This
suggests that histone modifications may be copied from ‘template’
histones that use their existing modifications as molecular flags to
attract chromatin-modifying enzymes and propagate epigenetic
states.

Modification reinforcement As mentioned earlier, chromatin-
modifying enzymes, such as DNMT1, can be recruited to replication
foci. This raises the possibility that replication-dependent DNA
methylation can be coupled to histone modification. In fact, DNMT1
directly interacts with, and recruits G9a, an H3K9 methyltransferase,
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to replication foci and regulates G9a-dependent H3K9 methylation
(Esteve et al, 2006). The fact that knockdown of DNMT1 impairs
H3K9 methylation suggests that inheritance of histone modifications
may involve an opportunistic mechanism where factors such as G9a
‘piggyback’ on DNA replication factors to rapidly restore histone
modifications on nascent chromatin (Fig 2C).

Histone maturation Some histone marks, such as H3K9 dimethyla-
tion reach similar levels in new histones as those in old histones
shortly after S phase, suggesting a replication-dependent mechanism
(Xu et al, 2012). However, other modifications such as H4K20, and
H3K79 methylation, as well as H3K9 and H3K27 trimethylation, are
gradually restored throughout the cell cycle, independent of replica-
tion (Pesavento et al, 2008; Sweet et al, 2010; Xu et al, 2012). This
gradual ‘maturation’ of histone methylation suggests that epigenetic
inheritance is not a rigid process, and its inexact fidelity provides
a certain degree of epigenomic flexibility to adapt to changing
conditions.

Brain memory and long-term potentiation

While the mechanisms outlined above largely rely on replication, it
is unclear to what extent these mechanisms may play in postmitotic
neurons, especially in the context of learning, memory, and
addictive disorders.

A fundamental tenet of brain learning and memory postulates
that neuronal activity has the ability to either strengthen or weaken
connections at the synapse, the anatomical interface where direct
communication between neurons occurs. This adaptability is
referred to as synaptic plasticity, and the underlying foundation of
activity-dependent synaptic plasticity is measured by long-term
potentiation (LTP). Experience-dependent LTP involves structural
changes such as dendritic spine remodeling and receptor redistribu-
tion, resulting in long-term increases in efficacy of synaptic trans-
mission between neurons (Bliss & Collingridge, 1993; Luscher &
Malenka, 2012; Toni et al, 1999). As such, LTP represents an
integral component of learning and memory.

Fear conditioning is a widely used behavioral paradigm to
measure associative learning in animals, where a neutral condi-
tioned stimulus elicits a fear response (usually freezing behavior)
following repeated pairing with a noxious, unconditioned stimulus
such as a loud noise or a mild electrical foot shock (Kim & Jung,
2006). Indeed, fear conditioning via electrical foot shock has been
shown to induce LTP in the amygdala of rats (Rogan et al, 1997). In
addition to fear conditioning, reward learning in the form of active
cocaine self-administration has also been shown to elicit LTP in
brain regions implicated in drug reward (Chen et al, 2008).

It is interesting to note that a memory can be perpetuated
throughout the lifetime of an individual, yet conventional molecular
players in LTP formation such as CaMKII do not appear to be
involved in lifelong maintenance of a memory (Day & Sweatt,
2011), raising the possibility for alternative mechanisms such as
epigenetic modifications in mediating memory maintenance.

Epigenetic mechanisms underlying learning and memory

Cellular differentiation and phenotypic manifestation is heavily
influenced by epigenetic mechanisms. However, as discussed in the
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previous section, classical ‘epigenetic’ mechanisms involve some
aspect of cell division. Stepping outside the realm of epigenetic
inheritance in mitotic cells, the adult brain consists primarily of glia
and postmitotic neurons, with very limited potential for proliferation
(Emsley et al, 2005). If the cellular epigenetic toolbox is not utilized
for the purpose of cell division or fate determination, another func-
tion must justify active regulation seen in these cells. Accumulating
evidence suggests that epigenetic mechanisms play an important
role in the formation and maintenance of memory in the brain.

Histone acetylation in learning and memory

Initial studies into the role of histone acetylation in learning and
memory showed that MAP kinase (MAPK) activity regulates the
formation of taste aversion in mice and that this in turn regulates
histone acetylation in the insular cortex, a brain region associated
with emotional processing and aversion memory (Swank & Sweatt,
2001). Further studies confirmed a role of histone acetylation in
learning and memory. For instance, pharmacological inhibition of
HDACs has proven to restore deficits in neuronal plasticity and fear
memory in animals lacking the histone acetyltransferase CBP
(Alarcon et al, 2004). Indeed, deficits in CBP expression are associ-
ated with impaired long-term fear memory and object recognition
(Wood et al, 2006a,b). Furthermore, the HDAC inhibitor sodium
butyrate (NaBut) significantly reduces the amount of training
required for an animal to remember a novel object and prolongs the
time the animal remembers the object following training (Stefanko
et al, 2009). Another recent study also suggests that NaBut adminis-
tration can improve retrieval of long-term inaccessible fear memo-
ries (Fischer et al, 2007). NaBut inhibits HDAC-mediated histone
deacetylation, likely making DNA more accessible to transcriptional
control, implying that histone acetylation plays a regulatory role in
memory formation. In fact, aspects of memory formation and storage
have shown to be mediated by several HDAC subtypes (Bahari-Javan
et al, 2012; Guan et al, 2009; Kim et al, 2012; Sando et al, 2012).
However, due to space limit, in the context of learning and memory,
we focus our discussion on DNA methylation.

DNA methylation in learning and memory

DNA methylation has long been considered a relatively stable epige-
netic mark. It is thus not surprising that efforts have been under-
taken to explore the link between DNA methylation and learning
and memory. Initial studies into the basic role of DNMTs in the
brain suggest a role in DNA mismatch repair (Brooks et al, 1996),
neuronal survival (Fan et al, 2001), and secondary neurodegenera-
tion following ischemic insult (Endres et al, 2001, 2000). DNMT
dysfunction has also been linked to cognitive and behavioral
disorders such as schizophrenia (Veldic et al, 2004), fragile X
syndrome (Sutcliffe et al, 1992), Rett syndrome (Amir et al, 1999),
and aging-related cognitive decline (Oliveira et al, 2012).

The question is whether DNA methylation has a role in the
induction of synaptic plasticity. As discussed earlier, learning and
memory depends heavily on plastic adaptations between neuronal
connections, where LTP enhances synaptic transmission efficacy,
thereby facilitating development of memory formation. Indeed, inhi-
bition of DNMT activity disrupts LTP in adult hippocampal slices,
and inhibition of DNMT alters DNA methylation within the
promoter regions of reelin and BDNF, two genes previously impli-
cated in synaptic plasticity within the adult hippocampus (Levenson
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et al, 2006). These experiments suggest a role for DNA methylation
in memory formation by regulating LTP.

In vivo studies using a fear-conditioning model have shown that
inhibition of DNMT enzymes in the hippocampus disrupts condi-
tioned shock-fear memory formation and does not affect mainte-
nance of the fear memory trace (Miller & Sweatt, 2007). This
suggests that while the hippocampus is a key mediator of memory
formation, there are alternative brain structures that can maintain a
long-term memory trace long after cessation of the initial stimulus
(Miller et al, 2010). Furthermore, when DNA methylation is
disrupted in the dorsomedial prefrontal cortex (dmPFC) in mice,
severe deficits in long-term fear memory consolidation are observed
although short-term fear memory remains unaffected (Miller et al,
2010). These studies further suggest that while memory formation
depends on hippocampal activity, consolidation and long-term
maintenance of the memory trace occurs in cortical regions and that
these mechanisms rely heavily on temporally discrete DNA methyla-
tion patterns.

It must be noted, however, that the studies outlined above
(Miller et al, 2010; Miller & Sweatt, 2007) used 5-azacytidine
(5-aza) and zebularine as pharmacological agents to inhibit DNA
methylation in the brain and measure their effect on memory
formation. Since 5-aza- and zebularine-mediated inhibition of DNA
methylation requires their incorporation into DNA during replica-
tion (Szyf, 2009), it is mechanistically not clear how they could be
incorporated into the postmitotic neurons to exert their effect on
DNA methylation. Hypothetically, 5-aza may compete with cyto-
sine for incorporation into neuronal DNA through a base excision
repair (BER) mechanism if fear conditioning introduces DNA
damage, but it is yet unclear how such a mechanism would
contribute to the regulation of memory formation or whether the
observed effects are due to a secondary effect of the small mole-
cule. Regardless of how 5-aza and zebularine mediate the effects,
the authors were able to confirm that DNMT inhibition indeed
does disrupt long-term memory (Miller et al, 2010) using a non-
nucleoside DNMT inhibitor, RG108, whose function in inhibiting
DNA methylation does not require DNA replication (Brueckner
et al, 2005).

The majority of studies into the role of DNA methylation on
cognition using in vivo approaches mainly employ pharmacological
techniques (intracranial infusions) to inhibit DNMT enzymes in
animals. Consequently, these studies cannot definitively link the
observed effect to a specific DNMT isoform. Therefore, a major chal-
lenge in the field involves dissecting the functions of individual
epigenetic modifying enzymes and how they contribute to learning
and memory process. To begin to address this issue, studies using
mice lacking Dnmt1, Dnmt3a, or both showed that learning deficits
are only present in animals lacking both isoforms, but not in single
KO animals (Feng et al, 2010), suggesting some level of functional
redundancy between these two DNMT enzymes. Although we still
do not know exactly how DNA methylation functions to promote
and maintain memory, characterization of DNA methylation
patterns in the brain following stimulation (Guo et al, 2011a; Ma
et al, 2009) may shed light on this question.

DNA demethylation in learning and memory

Given that the DNA methylation level is controlled by the
concerted action of DNMTs and the demethylation machineries, it
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is not surprising that learning and memory is also linked to loss of
DNA methylation at certain genes. A recent study has shown that
the offspring of mice conditioned to fear the odor of acetophenone
(followed by electric foot shock) display greater behavioral sensi-
tivity to the odorant, but not other odors (Dias & Ressler, 2014).
Interestingly, fear conditioning results in hypomethylation of the
Olfr151, a gene specific for the acetophenone odorant receptor, in
fear-conditioned males as well as in their naive progeny (Dias &
Ressler, 2014). These results suggest that loss of DNA methylation
caused by a traumatic experience can be inherited to subsequent
generations. Although most of the studies on the role of DNA
methylation in learning and memory have been focused on
DNMTs, the recent identification of the DNA demethylation
pathway has provided a new angle by which to study epigenetic
changes involved in learning and memory (Kohli & Zhang, 2013;
Wu & Zhang, 2011).

As discussed earlier, DNA demethylation can be achieved
through TET-mediated oxidation followed by TDG-mediated cleavage
and BER (Fig 1). Interestingly, TET oxidation product ShmC
accumulates at the highest level in the mammalian brain when
compared to other tissues (Kriaucionis & Heintz, 2009; Szulwach
et al, 2011) and has been proposed to act as a mediator of passive
demethylation by interfering with DNMT1 (Smith & Meissner,
2013) as well as to function as a key intermediate of active deme-
thylation (Fig 1). Considering that all the three TET proteins
(TET1-3) are abundantly expressed in brain, they are believed to
have important functions in postmitotic neurons. In fact, oxidation
of 5mC to 5ShmC by TET1 has been shown to promote DNA deme-
thylation in the adult brain (Guo et al, 2011b). This study suggests
the involvement of the AID/APOBEC family of cytidine deaminases
in ShmC demethylation, but more recent studies suggest that these
deaminases favor unmodified cytosine (Nabel et al, 2012). Never-
theless, knockdown of endogenous TET1 in the dentate gyrus of
the hippocampus can reverse the demethylation observed in the
promoter region of Bdnf and Fgfl (Guo et al, 2011a) in animals
that receive synchronous electroconvulsive therapy (Ma et al,
2009). In addition, overexpression of TET3 has been shown to
disrupt anatomical targeting of neurons to the olfactory bulb (Col-
quitt et al, 2013), suggesting that TET proteins play a direct role in
activity-dependent DNA demethylation and in the development of
neuronal networks.

In addition to participating in neuronal DNA demethylation,
recent in vivo studies utilizing TET1 KO mice have shown that
global deletion of the protein impairs spatial learning and short-
term memory in a Morris water maze (Zhang et al, 2013).
However, another study has shown that deletion of TET1 affects
long-term depression in the hippocampus, and while spatial
memory and fear memory acquisition are unaffected, extinction of
these is severely compromised (Rudenko et al, 2013). Despite
conflicting reports of impaired spatial memory acquisition, both
studies point to the fact that TET1 is a key regulator of memory
extinction. A third report corroborates these findings, where fear
conditioning, neuronal activation ex vivo, and seizure induction in
vivo all reduce TET1 levels in the hippocampus, suggesting that
TET1 is actively regulated by neuronal activity (Kaas et al, 2013).
Interestingly, animals overexpressing TET1 in the dorsal hippo-
campus display impaired long-term fear memory formation,
while short-term memory remains unaffected (Kaas et al, 2013),
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indicating that homeostatic levels of TET1 are crucial for maintaining
proper memory acquisition and consolidation.

TET enzymes catalyze DNA demethylation in brain and thereby
regulate aspects of learning and memory. However, the underlying
mechanism remains elusive unless we can identify specific genes
involved in learning and memory that are susceptible to TET-
mediated transcriptional regulation. In this regard, TET1 KO mice
exhibit increased Npas4 promoter methylation (Rudenko et al,
2013). Npas4 is an activity-dependent transcription factor (Lin et al,
2008) that recruits RNA polymerase II to promoters of its target
memory-associated genes, thereby allowing contextual memory
formation. Importantly, Npas4 deficiency has also been implicated
in social cognitive regulation (Coutellier et al, 2012). Absence of
TET1 decreases expression of Npas4 and its target genes. Indeed,
selective deletion of Npas4 in the CA3 region of the hippocampus is
sufficient to disrupt memory formation (Ramamoorthi et al, 2011),
suggesting that, mechanistically, TET1 functions upstream of Npas4
in determining its ability to regulate genes necessary for contextual
memory formation. Looking forward, it would be interesting to test
the effect of a CA3-specific TET1 knockdown on Npas4 expression
and contextual memory formation. This would circumvent
confounds arising from any developmental compensation in a KO
mouse and provide greater anatomical specificity for this type of
regulation.

Epigenetic mechanisms underlying brain reward and
drug addiction

Reward processing is an integral neural event that ensures survival
in an organism, as it reinforces positive behaviors and experiences.
Perception of a reward is mediated by the brain reward system and
uses dopamine as its principal neurotransmitter. The ventral
tegmental area (VTA) is a midbrain region crucial to reward
processing and represents a major dopaminergic output in the brain.
Dopaminergic output from the VTA primarily projects to the nucleus
accumbens (NAc), a principal center for reward processing, while
the dorsal striatum (DST), another region heavily implicated in
addictive disorders, receives most of its dopaminergic input from
midbrain neurons in the substantia nigra pars compacta (SNpc)
(Fig 3) (Hyman et al, 2006; Russo & Nestler, 2013). Food reward
has been shown to activate dopaminergic neurons in the VTA.
Indeed, feeding behavior is heavily influenced by the expectation of
pleasure and reward, and this proves to be a very powerful motiva-
tor of consumption (Saper et al, 2002; Zheng & Berthoud, 2007). A
recent report suggests a role for DNA methylation in food reward.
The study shows that associative learning for sucrose rewards
increases methylation of learning-associated genes within dopami-
nergic neurons in the VTA and that inhibition of DNA methylation
in this brain region, but not the NAc, prevents acquisition of the
behavior (Day et al, 2013). This is the first report to link activity-
dependent DNA methylation and demethylation to appetitive behav-
ior such as volitional food reward consumption. Interestingly, it has
also been reported that chronic overeating of a highly palatable diet
leads to obesity that results in brain reward deficits as well as
reduced D2R availability (Johnson & Kenny, 2010)—a phenomenon
also seen in individuals with obesity (Volkow et al, 2008) and indi-
viduals with a history of cocaine abuse (Volkow et al, 1993). Just as
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TET/TDG

—p Mesolimbic DA pathway
------ ¥ Nigrostriatal DA pathway

—p Mesohippocampal DA
— Glutamatergic projection

Figure 3. The dopaminergic reward pathway and epigenetic

reward memory.

Dopamine (DA) output from the VTA primarily projects to the NAc and PFC (solid
black), and nigral DA output primarily projects to the DST (dashed black) (Hyman
et al, 2006; Russo & Nestler, 2013). However, the VTA also projects DAergic efferents
(red) to the hippocampus (Hipp) (Scatton et al, 1980), composing the upper arm of
the hippocampal-VTA loop (Lisman & Grace, 2005). Given the role of the
hippocampus and PFC in memory processing, it is possible that DNMT/TET-driven
epigenetic modifications in VTA DA neurons can regulate synaptic LTP within the
hippocampus, thereby promoting long-term reward memory formation in the PFC.
Image background of brain and corresponding structures are adapted from Brain
Explorer 2 software, Allen Mouse Brain Atlas (Lein et al, 2007).

the midbrain dopamine system plays a major role in regulating food
reward, drugs of abuse such as cocaine and nicotine have a very
powerful effect on dopaminergic output (Kalivas et al, 1988; Nisell
et al, 1994; Picciotto et al, 1998).

While natural rewards reinforce behaviors that help ensure
survival in an organism, drugs of abuse do not. As opposed to food,
drugs of abuse act directly on dopaminergic neurons, resulting in
overactivation of brain reward circuitry. Indeed, development of
addiction can be characterized by increased consumption, followed
by a persistent desire for, and to acquire, the drug. As consumption
further increases and becomes habitual, tolerance may develop, and
a negative affective state akin to withdrawal will be established
when the drug is unavailable. Finally, this cycle of behavior may
not only affect physiological reward processing, but also severely
compromise social and occupational activities of the individual
(Koob & Le Moal, 2001). It should be noted, however, that casual
drug use does not always result in transition to compulsive drug use
and addiction. In fact, only about 17% of cocaine users eventually
become addicted (Anthony et al, 1994).

Drug addiction is a complex and devastating disease. It incor-
porates genetic and environmental factors that when combined,
can hijack neural pathways involved in normal reward memory
processing, increase an individual’s propensity to abuse drugs,
and severely compromise their ability to stop. Fundamentally,
drug addiction can be seen as an aberrant learning disorder, as it
shares common mechanisms seen in memory acquisition and
maintenance (Everitt et al, 2001; Hyman et al, 2006; Kelley, 2004;
Thomas et al, 2008; Torregrossa et al, 2011). However, while our
knowledge of the epigenetic mechanisms governing learning and
memory has greatly increased over the last decade, we are only
beginning to understand the epigenetic mechanisms underlying
drug addiction.
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Histone modifications in drug reward

The term ‘addiction’ refers to a confluence of genetic, physiological,
and environmental factors that lead to uncontrolled drug intake and
significant lifestyle disruption; however, current behavioral models
of addiction focus primarily on the rewarding and motivational
aspects of drug intake. More specifically, animal models in the field
of addiction epigenetics primarily focus on behavioral responses to
administration of drugs of abuse as a way to measure drug reward.
While more comprehensive behavioral models would benefit the
interpretation of epigenetic studies, assessment of drug-induced
molecular changes and how they contribute to the behavior changes
are critical for understanding the development of addiction.

Histone acetylation Most of our knowledge on epigenetic regulation
of addiction has focused on the effects of psychostimulants such as
cocaine and amphetamine on histone modifications. Among these,
the most common modifications studied involve histone acetylation
and methylation. Cocaine exposure alters acetylated H3 and H4
levels in the NAc (Kumar et al, 2005; Schroeder et al, 2008; Shen
et al, 2008). For instance, acute cocaine exposure increases H4
acetylation at the promoter of c-Fos, an immediate early gene and a
marker of neuronal activation, while chronic exposure results in no
such a change (Kumar et al, 2005; Renthal et al, 2008). Neverthe-
less, chronic cocaine exposure can also result in gene activation that
is not induced by acute treatment. One such example is the acetyl-
ation of H3 at the BDNF and CDKS promoter regions (Kumar et al,
2005). While cocaine administration can alter histone acetylation at
many gene promoters, it does not necessarily result in altered tran-
scription in the NAc (Renthal et al, 2009). It is worth mentioning that
the lack of correlation does not imply that a similar changes in BDNF
promoter acetylation have been detected following cocaine exposure
(Sadri-Vakili et al, 2010), but rather highlights the complexity of
transcriptional output resulting from changes in histone acetylation.
Consistent with the above studies, behavioral tests measuring the
effect of HDAC deletion on cocaine sensitivity and reward have also
resulted in mixed outcomes. For instance, while deletion of HDACI
in the NAc attenuates behavioral responses to cocaine, deletion of
HDAC2 or HDAC3 in the NAc does not (Kennedy et al, 2013). Inter-
estingly, inhibition of HDAC3, the most highly expressed HDAC in
the brain (Broide et al, 2007), enhances extinction and prevents
reinstatement of cocaine seeking in a conditioned place preference
paradigm (Malvaez et al, 2013). To date, most behavioral studies
investigate the effects of psychostimulants on drug seeking and loco-
motor sensitization. However, to obtain a more complete picture on
the role of epigenetic modifications in drug addiction, behavioral
models of addiction more similar to the human condition, such as
intravenous drug self-administration, should be considered.

Histone methylation Several recent studies have investigated the
effects of drugs of abuse on histone methylation states. While drug
exposure fails to have a general effect on HMTs and HDMs, chronic
cocaine treatment represses G9a in the nucleus accumbens, as
evidenced by decreases in H3K9 dimethylation (Maze et al, 2010).
Additionally, G9a inhibition in NAc, either genetically or pharmaco-
logically, increases behavioral responses to cocaine and opiates, and
overexpressing G9a can reverse these effects (Maze et al, 2010; Sun
et al, 2012). Furthermore, Cre-dependent knockout of G9a in the
NAc increases dendritic arborization (Maze et al, 2010), suggesting
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that H3K9 dimethylation by G9a may play a role in drug-dependent
synaptic plasticity. Mechanistically, G9a appears to play a central
role in a negative feedback loop with AFosB, a long-lasting transcrip-
tion factor central to drug addiction (Feng & Nestler, 2013; Robison
& Nestler, 2011). G9a inhibits induction of AFosB, and in turn,
AFosB inhibits expression of G9a (Maze et al, 2010; Sun et al, 2012).
Additionally, prolonged HDAC inhibition not only inhibits behav-
ioral responses to cocaine, but also induces G9a expression, a finding
consistent with the ability of G9a overexpression to inhibit such
behavioral responses to psychostimulants (Kennedy et al, 2013).

While these findings support the involvement of epigenetic regu-
lation in drug reward, one also cannot undermine the role of tran-
scription factors in the recruitment and modulation of epigenetic
modifying enzymes. Indeed, transcription factors such as AFosB,
myocyte enhancer factor 2 (MEF2), and CREB are all known to
recruit epigenetic modifying enzymes (Robison & Nestler, 2011).
AFosB can drive CDKS transcription by recruiting CBP (Levine et al,
2005) and, conversely, inhibit c-Fos transcription by recruiting
HDACI1 (Renthal et al, 2008). MEF2 can recruit the class II HDAC,
p300, while CREB also binds CBP (He et al, 2011a; Robison &
Nestler, 2011). It is therefore likely that transcription factors and
epigenetic enzymes work in concert to mediate the transcriptional
regulation of drug reward.

DNA methylation in drug reward

There are relatively few studies to date that focus on the role of
DNA methylation in drug reward and addiction. It is known that
acute and chronic cocaine exposure promotes Dnmt3a expression in
the NAc (Anier et al, 2010; LaPlant et al, 2010). More specifically,
28-day cocaine withdrawal increases Dnmt3a levels in the NAc
regardless of whether the cocaine is self-administered or delivered
in a non-contingent manner. With regard to a causal relationship,
inhibition of Dnmt3a in the NAc via knockdown or via pharmaco-
logical administration of RG108 increases behavioral responses to
cocaine. Conversely, overexpression of Dnmt3a shows the opposite,
blunting cocaine reward. Plasticity is also affected, as chronic
cocaine use increases accumbal thin dendritic spine density, an
effect mimicked by local overexpression of Dnmt3a (LaPlant et al,
2010). In addition to Dnmt3a, the methyl-CpG binding protein
MeCP2 has also been linked to addiction. MeCP2 contributes to gene
silencing by recruiting HDACs to methylated DNA (Amir et al, 1999;
Van Esch et al, 2005). Chronic cocaine self-administration in rats
increases striatal MeCP2 levels. Interestingly, when MeCP2 is locally
knocked down in the striatum, rats decrease their cocaine intake
levels (Im et al, 2010). Conversely, genetic ablation of MeCP2 in the
NAc enhances amphetamine reward (Deng et al, 2010). While
Dnmt3a and MeCP2 appear to regulate aspects of drug reward, no
direct evidence of differential methylation of addiction-related genes
has been shown. Regardless, available evidence suggests a cocaine
reward-blunting role for Dnmt3a in the NAc and, in the case of
MeCP2, a paradoxical pattern of epigenetic regulation of drug
reward that is anatomically discrete.

Until recently, DNA demethylation has been a topic of much
speculation. It is clear now that TET enzymes regulate DNA deme-
thylation and likely play a central role in learning and memory (Guo
et al, 2011a,b; Kaas et al, 2013; Ma et al, 2009; Rudenko et al,
2013; Zhang et al, 2013). Similarly, DNA demethylation is likely
involved in adaptive and maladaptive changes in gene expression
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that contribute to the addiction phenotype. As mentioned earlier,
ShmC is a DNA demethylation intermediate highly enriched in the
brain, and intragenic Shmc is associated with gene transcription
(Szulwach et al, 2011). To date, studies that aim to profile genomic
methylation states utilize bisulfite sequencing that fails to distin-
guish 5mC from 5hmC. This limitation disguises genomic regions of
active demethylation in favor of transcriptionally repressive methy-
lated DNA. However, TET-assisted bisulfite sequencing (TAB-Seq)
allows for 5ShmC detection at single-base resolution (Yu et al, 2012)
and may provide a useful tool to more adequately investigate the
effects of drugs of abuse on brain DNA methylation states.

MicroRNAs in drug reward

Recent studies suggest that some of the epigenetic events can be
mediated by microRNAs (Bali & Kenny, 2013). Interestingly, cocaine
exposure can modulate microRNA (miRNA) levels in the NAc, such
as upregulation of miR-181 and downregulation of miR-124 and
let-7d. Importantly, modulation of miRNA levels corresponding to the
changes seen following cocaine exposure can potentiate behavioral
responses to the drug (Chandrasekar & Dreyer, 2009, 2011), suggest-
ing that transcriptional regulation of addiction-related genes by
miRNA is sufficient to increase susceptibility to drug reward. This
also implies that opposite directional manipulation of striatal miRNA
can curb cocaine reward and consumption. Indeed, overexpression of
striatal miR-212 reduces cocaine intake in rats through increasing
activity of CREB, a transcription factor that opposes cocaine reward
(Hollander et al, 2010; Robison & Nestler, 2011). These results further
suggest that in addition to histone and DNA modifications, miRNAs
can also play a significant role in the development of addiction.

Transgenerational inheritance of drug phenotypes

A classical interpretation of an epigenetic change dictates that it
must be heritable, and recent evidence suggests that preference for
drugs of abuse can also be inherited to subsequent generations. For
example, offspring of alcohol-preferring rats, when compared to
offspring of non-alcohol-preferring rats, show increased nicotine
intake and reinstatement following extinction, yet remarkably, do
not show any difference in cocaine intake (Le et al, 2006). In the
case of psychostimulants, male offspring from cocaine-experienced
sires display a cocaine-resistant phenotype, but normalize intake
when BDNF signaling is pharmacologically inhibited (Vassoler et al,
2013). Interestingly, cocaine-experienced sires show increased H3
acetylation and BDNF expression in sperm, indicating germline
epigenetic reprogramming (Vassoler et al, 2013). It is also important
to note that while the amount of drug consumed is a reliable reflec-
tion of the reinforcing properties of a drug, this is only one metric of
addiction and does not encompass the complete behavioral spec-
trum commensurate with drug addiction. Regardless, prolonged
drug use shows the potential to promote heritable epigenetic modifi-
cations that could place progeny at increased vulnerability for drug
abuse later in life.

Open questions and future directions
The examples presented above suggest that epigenetic regulation is

part of the mechanism underlying addiction. It is thus possible that
epigenetic modifications in dopaminergic VTA neurons by local
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TET/TDG-driven demethylation could regulate synaptic plasticity in
the hippocampus, promoting consolidation of long-term reward
memories in the PFC (Fig 3). Of course, this hypothesis focuses
solely on dopaminergic output, discounting other local cell types
that may contribute to the phenotype. As such, one area in the study
of epigenetic mechanisms of addiction that remains largely unad-
dressed is the neurochemical resolution at which epigenetic changes
occur to effect behavioral changes. Most of the studies presented in
this review focus on individual brain regions and not cell types. Just
as there are transcriptional repressors and silencing markers that
maintain gene expression under control, heterogeneity of neuron
types within a given brain region may have a role in regulating
neuronal activity. For instance, in addition to dopamine neurons,
the VTA is also populated by GABA neurons. Indeed, activation of
VTA GABA neurons is known to suppress excitation of dopamine
neurons (van Zessen et al, 2012), yet repeated exposure to cocaine
has been shown to disinhibit dopamine neurons via reduced activity
of GABA neurons within the VTA (Bocklisch et al, 2013). This
suggests that we cannot make absolute claims about the role of
epigenetic mechanisms on behavior based solely on a single brain
region unless we are able to precisely select a homogeneous neuro-
nal population and focus our manipulations and analysis on said
group of cells. Furthermore, as discussed earlier, caution should be
taken when attributing findings from pharmacological studies on
epigenetic modifying enzymes to addiction and learning behavior as
these may lack target specificity or be ineffective in postmitotic
neurons. However, recent advances in developing genome-editing
tools will soon allow us to investigate the role of specific epigenetic
modifying enzymes in the development of the addictive process
within distinct neuronal populations. For instance, the CRISPR/Cas9
system can facilitate this process by excising multiple genetic targets
with remarkable precision (Cong et al, 2013; Ran et al, 2013a,b).
This technology may permit the study of various epigenetic modify-
ing enzymes within specific subsets of neurons in vivo, thus
addressing a major challenge in the field. Additionally, some of the
studies discussed in this review correlate subtle changes in epige-
netic states with distinct behavioral phenotypes without addressing
the cause-and-effect relationship. In this regard, CRISPR/Cas9 tech-
nology will be very useful in addressing this issue as it may allow
precise manipulation of epigenetic states at specific genomic loci.

As mentioned earlier in this review, the study of addiction epige-
netics could benefit from behavioral models that more accurately
mirror drug intake in humans, such as intravenous drug self-
administration. This behavioral paradigm assesses the reinforcing
properties of a drug, where animals perform a learned operant task
(lever pressing) in order to receive an intravenous infusion of a drug
(Fowler & Kenny, 2011; Tuesta et al, 2011). This is a particularly
important distinction because the experimental animal has absolute
control over its drug intake, as opposed to reacting to a non-
contingent drug challenge that can result in altered stress hormone
transmission in the brain (Palamarchouk et al, 2009). While techni-
cally challenging, drug self-administration in mice yields valuable
insights into acquisition behavior, compulsivity, and relapse to drug
seeking (Fowler & Kenny, 2011). Thus, it can provide a more
complete behavioral model of drug addiction, especially given that
a majority of genetic manipulations are currently performed in mice.

There are relatively few studies that focus on the role of DNA
methylation and drug addiction, and to date, there are no studies
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that look at the role of DNA demethylation. The process of DNA
methylation has long been considered to be a stable, static process,
but with our recent understanding of the molecular mechanisms of
DNA demethylation catalyzed by the TET and TDG enzymes, DNA
methylation appears not to be as stable as previously thought. It will
therefore be necessary to address the specific role that DNA deme-
thylation machinery plays in the addiction process. Despite the chal-
lenges, regulation of DNA methylation states has the potential to
serve as a molecular switch that can drive memory formation and
shape vulnerability to substance abuse disorders.

The role of epigenetic mechanisms in learning and memory still
remains a nascent field of study; yet accumulating evidence suggests
that epigenetic mechanisms can regulate the ability to store long-
term memories. Maintenance of these memories can last for the life-
time of an individual and it is intriguing to speculate how drugs of
abuse can potentially induce similar lasting changes in reward path-
ways that may predispose a person to addiction. Drug addiction is
an exciting new frontier for investigation, as it is a behavior affected
by numerous genetic and environmental factors. The multifactorial
nature of the disease requires interdisciplinary contributions. In
order to develop a molecular understanding of addiction, we will
need to use genomic tools, such as RNA-Seq, whole-genome
bisulfite sequencing (WGBS), and Tet-assisted bisulfite sequencing
(TAB-Seq) to determine the effects of drugs of abuse on global
epigenetic modifications and gene expression. When combined
with powerful behavioral techniques such as intravenous self-
administration throughout various stages of the addictive process
and cell-specific manipulation of gene expression, our under-
standing of epigenetic mechanisms of addiction may yield exciting
new avenues for therapeutic intervention.

Acknowledgements

We thank Drs. Hao Wu, Christie Fowler, Paul Kenny, and Eric Nestler for critical
reading of the manuscript. We apologize to colleagues whose work cannot be
cited owing to space constrains. Work in the Zhang laboratory was supported
by NIH Grants GM68804 and U01DK089565. Y.Z. is an Investigator of the
Howard Hughes Medical Institute.

Conflict of interest
The authors declare that they have no conflict of interest.

References

Alarcon |M, Malleret G, Touzani K, Vronskaya S, Ishii S, Kandel ER, Barco A
(2004) Chromatin acetylation, memory, and LTP are impaired in CBP+/-
mice: a model for the cognitive deficit in Rubinstein-Taybi syndrome and
its amelioration. Neuron 42: 947 —959

Amir RE, Van den Veyver 1B, Wan M, Tran CQ, Francke U, Zoghbi HY (1999)
Rett syndrome is caused by mutations in X-linked MECP2, encoding
methyl-CpG-binding protein 2. Nat Genet 23: 185-188

Anier K, Malinovskaja K, Aonurm-Helm A, Zharkovsky A, Kalda A (2010) DNA
methylation regulates cocaine-induced behavioral sensitization in mice.
Neuropsychopharmacology 35: 2450 —2461

Anthony JC, Warner LA, Kessler RC (1994) Comparative epidemiology of
dependence on tobacco, alcohol, controlled substances, and inhalants:
basic findings from the National Comorbidity Survey. Exp Clin
Psychopharmacol 2: 244 —268

The EMBO Journal Vol 33| No 10 | 2014

1099



1100

The EMBO Journal

Bahari-Javan S, Maddalena A, Kerimoglu C, Wittnam J, Held T, Bahr M,
Burkhardt S, Delalle I, Kugler S, Fischer A, Sananbenesi F (2012) HDAC1
regulates fear extinction in mice. / Neurosci 32: 50625073

Bali P, Kenny PJ (2013) MicroRNAs and drug addiction. Frontiers in genetics 4:
43

Bannister A, Kouzarides T (2011) Regulation of chromatin by histone
modifications. Cell Res 21: 381—395

Benson LJ, Gu Y, Yakovleva T, Tong K, Barrows C, Strack CL, Cook RG, Mizzen
CA, Annunziato AT (2006) Modifications of H3 and H4 during chromatin
replication, nucleosome assembly, and histone exchange. J Biol Chem 281.:
9287 -9296

Bestor TH (1992) Activation of mammalian DNA methyltransferase by
cleavage of a Zn binding regulatory domain. EMBO J 11: 26112617

Bird AP (1986) CpG-rich islands and the function of DNA methylation. Nature
321: 209-213

Bliss TV, Collingridge GL (1993) A synaptic model of memory: long-term
potentiation in the hippocampus. Nature 361: 31—39

Bocklisch C, Pascoli V, Wong JC, House DR, Yvon C, de Roo M, Tan KR, Luscher
C (2013) Cocaine disinhibits dopamine neurons by potentiation of GABA
transmission in the ventral tegmental area. Science 341: 15211525

Borrelli E, Nestler EJ, Allis CD, Sassone-Corsi P (2008) Decoding the epigenetic
language of neuronal plasticity. Neuron 60: 961 —974

Broide RS, Redwine |M, Aftahi N, Young W, Bloom FE, Winrow CJ (2007)
Distribution of histone deacetylases 1-11 in the rat brain. / Mol Neurosci
31: 47-58

Brooks PJ, Marietta C, Goldman D (1996) DNA mismatch repair and DNA
methylation in adult brain neurons. j Neurosci 16: 939 —945

Brueckner B, Garcia Boy R, Siedlecki P, Musch T, Kliem HC, Zielenkiewicz P,
Suhai S, Wiessler M, Lyko F (2005) Epigenetic reactivation of tumor
suppressor genes by a novel small-molecule inhibitor of human DNA
methyltransferases. Cancer Res 65: 6305—6311

Campos El, Reinberg D (2009) Histones: annotating chromatin. Annu Rev
Genet 43: 559599

Chandrasekar V, Dreyer JL (2009) microRNAs miR-124, let-7d and miR-181a
regulate cocaine-induced plasticity. Mol Cell Neurosci 42: 350 362

Chandrasekar V, Dreyer JL (2011) Regulation of MiR-124, Let-7d, and
MiR-181a in the accumbens affects the expression, extinction, and
reinstatement of cocaine-induced conditioned place preference.
Neuropsychopharmacology 36: 11491164

Chen BT, Bowers MS, Martin M, Hopf FW, Guillory AM, Carelli RM, Chou JK,
Bonci A (2008) Cocaine but not natural reward self-administration nor
passive cocaine infusion produces persistent LTP in the VTA. Neuron 59:
288297

Chestier A, Yaniv M (1979) Rapid turnover of acetyl groups in the four core
histones of simian virus 40 minichromosomes. Proc Natl Acad Sci USA 76:
46-50

Colquitt BM, Allen WE, Barnea G, Lomvardas S (2013) Alteration of genic
5-hydroxymethylcytosine patterning in olfactory neurons correlates with
changes in gene expression and cell identity. Proc Natl Acad Sci USA 110:
1468214687

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X, Jiang W,
Marraffini LA, Zhang F (2013) Multiplex genome engineering using
CRISPR/Cas systems. Science 339: 819823

Coutellier L, Beraki S, Ardestani PM, Saw NL, Shamloo M (2012) Npas4: a
neuronal transcription factor with a key role in social and cognitive
functions relevant to developmental disorders. PLoS ONE 7: e46604

Day J), Sweatt |D (2011) Cognitive neuroepigenetics: a role for epigenetic
mechanisms in learning and memory. Neurobiol Learn Mem 96: 2—12

The EMBO Journal Vol 33| No 10 | 2014

Epigenetic memory and addiction  Luis M Tuesta & Yi Zhang

Day ]}, Childs D, Guzman-Karlsson MC, Kibe M, Moulden |, Song E, Tahir A,
Sweatt JD (2014) DNA methylation regulates associative reward learning.
Nat Neurosci 16: 14451452

Deng JV, Rodriguiz RM, Hutchinson AN, Kim IH, Wetsel WC, West AE (2010)
MeCP2 in the nucleus accumbens contributes to neural and behavioral
responses to psychostimulants. Nat Neurosci 13: 11281136

Dias BG, Ressler K] (2014) Parental olfactory experience influences behavior
and neural structure in subsequent generations. Nat Neurosci 17: 89—96

Emsley JG, Mitchell BD, Kempermann G, Macklis JD (2005) Adult neurogenesis
and repair of the adult CNS with neural progenitors, precursors, and stem
cells. Prog Neurobiol 75: 321341

Endres M, Meisel A, Biniszkiewicz D, Namura S, Prass K, Ruscher K, Lipski
A, Jaenisch R, Moskowitz MA, Dirnagl U (2000) DNA methyltrans-
ferase contributes to delayed ischemic brain injury. J Neurosci 20:
3175-3181

Endres M, Fan G, Meisel A, Dirnagl U, Jaenisch R (2001) Effects of cerebral
ischemia in mice lacking DNA methyltransferase 1 in post-mitotic
neurons. NeuroReport 12: 3763 —3766

English CM, Maluf NK, Tripet B, Churchill ME, Tyler JK (2005) ASF1 binds to a
heterodimer of histones H3 and H4: a two-step mechanism for the
assembly of the H3-H4 heterotetramer on DNA. Biochemistry 44:
13673-13682

English CM, Adkins MW, Carson J], Churchill ME, Tyler JK (2006) Structural basis
for the histone chaperone activity of Asfl. Cell 127: 495-508

Esteve PO, Chin HG, Smallwood A, Feehery GR, Gangisetty O, Karpf AR, Carey
MF, Pradhan S (2006) Direct interaction between DNMT1 and G9a
coordinates DNA and histone methylation during replication. Genes Dev
20: 30893103

Everitt BJ, Dickinson A, Robbins TW (2001) The neuropsychological basis of
addictive behaviour. Brain Res Brain Res Rev 36: 129-138

Fan G, Beard C, Chen RZ, Csankovszki G, Sun 'Y, Siniaia M, Biniszkiewicz D,
Bates B, Lee PP, Kuhn R, Trumpp A, Poon C, Wilson CB, Jaenisch R (2001)
DNA hypomethylation perturbs the function and survival of CNS neurons
in postnatal animals. / Neurosci 21: 788797

Fedorova E, Zink D (2008) Nuclear architecture and gene regulation. Biochim
Biophys Acta 1783: 21742184

Feng J, Nestler EJ (2013) Epigenetic mechanisms of drug addiction. Curr Opin
Neurobiol 23: 521528

Feng J, Chang H, Li E, Fan G (2005) Dynamic expression of de novo DNA
methyltransferases Dnmt3a and Dnmt3b in the central nervous system.

J Neurosci Res 79: 734—746

Feng J, Zhou Y, Campbell SL, Le T, Li E, Sweatt |D, Silva A}, Fan G (2010)
Dnmtl and Dnmt3a maintain DNA methylation and regulate synaptic
function in adult forebrain neurons. Nat Neurosci 13: 423—430

Fischer A, Sananbenesi F, Wang X, Dobbin M, Tsai LH (2007) Recovery of
learning and memory is associated with chromatin remodelling. Nature
447:178-182

Fowler CD, Kenny PJ (2011) Intravenous nicotine self-administration and
cue-induced reinstatement in mice: effects of nicotine dose, rate of drug
infusion and prior instrumental training. Neuropharmacology 61: 687 —698

Goll MG, Bestor TH (2005) Eukaryotic cytosine methyltransferases. Annu Rev
Biochem 74: 481-514

Guan JS, Haggarty S, Giacometti E, Dannenberg |H, Joseph N, Gao |, Nieland
TJ, Zhou Y, Wang X, Mazitschek R, Bradner JE, DePinho RA, Jaenisch R, Tsai
LH (2009) HDAC2 negatively regulates memory formation and synaptic
plasticity. Nature 459: 55— 60

Guo JU, Ma DK, Mo H, Ball MP, Jang MH, Bonaguidi MA, Balazer JA, Eaves HL,
Xie B, Ford E, Zhang K, Ming GL, Gao Y, Song H (2011a) Neuronal activity

© 2014 The Authors



Luis M Tuesta & Yi Zhang  Epigenetic memory and addiction

modifies the DNA methylation landscape in the adult brain. Nat Neurosci
14: 1345-1351

Guo JU, Su Y, Zhong C, Ming GL, Song H (2011b) Hydroxylation of
5-methylcytosine by TET1 promotes active DNA demethylation in the
adult brain. Cell 145: 423—-434

He J, Ye J, Cai Y, Riqguelme C, Liu JO, Liu X, Han A, Chen L (2011a) Structure of
p300 bound to MEF2 on DNA reveals a mechanism of enhanceosome
assembly. Nucleic Acids Res 39: 4464 — 4474

He YF, Li BZ, Li Z, Liu P, Wang Y, Tang Q, Ding J, Jia ¥, Chen Z, Li L, Sun Y, Li
X, Dai Q, Song CX, Zhang K, He C, Xu GL (2011b) Tet-mediated formation
of 5-carboxylcytosine and its excision by TDG in mammalian DNA. Science
333: 1303-1307

Hermann A, Goyal R, Jeltsch A (2004) The Dnmtl
DNA-(cytosine-C5)-methyltransferase methylates DNA processively with
high preference for hemimethylated target sites. J Biol Chem 279:
4835048359

Hollander JA, Im HI, Amelio AL, Kocerha J, Bali P, Lu Q, Willoughby D,
Wabhlestedt C, Conkright MD, Kenny PJ (2010) Striatal microRNA controls
cocaine intake through CREB signalling. Nature 466: 197 —202

Holliday R, Pugh JE (1975) DNA modification mechanisms and gene activity
during development. Science 187: 226 —232

Huang C, Xu M, Zhu B (2013) Epigenetic inheritance mediated by histone
lysine methylation: maintaining transcriptional states without the precise
restoration of marks? Philos Trans R Soc Lond B Biol Sci 368: 20110332

Hyman SE, Malenka RC, Nestler EJ (2006) Neural mechanisms of addiction:
the role of reward-related learning and memory. Annu Rev Neurosci 29:
565-598

Im HI, Hollander JA, Bali P, Kenny P} (2010) MeCP2 controls BDNF expression
and cocaine intake through homeostatic interactions with microRNA-212.
Nat Neurosci 13: 1120-1127

Inano K, Suetake I, Ueda T, Miyake Y, Nakamura M, Okada M, Tajima S
(2000) Maintenance-type DNA methyltransferase is highly expressed in
post-mitotic neurons and localized in the cytoplasmic compartment.
J Biochem 128: 315-321

Ito S, D’Alessio AC, Taranova OV, Hong K, Sowers LC, Zhang Y (2010) Role of
Tet proteins in 5mC to 5ShmC conversion, ES-cell self-renewal and inner
cell mass specification. Nature 466: 11291133

Ito S, Shen L, Dai Q, Wu SC, Collins LB, Swenberg JA, He C, Zhang Y (2011)
Tet proteins can convert 5-methylcytosine to 5-formylcytosine and
5-carboxylcytosine. Science 333: 13001303

Jackson V, Shires A, Chalkley R, Granner DK (1975) Studies on highly
metabolically active acetylation and phosphorylation of histones. J Biol
Chem 250: 4856 — 4863

Jaenisch R, Bird A (2003) Epigenetic regulation of gene expression: how the
genome integrates intrinsic and environmental signals. Nat Genet 33
(Suppl): 245-254

Jin SG, Wu X, Li AX, Pfeifer GP (2011) Genomic mapping of 5-hydroxymethyl-
cytosine in the human brain. Nucleic Acids Res 39: 5015—5024

Johnson PM, Kenny PJ (2010) Dopamine D2 receptors in addiction-like reward
dysfunction and compulsive eating in obese rats. Nat Neurosci 13:
635-641

Kaas GA, Zhong C, Eason DE, Ross DL, Vachhani RV, Ming GL, King JR, Song H,
Sweatt JD (2013) TET1 controls CNS 5-methylcytosine hydroxylation, active
DNA demethylation, gene transcription, and memory formation. Neuron
79: 1086 -1093

Kalivas PW, Duffy P, DuMars LA, Skinner C (1988) Behavioral and
neurochemical effects of acute and daily cocaine administration in rats.
J Pharmacol Exp Ther 245: 485—492

© 2014 The Authors

The EMBO Journal

Kelley AE (2004) Memory and addiction: shared neural circuitry and
molecular mechanisms. Neuron 44: 161179

Kennedy PJ, Feng ], Robison A}, Maze |, Badimon A, Mouzon E,
Chaudhury D, Damez-Werno DM, Haggarty SJ, Han MH, Bassel-Duby
R, Olson EN, Nestler EJ (2013) Class | HDAC inhibition blocks
cocaine-induced plasticity by targeted changes in histone methylation.
Nat Neurosci 16: 434 —440

Khare T, Pai S, Koncevicius K, Pal M, Kriukiene E, Liutkeviciute Z, Irimia
M, Jia P, Ptak C, Xia M, Tice R, Tochigi M, Morera S, Nazarians A,
Belsham D, Wong AH, Blencowe BJ, Wang SC, Kapranov P, Kustra R
et al (2012) 5-hmC in the brain is abundant in synaptic genes and shows
differences at the exon-intron boundary. Nat Struct Mol Biol 19:
1037-1043

Kim JJ, Jung MW (2006) Neural circuits and mechanisms involved in
Pavlovian fear conditioning: a critical review. Neurosci Biobehav Rev 30:
188202

Kim MS, Akhtar MW, Adachi M, Mahgoub M, Bassel-Duby R, Kavalali ET,
Olson EN, Monteggia LM (2012) An essential role for histone deacetylase 4
in synaptic plasticity and memory formation. J Neurosci 32: 10879 —10886

Klose RJ, Bird AP (2006) Genomic DNA methylation: the mark and its
mediators. Trends Biochem Sci 31: 89—97

Klose RJ, Kallin EM, Zhang Y (2006) JmjC-domain-containing proteins and
histone demethylation. Nat Rev Genet 7: 715727

Kohli RM, Zhang Y (2013) TET enzymes, TDG and the dynamics of DNA
demethylation. Nature 502: 472—479

Koob GF, Le Moal M (2001) Drug addiction, dysregulation of reward, and
allostasis. Neuropsychopharmacology 24: 97 —129

Kornberg RD, Lorch Y (1999) Twenty-five years of the nucleosome,
fundamental particle of the eukaryote chromosome. Cell 98: 285294

Kouzarides T (2007) Chromatin modifications and their function. Cell 128:
693705

Kriaucionis S, Heintz N (2009) The nuclear DNA base 5-hydroxymethylcytosine
is present in Purkinje neurons and the brain. Science 324: 929930

Kumar A, Choi KH, Renthal W, Tsankova NM, Theobald DE, Truong HT, Russo
SJ, Laplant Q, Sasaki TS, Whistler KN, Neve RL, Self DW, Nestler EJ (2005)
Chromatin remodeling is a key mechanism underlying cocaine-induced
plasticity in striatum. Neuron 48: 303—314

LaPlant Q, Vialou V, Covington HE 3rd, Dumitriu D, Feng J, Warren BL, Maze |,
Dietz DM, Watts EL, Iniguez SD, Koo JW, Mouzon E, Renthal W, Hollis F,
Wang H, Noonan MA, Ren Y, Eisch A, Bolanos CA, Kabbaj M et al (2010)
Dnmt3a regulates emotional behavior and spine plasticity in the nucleus
accumbens. Nat Neurosci 13: 1137 —-1143

Le AD, Li Z, Funk D, Shram M, Li TK, Shaham Y (2006) Increased vulnerability
to nicotine self-administration and relapse in alcohol-naive offspring of
rats selectively bred for high alcohol intake. / Neurosci 26: 1872 —1879

Leffak IM, Grainger R, Weintraub H (1977) Conservative assembly and
segregation of nucleosomal histones. Cell 12: 837 —845

Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A, Boe AF,
Boguski MS, Brockway KS, Byrnes EJ, Chen L, Chen L, Chen TM, Chin MC,
Chong J, Crook BE, Czaplinska A, Dang CN, Datta S, Dee NR et al (2007)
Genome-wide atlas of gene expression in the adult mouse brain. Nature
445: 168 -176

Leonhardt H, Page AW, Weier HU, Bestor TH (1992) A targeting sequence
directs DNA methyltransferase to sites of DNA replication in mammalian
nuclei. Cell 71: 865873

Levenson JM, Roth TL, Lubin FD, Miller CA, Huang IC, Desai P, Malone LM, Sweatt
JD (2006) Evidence that DNA (cytosine-5) methyltransferase regulates
synaptic plasticity in the hippocampus. J Biol Chem 281: 1576315773

The EMBO Journal Vol 33| No 10 | 2014

1101



The EMBO Journal

Levine AA, Guan Z, Barco A, Xu S, Kandel ER, Schwartz JH (2005)
CREB-binding protein controls response to cocaine by acetylating histones
at the fosB promoter in the mouse striatum. Proc Natl Acad Sci USA 102:
19186-19191

Lin Y, Bloodgood BL, Hauser JL, Lapan AD, Koon AC, Kim TK, Hu LS, Malik AN,
Greenberg ME (2008) Activity-dependent regulation of inhibitory synapse
development by Npas4. Nature 455: 1198 -1204

Lisman JE, Grace AA (2005) The hippocampal-VTA loop: controlling the entry
of information into long-term memory. Neuron 46: 703—713

Luscher C, Malenka RC (2012) NMDA receptor-dependent long-term
potentiation and long-term depression (LTP/LTD). Cold Spring Harb
Perspect Biol 4: pii: a005710

Ma DK, Jang MH, Guo JU, Kitabatake Y, Chang ML, Pow-Anpongkul N, Flavell
RA, Lu B, Ming GL, Song H (2009) Neuronal activity-induced Gadd45b
promotes epigenetic DNA demethylation and adult neurogenesis. Science
323: 1074 -1077

Malvaez M, McQuown SC, Rogge GA, Astarabadi M, Jacques V, Carreiro S,
Rusche JR, Wood MA (2013) HDAC3-selective inhibitor enhances extinction
of cocaine-seeking behavior in a persistent manner. Proc Natl Acad Sci USA
110: 2647 —2652

Margueron R, Trojer P, Reinberg D (2005) The key to development:
interpreting the histone code? Curr Opin Genet Dev 15: 163—176

Margueron R, Justin N, Ohno K, Sharpe ML, Son J, Drury WJ 3rd, Voigt P,
Martin SR, Taylor WR, De Marco V, Pirrotta V, Reinberg D, Gamblin SJ
(2009) Role of the polycomb protein EED in the propagation of repressive
histone marks. Nature 461: 762 —767

Martin C, Zhang Y (2005) The diverse functions of histone lysine methylation.
Nat Rev Mol Cell Biol 6: 838 —849

Martin C, Zhang Y (2007) Mechanisms of epigenetic inheritance. Curr Opin
Cell Biol 19: 266272

Maze I, Covington HE 3rd, Dietz DM, LaPlant Q, Renthal W, Russo SJ,
Mechanic M, Mouzon E, Neve RL, Haggarty SJ, Ren Y, Sampath SC, Hurd
YL, Greengard P, Tarakhovsky A, Schaefer A, Nestler EJ (2010) Essential role
of the histone methyltransferase G9a in cocaine-induced plasticity. Science
327 213-216

Metzger E, Wissmann M, Yin N, Muller M, Schneider R, Peters AH, Gunther T,
Buettner R, Schule R (2005) LSD1 demethylates repressive histone marks
to promote androgen-receptor-dependent transcription. Nature 437:
436-439

Miller CA, Sweatt D (2007) Covalent modification of DNA regulates memory
formation. Neuron 53: 857 —869

Miller CA, Gavin CF, White JA, Parrish RR, Honasoge A, Yancey CR, Rivera IM,
Rubio MD, Rumbaugh G, Sweatt JD (2010) Cortical DNA methylation
maintains remote memory. Nat Neurosci 13: 664 — 666

Milutinovic S, Zhuang Q, Szyf M (2002) Proliferating cell nuclear antigen
associates with histone deacetylase activity, integrating DNA replication
and chromatin modification. J Biol Chem 277: 20974 —20978

Moore LD, Le T, Fan G (2013) DNA methylation and its basic function.
Neuropsychopharmacology 38: 23—38

Nabel CS, Jia H, Ye Y, Shen L, Goldschmidt HL, Stivers JT, Zhang Y, Kohli RM
(2012) AID/APOBEC deaminases disfavor modified cytosines implicated in
DNA demethylation. Nat Chem Biol 8: 751 —758

Nisell M, Nomikos GG, Svensson TH (1994) Systemic nicotine-induced
dopamine release in the rat nucleus accumbens is regulated by nicotinic
receptors in the ventral tegmental area. Synapse 16: 36 —44

Oliveira AM, Hemstedt TJ, Bading H (2012) Rescue of aging-associated decline
in Dnmt3a2 expression restores cognitive abilities. Nat Neurosci 15:
1111-1113

The EMBO Journal Vol 33| No 10 | 2014

Epigenetic memory and addiction  Luis M Tuesta & Yi Zhang

Ooi SK, Bestor TH (2008) The colorful history of active DNA demethylation.
Cell 133: 1145-1148

Palamarchouk V, Smagin G, Goeders NE (2009) Self-administered and passive
cocaine infusions produce different effects on corticosterone
concentrations in the medial prefrontal cortex (MPC) of rats. Pharmacol
Biochem Behav 94: 163 -168

Pesavento |}, Yang H, Kelleher NL, Mizzen CA (2008) Certain and progressive
methylation of histone H4 at lysine 20 during the cell cycle. Mol Cell Biol
28: 468 —486

Picciotto MR, Zoli M, Rimondini R, Lena C, Marubio LM, Pich EM, Fuxe K,
Changeux JP (1998) Acetylcholine receptors containing the beta2 subunit
are involved in the reinforcing properties of nicotine. Nature 391: 173177

Ramamoorthi K, Fropf R, Belfort GM, Fitzmaurice HL, McKinney RM,
Neve RL, Otto T, Lin Y (2011) Npas4 regulates a transcriptional
program in CA3 required for contextual memory formation. Science 334:
16691675

Ran FA, Hsu PD, Lin CY, Gootenberg JS, Konermann S, Trevino AE, Scott DA,
Inoue A, Matoba S, Zhang Y, Zhang F (2013a) Double nicking by
RNA-guided CRISPR Cas9 for enhanced genome editing specificity. Cell
154: 1380-1389

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F (2013b) Genome
engineering using the CRISPR-Cas9 system. Nat Protoc 8: 2281—2308

Renthal W, Carle TL, Maze |, Covington HE 3rd, Truong HT, Alibhai I, Kumar
A, Montgomery RL, Olson EN, Nestler EJ (2008) Delta FosB mediates
epigenetic desensitization of the c-fos gene after chronic amphetamine
exposure. | Neurosci 28: 7344 —7349

Renthal W, Kumar A, Xiao G, Wilkinson M, Covington HE 3rd, Maze |, Sikder
D, Robison AJ, LaPlant Q, Dietz DM, Russo SJ, Vialou V, Chakravarty S,
Kodadek TJ, Stack A, Kabbaj M, Nestler EJ (2009) Genome-wide analysis of
chromatin regulation by cocaine reveals a role for sirtuins. Neuron 62:
335-348

Robison AJ, Nestler EJ (2011) Transcriptional and epigenetic mechanisms of
addiction. Nat Rev Neurosci 12: 623637

Rogan MT, Staubli UV, LeDoux JE (1997) Fear conditioning induces associative
long-term potentiation in the amygdala. Nature 390: 604 —607

Rudenko A, Dawlaty MM, Seo |, Cheng AW, Meng |, Le T, Faull KF, Jaenisch R,
Tsai LH (2013) Tetl is critical for neuronal activity-regulated gene
expression and memory extinction. Neuron 79: 11091122

Russo SJ, Nestler EJ (2013) The brain reward circuitry in mood disorders. Nat
Rev Neurosci 14: 609 —625

Sadri-Vakili G, Kumaresan V, Schmidt HD, Famous KR, Chawla P, Vassoler FM,
Overland RP, Xia E, Bass CE, Terwilliger EF, Pierce RC, Cha JH (2010)
Cocaine-induced chromatin remodeling increases brain-derived
neurotrophic factor transcription in the rat medial prefrontal cortex,
which alters the reinforcing efficacy of cocaine. J Neurosci 30:
11735-11744

Sando R 3rd, Gounko N, Pieraut S, Liao L, Yates | 3rd, Maximov A (2012)
HDAC4 governs a transcriptional program essential for synaptic plasticity
and memory. Cell 151: 821834

Saper CB, Chou TC, EImquist JK (2002) The need to feed: homeostatic and
hedonic control of eating. Neuron 36: 199211

Scatton B, Simon H, Le Moal M, Bischoff S (1980) Origin of dopamin-ergic
innervation of the rat hippocampal formation. Neurosci Lett 18: 125-131

Schroeder FA, Penta KL, Matevossian A, Jones SR, Konradi C, Tapper AR,
Akbarian S (2008) Drug-induced activation of dopamine D(1) receptor
signaling and inhibition of class I/Il histone deacetylase induce chromatin
remodeling in reward circuitry and modulate cocaine-related behaviors.
Neuropsychopharmacology 33: 2981 — 2992

© 2014 The Authors



Luis M Tuesta & Yi Zhang  Epigenetic memory and addiction

Shen HY, Kalda A, Yu L, Ferrara J, Zhu |, Chen JF (2008) Additive effects of
histone deacetylase inhibitors and amphetamine on histone H4
acetylation, CAMP responsive element binding protein phosphorylation
and DeltaFosB expression in the striatum and locomotor sensitization in
mice. Neuroscience 157: 644 —655

Shen L, Wu H, Diep D, Yamaguchi S, D’Alessio AC, Fung HL, Zhang K, Zhang Y
(2013) Genome-wide analysis reveals TET- and TDG-dependent
5-methylcytosine oxidation dynamics. Cell 153: 692 —706

Smith ZD, Meissner A (2013) DNA methylation: roles in mammalian
development. Nat Rev Genet 14: 204 —220

Stefanko DP, Barrett RM, Ly AR, Reolon GK, Wood MA (2009) Modulation of
long-term memory for object recognition via HDAC inhibition. Proc Natl
Acad Sci USA 106: 9447 —9452

Sun H, Maze |, Dietz DM, Scobie KN, Kennedy P}, Damez-Werno D, Neve RL,
Zachariou V, Shen L, Nestler EJ (2012) Morphine epigenomically regulates
behavior through alterations in histone H3 lysine 9 dimethylation in the
nucleus accumbens. J Neurosci 32: 17454 —17464

Sutcliffe JS, Nelson DL, Zhang F, Pieretti M, Caskey CT, Saxe D, Warren ST
(1992) DNA methylation represses FMR-1 transcription in fragile X
syndrome. Hum Mol Genet 1: 397 — 400

Swank MW, Sweatt |D (2001) Increased histone acetyltransferase and lysine
acetyltransferase activity and biphasic activation of the ERK/RSK
cascade in insular cortex during novel taste learning. | Neurosci 21:
3383-3391

Sweet SM, Li M, Thomas PM, Durbin KR, Kelleher NL (2010) Kinetics of
re-establishing H3K79 methylation marks in global human chromatin.

J Biol Chem 285: 32778 —32786

Szulwach KE, Li X, Li Y, Song CX, Wu H, Dai Q, Irier H, Upadhyay AK, Gearing
M, Levey Al, Vasanthakumar A, Godley LA, Chang Q, Cheng X, He C, Jin P
(2011) 5-hmC-mediated epigenetic dynamics during postnatal
neurodevelopment and aging. Nat Neurosci 14: 1607 —1616

Szyf M (2009) Epigenetics, DNA methylation, and chromatin modifying drugs.
Annu Rev Pharmacol Toxicol 49: 243263

Tagami H, Ray-Gallet D, Almouzni G, Nakatani Y (2004) Histone H3.1 and
H3.3 complexes mediate nucleosome assembly pathways dependent or
independent of DNA synthesis. Cell 116: 5161

Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, Brudno VY, Agarwal S,
lyer LM, Liu DR, Aravind L, Rao A (2009) Conversion of 5-methylcytosine to
5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1.
Science 324: 930935

Thomas M, Kalivas PW, Shaham Y (2008) Neuroplasticity in the mesolimbic
dopamine system and cocaine addiction. Br / Pharmacol 154: 327 —342

Toni N, Buchs PA, Nikonenko I, Bron CR, Muller D (1999) LTP promotes
formation of multiple spine synapses between a single axon terminal and
a dendrite. Nature 402: 421—425

Torregrossa MM, Corlett PR, Taylor JR (2011) Aberrant learning and memory
in addiction. Neurobiol Learn Mem 96: 609 —623

Tsukada Y, Fang J, Erdjument-Bromage H, Warren ME, Borchers CH, Tempst
P, Zhang Y (2006) Histone demethylation by a family of JmjC
domain-containing proteins. Nature 439: 811-816

Tuesta LM, Fowler CD, Kenny PJ (2011) Recent advances in understanding
nicotinic receptor signaling mechanisms that regulate drug
self-administration behavior. Biochem Pharmacol 82: 984 —995

Van Esch H, Bauters M, Ignatius J, Jansen M, Raynaud M, Hollanders K,
Lugtenberg D, Bienvenu T, Jensen LR, Gecz J, Moraine C, Marynen P, Fryns
JP, Froyen G (2005) Duplication of the MECP2 region is a frequent cause

© 2014 The Authors

The EMBO Journal

of severe mental retardation and progressive neurological symptoms in
males. Am | Hum Genet 77: 442 —453

Vassoler FM, White SL, Schmidt HD, Sadri-Vakili G, Pierce RC (2013) Epigenetic
inheritance of a cocaine-resistance phenotype. Nat Neurosci 16: 42—47

Veldic M, Caruncho HJ, Liu WS, Davis J, Satta R, Grayson DR, Guidotti A, Costa
E (2004) DNA-methyltransferase 1 mRNA is selectively overexpressed in
telencephalic GABAergic interneurons of schizophrenia brains. Proc Natl
Acad Sci USA 101: 348 —353

Volkel P, Angrand PO (2007) The control of histone lysine methylation in
epigenetic regulation. Biochimie 89: 1—20

Volkow ND, Fowler ]S, Wang GJ, Hitzemann R, Logan |, Schlyer DJ, Dewey SL,
Wolf AP (1993) Decreased dopamine D2 receptor availability is associated
with reduced frontal metabolism in cocaine abusers. Synapse 14: 169177

Volkow ND, Wang GJ, Telang F, Fowler S, Thanos PK, Logan |, Alexoff D, Ding
YS, Wong C, Ma Y, Pradhan K (2008) Low dopamine striatal D2 receptors
are associated with prefrontal metabolism in obese subjects: possible
contributing factors. Neurolmage 42: 1537 —1543

Weintraub H, Worcel A, Alberts B (1976) A model for chromatin based upon
two symmetrically paired half-nucleosomes. Cell 9: 409417

Wood MA, Attner MA, Oliveira AM, Brindle PK, Abel T (2006a) A transcription
factor-binding domain of the coactivator CBP is essential for long-term
memory and the expression of specific target genes. Learn Mem 13:
609-617

Wood MA, Hawk |D, Abel T (2006b) Combinatorial chromatin modifications
and memory storage: a code for memory? Learn Mem 13: 241244

Wu H, Zhang Y (2011) Mechanisms and functions of Tet protein-mediated
S5-methylcytosine oxidation. Genes Dev 25: 2436 — 2452

Xu M, Long C, Chen X, Huang C, Chen S, Zhu B (2010) Partitioning of histone
H3-H4 tetramers during DNA replication-dependent chromatin assembly.
Science 328: 94-98

Xu M, Wang W, Chen S, Zhu B (2012) A model for mitotic inheritance of
histone lysine methylation. EMBO Rep 13: 6067

Yamane K, Toumazou C, Tsukada Y, Erdjument-Bromage H, Tempst P, Wong |,
Zhang Y (2006) JHDM2A, a JmjC-containing H3K9 demethylase, facilitates
transcription activation by androgen receptor. Cell 125: 483495

Yu M, Hon GC, Szulwach KE, Song CX, Zhang L, Kim A, Li X, Dai Q, Shen Y,
Park B, Min JH, Jin P, Ren B, He C (2012) Base-resolution analysis of
5-hydroxymethylcytosine in the mammalian genome. Cell 149: 13681380

Zee BM, Levin RS, Xu B, LeRoy G, Wingreen NS, Garcia BA (2010) In vivo
residue-specific histone methylation dynamics. J Biol Chem 285:
3341-3350

van Zessen R, Phillips JL, Budygin EA, Stuber GD (2012) Activation of VTA
GABA neurons disrupts reward consumption. Neuron 73: 11841194

Zhang Y (2003) Transcriptional regulation by histone ubiquitination and
deubiquitination. Genes Dev 17: 27332740

Zhang L, Lu X, Lu J, Liang H, Dai Q, Xu GL, Luo C, Jiang H, He C (2012)
Thymine DNA glycosylase specifically recognizes
5-carboxylcytosine-modified DNA. Nat Chem Biol 8: 328 -330

Zhang RR, Cui QY, Murai K, Lim YC, Smith ZD, Jin S, Ye P, Rosa L, Lee YK, Wu
HP, Liu W, Xu ZM, Yang L, Ding YQ, Tang F, Meissner A, Ding C, Shi Y, Xu
GL (2013) Tetl regulates adult hippocampal neurogenesis and cognition.
Cell Stem Cell 13: 237 —245

Zheng H, Berthoud HR (2007) Eating for pleasure or calories. Curr Opin
Pharmacol 7: 607 —612

Zhu B, Reinberg D (2011) Epigenetic inheritance: uncontested? Cell Res 21:
435-441

The EMBO Journal Vol 33| No 10 | 2014

1103



