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INTRODUCTION

Drug addiction is chronic relapsing disorder chesased by compulsive pattern of drug
seeking and taking behaviour despite severe adwarssequences (Kalivas et a005;
Hyman et al.,2006; Koob and Kreek, 2007). Prolonged use of abudrigs, such as
psychostimulants, may contribute to behaviouraloaimalities that can last for months or
even years after discontinuation of drug consumptizrug addiction is a multi-factorial and
polygenic disorder that does not conform to a semplendelian transmission pattern
(Goldman, 1993; Enoch and Goldman, 1999; Goldmaal.et2005; Wong et al., 2011).
Individuals are differentially vulnerable to substa abuse, not everyone who uses an
addictive substance becomes addicted. Extensivieological studies show that roughly
half of an individual’s risk for drug addiction genetic, but the specific genes that confer risk
for drug addiction are not well known (Nestler, 20@oldman et al., 2005; Hyman et al.,
2006), although several possible candidates haae pmposed (Wang et al., 2012).

Entrance into addicted statearly results from the interplay between inhekite
predisposition (e.g. via genetic variants mediatimg personality traits associated with drug-
seeking behaviour and dependence) and the envirdnfeay. actual exposure to drugs of
abuse)(Nestler, 2001; Goldman et al., 2005; Wong et 2011). There is evidence that
stressful and traumatic experiences in early lieveh also a long-lasting impact on
individual's behaviour. However, the mechanisms chhmediate the effects of the early
environment on the behaviour are not yet fully usttedd. Recent findings suggest that
epigenome, which consists of the machinery for @gning long-term gene expression
profiles and thus defines gene function and pheetgan be modulated by a variety of
environmental factors, including nutrients, chersicand early-life environment (Weaver et
al., 2004; Waterland et al., 2006; Roth et al.,208zyf, 2009). Therefore, the epigenome
provides an important interface between genes amdomment and may be viewed as a
potential mechanism underlying the rapid form ofvienmentally driven adaptation
(Franklin and Mansuy, 2010).

Repeated administration of psychostimulants (siclkagaine) induces an enhanced
behavioural response to subsequent drug expospteeraomenon known as psychomotor or
behavioural sensitisation (Robinson and Berridgf931 Pierce and Kalivas, 1997
Psychostimulant-induced behavioral sensitisatiorodents provides a model of the addictive
behaviours (such as those associated with cravidgedapse) and psychotic complications of
psychostimulant abuse (Robinson and Becker, 1#8#)avioural sensitisation is remarkable
persistent phenomenon. In rodents, it can persrsiionth to years after drug treatment is
discontinued. Persistent behavioural sensitisatidicates that drug-induced short- and long-
term changes in gene expression may be involveduralating data suggest that epigenetic
mechanisms (such as DNA methylation, histone moatibns and microRNA) - key cellular
processes that interpret diverse environmental uitimto long-lasting changes in gene
expression via the regulation of chromatin struetur contribute to drug-induced
transcriptional and behavioural changes (Kumar.e805; Levine et al., 2005; Renthal et
al., 2007; Renthal and Nestler, 2008; Wang eall0).
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The general aim of the present study was to ingatgithe role of DNA methylation
in the development of cocaine-induced behaviowrakgisation in mice and rats. The more
specific aims were: a) to determine the role ofanoe treatment on DNA methyltransferases
(DNMT) and selected genes expression in the nu@deasmbens (NAc) of adult mice and to
assess the effect of DNMT inhibitor zebularine dre tdevelopment of behavioural
sensitisation in mice; b) to investigate the rdienethyl donor S-adenosylmethionine (SAM)
on cocaine-induced gene expression changes amitdedopment of behavioural sensitisation
in mice; c) using maternal separation (MS) as aty d¢ife stress modelo evaluatevhether
the MS on rats could alter cocaine-induced behaal@ensitisation in adulthood via aberrant
DNA methylation.
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REVIEW OF THE LITERATURE

1. Drug addiction and behavioural sensitisation

Drug addiction can be defined as the loss of cbwtver drug use, or the compulsive seeking
and taking of drugs despite adverse consequencesti¢l 2001). Once a person becomes
addicted to drugs of abuse, only few effective dpers exist. Therefore, understanding of the
neural mechanisms that underlie the transition frecreational drug use to a chronically
addicted state, and the mechanisms which are reggperfor the persistence of addictive
behaviours even after prolonged drug abstinenceildvprovide clues into how block or
reverse the addicted state and thereby diminishateeof relapse (for a review see Renthal
and Nestler, 2008).

Psychostimulants, such as cocaine and amphetaotiaege a neuronal structure and
function in the specific brain regions, resultimgpersistent changes at the molecular, cellular
systems and behavioural levels (Paulson et all;1R8o0b and LeMoal, 2001; Nestler, 2001;
McQuown and Wood, 2010). Repeated administrationpgychostimulants induces an
enhanced behavioural response to subsequent dnogswee, a phenomenon known as
psychomotor or behavioural sensitisation that casigt for months (Robinson and Berridge,
1993; Pierce and Kalivas, 1997). Behavioural sesagibn can be separated into two
components - induction and expression of sensiisatinduction of sensitisation indicates to
the progressive increase in locomotor activity dgrihe repeated drug treatment. Expression
of sensitisation is demonstrated following challength a low dose of psychostimulant after
a drug-free period (McQuown and Wood, 2010). Psgthwlant-induced behavioural
sensitisation in rodents provides a model for addicbehaviours such as those associated
with craving and relapse, as well as for psychotmplications of psychostimulant abuse
(Koob and Bloom, 1988; Robinson and Berridge, 198n et al., 2003).

Several neuropharmacological studies indicate dinagjs of abuse activate the brain
reward circuitry, which centres on dopaminergicroes in the ventral tegmental area (VTA)
of the midbrain and their projections to the limigigstem - in particular, the NAc, dorsal
striatum, amygdala, hippocampus and regions ofrgmédl cortex (Figure 1) (Kalivas and
Volkow, 2005; Koob and LeMoal, 2005; Hyman et a006; Robinson and Nestler, 2011).
Under normal conditions, this reward circuitry qotg an individual's responses to natural
rewards, such as food, sex, play and social iniere&z Compared to the natural rewards,
drugs of abuse activate this reward circuitry fasrenstrongly and persistently, and without
association with productive behavioural outcomehlro@ic exposure to drugs modulates
described brain reward regions in part through mdustatic desensitisation that renders the
individual unable to attain sufficient feelings r@&ward in the absence of drug (for a review
see Robinson and Nestler, 2011).
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NACc -~ 8
Amygdala "/
YTA =

Figure 1. The brain describes dopaminergic afferents thajirmate in the ventral tegmental area
(VTA) and release dopamine in the nucleus accumifAs) and other limbic targets. Thalamus
(Thal), prefrontal cortex (PFC) (modified from Robon and Nestler, 2011).

The addictive phenotype may persists for the lemdtan individual's life with drug
craving and relapse occurring after weeks, monthseven years of abstinence. This
persistence suggests that drugs of abuse indugddsting changes in the brain that underlie
addiction behaviours (Robinson and Nestler, 20Thgrefore, it has been hypothesized that
persistent alterations in gene expression couldebponsible for the long-term behavioural
and structural changes (Nestler and Aghajaniany)199

The classic mechanism for gene expression regualagsothrough the actions of
transcription factors, which are proteins thateaaponse to cell signaling pathways are able to
bind to specific DNA sequences in the promoter amgiof target genes, and increase or
decrease gene expression by promoting or blockiagecruitment of the RNA polymerase-I|
transcriptional complex (Robinson and Nestler, 301tLlhas been proposed that drugs of
abuse activate certain transcription factors amuletty cause adaptive changes in neuronal
structure and function (Kalivas et al., 2003). Despthe fact that several different
transcription factors exist, two, the most and ledstracterised transcription factors (related
with drug addiction) are cyclic adenosine monophasp (CAMP) response element-binding
protein (CREB) and\FosB (Nestler et al., 2001; McClung and Nestle30

Phosphorylation of CREB by protein kinase A (PKA)sarinel33 (Serl33) is an
important event in the activation of CREB and cAv#3ponse element (CRE)-dependent
gene expression. Furthermore, phosphorylation ocEBRt Serl33 allows recruitment of
transcriptional coactivator, CREB-binding prote@BP), that in turn promotes transcription
(Carlezon et al., 2005; Briand and Blendy, 2010;biReon and Nestler, 2011).
Psychostimulants and opiates upregulate the cAMRAway and thereby increase CREB
activity in multiple brain regions, including theAd and dorsal striatum (Carlezon et al.,
2005; Edwards et al., 2007; Briand and Blendy, 20Riudies involving the inducible
overexpression of CREB or a dominant negative nmutaritransgenic mice or with viral
vectors have demonstrated that CREB inductionerNAc decreases the rewarding effects of
cocaine and opiates (Carlezon et al., 1998; Batrai., 2002; Robinson and Nestler, 2011).
Data by Walters and Blendy (2001) have demonstridt@dmice who had partially deficient
in CREB (CREB * mutant mice lack the andA isoforms of CREB) showed an enhanced
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response to the reinforcing properties of cocaimmpmared with their wild-type controls in
both conditioned place preference (CPP) and ssasdn behaviours (Walters and Blendy,
(2001). These results suggest that drug-inducedBC&HHvation/phosphorylation in the NAc
comprises a negative feedback mechanism which dasnfeehavioural sensitivity to
subsequent drug exposure (Carlezon et al., 2006n €h al., 2009). However, temporally
CREB is induced rapidly after each drug treatmefitets are relatively short-lived) and
returns to baseline after a few hours (Nestler8200

Transcription factoAFosB (encoded by tHesBgene) is a member of the Fos family,
which consists ofc-fos fosh fra-1 and fra-2 genes (Nestler et al.,, 2001; Nestler, 2008).
AF0sB heterodimerizes with Jun family proteins (o;JdunB, JunD) to form activator
protein-1 (AP-1; known as transcription factor APebmplexes which bind to AP-1 sites in
responsive genes to regulate transcription (Cuarah Franza 1988; Jorissen et al., 2007;
Nestler, 2008). It has been found that acute expasudrug of abuse cause transient increase
in members of the transcription factor Fos familycluding c-fos fosB in the NAc and
dorsal striatum (Nestler et al., 2001). During @&pd drug of abuse exposure the expression
of transcription factorAFosB is increased several fold and often persatg lafter drug
exposure ceases. Thus-osB extraordinary stability in neurons has ledh theory that it
plays an important role in the onset of drug adolic{Bowers et al., 2004; McClung et al.,
2004; Kalivas and O’Brien, 2008). Indeed, severavius studies have demonstrated that
AFosB is linked directly to addiction-related belmaws. It has been found that prolonged
AFosB expression in the NAc increases the rewardiferts of cocaine. For example, mice
overexpressingAFosB demonstrated increased CPP, self-administraind incentive
motivation for cocaine (Kelz et al., 1999; Nestl2001; Colby et al., 2003; Peakman et al.,
2003). However, mice that express a dominant-neg&dirm of cJunA4cJun), which disrupts
normal AP-1 function, demonstrated less prefereiocecocaine (Nestler, 2008). Thus, to
summarize, it seems that gene expression inducethdry-termAFosB and by CREB reduce
the rewarding effects of cocaine, while prolong€ebsB expression increase drug reward.
Furthermore, it has been demonstrated that geneessipn after a short cocaine exposure
was dependent on CREB, while gene expression afi@nger cocaine treatment wasosB
dependent (McClung and Nestler, 2003; Nestler, 2008

Moreover, altered expression Afjs3(activator of G protein signaling 3) (Bowers et
al., 2004) andBdnf (brain-derived neurotrophic factor) (Grimm et a003) has been reported
weeks after the last drug experience (Renthal aestlél, 2008). Manipulation of these genes
in rodents regulates drug relapse behaviour (Bowerd., 2004; Lu et al., 2004; Graham et
al., 2007; Renthal and Nestler, 2008). A multituwfemicroarray studies under different
experimental conditions have identified severaleptal target genes for drugs of abuse in
distinct brain reward regions that may promote heirt long-lasting behavioural effects
(Freeman et al., 2001; McClung and Nestler, 2003fehov et al., 2003; Yao et al., 2004,
McClung et al., 2005; Winstanley et al., 2007; lafland Nestler, 2011). Several recent data
suggest that epigenetic mechanisms - key cellulacgsses that interpret diverse
environmental stimuli into long-lasting changesgene expression via the regulation of
chromatin structure - contribute to drug-inducednsgcriptional and behavioural changes
(Kumar et al., 2005; Levine et al., 2005; Renthiable, 2007; Renthal and Nestler, 2008;
Wang et al., 2010).
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2. Epigenetics and epigenetic mechanisms

The sequence of nucleotides comprising an indivislugenome is identical, with the
exception of a few rare somatic mutations, acrdsxals in the body. However, at a
functional level the genome is anything but staticd DNA is structurally much more
complex than a string of nucleotides (Wong et20)11). Every cell in our bodies contains the
same DNA sequence and each has its own unique fpencharacterised by a specific
pattern of gene expression that is in a constaté sif flux. In context of determining the
phenotype of a cell it is important also the dedeeavhich specific genes are functionally
active at any particular time in development. Thees sequencing the genome was only the
first step in our quest to understand how genee®gpeessed and regulated (for a review see
Smith and Mill, 2011; Wong et al., 2011).

Accumulating evidences indicate that above the D3¢fuence is a second layer of
information - the epigenome - that regulates whed where genes are turned on or off.
Historically, the term epigenetics (literally meagi“above genetics’\vas coined by Conrad
Hal Waddington in 1942 to describe the examinatdrcausal mechanisms whereby the
genes of the genotype bring about phenotypic eff@idig, 2004; McQuown and Wood,
2010). At present, epigenetics can be defined ag-liwed and reversible modifications to
nucleotides or chromosomes that do not changedfeesce but can alter gene expression
and phenotype (LaSalle et al., 2013). Epigenetichaeisms are essential for normal cellular
development and differentiation, and allow the lbewgn regulation of gene function through
non-mutagenic mechanisms (Smith and Mill, 2011ke$a data suggest that alterations of
epigenetic mechanisms affect the vast majority atlear processes (including gene
transcription and silencing), DNA replication arapair, cell cycle, telomere and centromere
function and structure (Gonzalo, 2010). During k&t decade the field of epigenetics has
developed into one of the most influential areas@éntific research and has become an
important topic in several neurobiology fields suwshlearning and memory, psychiatric and
neurological disorders.

Epigenetics is used to refer to the extremely cempirocesses of organizing the
genome in a manner that allows for regulated gemeession in the appropriate cell type
upon appropriate cellular stimuli (LaPlant and MNest2011). The fundamental unit that
accomplishes this feat on a molecular level is wlaiin, which is the complex of DNA,
histones and non-histone proteins in the cell nugcldhe basic repeating structural unit of
chromatin is the nucleosome (Figure 2), which cstesof ~147 base pairs (bp) of DNA
wrapped around a core nucleosome (Strahl and AR080). Nucleosomes are composed of
octamers that contain four histone homodimers,eaah of histones H2A, H2B, H3 and H4,
with H1 binding to spans of non-nucleosomal DNA fikgon and Nestler, 2011). The
histone-DNA configuration is maintained by electati€ bonds between positively charged
histones and negatively charged DNA (Grunstein,7)199his highly condensed histone
proteins-DNA complex structure means that contn@rogene expression occurs partly by
gating access of transcriptional activators to D{¥&lsenfeld and Groudine, 2003; Li et al.,
2007; Renthal and Nestler, 2008).
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Figure 2. DNA is wrapped around a cluster of histone protemdorm nucleosomes. In histone

modifications, a combination of different moleculean attach to the tails of histones, which
consequently change the state of the chromatinndrabe DNA. When the chromatin becomes
opened, the transcription of associated genestigatad and opposite when chromatin becomes
closed. In DNA methylation, methyl marks added pQCislands generally repress gene transcription
(Wong et al, 2011). (A)-acetylation, (M)-methytati (P)-phosphorylation, (S)-sumoylation

(modified from Anier and Kalda, 2012).

The structure of chromatin and access to the DNguaece wrapped around it is
regulated by posttranslational modifications oftémes and the DNA itself (Kouzarides,
2007). Numerous types of posttranslational modifices such as acetylation, methylation,
phosphorylation, ubiquitination, sumoylation of th@ino (N)-terminal tails of histones alter
chromatin compaction to create more open stateshfematin, transcriptionally active)
versus closed states (heterochromatin, transanigitipinactive) (Cheung et al., 2000; Berger,
2007; Kouzarides, 2007; Robinson and Nestler, 20it1has been found that histone
modifications that weaken or disrupt histone-DNAnt&axts, such as histone acetylation,
correlate with transcriptionally active states.clntrast, histone modifications that increase
histone-DNA contacts, such as histone methylatibrcestain basic amino acid residues,
promote transcriptional repression (Strahl and sAllR000; Maze and Nestler, 2011).
Combinations of numerous posttranslational modifice occurring on amino (N)-terminal
histone tails have shown to affect condensatiochodmatin and to result in altered levels of
gene expression in cells (Jenuwein and Allis, 2084ze and Nestler, 2011).

2.1. Histone modifications
Each histone protein is composed of a central dgégolmlomain and an amino (N)-terminal tail
that contains multiple sites for posttranslatiomabdifications, including acetylation,

phosphorylation, methylation, ubiquitination, and DPribosylation. Most histone
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posttranslational modifications are dynamic (Akis al., 2007; Berger, 2007; Kouzarides,
2007) and are regulated by large number of histonedifying enzymes like
acetyltransferases, deacetylases, methyltransterdseenethylases, kinases, etc. (Gibney and
Nolan, 2010).

2.1.1. Histone acetylation and deacetylation

The enzymes that regulate histone acetylation $eaed histone acetyltransferases (HAT’S).
The primary function of HAT’s is to neutralize tloharges on histones to relax chromatin
structure, allowing for greater access to the DNAranscription factors and thereby increase
transcription (Norton et al., 1989; Barrett and Wo@008). On the other hand, histone
deacetylases (HDAC's) deacetylate histone tailshastbne deacetylation has been linked to
transcriptional repression (Kuo and Allis, 1998nuein and Allis, 2001; Narlikar et al.,
2002). The HDAC family consists of a number of pio$ that have a catalytic deacetylase
domain and are divided into 4 classes. Class | HODADAC 1, 2, 3 and 8) are ubiquitously
expressed and likely mediate the majority of dedasé activity within cells. Class Il
HDACs (HDAC 4-7 and 9-10) are larger proteins comitey deacetylase domain and an N-
terminal regulatory domain that enables them tcshugttled in and out of the nucleus in a
neural activity-dependent manner and enriched ecifip tissues such as brain and heart
(Chawla et al., 2003; Renthal and Nestler, 2008s<£I11l HDACs are homologs of Sir2 and
sirtuins and HDAC11 is a class IV HDAC and sharemblogy to class | and Il enzymes
(Yang and Seto, 2008). The balance between thesoppactivities of HAT's and HDAC's
determines the gene expression levels.

2.1.2. Histone methylation

Another group of important enzymes are histone yieémsferases (HMT's, like SET, MLL,
SUV39 etc.), which are methylated at lysine (K)apginine (R) residues and removed by
histone demethylases (HDM'’s) (Tachibana et al.,12®fake et al., 2004; Shi et a2004).
Histone methylation has been associated with baitimscriptional activation and repression,
depending on the particular residue and the extemiethylation (Su and Tarakhovsky, 2006;
Maze and Nestler, 2011). Lysine side chains masbeo-, di- or trimethylated, whereas the
arginine side chain may be mono- or dimethylatedprsent, there are 24 known sites of
methylation on histones - 17 are lysine and 7 egmime residues (Bannister and Kouzarides,
2005). It has been found that trimethylation oftdne H3 lysines K4 (H3K4me3) and K36
(H3K36me3) are highly associated with transcripgiomitiation and often correlated with
increased levels of transcriptional activity, wheeredi- and trimethylation on histone H3
lysines K9 (H3K9me2/3) and K27 (H3K27me2/3) are oagded with transcriptional
repression (Rice and Allis, 2001; Maze and Nest@011). Histone methylation is
dynamically regulated by HMT’s and HDM’s. The fidiscovered HDM was lysine specific
demethylase 1 (LSD1). LSD1 is flavin-dependent naonine oxidase which demethylate
mono- and dimethylated lysines, specifically higtdd3 lysines K4 and K9 (H3K4 and
H3K9). Because lysines can be mono-, di-, and thgiated and LSD1 only mediates mono-
and didemethylation, the Jumonji domain-contain{@gnjC) histone demethylases (like
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JHDM1, JHDM2 - JmjC domain-containing histone demyktse 1 and 2, respectively) were
discovered. They are able to demethylate mong-pdirimethylated lysines that allow larger
functional control of lysine methylation (Shi andhétstine, 2007).

2.1.3. Histone phosphorylation

Histone phosphorylation has been shown to be imebivn a variety of cellular processes,
including transcriptional regulation, apoptosis,|l agycle progression, DNA repair and
chromosome condensation (Banerjee and Chakrav@1i]l). The most described histone
phosphorylation sites is serine 10 on histone H3SHD). It has been found that this
modification stabilizes the HAT (Gcn5) on gene pobdens and antagonizes the methylation
of lysine K9 on histone H3 (H3K9) and the recruitrhef heterochromatin protein 1 (HP1)
(Kouzarides, 2007; Renthal and Nestler, 2008). pthaylation of serine or threonine
residues on histone tails can be accomplished lyeau kinases such has mitogen- and
stress-activated protein kinase (MSK-1) and caddphosphorylated by protein phosphatases
(such as protein phosphatase 1, PP1) (Brami-Chatrial., 2009; Koshibu et al., 2009; Day
and Sweatt, 2011). The excat mechanism how phoglation contributes to transcriptional
activation is not well understood, but it is hypedtzed that the addition of negatively charged
phosphate groups to histone tails neutralizesigestharge of histone tails and reduces their
affinity for DNA (Grant, 2001; Tambaro et al., 2010

2.2. DNA methylation and DNA methyltransferases

DNA methylation represents another important andjuen epigenetic mechanism. The
methylation of one of the four DNA bases, cytosiie,the relatively stable epigenetic
modification, regulating the transcriptional plagy of mammalian genomes. In DNA
methylation, methyl group is added to the 5’ positon the cytosine pyrimidine ring and this
occurs primarily where a cytosine (C) occurs nexgaanine (G) in the DNA sequence (C-
phosphate link-G, or cytosine-guanine dinucleotidgsG) (Holliday and Pugh, 1975; Klose
and Bird, 2006; Wong et al., 2011). The CpG segeerre not evenly dispersed throughout
the genome, but are clustered in so-called Cp@dsla short regions of 0.5 to 4 kb in length
having a rich (60 — 70%) cytosine-guanine cont@wer 50 - 60% of all dinucleotides in
these islands are CpG, compared to the rest ojeheme where the CpG contenki0%
(Bird, 2002). Approximately 50% of CpG islands dweated in the promoter regions and
around the transcription start sites and are unytetd in normal cells. Proper DNA
methylation is required for normal development of @ganism, genetic imprinting and
X-chromosomal inactivation (Chahrour and Zoghb)20Suzuki and Bird, 2008).

DNA methylation is generally considered to supprgesie transcription through
recruitment of co-repressor complexes (e.g., HDA@isd HMT’s) that can modify
nucleosome structure (Robinson and Nestler, 208d¢h complexes involve several DNA
methyl-CpG-binding domain proteins (MBD, in mammalese are MeCP2, MBD1-4),
which are necessary for normal cell growth and bigreent (Robertson and Wolffe, 2000;
Chahrour and Zoghbi, 2007; Kim et al., 2009). ibdd be noted that mechanistically MeCP2
may act as both an activator and repressor of ganscription (Chahrour et al., 2008).
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The methylation of cytosine is catalysed by DNA Inyitansferases (DNMTS). In
mammalian genomes, DNMT's are enzymes that havedstrated to mediate the transfer of
methyl group from S-adenosylmethionine (SAM or AdeiMto cytosine (Figure 3) (Eden et
al., 2003; Villar-Garea et al2003; Goll and Bestor, 2005).
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Figure 3. Methylation modification of DNA at the 5-carbon ftam of cytosine by DNA
methyltransferases (DNMT's), where S-adenosylmeth&(SAM) is the methyl group donor (-gH
and converted to S-adenosylhomocysteine (SAH, rneatiifom Wong et al., 2011).

There are two main enzyme groups: the DNMT1 and D¥Namilies. DNMT1, the
first-identified eukaryotic DNMT, is essential fanaintaining DNA methylation patterns in
proliferating cells as it copies DNA methylationtigan from matrice chain to newly
synthesized DNA chain. It is also involved in e$isiting new DNA methylation patterndd
novomethylation) (Bestor, 2000; Goll and Bestor, 208kdlecki and Zielenkiewicz, 2006).
The DNMT3 family includes two activée novoDNMT’s - DNMT3A and DNMT3B, which
are necessary for establishing new DNA methylapatierns (Okano et all999), and one
regulatory factor, DNMT3-Like protein (DNMT3L) (Bew, 2000; Goll and Bestor, 2005).
DNMT3L has not been shown to possess methyltraamséeactivity (Bourc’his et al2001),
but regulates DNMT3A and DNMT3B by stimulating th&atalytic activity (Cheng and
Blumenthal, 2008). Organisms that contain membérhe DNMT1 and DNMT3 families
also have DNMT2, which displays weak DNMT activiif®kano et al. 1998; Yoder and
Bestor, 1998; Siedlecki and Zielenkiewicz, 2006).

2.2.1. S-adenosylmethionine and DNA methylation

S-adenosylmethionine (SAM or AdoMet), first discoae in 1952, is formed from the
essential amino acid methionine and adenosinedasipiate. SAM is the methyl group donor
of multiple methylation reactions in all organisii@hiang et al., 1996; Cheng and Roberts,
2001; Lu, 2000; Bottiglieri, 2002), whereas S-adsfimomocysteine (SAH) is the product of
transmethylation reactions and DNMT inhibitor (Giga 1998; Detich et al., 2003). The
studies have revealed that exogenous administrafi@AM increases the intracellular ratio
of SAM to SAH (Garcea et al., 1989; Pascale e28l02; Detich et al., 2003). An increase in
SAH concentrations, even without a concomitant céda in SAM, results DNMT inhibition
and DNA hypomethylation (Caudill et al., 2001). Rbat reason, the SAM/SAH ratio has
been proposed as a “methylation index” to indicake likelihood of hyper- or
hypomethylation of DNA (Waterland, 2006).
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Several studies suggest that exogenous SAM admaitiist can increase the levels of
intracellular SAM and trigger hypermethylation oNB (Watson et al1999; Lu, 2000; Fuso
et al. 2001), whereas methyl-deficient diets decreaseadetlular SAM concentration,
increase SAH concentrations, and trigger DNA hypibwylation (Pogribny et al., 1995;
Steinmetz et al., 1998; Poirier, 2002). It has bemmd that dietary supplements, such as
SAM, L-methionine (MET) and folic acid increases BNkhethylation and thereby alter gene
expression (Ross, 2003). SAM has been used agaydsipplement in Italy (since 1979),
Spain (since 1985), Germany (since 1989), in théednStates (since 1999) and in several
other countries (Bottiglieri, 2002).

2.2.2. DNA demethylation

In contrast to the large amount of information that accumulated on DNA methylation,
DNA demethylation is still a quite controversialdatargely unresolved area of research
(Kapoor et al., 2005; Wu et al., 2010). DNA demédlign occurs via a series of chemical
reactions that modify 5-methylcytosine (5-mC) abtsites, the amino group and the methyl
group. An alternative model for DNA demethylatiorvolves the conversion of methylated
cytosine (MeC) to thymine through deamination ossloof the amine group following
conventional base and nucleotide excision repadcgsses, a nonmethylated cytosine is
resynthesized (Figure 4) (Ma et al., 2009a; Day $wdatt, 2010).
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Figure 4. Methylated DNA is deaminated, converted to thyrmand base or nucleotide excision repair
processes are able to replace thymine with unma#dg/icytosine. MeC- methylated cytosine (adapted
from Day and Sweatt, 2010).

It is assumed that the Growth Arrest and DNA Damadecible protein 45
(GADDA45) family of proteins (specifically GADD4) could participate in each step of this
process and thereby catalysing DNA demethylatioa @¥lal., 2009b). Furthermore, it seems
that DNMT’s may also participate in deaminationnoéthylated cytosine in a strand-specific
manner (Métivieret al., 2008), giving them a role in both the DNAethylation and
demethylation processealthough, it is not clear how this model would affanethylation
status on the complementary DNA strand, this meashanwould enable selective
demethylation at specific sites in DNA allowing rseence of methylation, active
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demethylation and a route of entry for the nucldesinalog inhibitors of DNMT’s into the

DNA of non-dividing cells (Day and Sweatt, 2010)NMT inhibitors, such as zebularine or
5-aza-2’-deoxycytidine, may operate by substitufimgcytosine during base excision repair
processes and this altered base is resistant toylagbn and traps DNMT'’s, resulting in a
decrease in DNMT activity and in the demethylatwdthe newly repaired strand (Szyf, 2009;
Day and Sweatt, 2010).

Another active DNA demethylation mechanism is melaby the ten-eleven
translocation (TET) enzymes TET1-3, which add arbyg group onto the methyl group of
5-methylcytosine (5-mC) to form 5-hydroxymethylcsitee (5-hmC) (Tahiliani et al., 2009;
Ito et al., 2010). Once 5-hmC is formed, then Zasa&@ mechanisms can convert 5-hmC back
into cytosine in mammals. First, iterative oxidatioy TET enzymes continues to oxidize 5-
hmC to 5-formylcytosine (5-fC) and then to 5-canporosine (5-caC) (Ito et al., 2011) and
the second, 5-hmC is deaminated by AID/APOBEC yattn-induced cytidine
deaminase/apolipoprotein B mRNA editing enzyme dem)pto form 5-hydroxymethyl-
uracil (5-hmuU) (Guo et al., 2011; Moore et al., 2D1These data indicate that 5-hmC may
also play a role in the process of active DNA ddyletion.

2.3. microRNA

Another level of epigenetic regulation by small remting RNAs (termed microRNAS) has
been discovered (Bergmann and Lane, 2003). MicroRNvhich generally are around 22 bp
long, are posttranslational regulators that binddmplementary sequences on target mMRNAs
and regulate gene expression at different leveds, the silencing of chromatin (affecting
histone modifications), degradation of mMRNA andcklag translation (Szyf edl., 2008; Taft

et al.,, 2010; Li and van der Vaart, 2011). Thugke lhistone modifications and DNA
methylation, microRNAs are also important players the epigenetic control of gene
expression.

2.4. Epigenome

The pattern of epigenetic modifications in the gaepthe epigenome, is the result of a
complex interplay between enzymes that modify DN#Ad dnistones, proteins that could
recognize these modifications and microRNAs (Beainsét al., 2007; Szyf, 2009; Telese et
al., 2013). Thus, epigenome consists of the machife programming long-term gene

expression profiles, that defines gene function ghe&notype, which is expressed in
behaviour (Szyf, 2009). Unlike the underlying gemomvhich is largely static within an

individual, the epigenome can be dynamically afteby environmental factors such as
nutrients, chemicals, early life environment (Weaateal., 2004; Waterland et al., 2006; Szyf,
2009). Therefore, the epigenome provides an esdentterface between genes and
environment and may be viewed as a potential mésmannderlying the rapid form of

environmentally driven adaptation (Franklin and ay 2010).
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2.5. The role of epigenetic mechanisms in drug addion
2.5.1. Histone modifications in drug addiction

Drugs of abuse (e.g. cocaine, amphetamine, etharmhlfe changes in histone modifications
in the brain, and evidence has begun to accumtitaitethese modifications are related to
some of the functional abnormalities found in atidic models (Kumar et al., 2005; Kim and
Shukla, 2006; Kalda et al., 2007; Robinson andIses2011). For example, it has been found
that acute and chronic cocaine exposure increaseglobal level histone H3 and H4
acetylation in the rodent NAc (Kumar et al., 2005%) the gene level, it has been shown that
acute cocaine treatment was related to histone Whérhcetylation at the promoters of the
immediate early genes, such edos and fosB while repeated cocaine treatment was
associated with histone H3 hyperacetylation aptioenoters ofCdk5andBdnf.

Further studies have demonstrated that modificatadtHDAC activity are substantial
regulators of the rewarding properties of cocaiort-term systemic or intra-NAc
administration of non-specific HDAC inhibitors prido cocaine or morphine exposure
enhances behavioural preferences for places atsibaiath drug delivery (so-called CPP)
(Kumar et al., 2005; Sanchis-Segura et al., 20ashimson and Nestler, 2011). It has been
found that overexpression of HDAC4 or HDACS redubesavioural responses to cocaine
(Kumar et al.,, 2005; Renthal et al., 2007), whergagnetic deletion of HDAC5 hyper-
sensitizes mice to the chronic effects (but ndhwacute effects) of the drug (Renthal et al.,
2007). It has been also demonstrated that mutace mith decreased expression of CBP (a
major HAT in brain), exhibit reduced sensitivity ¢bronic cocaine exposure (Levine et al.,
2005; Robinson and Nestler, 2011). Moreover, clironocaine treatment increased
expression of two sirtuins, Sirtl and Sirt2, whare class Il of HDAC's. Upregulation of
sirtuins expression is associated with increase@dd¢Bylation and\FosB binding at Sirtl and
Sirt2 promoters, which indicates that sirtuins dognstream targets afFosB (Robinson and
Nestler, 2011). Pharmacological inhibition of smt reduces CPP and cocaine self-
administration, whereas activation increases rewwgrcesponses to cocaine (Renthal et al.,
2009). Despite the fact that single cocaine exmosdoes not alter sirtuin activity,
upregulation after chronic cocaine exposure mayiatedhe stable neuroadaptive changes
involved in maintaining addiction (McQuown and Wo@810).

There is evidence that histone methylation is disectly regulated by drugs of abuse
(Robinson and Nestler, 2011). The experiments byeVMand colleagues (2010) have
demonstrated that global levels of histone H3 ksKO dimethylation (H3K9me2) are
decreased in the mouse NAc after chronic cocaipesxe (Maze et al., 2010). A genome-
wide studies by Renthal et al. (2009) revealedratitans in H3K9me2 binding on the
numerous genes promoter regions in the NAc. Theayleeduction in H3K9me2 in the NAc
was mediated through the repression of G9a (knasvHIMT), which was regulated by the
cocaine-induced transcription factafFosB (Robinson and Nestler, 2011). It has been
reported that acute cocaine exposure enhanced @@iadp in thefosB promoter region and
therefore rapidly suppressing cocaine-induced as®e inAFosB expression (Maze and
Nestler, 2011). Following repeated cocaine expqs\ifesB accumulation in the NAc results
in G9a repression and decreased global levels &9H®2, preventing G9a’s ability to
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maintain normal levels of gene expression and erihgrbehavioural responses to the drug
(Maze et al., 2010; Maze and Nestler, 2011).

Histone phosphorylation is also an important congmbiof the epigenetic responses to
drugs of abuse. Brami-Cherrier and colleagues (RB&%orted that cocaine induces a robust
phosphorylation of histone H3 within the NAc at ghi®moters ofc-Fos andc-Jun (Brami-
Cherrier et al.,2009) and histone H3 phosphorylation is positivelygulated by
MAPK/extracellular-signal regulated kinase (ERK)scade, including phosphorylation of
ERK and MSK-1-induced phosphorylation of histone H&ami-Cherrier et al., 2005;
Bertran-Gonzalez et al2008). Nuclear accumulation of 32 kDa dopamine aAd/IP-
regulated phosphoprotein (DARPP-32) acts to inhBPR1, thereby preventing histone
dephosphorylation (Stipanovich et &008). Critically, these pathways control behavabur
responses to cocaine through the inhibition of dupa D1 receptors, ERK, DARPP-32 and
MSK-1, all of which diminish drug-induced locomot@sponses or drug CPP (Stipanovich et
al., 2008; Brami-Cherrier et al2009). Thus, these data confirm that changes itores
modifications may influence the transcription ohge involved in mediating cocaine-induced
behaviour.

2.5.2. DNA methylation and drug addiction

Although the majority of studies have focused astdne modifications, DNA methylation is
also critical component of the epigenetic respdonserug-related behaviourSeveral recent
studies have provided crucial evidence for the afl®NA methylation in cocaine-induced
neuronal plasticity in the NAc and hippocampus €étral., 2010; LaPlant et al., 2010, Paper
). Reports demonstrated that acute cocaine tredtmeéuces rapid changes in the expression
of Dnmt3aand Dnmt3bgenes in the NAc, suggesting dynamic control of DiMAthylation

by drugs of abuse. Cocaine treatment also resuiteshcreased methylation gbrotein
phosphatase-1 catalytic subunit (PPJecpmoter region, binding of MeCP2 at promoter and
these changes are associated with transcriptioma&hbgulation ofPP1cin the NAc. In
contrast, acute and repeated cocaine administsatimluced hypomethylation and decreased
binding of MeCP2 at thdosB promoter, and these are associated with transuorgdt
upregulation ofosBin NAc (Paper 1). Im and colleagues (2010) ingestied a possible role
for MeCP2 in the dorsal striatum in the escalatingaine intake seen in rats with extended
access to the drug, and found that MeCP2 knockdomeents escalation of cocaine self-
administration during extended access (Im et @102 It has been shown that NAc-specific
manipulations that block DNA methylation potentiatecaine reward and NAc-specific
Dnmt3aupregulation attenuated cocaine reward (LaPlaak g2010). Recent reports indicate
that epigenetic changes in brain regions outsidi@fstriatum are also important regulators
of drug memories. It has been found that DNA mettigh within the hippocampus and
prelimbic cortex is necessary for the establishnaet maintenance of cocaine CPP (Han et
al., 2010; Day and Sweatt, 2011).
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2.5.3. microRNA and drug-related behaviour

Several recent studies have demonstrated that Roks are important in addiction related
behaviours. For example, Hollander and colleagu&31Q) found that cocaine self-
administration upregulated microRNA miR-212 expm@ssn the rat striatum and enhanced
miR-212 levels in this brain region decreased cwraeward (Hollander et al., 2010). It
seems that the actions of miR-212 depend on upaggal of CREB, which is known to
decrease the rewarding effects of cocaine (Robirssah Nestler, 2011). Im et al. (2010)
demonstrated that MeCP2 may interact homeostaticalth miR-212 to controlBdnf
expression and cocaine intake. Therefore, it has kaggested that CREB-miR212-MeCP2-
Bdnf mechanism is partly responsible for cocaiferémce and escalating intake (Robinson
and Nestler, 2011). Moreover, recent studies hamothstrated that overexpression of miR-
124 in the NAc of rats reduces cocaine place cammditg, whereas overexpression of miR-
181 has the opposite effect. These data indicateniicroRNA’s may play essential role for
drug tolerance and escalating intake (Chandrasat@mDreyer, 2009; Robinson and Nestler,
2011).

3. The role of early life stress as a predictor fodrug addiction

Data from various clinical and preclinical studies/e presented that stressful experiences in
early life represent one of the major risk factor the development of a wide range
psychopathology, including drug addiction. Earlye listress can result in permanent
hypothalamic-pituitary-adrenal (HPA) axis changesrphological changes in the brain and
gene expression changes in the mesolimbic doparemard pathway, which are implicated
in the development of drug addiction (for a revie»e Enoch, 2011).

Stress, which refers to processes involving peraeptappraisal and response to
harmful, threatening or challenging events or shifikevine, 2005; Sinha, 2008) activates the
HPA axis (Figure 5). The magnitude of the HPA reseoto stress is a function of the neural
stimulation of hypothalamic corticotropin-releasiiagtor (CRF) release, which stimulates the
release of adrenocorticotropic hormone (ACTH) frarma pituitary gland (Smith and Vale,
2006). ACTH in turn affects adrenal glands to reéeg@lucocorticoids (such as cortisol in
humans and corticosterone in rodents). It is wstalgished that glucocorticoids exert their
effects via two ligand-dependent transcription dest the glucocorticoid receptor and the
mineralocorticoid receptor, which, in turn, regelgtatterns of downstream gene expression
during development and in adulthood (McEwen andofshy, 1995; Seckl and Meaney,
2004; Akil, 2005; De Kloet et al., 2005). The rafesecretion of glucocorticoids is regulated
by negative feedback at the level of hypothalamrmgs @tuitary to suppress CRF and ACTH
(Sapolsky, 1996; De Kloet et al., 1998; McEwen,&%hea et al., 2004). The hippocampus
is also important for glucocorticoid negative feadk regulation of the HPA axis. The
hippocampus contains a high concentration of bdtltogorticoid and mineralocorticoid
receptors, and infusion of glucocorticoids intesteiructure reduces basal and stress induced
glucocorticoid release (Diorio et al., 1993; McEw2000; Smith and Vale, 2006)
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The activation of the HPA axis in response to acitess are essential for survival,
whereas chronic activation results in increasddfas several physiological problems such as
anxiety, depression and addiction to drugs (Sago&tkal., 2000, Ambroggi et al., 2009;
Enoch, 2011).

Stress

_ -____I-Iy_po;wa;m];\
S

-
) TERF

-~ Pituitary ™
—

\ gland /

T ACTH

Megative feedback

// Adrenal gland \'-
/

|

Glucocorticoids

Figure 5. Schematic diagram of the hypothalamic—pituitaryeadft (HPA) axis (modified from Shea
et al., 2004).

Several preclinical studies have demonstratedaady life stress leads to heightened
responsiveness to stress and alteration in the Bjgfem throughout the lifespan (Plotsky
and Meaney, 1993; Heim and Nemeroff, 2001; Prycal.e2005). Disturbances in mother-
infant interaction have been demonstrated as aalatinessor which may lead to maladaptive
development (Daniels et al., 2004; Grace et aD920Animal studies indicate that the quality
of maternal care (arched back nursing, groomirig of pups) in the first two weeks of
life influences the development of individual dié@aces in behavioural and HPA responses to
stress in offspring (Liu et al. 1997; Caldji et 2000; Meaney and Szyf, 2005). For example,
it has been found thar poor maternal contact inyee increases plasma ACTH and
corticosterone response to stress in adult ratsedses hippocampal glucocorticoid receptor
(GR) mRNA level and diminishes glucocorticoid feadk sensitivity (Liu et al. 1997;
Weaver et al., 2001, 2004; Weaver, 2009; Enoch1201

Rodent models of early life stress as maternalragipa (MS) and neonatal isolation
have been used to investigate the relationship degivearly life stress and susceptibility to
drug addiction. Most of these studies suggestehdyy manipulations lead to increased drug
taking behaviour in adulthood, however, the exae&cmanism of how MS alters these
behavioural changes is not yet understood.
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3.1. Maternal separation and drug addiction

Maternal separation (MS) is an animal model that lbeen studied to characterize the long-
term effects of early life experience on subsequmeitaviour in adulthood (Plotsky and
Meaney, 1993; Pryce and Feldon, 2003; Daniels.ef@D9). MS model involves the daily
separation (15 min to 6 h) of litters from the dadusing a critical period of development,
usually from postnatal day (PND) 2 to 14 and thesef separations cause profound
neurochemical and behavioural changes in the phgisare found in adulthood (Moffett et
al., 2007). Rats that are separated for 15 minatedpy (MS15) during the first 2 weeks of
life (short MS) show less stress reactivity thannmes separated for 180 min per day
(MS180, long separation). MS15 and MS180 animal® leeen used in many studies and are
usually referred to as “handled” and “maternallpaated” animals, respectively. Commonly
used control groups were a group reared under atdrathimal facility conditions (AFR) and
a non-handled (NH) group (Meaney et al., 1988; Huatl., 2002; Moffett et al., 2007).

Model of early life stress, MS and neonatal isolatimodel, where pups are separated
daily from the dams and also from the littermateégle been demonstrated to affect
psychostimulants induced behaviour (Moffett et 2007). For example, it has been found
that MS alters cocaine-induced locomotor activityrats and mice (Brake et al., 2004;
Kikusui et al., 2005)and behavioural sensitisation to cocaine (Li et 2003). Brake and
colleagues (2004) have found that MS and NH rasplayed a dose-dependent higher
sensitivity to cocaine-induced locomotor activigngpared to the handled group (Brake et al.,
2004). Studies by Marin and Planeta (2004) haveodeimated that male adolescent rats
exposed to MS exhibited an enhanced locomotor resspto cocaine, however, this response
was not observed in adult rats (Marin and Plar2084). Kikusui and colleagues (2005) have
used mice in MS manipulation procedures and foumat repeated MS increased the
locomotor response to cocaine regardless of a myerser (Kikusui et al., 2005). It has been
also found that handled rats (exposed to daily irbisolation periods as pups) showed an
attenuated CPP for amphetamine compared to NH #&hi(@ampbell and Spear, 1999). In
addition, several previous studies have demonsithit a daily neonatal isolation of 1 hour
from PND 2-9 enhanced acquisition and maintenaf@a@aine self-administration (Kosten
et al., 2000; 2004; 2005; Zhang et al., 2005; Mo#¢ al., 2007) and separated rat pups drink
more alcohol and self-administer more cocaine coetpto the control animals (Matthews et
al., 1996; Kosten et al., 2000; Huot et al., 20®lAgel et al., 2003). Therefore, it is assumed
that early life stress can lead to profound andirigschanges in the responsiveness of
mesocorticolimbic dopamine (DA) neurons to stress asychostimulants (Brake et al., 2004,
Enoch, 2011). Studies by Piazza and colleagues d@avenstrated that the liability of rats to
self-administer drugs can be predicted by the mnespmf mesolimbic DA-ergic neurons to
stress - animals, that were more sensitive to tAerdleasing actions of stress were more
likely to display addictive behaviour (Piazza et 4B91; Piazza and LeMoal, 1996). Thus, it
is highly likely that stress increases the actiwfythe dopaminergic brain systems which
mediate drug-induced rewarding effects (Brady aoin®, 1999).

Moreover, a growing body of evidence demonstrdtas MS results in increased HPA
responsivity to stress, and thus increased admgnabcorticoid (GC) release during stress
and in turn, glucocorticoids seem to regulate mednt DA systems (Meaney et al., 2002).
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For example, it has been found that stress exp@ddancreased levels of GC enhance DA
release in the NAc and suppression of GC by adeet@hy reduces extracellular levels of
DA under basal conditions (for a review see Si2®8). Several animal studies have shown
that depletion of GC by adrenalectomy reduces dndyalcohol consumption (Fahlke et al.,
1994; Marinelli et al., 1997; Marinelli and Piaz2002). It has been also found that mice
with deletion of the GR gene show a dose-dependkrease in motivation to self-administer
cocaine (Deroche-Gamonet at al. 2003; Sinha, 2008refore, the HPA axis activation and
subsequent release of GC might play also an importale in the acquisition of
psychostimulant administration (Piazza and LeMA&96; Mantsch et al., 1998; Goeders,
2002 and 2003; Meaney et al., 2002).

3.2. Maternal separation and epigenetic modificatios

There is a growing body of evidence which demotesttiat early life adversity results in a
change of epigenome. It has been found that epigemeodifications, such as DNA
methylation, alter gene expression programming ha brain in a way that lasts into
adulthood. Using rodent models, several studieg l@monstrated that the adult offspring of
mothers that exhibit increased levels of pup ligkijmooming (referred to as high-LG
mothers) during the first week of life show incredippocampalGR expression, decreased
CRF expression, more modest HPA stress responses cednpéth low-LG mothers (Liu et
al., 1997; Francis et al., 1999; Meaney and SAJ®52 Weaver et al., 2006; McGowan et al.,
2008). Weaver and colleagues (2004) observed that maternal care in rats alters DNA
methylation at a specific sequence motif upstreatheglucocorticoid receptor gendr@cl)

in the hippocampus of the offspring. They founchdigantly greater methylation of the exon
1; GR promoter sequence in the offspring of the low-LGtimers (Weaver et al., 2004). These
data demonstrate that in low-LG offspring, highesthylation of theGR promoter suppress
GR expression and therefore adult offspring of low-in@thers have lower levels of GR (Liu
et al., 1997; Champagne et al., 2003; Weaver g2@0D4). A study in humans of postmortem
hippocampus shows that suicide victims exposedciioltood maltreatment have decreased
GR (Nr3cl) mRNA level and increased cytosine methylationN3c1l promoter region
(McGowan et al., 2009; Enoch, 2011).

The exact mechanism, how maternal behaviour adfgigenetic programming in the
offspring brain, is unclear. According to one hypesis, it is believed that maternal behaviour
of the offspring increases hippocampal seroton#i) turnover and activation of a 5-HT
receptor increases cCAMP activity. Increased cAM&vig results in activation of PKA and
CREB and subsequent phosphorylated-CREB (pCREBYitgcdrives expression of the
transcription factor NGFI-A (nerve growth factodurcible protein A) (Figure 6). This
transcription factor in turn recruits the histoetgltransferase CBP and the MBD2 to @i
promoter (Weaver et al., 2004; Weaver, 2007). lassumed that the increased histone
acetylation triggered by CBP facilitates the demnletiion of the gene by MBD2 and/or other
DNA demethylases (Szyf, 2009).
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Figure 6. Model of epigenetic reprogramming of hippocampalicgkorticoid receptor gene
expression and stress responses by maternal bahavigA)-acetylation; (P)-phosphorylation
(modified from Bennett, 2011).

However, recent studies have revealed that pattefnepigenetic modification
programmed early in life could be reversible usépigenetic modulators. For example, it has
been found that injecting the HDAC inhibitor trictatin A (TSA) into the left lateral
ventricle of adult offspring of low-LG mothers resed the epigenetic programming of the
GRexon % promoter and re-established stress responsivitw@@eand Szyf, 2001; Cervoni
et al., 2002; Weaver et al., 2004). Converselgag been found that injecting the amino acid
methionine, which is the precursor of SAM into thentricle of adult offspring of high-LG
mother resulted in increased DNA methylation andvidegulation of GR as well as
heightened stress responsivity (Weaver et al., 20@42005; Szyf, 2011).

Early life stress has been shown to bring abowjespatic changes of the other genes.
For example, it has been found that early lifesstiea mice caused enduring hypersecretion of
corticosterone and alterations in passive strepgigoand this phenotype was accompanied
by a persistent upregulation of arginine-vasopregaivp expression and sustained DNA
hypomethylation in the hypothalamic paraventricutarcleus (PVN) (Murgatroyd et al.,
2009). The experiments by Roth and colleagues (20@8e demonstrated thaarly
maltreatment produce persistent changes in metbglat Bdnfgene promoter and decreased
Bdnfexpression in the prefrontal cortex of adult r&sth et al., 2009). Later, Franklin et al.
(2010) found thathronic and unpredictable MS alters the profildddfA methylation in the
promoter of several genes suchMecp2 corticotrophin-releasing factor receptor@tgr2),
cannabinoid receptor-Larl) in the germline of the separated males and caalpchanges
in DNA methylation are present in the brain of tiféspring and are associated with altered
gene expression (Franklin et al., 2010).

Altogether, these data suggest that alterationspigenomic programming have an
impact on phenotype, which is expressed in behavand that the early life stress leaves its
impact on the genome through systematic readjustofeDNA methylation patterns (Szyf,
2009).
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THE AIMS OF THE STUDY

The general aim of the present study was to ingat&ithe role of DNA methylation in the
development of cocaine-induced behavioural seasibis in mice and rats.

The more specific aims for the current thesis were:

1. To determine: a) the role of cocaine treatment BiMD and selected genes expression in
the NAc of mice; and b) to assess the effect of ONihibitor zebularine on cocaine-
induced gene expression changes and the developphéosghavioural sensitisation in
adult mice.

2. To investigate the role of methyl donor SAM on doeainduced gene expression changes
and the development of behavioural sensitisaticadint mice.

3. To evaluate, whether the early life stress coulekr @NMT and selected genes expression

in the NAc of infant and adult rats, and whethezsth changes are associated with the
development of cocaine-induced behavioural seasiis in adulthood.
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MATERIALS AND METHODS

1. Animals and housing conditions (Papers I-111)

All experiments were performed in accordance withdtidelines (directive 86/609/EEC) on
the ethical use of animals using the experimematiopol approved by the Ethics committee
of the University of Tartu Medical Faculty. Male TBL/6 mice, 4-5 months old, weight 25—
30g were obtained from Scanbur BK, SwedBapers |, 1) and 20-25 pairs of male and
female Wistar rats were obtained from Harlan Latwias, NetherlandgPaper I11). All
animals were housed in standard polypropylene camgeer temperature and humidity-
controlled rooms with 12 h light—dark cycle (lightm 7:00 a.m.) and were allowed access to
rodent chow and watead libitum Animals were allowed to acclimate to laboratory
conditions and were handled at least 4-7 days éef@e in behavioural testing. All
behavioural experiments were conducted during itifg phase in an isolated experimental
room

2. Maternal separation and handling procedures (Pagx I11)

As the pups were born (total 46, from 3-5 littefelnale offspring were removed and male
offspring were randomly assigned to one of thremigs. During the experiment, every dam
had 8 pups. The experimental groups are as follgWysanimal-facility reared (AFR) where
the dams and pups were handled only on PND10 t@mge change and were not separated;
(2) handled group (MS15) where pups were handleldsaparated to a new cage on PND2-15
for 15 minutes and then returned to the home cg@)anaternally-separated group (MS180)
where pups were removed from the home cage on PNDfr 180 minutes and placed
individually into a new cage. At the end of the agion pups were placed back into their
home cage with the dam. The manipulation of pupthenMS15 and MS180 groups was
initiated at 10:00 a.m., and after the manipulataa monitored dam and pup behaviour in
the home cage for 10 min. We performed seven separprocedures to collect pups from
different dams for behavioural and neurochemicatsteWe considered AFR as a control
group for both handling (MS15) and separation (MBI@oups. A comparison of MS15 and
MS180 groups enables collection of “time coursetadan maternal separation. Cocaine-
induced locomotor activity was evaluated on PND120- Animals were allowed to
acclimate to laboratory conditions and were hanaletbast seven days prior to behavioural
experiments. All behavioural experiments were catelll during the light phase in an
isolated experimental room. For the evaluation @urochemical changes, rats were
euthanised on PND15 and PND120.

3. Drug administration (Papers I-IIl)
Cocaine hydrochloride (Sigma-Aldrich, St. Louis, MOSA) was dissolved in sterile saline

(0.9% NaCl) and administered intraperitoneally.Jigt a dose of 15 mg/kg (Paper I) and 10
mg/kg (i.p.) (Papers II, lllimmediately prior to locomotor activity training.eBularine

30



(Tocris Bioscience, UK) was dissolved in sterile lir@m and administered
intracerebroventricularly (i.c.v.) 300 ng/Qub 20 min before cocaine or saline (0.1 ml/10 g
body weight, i.p.) treatment (Paper I). SAM (SigAdrich Co, St. Louis, MO, USA) was
dissolved in sterile saline and administered (igt.n dose of 4520 mg/kg, 10 mmol/kg 20
minutes prior to cocaine treatment (Paper II).

3.1. Intracerebroventricular cannula implantation (Paper 1)

For i.c.v. injection cannula implantation, mice weanesthetized with Fentanyl/fluanisone
(trade name Hypnorm, VetaPharma, Leeds, UK) andaroldm (trade name Dormicum,
Roche, Basel, Switzerland). During surgery, eaclusaowas implanted with a 26-gauge
bilateral stainless steel guide cannula (Plastics, Roanoke, USA) from which the injector
extended 0.5 mm to end in the ventricle. Stereotadordinates were follows: antero-
posterior, -0.4 mm from bregma, -1.25 mm lateralrfrthe midline, and -2.0 mm from
bregma measured from the tip of the cannula gurdifos and Franklin, 2001). Animals
were habituated to dummy cannula removal and giveays of recovery and handling before
the start of the experimental procedure. At therbegg of the study, target coordinates and
proper cannula placement were verified by slowjgating 1ul of methylene blue dye into
the cannulas of the first four mice, while they evender anesthesia. After waiting 5 min for
the dye to circulate through the ventricles, thienas were sacrificed. Brains were removed,
sliced at the point of cannula entry and targetdioates were verified.

4. Behavioural experiments

4.1. Locomotor activity measurement (Papers I-111)

Horizontal locomotor activity was monitored in sdand polypropylene cages (36 x 20 x 15
cm) that were illuminated uniformly with dim lighA light-sensitive video camera, connected
to a computer, was mounted about 1.5 m above theresition cage and locomotor activity of
8 animals at a time was monitored and analysedyugideoMot2 software (TSE Systems,
Germany)(Papers I, II).In Paper I, micer=11) were randomly assigned to the following
treatment groups: (1) Saline (“SAL”"), mice wereatexl for 7 days with saline 0.1 ml/10 g
body weigh (i.p.); (2) Acute cocaine (“AC”), miceeve treated for 6 days with saline and on
the 7" day with cocaine hydrochloride; (3) repeated aoeq'/RC”), mice were treated for 7
days with cocaine hydrochloride. On th& dnd 7' treatment days, locomotor activity was
recorded for 60 min after the last injection. Oa #f through to the B treatment days, mice
were injected and placed in the test cages for &0 without locomotion recording. To
investigate the effect of zebularine, i.c.v. inms of zebularine (300 ng/04d, injection
speed 0.1 pl/min) or saline (08) were performed 20 min before cocaine or sali@4 (
ml/10 g body weight, i.p.) treatment. Mice<7-12) were randomly assigned to the following
treatment groups: (1) saline (i.c.v.) + saline.Ji'i9+S”; (2) zebularine (i.c.v.) + saline (i.p.)
“Z+S”; (3) saline (i.c.v.) + cocaine (i.p.) “S+C™nd (4) zebularine (i.c.v.) + cocaine (i.p.)
“Z+C”. Locomotor activity was recorded for 60 mifiex i.p. injection, daily for 7 days.
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In Paper Il,mice were treated for 7 days i.p. with sterile r&al{0.1 mL/10 g body
weight) or SAM (4520 mg/kg, 10 mmol/kg, i.p.) 20mates prior to cocaine hydrochloride
administration (10 mg/kg, i.p.). Animale£17-22) were randomly assigned into one of the
following treatment groups: (1) Saline + Saline $8:+(2) SAM + Saline “M+S”; (3) Saline +
Cocaine “S+C” and (4) SAM + Cocaine “M+C”. Locomotactivity was recorded for 90
minutes after the second injection on days 1, &nd, 7. On the days Bhd 28, all groups
were tested for locomotor activity for 90 minutéteracocaine challenge (7 mg/kg, i.p58).

On the days 8-13 and 15-27 mice did not receiveteestment. Mice were sacrificed 24 h
after the end of the repeated treatment.

In Paper lll, cocaine hydrochloride was adminidergp. at a dose of 10 mg/kg
immediately prior to locomotor activity training.obomotor activity was monitored in the
standard polypropylene cages (54 x 32 x 20 cm) ahinals at a time and analysed. For
experiments of acute cocaine treatment, adult nadde(PND120-140) from each of the AFR,
MS15 and MS180 groups%£13; weight 485-5209g) were treated for four dayshwaline (2.5
ml/kg, i.p.) and on the fifth day with cocaine hgdhloride (10 mg/kg, i.p.). For experiments
assessing the effect of repeated cocaine treatrakkmgts received cocaine (10 mg/kg, i.p.)
once daily for five consecutive days. On the fitbiyd and fifth treatment days, locomotor
activity was recorded for 60 min after treatmem. tBe second and forth treatment days, rats
were treated and placed in the test cages for G0nitihout recording locomotion.

4.2. Exploration box test (Paper II)

At PND120, adult males from AFR, MS15 and MS180ugo i = 8 animals in each group)
were tested for exploratory behaviour. The testagps (modified from Matto etl., 1996
and Mallo et al., 2007) was made of metal and c@agdran open area of 50 (width) x 100
(length) x 40 (height) cm with a small compartmé&@x20x20 cm) attached to one of the
shorter sides of the open area. The open area waedl into eight squares of equal size
(25x25 cm) and four objects were situated in spepibsitions. Three objects were unfamiliar
(a glass jar, a cardboard box, a wooden handle)oardwas familiar (food pellet), and the
objects remained the same throughout the experinmidmt floor of the small compartment
was covered with wood shavings and was directkelihto the open area via an opening (size
20 cm x 20 cm). The rat was placed into the snmatigartment, which was then covered with
a lid, and during the 15 min test session, theowaithg measures were taken by the observer:
(a) latency to enter the open area with all fouvgab) entries into the open area; (c) line
crossings; (d) rearings; (e) exploration of the¢éhunfamiliar objects in the open area and (f)
the time spent exploring the open area. The exjporaest box was cleaned after each
animal. To provide an index of exploration (considg both the elements of inquisitive and
inspective exploration), the scores for line cnogsj rearings and object investigations were
summed for each animal.

5. Tissue isolation (Papers I-llI)

Mice and rats were sacrificed by decapitation. Th&c, hippocampus, cerebellum and
prefrontal cortex (PFC) were rapidly dissected oat chilled ice-cold plate and frozen
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immediately in liquid nitrogen and stored at -80 Uil RNA and DNA extracts and protein
lysates were prepared. The NAc was dissected auy asound-shape puncher.

6. PC12 cells and DNMT activity measurement (Papdt)

Rat pheochromocytoma cells (PC12) purchased froom&Collection ofMicroorganisms
and Cell Cultures (DSMZ, Braunschweig, Germany) were cuttune a humidified 5%
CO,/95% air atmosphere at 3€. The PC12 cell line was maintained in RPMI 164&dimam
(Gibco CO, USA) supplemented with 10% heat-inatéigehorse serum and 5% fetal bovine
serum (Gibco CO, USA). Cells were grown on poly&thgimine (Sigma-Aldrich, St. Louis,
MO, USA) coated plastic dishes (Nunc, Thermo Fisbaentific, MA, USA) at a density of
10 cells/ml. The cells from the™to 7" passages were treated with 0.5 mM SAM and used
for the DNMT activity, gene expression, and DNA h#tion experiments. For single SAM
treatment, 0.5 mM SAM solution (prepared in RPMIdinen) was added to growing cells at
time points 0, 2, 6, 12 and 24 hours. For repeat&bl experiment, 0.5 mM SAM was added
to the cells once a day for 7 days and nucleaaetwas prepared 0, 2, 6, 12 and 24 hours
after last treatmentControl measurements were performed with vehi&@MI mediun)
treated cellsNuclear extract was isolated from cells using(@pk Nuclear Extraction kit
(Epigentek Group, Brooklyn, USA). Total DNMT actiiwas determined using an EpiQuik
DNMT activity assay kit (Epigentek Group, BrooklyaSA). DNMT activity (OD/mg/h) was
calculated according to the formula:

. OD(=sample) - OD{blanlk)

= #1000
protein amount (mg) x time (hour)

Two dishes combined as a sample, 4 samples pemp gnane used. Experiments were
repeated twice.

7. Gene expression analyses
7.1. Measuring mRNA levels by gPCR (Papers I-111)

Total RNA was extracted from mouse or rat NAc, lopgmpus, cerebellum, PFC and from
cells using the RNeasy Mini Kit (QIAGEN, Hilden, fBeany) according to the
manufacturer’s protocol. cDNA was synthesised f#®0 ng or 750 ng of total RNA using
the First Strand cDNA Synthesis Kit (Fermentas Bugtlington, Canada). Quantitative PCR
(qPCR) was performed using an ABI PRISM 7000 Secei®etection System equipped with
ABI Prism 7000 SDS Software (Applied Biosystems, ILiSA). Primers for mouse or rat
Dnmtl, Dnmt3a, Dnmt3bAaR, fosB, Relnwere designedusing Primer3 with BLAST
sequence verification. Primers were synthesisedTA% Copenhagen AS (Copenhagen,
Denmark)and were listed in table 1. Commercial assays \vera SABiosciences (Qiagen,
Hilden, Germany) for measuring mougt¥lc (Cat. No. PPM37272B)Cck (Cat. No.
PPM24836G)Gal (Cat. No. PPM25148F)SIcl7a7(Cat. No. PPM35361A) and r&Plc
(Cat. No. PPR42515B) mRNA expressidrCR amplification was performed in a total
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reaction volume of 2&l in three parallels. The reaction mixture consisté1 ul First Strand
cDNA diluted template, 12.5ul 2x Master SYBR Green gPCR Master Mix (Applied
Biosystems Inc, USA), 105l H,0 and 1ul gene-specific 1M PCR primer pair stock. The
PCR amplification was performed as follows: deration step at 95 °C for 10 min, followed
by denaturation at 95 °C for 15 s, and annealirtjexttension at 60 °C for 1 min, repeated for
40 cycles. SYBR Green fluorescence was measuregr &fach extension step and
amplification specificity was confirmed by meltimgrve analyses and gel electrophoresis of
the PCR products. Serial dilutions (fivefold) otalboRNA from one control sample were
analysed for each target gene and used to condimeerr standard curves from which the
concentrations of the test sample and efficiencthefPCR reaction were calculated. Results
were normalised tg@-actin or Gapdh(Glyceraldehyde-3-phosphate dehydrogenase) useng t
AACT method (Livak and Schmittgen, 2001; Schmittged kivak, 2008).

7.2. Gene expression profiling (Paper II)

Total RNA was extracted from mouse NAc as describdtie section 7.1. Tissues from two
animals were combined to a sample, 4 samples mempgused. RNA quantity and quality
were assessed using the NanoDrop-1000 spectropataoand the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, USA). Labeld&®N& was prepared using lllumina
TotalPrep RNA amplification Kit according to the mdiacturer’s instructions using 750 ng
of total RNA as a template (Ambion Inc, Austin, T¥SA). The Illlumina BeadChip platform
(Mlumina, San Diego, USA) and the correspondingolekgenome Mouse Ref-8 v2.0
BeadChip (approximately 25,698 transcripts; oveyl@9 genes) were used for the gene
expression analysis. The raw data was analysed Illnithina BeadStudio Gene Expression
Module v3.3.7 (lllumina, San Diego, USA). Furtheamta analysis was performed with R
version 2.13.0 Http://www.r-project.oryyBioconductor software wiww.bioconductor.com
using lumi (Du et al., 2008) and limma packagesytBn2005). The 'fdr' method to adjust the
p values for multiple testing was used to control thkse discovery rate (Benjamini and
Hochberg, 1995). With a statistical discriminatipnvalue set at less than 0.05, limma
software and B-statistics analyses were used totifgeup- and downregulated genes and
filtered for 1.5-fold or greater differences in eagsion in accordance with standards for
microarray analysis (Allison et al., 2006). Geneotogy analysis was conducted using
DAVID Bioinformatics Resources (Huang et al., 2Q09)

Microarray data have been deposited in the GenereSgpn Omnibus (GEO)
repository (Edgar et al., 2002) and are accesshlleugh GEO Series accession number
GSE48365 [fttp://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acS&H#28365.

8. DNA methylation assays
8.1. Methylated DNA immunoprecipitation (Papers I-I)

Methylated DNA immunoprecipitation (MeDIP) was pmrhed using the EpiQuik
Methylated DNA (Paper llI) and Tissue Methylated ANImmunoprecipitation kit
(Epigentek Group Inc, USA) according to the manufeer’s protocol. Genomic DNA was
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extracted from mouse or rat (PND15 and PND120) N#erebellum, PFC, sonicated into
fragments ranging from 200-1000 bp in size andd#igi into immunoprecipitated (IP) and
input (IN) portions. IP DNA was incubated with aBtimethylcytosine monoclonal antibody
to bind methylated DNA. Normal mouse IgG from mautifirers of the EpiQuik MeDIP kit
was used as a negative contidlethylated DNA (750 ng) was subjected to gPCR using
commercial assays from SABiosciences (Qiagen, Hjl@&ermany) for mousBnmt3a(Cat.
No. EPMM102350-1A), Dnmt3b (Cat. No. EPMM106719-1A) PP1lc (Cat. No.
EPMM108835-1A),fosB (Cat. No. EPMM109802-1A)Cck (Cat. No. EPMM111951-1A),
Gal (Cat. No. EPMM105518-1A%Ic17a7(Cat. No. EPMM110039-1A)Papers I, Iand for
rat Dnmt3a(Cat. No. EPRN107117-1AFP1c(Cat. No. EPRN102434-1AR04R (Cat. No.
EPMM100909-1A) andReln(Cat. No. EPRN105980-1APaper lll). To evaluate the relative
enrichment of target sequences after MeDIP, thesalf the signals in the IP DNA vs. IN
DNA was calculated. The resulting values were satided against the unmethylated control
sequenc&apdhand fold changes were calculated.

8.2. Methylation-specific gPCR analysis (Papers I]I)

DNA was isolated from mouse and rat NAc using QIADIKA Mini Kit (QIAGEN, Hilden,
Germany) and processed for bisulphite modificatising Epitect Bisulfite Kit (QIAGEN,
Hilden, Germany). gPCR was used to determine th& DNthylation status of mouse and rat
PP1c and of mousdosB genes. Methylation-specific gPCR primers were giesil using
Methprimer softwarevfww.urogene.org/methprimemMethylation-specific and unmethylated
PCR primers were designed to target putative Cpahds detecteth silico in the promoter
or non-promoter regions of thBPlc and fosB genesand were synthesised by TAG
Copenhagen AS (Copenhagen, DenmaRiimer sequences are listed in table 1. PCR
reactions were performed as described in the segtb. The comparative Ct method was
used to calculate differences in methylation betwssmples ((Livak and Schmittgen, 2001;
Schmittgen and Livak, 2008).
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8.3. Primer sequences (Papers I-111)

Table 1 The sequences of all primers (from TAG Copenhag@nused in the study.

Target gene Primer sequences Species
MRNA gPCR primers
DnmtlForward: CCCATGCATAGGTTCACTTCCTTC Mouse
DnmtlReverse: TGGCTTCGTCGTAACTCTCTACCT Mouse
Dnmt3aForward: GCCGAATTGTGTCTTGGTGGATGACA Mouse
Dnmt3aReverse: CCTGGTGGAATGCACTGCAGAAGGA Mouse
Dnmt3bForward: TTCAGTGACCAGTCCTCAGACACGAA Mouse
Dnmt3bReverse: TCAGAAGGCTGGAGACCTCCCTCTT Mouse
fosBForward: ACAGATCGACTTCAGGCGGA Mouse
fosBReverse: GTTTGTGGGCCACCAGGAC Mouse
AnR Forward: AACCTGCAGAACGTCAC Mouse
AxR Reverse: GTCACCAAGCCATTGTACCG Mouse
GapdhForward: GTCATATTTCTCGTGGTTCACACC Mouse
GapdhReverse: CTGAGTATGTCGTGGAGTCTACTGG Mouse
S-Actin Forward: ATGGTGGGAATGGGTCAGAAG Mouse
S-Actin Reverse: TCTCCATGTCGTCCCAGTTG Mouse
DnmtlForward: AACGGAACACTCTCTCTCACTCA Rat
DnmtlReverse: TCACTGTCCGACTTGCTCCTC Rat
Dnmt3aForward: CAGCGTCACACAGAAGCATATCC Rat
Dnmt3aReverse: GGTCCTCACTTTGCTGAACTTGG Rat
Dnmt3bForward: GAATTTGAGCAGCCCAGGTTG Rat
Dnmt3bReverse: TGAAGAAGAGCCTTCCTGTGCC Rat
AnR Forward: AGTCAGAAAGACGGGAAC Rat
AxR Reverse: CAGTAACACGAACGCAA Rat
RelnForward: CTGCTGGACTTCTCTACGGAT Rat
RelnReverse: CAGTAGAGGTGGAAGGATGGG Rat
GapdhForward: TGCCATCACTGCCACTCAGA Rat
GapdhReverse: GTCAGATCCACAACGGATACATTG Rat
S-Actin Forward: GTAACCCGTTGAACCCCATT Rat
S-Actin Reverse: CCATCCAATCGGTAGTAGCG Rat
Methylation-specific gPCR primers
fosBmethylated Forward: TGTTAATTTTAGTTTTCGGGATAGC Moeis
fosBmethylated Reverse: TACGTCAAAAAAAATCCCTCG Mouse
fosBunmethylated Forward TTAATTTTAGTTTTTGGGATAGTGT Mea
fosBunmethylated Reverse ATTACATCAAAAAAAATCCCTCACT Mee
PP1cmethylated Forward: TTTTATGGGTTCGTAAAGAAGTTTC Mouse
PP1cmethylated Reverse: ACGAAAAAAACAAAATAACCGC Mouse
PP1cunmethylated Forward: TTTATGGGTTTGTAAAGAAGTTTTG Mea
PPl1lcunmethylated Reverse: ACCACAAAAAAAACAAAATAACCAC Mose
PPlcmethylated Forward: TTTTATGGGTTTGTAAAGAAGTTTC Rat
PP1cmethylated Reverse: CACGAAAAAAACAAAATAACCG Rat
PPl1lcunmethylated Forward: TTTATGGGTTTGTAAAGAAGTTTTG Rat
PP1lcunmethylated Reverse: ACCACAAAAAAAACAAAATAACCAC Rat
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9. Global DNA methylation analysis (Paper Il1)

Total DNA was isolated from rat NAc and PFC usihg QIAmp DNA Mini Kit (QIAGEN,
Hilden, Germany). Global DNA methylation analysissvperformed using a MethylFlash
Methylated DNA Quantification kit (Epigentek Groulmc., Farmingdale, NY, USA)
according to the manufacturer’s instructions. Byiefample DNA (100 ng) was bound to
high-DNA-affinity strip wells. The methylated frash of DNA was detected using capture
and detection antibodies and then quantified coletiically by reading the absorbance at 450
nm using a Tecan Sunrise microplate reader (Tecanpgd-td., Switzerland). The amount of
methylated DNA is proportional to the measured @i@nsity. The percentage of methylated
DNA (5-mC) in total DNA was quantified according tbe manufacturer’'s protocol and
formula.

10. Chromatin immunoprecipitation assay (Paper I)

Chromatin immunoprecipitation (ChIP) of genomic DNs#ssociated with MeCP2yas
carried out according to the manufacturer protdddillipore Inc, USA). Mouse NAc was
minced to small pieces and cross-linked in 1% fédetayde (10ul/mg) for 15 min at 37C.
The minced, fixed tissue was homogenized in SD® lgsaffer, sonicated to produce 200-
1000 bp genomic fragments, centrifuged for 15 nii3&A000 x g and the supernatant was
used for ChIP assay. Immunoprecipitations wereietmut at 4°C overnight with 5ug of
rabbit polyclonal MeCP2 antibody (AbCam, Cambridg), negative control was anti-Rat
IgG (Vector Laboratories Inc, Burlingname, USA) apdsitive control was anti-RNA
Polymerase Il from manufacturers ChIP kit. A partiof the sonicated DNA was left
untreated to serve as input control. Immune congdexere collected with protein A beads
and, according to the manufacturers protocol, setply washed two times with low salt
buffer, high salt buffer, LICI immune complex buffend TE (Tris-EDTA) buffer.
Immunoprecipitated DNA was subjected to qPCR usBigP commercial assays from
SABiosciences for mous#Plc (Cat. No. GPM1037458(-)01A) anftbsB (Cat. No.
GPM1052791(-)01A).

11. Western blotting (Papers 1, 111)

The NAc was lysed in 10 vol (w/vol) of RIP-A lysesffer: 50 mM Tris—HCI (pH 7.4), 150
mM NaCl, 1% Triton X 100 and protease inhibitoreirfogenized, incubated 1 h at 4 °C and
centrifuged 13,000 x g for 10 min at 4 °C (Papendl). The supernatants were resolved by
electrophoresis on 8% SDS-polyacrylamide gel. Bistevere transferred onto HybdidP
PVDF Transfer Membranes (Amersham Biosciences, WKP.1 M Tris-base, 0.192 M
glycine and 20% (w/w) methanol using an electrophortransfer system. The membranes
were blocked with 0.1% (w/w) Tween 20/TBS (T-TB®ntaining 5% (w/w) non-fat dried
milk at room temperature for 1 h. After blockingetmembranes were incubated overnight
with one of the following antibodies: the anti-RRJolyclonal antibody (1:1,000, Millipore,
Temecula, CA, USA) followed by incubation with brotlated anti-rabbit IgM secondary
antibody (1:1,000) for 2 h and ABC solution for 8fin (Paper 1); chicken anti-Dnmt3a
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(1:1000; ab14291; AbCam, USA) followed by incubatiwith secondary antibody anti-
chicken HRP conjugate (1:2000; Pierce, USA) (PdperThe membranes were incubated
with ECL detection reagent (ECL, Amersham, UK) Somin to visualise proteins, and then
exposed to autoradiography X-ray film (Amersham drfipn ECL, UK). To normalise
immunoreactivity of the proteing-actin was measured on the same blot using a mouse
monoclonal antp-actin antibody (1:10000; Sigma, St. Louis, USAlldawed by incubating
with an anti-mouse HRP-conjugated secondary anyil{éd?000; Pierce, US). The ratio of
proteins of interest tf-actin were calculated and expressed as the mearat@Din arbitrary
units + SEM.

12. Statistical analysis (Papers I-111)

Behavioural data of all experiments were analyssdguone-way or two-way ANOVAs for
repeated measures and followed with Bonferroni'stihoc tests. Expression levels of genes
and proteins and MeDIP and global DNA methylation &hIP data were analysed using
one-way or two-way ANOVAs or t-tests. Differencas methylation-specific gPCRnd
DNMT activity data were analysed using two-way ANAS/with Bonferroni’'s post-hoc
tests. GraphPad Prism software (GraphPad, San D@&gp USA)was used for statistical
analyses, and all data are expressed as the m&HMt: Significance levels were set to
p<0.05.
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RESULTS

1. The effect of DNA methylation on cocaine-inducetlehavioural
sensitisation in mice (Paper 1)

1.1. Acute and repeated cocaine treatment increaskEgomotor activity of mice

The effects of acute (AC) and repeated cocaine @@@fment on adult mice were assessed.
Our data showed that AC treatment significantlyréased the locomotor activity of mice
(Figure 7; two-way ANOVA repeated measures, treatrire 35=18.9,p<0.0001; days effect
F135=28.81, p<0.0001; interactiorF; 35=7.43, p=0.002). We also found that after a daily
injection of cocaine for 7 days (RC), all of thecmidisplayed a significantly enhanced
locomotion in response to the same dose of coaairday 7 compared with day #<0.001)
indicating the behavioural sensitisation.
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Figure 7. Cocaine-induced behavioural sensitisation in midiee were treated daily for 7 days and
ambulation was recorded for 1 h immediately afteatiment. Treatment groups: saline (SAL), mice
were treated with saline; acute cocaine (AC), miae treated with saline for 6 days and with
cocaine on the"7day; repeated cocaine (RC), mice were treateg &mil7 days with cocaine. Two-
way ANOVA, Bonferroni post-hoc test, p&0.01 AC treatment *lvs. 7" day, ***p<0.001 RC
treatment T vs. 7" day,n=11. Error bars indicate SEM.

1.2. The effect of cocaine treatment on DNMT exprsegon in the NAc and
hippocampus

Earlier studies by Miller and Sweatt (2007) havendaestrated that mRNA levels Binmt3a
and Dnmt3b were upregulated in the adult rat hippocampuso¥ahg contextual fear
conditioning. In our study, using gPCR, we foun@ttiAC administration displayed an
increase oDnmt3amRNA levels in both time points (1.5 h and 24 hil ®@nmt3bmRNA
level was increased at 24 h after AC treatment @etpto saline control (Figure 8A-C).
However, the RC treatment did not change signifigabnmt3aand Dnmt3bmRNA levels
compared to the saline control. There were alsasigoificant changes oDnmtl mRNA
levels after AC and RC treatment.
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Figure 8. Acute (AC) and repeated (RC) cocaine treatmemceffon A) Dnmtl, (B) Dnmt3a,and
(C) Dnmt3bmRNA levels at 1.5 and 24 after treatment in the NAc. One-way ANOVA, Bomter

post-hoc test, (5<0.05, **p<0.01, ***p<0.001 compared with respective saline (SAL) graul1.
Error bars indicate SEM.

We also assessed AC and RC treatment effect®rant's mRNA levels in the
hippocampus. Our data showed that AC and RC tredtmereaseddnmt3amRNA levels
1.5 h after treatment arldnmt3bmRNA was enhanced only after AC treatment (Figike
C). There were no changesDmmt3aandDnmt3bmRNA levels 24 h after cocaine treatment

and both AC and RC treatment did not aDermtl mRNA level in the hippocampus of adult
mice.
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Figure 9. Acute (AC) cocaine treatment was associated withi@egulation oDnmt3aandDnmt3b
MRNA levels in the hippocampugA-C) Cocaine effect orbnmtl, Dnmt3a and Dnmt3b mRNA
levels 1.5 h and 24 h after treatment in the hippgaus. One-way ANOVA, Bonferroni post-hoc test,
*** n<0.001 compared with respective saline (SAL) graw8. Error bars indicate SEM.

1.3. Cocaine treatment alters selected genes exmes in the NAc

Dnmt3aand Dnmt3bupregulation might cause hypermethylation of ¢ergenes promoters
and consequently downregulate the expression sethenes. Therefore, a search for genes
that show a diminished expression following cocdieatment was conducted. Several genes
were tested, such &dnf PP1c fosB andadenosine 4 receptor (AsR) that participate in
cocaine-induced neuroadaptations in the NAc endilico analysis revealed CpG islands
located within promoter regions. Our gPCR data sbihatPP1c mRNA levels were not
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altered 1.5 h after AC and RC treatment (Figure )10Aowever, 24 h after AC and RC
treatment, thePP1c mRNA levels were significantly decreased compareth the saline
control. To further confirmPP1c mRNA downregulation in the NAc, western blot arsady
was performed. We found that PP1C protein level alss significantly decreased 24 h after
AC and RC treatment compared to the saline co(figure 10B).

As expected, it was found that AC and RC treatmesuilted in upregulation dbsB
MRNA levels 1.5 h after treatment (Figure 10C), thaere were no significant changes 24 h
after treatment. We also found that both AC andtR@tment decreaseg,R mMRNA level
1.5 h after treatment (Figure 10D). However, weldamot found significant changes Bdnf
MRNA levels (data not shown). As our aim was tcestigate cocaine-induced long-lasting
effects, for future DNA methylation studi®$1candfosBgenes were selected.
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Figure 10. Altered patterns oPP1c fosB andA.xR genes expression after cocaine treatment in the
NAc. (A) The effect of acute (AC) and repeated cocaine) @iinistration olPP1cmRNA levels at

1.5 and 24 h after treatmenB)(AC and RC treatment resulted in decrease of Rird@in level 24 h
after treatment in the NAcC) The effect of AC and RC administration @sB and D) on AR
mRNA levels. One-way ANOVA, Bonferroni post-hoctteg<0.05,”p<0.001 compared with saline
(SAL) group,n=11. Error bars indicate SEM. OD, optical density.
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1.4. Cocaine treatment alters DNA methylation in tle PP1c and fosB promoters

To determine the role of DNA methylation on cocaiméuced behavioural sensitisation,
cocaine-induced changes of DNA methylation patteanshe PP1c promoter region was
evaluated. Using MeDIP assay, we found that bothah@ RC treatment resulted BP1c
promoter associated CpG island hypermethylatioh a#er treatment (Figure 11B).

Methylation-specific gPCR (MSP gqPCR) data confirni2dA hypermethylation at
the PP1c promoter region 24 h after AC and RC treatmengyfes 11A,C; two-way
ANOVA, treatment F,=2.77, p=0.0699; methylation effectF;=31.24, p<0.0001;
interactionF; 6=8.34,p=0.0006).
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Figure 11. Cocaine treatment was associated with altered Didghylation afPP1lcpromoters in the
NAc at 24 h after treatmentA) The position of th&P1cpromoter-associated CpG island. The target
region indicates the locations of methylation-sfieacjPCR (MSP gPCR) primer pairsB)( Acute
(AC) and repeated cocaine (RC) treatment elicitétAhypermethylation associated with tR@1c
promoter region, using methylaten DNA immunoprdeifion (MeDIP) assay. One-way ANOVA,
Bonferroni post-hoc test, *137<0.001 compared with saline (SAL) groups6. (C) AC and RC
treatment elicited hypermethylation associated it PP1c promoter region, using MSP gPCR.
Two-way ANOVA, Bonferroni post-hoc testp%0.05, ***p<0.001 compared with methylated SAL
group,n=11. Error bars indicate SEM. M, methylated; MeDN#ethylated DNA; U, unmethylated.

In correlation with upregulatetbsB mRNA levels, our MeDIP data demonstrated
hypomethylation at theosBpromoter 1.5 h after AC and RC treatment (Figu@s, B).
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Figure 12. Cocaine treatment was associated with altered Dieghylation afosBpromoters in the
NAc at 1.5 h after treatmentA) The position of théosB promoter-associated CpG island. The target
region indicates the locations of the gPCR primarsy 8) Acute (AC) and repeated cocaine (RC)
treatment elicited DNA hypomethylation associatdthwhe fosB promoter region, using methylated
DNA immunoprecipitation (MeDIP) assay. One-way AN@\MBonferroni post-hoc test, *13<0.001
compared with saline (SAL) group=6. Error bars indicate SEM. MeDNA, methylated DNA

To further confirm that AC and RC administratioreaeéd DNA methylation at the
promoter regions oPP1c andfosB genes, ChIP assay was performed. Consistent téh t
MeDIP and MSP gPCR results, ChIP analysis demdsstréghat AC and RC cocaine
treatment increased by 1.8- to 2-fold #R1cpromoter-associated MeCP2 binding 24 h after
treatment in the NAc (Figure 13A). However, in fbeBpromoter, AC and RC treatment was
associated with a significant decrease in MeCPd8ibghcompared with the saline control at
1.5 h after treatment (Figure 13B).
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Figure 13. Altered patterns of MeCP2 binding &P1c and fosB promoters in the NAc using
chromatin immunoprecipitation (ChlIP) assa#) Acute (AC) and repeated cocaine (RC) treatment
increased MeCP2 binding at tiR®1c promoter at 24 h after treatment amd) flecreased MeCP2
binding at thefosB promoter region at 1.5 h after treatment. One-ABYDVA, Bonferroni post-hoc
test, **p<0.01, ***p<0.001 relative to SALR=6. Error bars indicate SEM.
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1.5. The effect of DNMT inhibitor zebularine on coaine-induced DNA methylation and
the development of behavioural sensitisation in me

As we found that cocaine treatment increaBadht3aandDnmt3bmRNA levels and causes
PP1cpromoter region hypermethylation, the effect ofd@Ninhibitor zebularine on cocaine-
induced molecular changes and the development ldvii@ural sensitisation were assessed.
To correlate the molecular changes with cocainegrd behavioural sensitisation, a dose of
zebularine (300 ng per 0.5 ml, i.c.v.) that did affect basal locomotor activity and decreased
DNA methylation at théP1cpromoter region at 1.5 h after acute treatmerguie 14A) was
selected from our pilot study.

For the co-treatment experiment, all mice receivedv. infusion of saline or
zebularine followed after 20 min by i.p. salinecocaine (15 mg/kg). Locomotor activity was
recorded for 60 min immediately after the last ingection. Repeated saline and cocaine
(S+C) treatment for 7 days displayed a signifigaptihanced locomotion on day 7 compared
with that of day 1 (Figure 14B; two-way ANOVA withepeated measures, treatment
F335=15.98,p<0.0001; days effedt; 33=10.26,p=0.0027; interactiorr; 3=5.69, p=0.0025).
However, mice co-treated with zebularine and cacg#+C) did not show any sensitisation
on day 7 compared with day p<0.05). There was also no behavioural sensitisaditer
repeated zebularine and saline (Z+S) treatmgat8.05). Thus, our results suggest that the
inhibition of DNMT’s with zebularine did not affecacute cocaine-induced locomotor
activity, but instead delayed cocaine-induced behaal sensitisation in mice.
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Figure 14. Inhibition of DNMT by zebularine delayed cocaimeliced behavioural sensitisatioA) (
Acute zebularine (ZEB) treatment elicited DNA hypadhylation associated with tH&P1c promoter
region at 1.5 h after treatment in the NAc, usingthglated DNA immunoprecipitation (MeDIP)
assay. T-test,p=0.034,n=4. B) Mice were treated with cocaine (15.0 mg/kg, igldne or co-treated
with zebularine (300 ng per 0.5 ml, i.c.v.) daibr f7 days, and their ambulation was recorded for 1
immediately after treatment. Mice were treated vei#tine (0.5 ml, i.c.v.) + saline (0.1 ml per 10 g
body weight, i.p.) (S+S); zebularine i.c.v. + salinp. (Z+S); saline i.c.v.+ cocaine i.p. (S+C); or
zebularine i.c.v. + cocaine i.p. (Z+C). Two-way AMA with repeated measures, Bonferroni post-hoc
test, **p<0.001 S+C Fvs. day,n=7-12. Error bars indicate SEM. MeDNA, methylateld/A

44



Finally, we studied for molecular evidence to confithat zebularine infusions i.c.v.
before cocaine treatment altered DNA methylatiorelle@at thePP1c promoter region in the
NAc. Using MeDIP assay, we found that repeated ioecaeatment (S+C) induced at the
PP1cpromoter region DNA hypermethylation 24 h afteatreent compared with the saline
control group (S+S), and repeated zebularine amdige (Z+C) co-treatment avoided this
effect (Figure 15A; one-way ANOVAp<0.001 S+S vs. S+(<0.001 S+C vs. Z+Cn=6).
Similarly, MSP gPCR data demonstrated that thers wasignificant decrease of DNA
methylation associated with tiP1cpromoter region in the Z+C group compared with the
S+C group (Figure 15B; two-way ANOVA, treatmehRt 45=39.0, p<0.0001, methylation
effect F1 45=42.8, p<0.0001; interactiorfF; 45=80.8, p<0.0001). There were also significant
changes between the zebularine (Z+S) and the q&8i8) treated groupp<0.05).

In correlation with thd®P1cpromoter-associated CpG island methylation resulés
observed that zebularine attenuated cocaine-inddogdhregulation ofPP1c mRNA level
(Figure 15C; one-way ANOVAp<0.001 S+S vs. S+(<0.05 S+C vs. Z+Cp=6). These
data indicate that the inhibition of DNMT’'s by zdé#ine reverses cocaine-induc@lc
gene hypermethylation and mRNA downregulation & N#Ac.
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Figure 15. DNMT inhibitor zebularine altered DNA methylati@t thePP1c promoter region 24 h
after treatment in the NAc. Mice were treated vgiditine (0.5 ml, i.c.v.) + saline (0.1 ml per 10agiip
weight, i.p.) (S+S); zebularine i.c.v. + saline (+S); saline i.c.v. + cocaine i.p. (S+C); or akine
i.c.v. + cocaine i.p. (Z+C).A) Repeated Z+C co-treatment decreased DNA metbylalkkvel
associated with thBP1cpromoter relative to the S+C grouB) (Repeated Z+C treatment decreased
DNA methylation level associated with th®P1c promoter relative to the S+C group. Two-way
ANOVA, Bonferroni post-hoc test, *15<0.001 methylated S+C vs. methylated Z+#E€5-7. C) The
blockade ofPP1c methylation by zebularine was associated with mimaarcedPP1c mRNA level.
One-way ANOVA, Bonferroni post-hoc tesp<0.05 S+C vs. Z+Cp=5-7. Error bars indicate SEM.
M, methylated; MeDNA, methylated DNA; U, unmethydt
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2. The effect of SAM treatment on cocaine-induced WA methylation and
behavioural sensitisation in mice (Paper Il)

2.1. SAM pretreatment potentiated the developmentrad expression of cocaine-induced
behavioural sensitisation in mice

The effect of SAM (4520 mg/kg/day) on the behavabusensitisation to cocaine (10
mg/kg/day) in adult mice was evaluated. Our daawsd that repeated cocaine treatment
(S+C) and repeated SAM and cocaine co-treatmentCM#for 7 days displayed a
significantly enhanced locomotion on day 7 compavét the day 1 (Figure 16A), indicating
the development of the behavioural sensitisatiomer@ were also significant differences
(p<0.001) between S+C and M+C groups on day 7. Heweve did not find difference in
locomotor activity between SAM (M+S) and saline ttoh(S+S) groups.

In cocaine (7 mg/kg i.p) challenge study (on dagsdd 28) S+C and M+C groups
demonstrated a robust sensitisation exhibiting moo®motor activities than S+S group
(Figure 16B). Importantly, M+C group had higher egsion of sensitisation compared to the
S+C group. Cocaine challenge also increased tlmriotor activity in M+S group compared
to the S+S group, but these changes were not suilasta hese data demonstrated that
exogenous SAM pretreatment did not affect acutaioceeinduced locomotor response, but
instead potentiated the development and the expresd cocaine-induced behavioural
sensitisation in mice.
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Figure 16.(A) The effect of S-adenosylmethionine (SAM) treatn@micocaine-induced behavioural
sensitisation in miceTwo-way ANOVA repeated measurements, treatnignts=103.47,p<0.0001,;
days effectF;19¢=47.07, p<0.0001; interactionFg95=21.86, p<0.0001; Bonferroni post-hoc test,
*p<0.05, saline + saline (S+S) \8.+ cocaine (S+C)’p<0.05, S+S vsS-adenosylmethionine +
cocaine (M+C);p<0.05, Saline + S-adenosylmethionine (M+S) $sC; “p<0.05, M+S vsM+C;
$p<0.05, S+C vsM+C on the indicated daysi=17 (S+S and M+C)n=18 (M+S and S+C).H)
Cocaine challenge, two-way ANOVA repeated measungsnéreatment; ,=24.58,p<0.0001; time
F1,5711.60,p=0.0024; interactioifr3 ,3=0.36,p=0.7831;n=8. Error bars indicate SEM.

2.2. SAM-modified cocaine-induced gene expression

An lllumina microarray was used to study persist@mnges in gene expression in the NAc
following repeated SAM and cocaine treatment. Tam@es for gene expression profiling
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were collected 24 hours after the final treatmEotur different treatment groups - S+S, M+S,
S+C and M+C (4 samples per group) were comparedidfgientially expressed genes were
identified by a combination of statistical signditce <0.05) and a fold change (FC) filter
(FC>1.5). In total, 482 separate transcripts wepassed differently between the M+S, S+C
and M+C groups, representing 1.88 % of the totahlber of transcripts analysed whereas
98.12 % of the transcripts remained unaltered.

To assess the direction of gene expression chandesed by the treatments, the M+S,
S+C and M+C treatment groups were compared to-#¥edgboup. Our data showed that in the
M+S group a total of 18 transcripts (36%) were wmd 32 transcripts (64%) were
downregulated (see Supplementary Tables S1, SaperRI), representing 0.19 %=50) of
the total number of transcripts analysed. In th€ $roup, 93 transcripts (38.6%) were up-
and 148 transcripts (61.4%) were downregulated {sddes 2, 3 in Paper Il), representing
0.94% (=241) of the total number of transcripts analydadhe M+C group, 54 transcripts
(42.5%) were up- and 73 transcripts (57.5%) downedgd (see Supplementary Tables S3,
S4 in Paper Il), representing 0.4986127) of the total number of transcripts analysed.

The comparisons between M+S+C, and M+C groups were also performed. Our
analysis showed that 28 of 32 (87.5%) SAM-respansianscripts were down- and 9 of 18
(50%) were upregulated in the S+C group (see Soppiéary Figures S1/62A in Paper ).
Comparisons between M+S vs. M+C groups demonstriitad 12 of 32 (37.5%) SAM-
responsive transcripts were down- and 8 of 18 (4} were upregulated in the M+C group
(see Supplementary Figures S1B, S2B in Papemiigréstingly, we found that 64 transcripts
(43.2%) of the 148 cocaine-responsive genes wasa-dand 50 transcripts (53.8%) of the 93
cocaine-responsive genes were upregulated in th€ Breup (see Supplementary Figures
S1C, S2C in Paper Il). These data suggest that grstleatment reduced 56.8 and 46.2% (of
genes down- and upregulated by cocaine, respegtioktocaine-induced transcripts.

Gene ontology (GO) analysis was performed to greigpificantly regulated genes
into similar biological or molecular functional egbries. GO analysis showed an over-
representation of downregulated genes in the M+&, &nd M+C groups encoding proteins
involved in: (i) cell cycle, differentiation and giiferation, (ii) developmental process, and
(ii) signal transduction (see Supplementary Te®tein Paper Il). The upregulated genes in
all those groups were mainly aggregated into thegoaies of (i) multicellular organismal
process, (ii) cell cycle, differentiation and pfetation, (iii) signal transduction, (iv)
developmental process and/or ion transport (se@lSwmentary Table S6 in Paper Il). Table
S6 shows that genes, which are related to “cell-sgnaling” and “behaviour” were
upregulated only in the S+C group.

2.3. SAM pretreatment altered cocaine-induced CpGsland methylation and
transcriptional activity in the NAc

Analysis of gPCR was performed to validate the stib§ gene expression changes observed
in the microarray analyses. Genes chosen for qP&idation were selected based on their
potential roles in cocaine-induced neuronal pléagtiand onin silico analysis that revealed
CpG islands located within their promoter regioRsom the microarray data, 3 genes for
validation were selected: a) solute carrier family member 7 or vesicular glutamate
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transporter ISlcl7aj and cholecystokinifCcK asdownregulated genes; b) galarf(®al)
as upregulated gene after repeated cocaine treatmen

Using the same RNA samples as in the gene exprepsidiling, transcription analysis
of Slcl17a7andCckrevealed a significant decrease in mRNA levelotahg repeated M+S,
S+C, or M+C treatments in the NAc. There were digamt differences {<0.001) in both
genes between the S+C and Me&C groups. Using mouse cerebellum as a refereraia b
region, we found that the selected genes mRNA alezed in the cerebellum as well, but
these changes were not as extensive as in the [Skd7a7 and Cck mRNA levels
comparisons in both brain tissues demonstrated #hat7a7 mMRNA was significantly
different £<0.001) between the S+C group in the NAc $sC group in the cerebellum and
CckmRNA level between the S+C and M+C groups in NAcSAC and M+C groups in the
cerebellum (Figures 17A,B).

Gal mRNA data in the NAc showed that repeated M+S, &A@ M+C treatments
significantly increasedp&0.001) Gal expression compared to the S+S group. Furthermore,
Gal mRNA was significantly differentpc0.001) between the S+C aiMi-C groups. In the
cerebellum, we found that M+S and S+C treatmemysifszantly (p<0.001) upregulatetal
expression compared to the saline control. Thene \abso statistical differencep<0.001)
between S+C andM+C groups. Gal mRNA levels comparison in both brain regions
demonstrated that there were significant differenfpe0.001) between the S+C and M+C
groups in the NAc vsS+C and M+C groups in the cerebellum (Figure 17C).
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Figure 17. The effect of repeated S-adenosylmethionine (SAMY &ocaine administration on
selected genes mRNA levels in the mouse N#&8) and cerebellummg6). (A) Slc17a7mRNA, two-
way ANOVA, treatmentF;4~27.80, p<0.0001; tissue effecF;,,~8.44, p=0.0057; interaction
F34+~7.51, p=0.0004; Bonferroni post-hoc test, 1%0.001 Saline + Cocaine (S+C) NAc \&8+C
cerebellum; B) Cck mRNA, treatment~;4~27.67, p<0.0001; tissue effedt,; ,,~36.35,p<0.0001;
interaction F34+~7.66, p=0.0003; Bonferroni post-hoc test, 1%0.001 S+C and S-adenosyl-
methionine + Cocaine (M+C) NAc v&+C and M+C cerebellum; an€) Gal mRNA, treatment
F34/~2045.35,p<0.0001; tissue effedt; 4~1269.06,p<0.0001; interactiorF; 4,~885.82,p<0.0001;
Bonferroni post-hoc test, *13<0.001 S+C and M+C NAc v&+C and M+C cerebellum. Error bars
indicate SEM.

Using MeDIP assay,Slcl7a7, Cck,and Gal promoter-associated CpG island

methylation analysis in the NAc was performed. tarSlcl17a7promoter, MeDIP analysis
revealed that both M+S and S+C treatment resuitggtomoter hypermethylation compared
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to the S+S group (Figure 18A). We also found tlepeated SAM pretreatment significantly
(p<0.001) decreaseflicl7a7promoter hypermethylation compared to the S+C gréMih
regard to Cck promoter methylation, M+S and S+C treatments tedulin promoter
hypermethylation (Figure 18B). However, there wasaadditive increase i€ck promoter
methylation levels in the M+C group compared to 8wC group [§<0.001). Gal MeDIP
analysis demonstrated that M+S and S+C treatmedtsed promoter-associated CpG island
hypomethylation (Figure 18C)Remarkably, we found that repeated M+C treatment
essentially reverse@al promoter hypomethylation compared to the S+C treatrp<0.001).
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Figure 18. The effect of repeated S-adenosylmethionine (SANM) eocaine treatment on selected
genes promoter methylation levels in the mouse NAQ.Slcl7a7promoter methylation, one-way
ANOVA, F;,:1583,p<0.0001; Bonferroni post-hoc te§p<0.05, Saline + Saline (S+S) \Baline +
S-adenosylmethionine (M+S);p%0.05, S+S vs. Saline + Cocairf8+C); “p<0.05, S+S vs.S-
adenosylmetionine + Cocaine (M+Cp<0.05, M+S vs. S+Cp<0.05, M+S vs. M+C%p<0.05, S+C
vs. M+C, n=8; (B) Cck promoter methylationF;,:~2587, p<0.0001; Bonferroni post-hoc test;
*p<0.05, S+S vsM+S; *p<0.05, S+S vsS+C; “p<0.05, S+S vsM+C; "p<0.05, M+S vs. S+C;
*p<0.05, M+S vs. M+C3%p<0.05, S+C vs. M+=8; and ) Gal promoter methylatiorf; ,=39.58,
p<0.0001; Bonferroni post-hoc te§n,<0.05, S+S vsM+S; *p<0.05, S+S vsS+C; p<0.05, M+S vs.
S+C;%p<0.05, S+C vs. M+M)=8. Error bars indicate SEM. MeDNA, methylated DNA.

MeDIP data in the mouse cerebellum showed thatatedeM+S and S+C treatments
significantly (p<0.001) enhanced(c17a7, Cckpromoter-associated CpG island methylation
(see Supplementary Figures S3A,B in Paper Il). Meee Sicl7a7 and Cck promoter
methylation data comparison in both brain tissuesa@hstrated that there were significant
differences [§<0.001) between the S+C and M+C groups in the NAcS+#C and M+C
groups in the cerebellun@al MeDIP data comparison in both brain regions shothatthere
were significant changep<0.001) only between the S+C groups in the NAcS#C groups
in the cerebellum (see Supplementary Figure S3Faper II).

2.4. The effect of SAM treatment on methyltransferae activity and DNMT expression in
PC12 cells

To evaluate the underlying mechanism of the SAM ifyod) effect at the gene and genome
level, we studied the effects of a single and regukalose (7 days) of 0.5 mM SAM on
DNMT activity in PC12 cells. Time-course analysetowed that SAM altered
methyltransferase activity in a biphasic mannesingle SAM treatment (SST) enhanced and
a repeated SAM treatment (RST) decreased DNMT iacitompared with vehicle controls
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(Figures 19A,B). To link methyltransferase actiwtith Dnmt3aandDnmt3bmRNA levels,
we measured the SAM-altered DNMT activity ofy ¢, 5" and 7" treatment days. On thé'1
day, DNMT activity was similar to vehicle contrain the 3 day its activity was reduced
approximately by 50%, on thé"%y 65% and on the™day by 82% compared to controls
(Figure 19C).
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Figure 19. S-adenosylmethionine (SAM) altered DNMT activityR@€12 cells in a biphasic manner:
(A) a single SAM treatment (SST) enhanced [(two-way AMOtreatmentF; 3=15.64,p=0.0004;
time F43=6.77,p=0.0005; interactiorF, ;=4.91, p=0.0037; Bonferroni post-hoc te$p<0.001 SST
SAM 2 h vs.SST control 2 hn=4) whereasR) repeated SAM treatment (RST) decreased DNMT
activity compared to the control (two-way ANOVA,eaétment F; 3=206.74, p<0.0001; time
F430=0.18,p=0.9461; interactior,3=0.13,p=0.9717;n=4)]. (C) The effect of RST SAM treatment
on DNMT activity in cells, two-way ANOVA, treatmeri; ;~=141.58,p<0.0001; timeF;,~=5.65,
p=0.0447; interactiorF;;6.22, p=0.0086; Bonferroni post-hoc testp<0.001 RST SAM vs. RST
control on the indicated dayss4. Error bars indicate SEM. OD, optical density.

We found that the decrease in DNMT activity in PC@&lls correlated with
downregulation oDnmt3amRNA (Figure 20A), but not remarkably wihnmt3b mRNA
level (Figure 20B) after repeated SAM treatmémtsilico analysis ofDnmt3arevealed that
CpG islands located within the promoter region,sthwe assesse®nmt3a promoter
methylation following repeated SAM treatment. TheDIP results showed that repeated
SAM treatment resulted in a significant increasemathylation of theDnmt3a promoter
(Figure 20C), thereby decreasibgmt3agene transcription in PC12 cells.
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Figure 20. (A) Repeated S-adenosylmethione (RST SAM) treatmennhoigulatedDnmt3amRNA
levels compared to the control groups, two-way ANOMreatmentF; 5~47.49, p<0.0001; time
F,16=1.15,p=0.3391; interactionF, 15=1.15,p=0.3391;n=4. B) The effect of RST SAM treatment on
Dnmt3b expression, in each group=4. (C) RST SAM treatment significantly hypermethylated
Dnmt3apromoter region in PC12 cells. T-test, 1£0.0003,n=4. Error bars indicate SEM. MeDNA,
methylated DNA.
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2.5. SAM treatment hypermethylated theDnmt3a promoter and downregulated mRNA
level in the NAc

To bridge PC12 cells and mice data, we assddseat3aand Dnmt3bpromoter methylation
patterns and transcriptional activity in the NAcsity MeDIP, we discovered that M+S and
M+C treatment increaseBnmt3a promoter methylation (Figure 21A), but there was no
significant change ilonmt3b promoter (Figure 21B). Using qPCR, our data denratesd
that Dnmt3amRNA was significantly decreased following M+S alld-C treatments and
increased following S+C treatment compared with shéne-treated group (Figure 21C).
There were significan{p&0.001) differences in botinmt3aandDnmt3bmRNA levels after
the S+C and+C treatment in NAc (Figures 21C,D). These dathdate that repeated SAM
treatment may decrease methyltransferase aciivityitro and repeated SAM treatment is
associated with hypermethylation@hmt3apromoter region bothn vitro andin vivo.
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Figure 21. Repeated S-adenosylmethionine (SAM) and cocaewtrtrent altered DNA methylation
(A) at the Dnmt3apromoter, one-way ANOVAF;,:~80.83, p<0.0001; Bonferroni post-hoc test,
*p<0.05, Saline + Saline (S+S) vSaline + S-adenosylmethionine (M+Sp<0.05, S+S vsS-
adenosylmethionine + Cocaine (M+Cp<0.05, M+S vs. Saline + Cocaine (S+()<0.05, M+S vs.
M+C; §p<0.05, S+C vs. M+Cn=8; and at the B) Dnmt3b promoter in the NAC F;,513.04,
p<0.0001; Bonferroni post-hoc tesp<0.05, S+S vsS+C; p<0.05, M+S vs. S+C’p<0.05, M+S vs.
M+C; n=8. The effect of SAM and cocaine treatment @) Dnmt3amRNA level, one-way ANOVA,
F1.6=40.83, p<0.0001; Bonferroni post-hoc tesp<0.05, S+S vsM+S; *p<0.05, S+S vsS+C;
#0<0.05, S+S vaM+C; "p<0.05, M+S vs. S+Cp<0.05, M+S vs. M+C%p<0.05, S+C vs. M+O=8;
and D) on Dnmt3bmRNA level, F35=35.27,p<0.0001; Bonferroni post-hoc te$p<0.05, S+S vs.
S+C; #p<0.05, S+S vsM+C; "p<0.05, M+S vs. S+C’p<0.05, M+S vs. M+C3p<0.05, S+C vs.
M+C; n=8. Error bars indicate SEM. MeDNA, methylated DNA.
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3. The role of MS on DNA methylation and behaviourbchanges in rats
(Paper III)

3.1. The effect of MS on exploratory behaviour andocaine-induced behaviour

Previous studies have demonstrated that MS altgpdoratory behaviour in a novel
environment (Kaneko et al., 1994; Marmendal et28(06). To validate our model of MS, we
first used the exploratory box test to measure Itpvelated behaviour in adult rats. The
exploratory box test data demonstrated that MS1®0 minutes per day increased line
crossing and the sum of exploratory activity in ladats compared with rats from the AFR
group (Figure 22; one-way ANOVAp<0.05 AFR vs. MS180n=8). No differences were
found between the MS15 and MS180 groups. Basetasetdata, we considered that our MS
model is behaviourally valid.
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Figure 22. The effect of maternal separation (MS) on explasateehaviour in adult rats. One-way
ANOVA, followed by Bonferroni post-hoc testp%0.05 animal facility rearing (AFR) group vs.
MS180 groupn=8. Error bars indicate SEM.

The acute cocaine (AC, 10 mg/kg, i.p.) treatmeuntgtwas performed on PND120-
140. Figure 23A shows that AC treatment considgraidreased locomotor activity in both
MS groups compared with the control group (two-WNOVA repeated measures, MS effect
F.6/2.47, p=0.08; days effect,s~48.87, p<0.0001; interactionF,¢+~4.40, p=0.0033).
There were also significant differenc@s0.05) between the MS15 and MS180 groups.

After a daily injection of cocaine over 5 conseceatdays, both MS15 and MS180 rats
developed behavioural sensitisation; however, theree no significant differences between
groups (Figure 23B; two-way ANOVA repeated measuMsS effectF;=2.23, p=0.124;
days effecf, g=7.93,p=0.008; interactiorr, 66=0.17,p=0.953). These data indicate that MS
for 180 minutes increased the response to acutairmdreatment and MS enhanced the
development of behavioural sensitisation in genshe@n compared with AFR adult rats.
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Figure 23.(A) Maternal separation (MS) was associated withnareased response to acute cocaine
treatment. Two-way ANOVA repeated measures, Boaferpost-hoc test, #<0.01 animal facility
rearing (AFR) group vs. MS15 or MS180 groufis;0.05 MS15 vs. MS1801=13. B) The effects of
repeated cocaine treatment on the development bavimural sensitisation. Two-way ANOVA
repeated measures, Bonferroni post-hoc tegi<@01 MS15 1 day vs.MS15 3" day; *p<0.05
MS180 f' day vsMS180 &' day,n=13. Error bars indicate SEM.

3.2. MS-induced DNMT upregulation is maintained inb adulthood

To evaluate the role of DNA methylation on MS-inddachanges in gene expression, we first
assessed the effect of MS bnmtl, Dnmt3aandDnmt3bmRNA levels in the NAc of infant
(PND15) rats. Using qPCR, we found that MS for lihutes per day during the first two
weeks of life increase®@nmt3b mRNA levels significantly and that MS for 180 mies
enhanced all DNMT’'sexpression levels in the NAc of PND15 rats (seepBumentary
Figures S1A-C in Paper IlI).

Next, DNMT’s expression levels in the NAc of adrdits (PND120) were assessed.
We found that DNMT’'swere significantly upregulated both in MS15 and M&Igroups
compared with AFR animal@-igures 24A-C). We also found th&nmt3a and Dnmt3b
MRNA levels were significantly differenp€0.001) between the MS15 and MS180 groups.
To confirm ourDnmt3amRNA results western blot analysis was perfornwéd. found that
NAc DNMT3A protein level was increased in MS15 av&180 adult rats compared with
AFR group (Figure 24D) and there was a signifiadifference p<0.01) between the MS15
and MS180 groups. These findings indicate thatydde stress (MS180) during the first two
weeks of life significantly increasednmt’'s mRNA levels compared with MS15 and AFR
groups and these changes persist into adulthood.
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Figure 24. The effect of maternal separation (MS) on the kwdl(A) Dnmtl,(B) Dnmt3aand C)
Dnmt3bmRNA in the NAc of adult rats. One-way ANOVA, Banfoni post-hoc test, *15<0.001
compared with the animal facility rearing (AFR) gp “p<0.001 MS15 vs. MS180=6. (D) The
effect of MS on the protein levels of DNMT3A in théAc of adult rats. One-way ANOVA,

Bonferroni post-hoc test, *13<0.001 compared with the AFR grotip<0.01 MS15 vs. MS18(=6.
Error bars indicate SEM. OD, optical density.

3.3. The effect of MS on global DNA methylation lesls in the NAc and PFC

In this part of study, we assessed whether MS caltiéat global DNA methylation levels in
the NAc and in the PFC of adult rats. Global methgh analysis (the percentage of
methylated DNA in total DNA) showed that DNA metatfbn was significantly decreased in
the NAc of MS180 animals (Figure 25A; one-way ANOMBonferroni post-hoc tegp<0.05
AFR vs. MS180n=7). We also found that DNA methylation was decedam the PFC of
MS15 and MS180 animals but these changes weretaitdtically significant (Figure 25B).
These data suggest that MS may alter global DNAwtetion levels in the NAc of adult rats.
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Figure 25.(A) Thelevels of global DNA methylation, shown as percgptanethylated DNA (5-mC)
of total DNA, in the NAc andR) in the PFC of adult rats. One-way ANOVA, Bonferr@ost-hoc
test, 1<0.05 animal facility rearing (AFR) group vs. MS1§®up,n=7.

3.4. MS is associated with hypermethylation in th®P1c and AR promoter regions
in the NAc

To investigate the role of MS at a gene leW®1cand A,aR genes were chosen based on
both their possible participation in cocaine-inddiceeuroplasticity mechanisms and on data
from in silico analysis that revealed CpG islands within thewnpoter regions. We also
examined the expression and promoter region meibgldevelsof Reelin (Reln)which is
not associated with cocaine-induced neuronal pigalthough its promoter is epigenetically
regulated. Using MeDIP assay, we measuP&d.c promoter-region methylation of PND15
rats. We found that MS15 and MS180 significantlyreagulated PP1c promoter-region
methylation levels (see Supplementary Figure S2Aaper IIl). To validate the MeDIP
results, we used methylation-specific g°PCR analysis (MSP gPCR). Tdnalysis revealed
that methylation of th&P1lcpromoter region was increased in both separatadargroups
on PND15 (see Supplementary Figure S2B in Papeamid-way ANOVA repeated measures,
treatment F, 35=6.64, p=0.0041; methylation effectr;3=96.78, p<0.0001; interaction
F230=26.11,p<0.0001; Bonferroni post-hoc tegi0.05 unmethylated AFR veanmethylated
MS180; p<0.001 methylated AFR vsnethylated MS15 or MS18(0h=6). The data from
DNA methylation analysis correlated with qPCR resddecause we found that tRé1c
MRNA level was decreased in the MS180 group congpaviéh control animals (see
Supplementary Figure S2C in Paper III).

To determine whether MS-induc&P1cgene promoter-region hypermethylation and
transcriptional downregulation is persistent, wearamned PP1c promoter methylation and
transcriptional activity at PND120. Data generatessihg MeDIP and MSP gPCR assays
demonstrated that both MS15 and MS180 elicited Diypermethylation at promoter region
of PP1c(Figure 26A MeDIP; and Figure 26B; MSP gPCR astag;way ANOVA repeated
measures, treatmenf,,15.37, p<0.0001; methylation effect; ,.94.92, p<0.0001;
interaction F, 2,6=36.90, p<0.0001; n=6). In correlation with thisPP1c promoter-region
hypermethylation, we found th@&Plc mRNA was significantly decreased in the NAc of
separated rats (Figure 26C).
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Figure 26. (A) The methylated DNA immunoprecipitation (MeDIP)sag showed that maternal
separation (MS) elicited DNA hypermethylation ok tRP1c promoter region, one-way ANOVA,
Bonferroni post-hoc test, *13%<0.001 compared with the animal facility rearingF@&) group;
"p<0.001 MS15 vs.MS180, n=6. (B) Methylation-specific qPCR showed that MS elicited
hypermethylation of th®P1cpromoter region. Two-way ANOVA, Bonferroni postéhtest, 1<0.05,
*** n<0.001 compared with methylated or unmethylated DiiAhe AFR groupn=6. (C) The effect
of MS on thePP1c mRNA levels, quantified using gPCR. One-way ANOMBgnferroni post-hoc
test, ***p<0.001 compared with the AFR groups6. Error bars indicate SEM. M, methylated;
MeDNA, methylated DNA; U, unmethylated.

The second gene of interest wasR. We observed that methylation 864R at
PND15 was enhanced in the NAc of separated ani(sals Supplementary Figure S3A in
Paper Il1). Quantification of;aR MRNA by gPCR demonstrated that hypermethylatiothef
AxaR promoter was associated with reduced mRNA leveld$ groups but these data did not
achieve statistical significance (see Supplemeriayyre S3B in Paper lIlI).

To assess whether MS-inducAghR hypermethylation is persistent, we evaluated the
promoter methylation and mRNA at PND120. MeDIP hssshowed that changes in DNA
methylation at thé\,aR promoter is maintained into adulthood (Figure 27A)rthermore, we
found thatA;aR hypermethylation was statistically differemi<(.001) between MS15 and
MS180 animals. We also found that hypermethylatbthe A,4R promoter leads to reduced
MRNA in the MS180 group (Figure 27B). There wergoasignificant differenceg€0.05)
between the MS15 and MS180 groups. Thus, thesesdgtgest that MS during the first two
weeks of life results in persisteRtP1c and A,aR promoter-region hypermethylation and
transcriptional downregulation in the NAc. Howeveejther handling nor MS affectdeiln
promoter-region methylation or mRNA in the NAc @aiot shown).
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Figure 27. Maternal separation (MS) was associated W&HR promoter methylation and
transcriptional downregulation in the NAc of adultats. @) The methylated DNA
immunoprecipitation (MeDIP) assay showed that Misited DNA hypermethylation of thé,,R
promoter region. One-way ANOVA, Bonferroni post-htwst, ***p<0.001 animal facility rearing
(AFR) group vsMS15 or MS180 group$p<0.001 MS15 vsMS180,n=6. (B) The effect of MS on
MRNA levels of theA;sR gene. One-way ANOVA, Bonferroni post-hoc test, (%0.001 AFR vs.
MS180,p<0.05 MS15 vsMS180,n=6. Error bars indicate SEM. MeDNA, methylated DNA.

To determine whether thBP1c and AaR promoter-region hypermethylation and
transcriptional downregulation is NAc-specific, tREC of adult rats was studied. Our data
showed that neither handling nor MS affected Bfelc or A,aR mMRNA and promoter
methylation levels in the PFC (see Supplementagyries S4A,B; S5A,B in Paper lll). There
were also no changes RelnmRNA and promoter-methylation levels in the PFQM$15
and MS180 animals (Fig. S4C; S5C). These data atelithatPP1c and A,aR mRNA and
promoter methylation changes after MS are NAc-gjeci
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DISCUSSION

1. The role of DNA methylation on cocaine-induceddhavioural
sensitisation in mice (Paper 1)

In study I, our aim was to investigate the rolecotaine treatment on DNMT’s and selected
genes PP1c, fosB)expression in the NAc of adult mice; and to assksseffect of DNMT
inhibitor on cocaine-induced gene expression charagel the development of behavioural
sensitisation in mice.

1.1. The role of DNMT on cocaine-induced behavioutaensitisation

Previous findings have implied that the functionDiIMT’s in the central nervous system
(CNS) might be involved in DNA repair and neurodeg@tion (Brooks et al., 1996; Endres
etal., 2000, 2001; Fan et al., 2001) and that midegigun of DNA methylation and DNMT’s
might be involved in cognitive disorders such dszmphrenia, Rett syndrome, and Fragile X
mental retardation (Sutcliffe et al., 1992; Amira¢t 1999; Veldic et al., 2004).

Studies by Miller and Sweatt (2007) have demoretirahat DNA methylation levels
were rapidly and dynamically regulated in the higgropus following the associative training
paradigm of contextual fear conditioning. They fduhatDnmt3aandDnmt3bmRNA levels
were upregulated in area CAl of the hippocampusyviahg fear conditioning (Miller and
Sweatt, 2007). Our data showed that acute cocamenient upregulate®@nmt3a and
Dnmt3bmRNA levels in the NAc and hippocampus (Figures@BBnd 9B,C; respectively).
In addition, we found thaDnmt3aexpression achieved the highest level after acotaine
treatment and it diminished after repeated coca&xgosure. In relation t®nmt3a and
Dnmt3b expression levels in the NAc, cocaine-induced gkanin the hippocampus were
more dynamic as there were no significant chandgdsdter treatment. However, both acute
and repeated cocaine treatment did not aDemtl mRNA level in the NAc and
hippocampus, thus, we hypothesize that cocainecasltathede novoDNA methylation.

At present, signal transduction processes that tnaightrol cocaine-induced DNMT’s
expression in the adult CNS are unknown. AlthougdADmethylation is a part of the
regulation of gene expression, it infers that theray be some overlap of intracellular
signaling pathways with other chromatin modificationechanisms. In the adult CNS
chromatin modification is governed by various ing#ular signaling pathways, including the
Ras-mitogen-activated protein kinase (MAPK/ERK) czate (Renthal and Nestler, 2008;
Brami-Cherrier et al., 2009). It has been found thegeting the Ras signaling pathway with
drugs such as methotrexate and inhibitors of MAR{Edecreases DNA methylation in
malignant hematological diseases and colon caneks, andicating a causal relationship
between Ras signaling and DNA methylation (MacLebdl., 1995; Philips, 2004; Morgan et
al., 2007; Lu et al., 2007; Diaz-Flores and Shan2007).

In recent years, the MAPK/ERK signaling cascade lbeen implicated in responses
to most drugs of abuse (Berke and Hyman, 2000;|&e&001; Fasano and Brambilla, 2002;
Girault et al., 2007). It has been found that ispmnse to cocaine, the MAPK/ERK and the
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downstream MSK1 controls an early phase of histbi3 phosphorylation at the-fos
promoter in striatal neurons (Brami-Cherrier ef 2005). MSK1 action may be potentiated
by the concomitant inhibition of PP1 by nuclearmnsiacation of dopamine and cAMP-
regulated phosphoprotein DARPP-32 (Stipanovichl.e2808; Brami-Cherrier et al., 2009).
Cocaine also phosphorylates the transcription fa@BEB via the MAPK/ERK-MSK1
cascade (Swank and Sweatt, 2001; Levine et al5)26@ mentioned earlier, phosphorylation
and activation of CREB recruits CBP, which regudateromatin structure as part of CREB-
dependent activation of nuclear gene transcrip(®weatt, 2009). Therefore, we speculate
that cocaine-induced activation of the Ras siggalpathway might trigger both DNA
methylation and histone modifications.

1.2. DNA methylation regulatesPP1c and fosB transcription in the NAc after acute and
repeated cocaine treatment

As we found that cocaine treatment significantlyagulateddnmt3aand Dnmt3bexpression

in the NAc and thereby might cause hypermethylatibnertain genes promoteiRP1lcand
fosBpromoter region methylation and mRNA levels in M#ec of mice were evaluate@Qur
data demonstrated that DNMT activation results ypenmethylation of thé®P1c promoter
region after acute and repeated cocaine treatrireuires 11B,C), increased MeCP2 binding
in thePP1cpromoter region (Figure 13A) and decreaB&d.cexpression of both mRNA and
protein levels (Figures 10A,B). It has been shoWwat tmethylation of DNA brings about
general deacetylation of histones H3 and H4, prsverethylation at histone H3 lysine K4,
and induces methylation of histone H3 lysine K9 ({Karides, 2007; Li et al., 2007,
Shahbazian and Grunstein, 20@&tra and Szyf, 2008). Based on these data, weilgpec
that MeCP2 can recruit co-repressor complexes tthyteted PP1c promoter regions,
including histone-modifying enzymes such as HDA&sl HMT’s. Repression ¢&?P1cmay
result in several effects on the intracellular siginansduction level. For example, inhibition
of PP1 has been shown to increase phosphorylation ot:thmino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor subunit Bluand Ca2+/calmodulin-dependent
protein kinase Il (Genoux et al., 2002). Reduced PRay have important effects for
transcriptional regulation by CREB through the iapibf PP1 to complex with HDAC.
Canettieri and colleagues (2003) have demonstithi@da HDAC1-PP1 complex represses
CREB activation under basal conditions and dephmgfdtes CREB to return the system to
baseline after a stimulus (Canettieri et al., 2003)is suggests that repression of PP1 is
crucial in providing phosphorylated CREB with thepacity to recruit CBP to the promoter,
at which time histones become acetylated and helgrive the transcription of particular
genes. Thus, repression of tAP1cgene via methylation of promoter regions shouldval
aberrant phosphorylation of crucial receptors, girokinases, and transcription factors during
cocaine-induced neuroadaptation.

Previous studies have demonstrated that expressidros-family proteins (c-Fos,
FosB, Fra-1, and Fra2) is rapidly induced in thecNa#er acute exposure to drugs of abuse
(Hope et al, 1994). This induction is transienstitag only 4-12h after drug exposure. In our
study, we found that cocaine treatment hypometbgldosB promoter (Figure 12B),
decreased MeCP2 binding in th@sB promoter region (Figure 13B) and increadedB
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MRNA level (Figure 10C). These data suggest thataioe may also induce DNA
demethylation and thereby increase certain gem@sdription. However, in contrast to the
large amount of information that has accumulatedbdiA methylation, DNA demethylation

is still a quite controversial and largely unresaharea of research and there is no consensus
about DNA demethylases in mammalian cells althasegyreral potential canditates have been
proposed (Ooi and Bestor, 2008; Métivier et alQ&0

1.3. DNMT inhibition by zebularine delay the develpment of cocaine-induced
behavioural sensitisation

The effect of DNMT inhibitor zebularine on cocaimeluced molecular changes and the
development of behavioural sensitisation were asse®ur data showed that zebularine
blocked hypermethylation in thBP1c promoter region and delayed the development of
cocaine-induced behavioural sensitisation. The edm& of PP1c hypermethylation was
triggered using i.c.v. infusion of zebularine amdvas sufficient to re-establighP1c gene
expression in the NAc. It has been found that zeing is a potent inhibitor affecting all
DNMT subtypes (Weisenberger et al., 2004; Marqued.e2005). However, we were unable
to determine which subtype of DNMT is important fitre development of behavioural
sensitisation. It is possible that both Dnmt3a Bndht3b work together to hypermethylate the
promoter-associated CpG islands and to then trigmiscrally repress these genes, aiding in
the development of behavioural sensitisation.

In Figure 14A we show that a single dose of zelmgacaused hypomethylation in the
promoter ofPP1lcat 1.5h after treatment. However, the effect of repeaeularine (Z+S)
administration resulted iPP1c promoter region hypermethylation B4after last treatment
(Figures 15A,B). Based on zebularine pharmacoliasgplasma zebularine concentrations in
mice declined with terminal half-lives;() of 40 minutes after 200 mg/kg intravenous (i.v.)
injection (Holleran et al., 2005), we speculatet tBdh after the last administration of
zebularine (Z+S) the DNMT inhibition effect is emdérherefore, it is possible that a slight
increase of methylation iPP1c promoter-associated CpG island in Z+S groups (esgu
15A,B) is caused by a compensatory increase of DN3ETivity after inhibition by
zebularine. Despite slight hypermethylation atRfELcpromoter region after Z+S treatment
we found thatPP1c mRNA level was increased approximately 1.5-foldthe Z+S group
compared with the saline control (S+S, Figure 18@)gesting that smaller changes of DNA
methylation may not alter gene transcription. Rég@+C co-treatment data demonstrated
that zebularine treatment block&P1c promoter region hypermethylation (Figures 15A,B),
which was associated with an enhanB€dcmRNA level (Figure 15C). We speculate that in
addition toPP1¢ zebularine may also inhibit hypermethylation norpoter-associated CpG
islands of other genes, re-establish these gensctigtions, and therefore inhibit cocaine-
induced neuroplasticity in the brain.

At behavioural level, we found that repeated Z+Ctreatment delayed the
development of behavioural sensitisation, althourghularine (Z+S) itself did not affect
locomotor activity. Interestingly, zebularine didtrmodify acute cocaine effect, suggesting
that the promoter region hypermethylation mightabeimportant underlying mechanism for
altered gene expression during the developmenebéwoural sensitisation. Therefore, we
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hypothesize that zebularine via normalization afeg&ranscription at cellular level stabilized
neuronal network function and therefore delayeddnelopment of psychostimulant-induced
behavioural sensitisation. As DNA methylation hasmaportant role in learning and memory
formation (Miller and Sweatt, 2007), zebularine naso delay cocaine-induced behavioural
sensitisation by inhibiting DNA methylation in theippocampus and altering cocaine-
environment associated learning and memory formatio

2. The role of SAM on cocaine-induced DNA methylabin and behavioural
sensitisation in mice (Paper Il)

In this study, we assessed the role of methyl d&#dvl on cocaine-induced gene expression
changes and the development of behavioural seatfitisin mice.

2.1. The effect of SAM treatment on cocaine-inducegene expression and CpG island
methylation

Using whole-genome gene expression analysis, otar dkamonstrated that repeated SAM
treatment significantly altered 50 transcripts.tldse transcripts, 36% were upregulated and
64% were downregulatesliggesting that exogenous SAM treatment primailgnces gene
expression, as expected from the typical silenceffiect of DNA hypermethylation.
Compared to the SAMcocainetreatmenthas a broader impact upon gene expression.
Repeated cocaine treatment changed 241 transangtpredominantly downregulated these
transcripts 37 transcripts of the 50 SAM-responsive genes vedse altered in the S+C
group. Interestingly, the number of significantijeated genes in the M+C group was lower
than that of the S+C group. These data demongtratet6% and 57% (respectively up- and
downregulated) SAM and cocaine treatment-groupstnapts were no longer significantly
different compared to the respective transcriptenfthe S+C group, suggesting that SAM
pretreatment modified the cocaine-induced geneesgprn pattern in the NAc. GO analysis
revealed that SAM pretreatment decreased expresdi@everal cocaine-induced genes in
different functional groupsiemonstrating that SAM’s blunting effect is non-gfie.

Other microarray studies have demonstrated th&rakgenes are affected by cocaine
(S+C) treatment (Freeman et al., 2010; RodriguezdBo et al., 2010; Maze and Nestler,
2011). However, there have been only a few remtsonstrating an effect of SAM MET
(a precursor of SAM) at the genome level. In SK-N+B#iroblastoma cells, SAM modulates
7 genes (of a total of 588 genes analysed) of wBiakere upregulated and 4 downregulated,
showing low levels of modulation (Cavallaro et &Q06). Weaver and colleague2006)
demonstrated that repeated MEihtraventricular treatment altered337 transcripts,
representing 1.08% of the population of genes eniNA microarray, and of these altered
transcripts, 217 (64%) were downregulated and 13%600) were upregulated in the rat
hippocampugWeaver et al., 2006}t is difficult to compare our results with thesata but
nevertheless, the ratio of up- and downregulatetegés similar between all of the studies.
Both SAM and MET only affect the expression of mited number of genes and did not
affect the vast majority of the genome, suggestiagg SAM or MET treatments, despite their
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global nature, do not result in a general silenariggene expression. The basis for the
specificity of SAM or MET gene expression effe@miains unknown. Thus, exogenous SAM
treatment induces minor effects on whole-genomee gempression; however, SAM
pretreatment significantly modified cocaine-inducgdne expression by blunting non-
specifically the cocaine response.

To determine the effect of SAM and cocaine at tbeeglevel, we selected (from the
gene expression profiling dat®ck Slcl7a7 and Gal genes for analysis based on their
possible participation in cocaine-induced neurotatams in the NAc (Hokfelt et al., 1980;
Josselyn et al., 1997; Fremeau et al., 2001; Nafrasah et al., 2009). We found that repeated
SAM treatment caused both hypermethylation and imgibylation in the promoter regions
of the selected genes, and these changes assowdtediown- and upregulated mRNA
expression, respectively (Figures 17A-C; 18A-C; segplementary Figures S3A-C in Paper
II). These results are comparable in part with the stugibich demonstrated that exogenous
SAM treatment elicits gene silencing via promotgpdrmethylation \(Vatson et al., 1999;
Fuso et al.,, 2001; Pulukuri et al., 200Bimilarly, repeated treatment with MEIE also
associated with hypermethylation wdelin and GAD67 promoter regions in mouse frontal
cortex and striatunfTremolizzo et al., 2002; Dong et al., 2008Ve also found thaBAM
pretreatment inhibited cocaine-induced hyper- angomethylation $lcl7a7 and Gal,
respectively) in the NAc. Interestingly, SAM addédly enhanced cocaine-induced
hypermethylation at theCck promoter, which was associated witbck transcriptional
downregulation in the NAc (Figures 17d8hd 18B). Thus, it seems that SAM pretreatment
may both increase and decrease cocaine-induced@&tAylation on gene level.

To evaluate whether the effects of SAM are NAc-#fgeor not, we assessed the
selected genes expression and promoter region fagtmylevels in the mouse cerebellum.
Our data showed that repeated SAM treatment sogmfly changedSlcl7a7 and Cck
promoter methylation levels in both brain regioseg supplementary Figures S3A,B in Paper
I) indicating that SAM effects are rather non-gfiecAs expected, the cocaine effects on the
gene expression were more prominent in the NAc thdahe cerebellum. These data suggest
that SAM treatment modifies cocaine (another eptjerfactor) specific effects in the NAc.

2.2. The effect of SAM on DNMT expression and metlityansferase activity

In this part of study, we analysed the consequeatasute and repeated SAM treatments on
DNMT’s expression and methyltransferase activityPid@12 cells. We found that exogenous
SAM treatment induced a biphasic effect on methpkferase activity (Figures 19A,B) since
a single SAM treatment enhanced whereas repeatidd tdezatment significantly reduced
methyltransferase activity. Both vitro andin vivo data show that repeated SAM treatment
increases Dnmt3a promoter-region hypermethylation, which was assed with
downregulation of th®nmt3amRNA level (Figures 20A,C and 21A,C3AM and cocaine
co-treatment (M+C) also increasBadmt3apromoter methylation compared with S+C group.
As we found significantly downregulat&hmt3bmRNA level in M+C group (Figure 21D),
without methylation of Dnmt3b promoter, we speculate that SAM-induced a histone
methylation might be involved iDnmt3bexpression. Moreover, based on accumulating data,
we propose the following model for the regulatioh @NA methylation/demethylation
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activities. A single dose of SAM stimulates methgnsferase activity resulting in increased
DNA methylation. It is possible that SAM increadeBlA methylation by also decreasing
demethylation via inhibition of MBD2 (Detich et al2003). Repeated administration of
exogenous SAM decreases methyltransferase acthatydecreasednmt3a and Dnmt3b
expression and via increased levels of intracell8&H, which is the product of the
transmethylation reactions and inhibits DNMT ad}iWiChiang, 1998). Therefore, we propose
that the modifing effect on cocaine-induced gengression in the NAc following repeated
SAM treatment may result from an altered balancevéen methylation/demethylation
activities. We also speculate that decrease of SAddeed methyltransferase activity is
reversible after discontinuing exogenous SAM treatm While we found that SAM and
cocaine treatment may also cause promoter-assodiZp&-island hypermethylation (e.g.,
CcK, we speculate that other factor(s) may partie@pan fine-tuning the DNA
methylation/demethylation balance

2.3. The effect of SAM treatment on cocaine-induceldehavioural sensitisation

At behavioural level, we found that repeated SABatment alone did not affect locomotor
activity (Figure 16A); a related finding has beascribed following repeated MET treatment
(Tremolizzo et al., 2002 Several recent studies indicate that injection®NMT inhibitors
into different brain regions may affect inverselyet development of cocaine-induced
behavioural sensitisation and CPP in mice. For gt@ntontinuous intra-NAc infusion over
the 7 days of RG108 increased cocaine induced QRP eamhanced the induction of
behavioural sensitisation to chronic cocaine (LaP& al., 2010). DNMT inhibitor 5-aza-2-
deoxycytidine (5-aza) injections into hippocampuélCarea restrained acquisition of
cocaine-induced CPP, however 5-aza had no effectaaquisition after injection into
prelimbic cortex (Han et al., 2010). We previouslgmonstrated that repeated zebularine
intracerebroventricular injections decreased caeamduced behavioural sensitisation,
suggesting that zebularine (due to diffusion taarbtissue) affected DNMT activity in the
hippocampus more than in the NAc (Paper I). In stigly we found that SAM pretreatment
significantly potentiated cocaine-induced ambulatiduring the development and expression
of behavioural sensitisation in mice. Thereforey tehavioural data, coupled with the
decrease@®nmt3aandDnmt3bmRNA levels in the NAc, support the findings thlacreased
methyltransferaseactivity in the NAc positively regulates cocainehiced behavioural
sensitisation (LaPlant et al., 2010). Increase@ruator activity in M+C group on the 5-7
treatment days is also in line with decreagmint3a mRNA level and methyltransferase
activity in PC12 cells (Figures 19C ag@A). It is not known how exogenous SAM treatment
affectsDnmt3 andDnmt3bexpression in other brain regions, but we speculatereduced
Dnmt3a and Dnmt3b expression in the NAc might had higher impact ¢zatne-induced
locomotor activity compared with other brain regiqe.g. CA1 area).

The cocaine challenge study suggests that an seldacomotor activity in the M+C
group (compared to S+C group) is persistent ingigahat the effects of SAM on cocaine are
long-lasting even after withdrawal period of coeaiiRecently, it has been reported that
chronic MET (0.78 g/kg, twice per day subcutanegudiminished the rewarding effects of
cocaine in the CPP procedure (LaPlant et al., 2000@re are a number of methodological

63



differences between the LaPlant’'s study and oudystbat could account for the disparate
findings, including the drug (MET vs. SAM), dose MET and SAM, and different
pretreatment regimens. We think that an especiatlportant factor is the pretreatment
regimen as SAM or MET might affect different gendspending on the interval between
pretreatment and cocaine administration. Howewar data indicate that methyl donor SAM
modifies cocaine-induced gene expression in the NAmice and thereby contributes the
development of behavioural sensitisation.

3. The role of MS on DNA methylation and behaviourbchanges (Paper IlI)

Using MS as an early life stress model, our aim twasvestigate whether the MS on rats
could alter DNMT’'s and selected gen€®(c AxaR) expression in the NAc of infant and
adult rats and whether these changes are assouwidtethe development of cocaine-induced
behavioural sensitisation in adulthood.

3.1. The effect of MS on exploratory behaviour andocaine-induced behaviour
in adult rats

To validate our model of MS, we used the explosatoox test to measure novelty-related
behaviour in adult rats subjected to MS manipufati&xploratory behaviour in novel
environments is influenced by the conflicting matrs fear and curiosity. Mallo and
colleagues (2007) found that animals with a hightivation to explore displayed reduced
anxiety-like behaviour (Mallo et al., 2007). It hbsen also reported that chronic variable
stress increased exploratory activity in explonatbox test and increased dopaminge D
receptor-specific cCAMP accumulation in the NAc atsr (Matrov et al., 2011). Our data
demonstrated that in the adult MS180 group, ratswvsd increased exploratory activity
compared with the AFR and MS15 groups. These data wonsistent with the Marmendal et
al. (2006) study, where early deprivation was fotmthcrease exploratory behaviour in adult
male Wistar offspring. Thexploratory box test data are also consistent with cocaine
results, and several studies have demonstratedhtra is a significant correlation between a
subject's locomotor response to a novel environraadtits locomotor response to cocaine
(Bardo et al., 1996; Hooks et al., 1991). Thera ieeport demonstrating that exposure to
novelty activates, at least in part, the same heulzstrate that mediates the rewarding effects
of drugs of abuse (Bardo et al., 1996), howeves,ekact mechanism underlying the effects
of MS on exploratory behaviour, is unknown.

The acute cocaine treatment (10 mg/kg, i.p.) saeiyonstrated that adult rats from
the MS180 group showed an increased response te aouaine treatment (Figure 23A),
suggesting that the duration of MS effected thsilte The repeated cocaine treatment study
indicates that the early life stress (both handing MS) increased susceptibility to cocaine-
induced behavioural sensitisation in adult anin@mpared with the AFR group (Figure
23B). Few studies have investigated the influenté8 on the effects of cocaine. For
example, Li and colleagues (2003) observed thaaduolthood, AFR, MS15 and MS180
groups did not differ in their locomotor responseah acute intravenous cocaine treatment,
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and that MS15 and MS180 groups showed significales robust effects of cocaine
challenge than rats from an AFR group; howevely tised only female rats (Li et al., 2003).
Kikusui and colleagues (2005) found that repeat&lildreased the hyperlocomotor response
to 10.0 mg/kg cocaine regardless of mouse gend&ugki et al., 2005). Marin and Planeta
(2004) found that male adolescent rats exposed $o @whibited an increased locomotor
response to cocaine; however, this response wasls#rved in adult rats (Marin and
Planeta, 2004). Brake and colleagues (2004) demadedtthat MS and non-handled animals
displayed a dose-dependent increased sensitivitgomaine-induced locomotor activity
compared with a handled group (Brake et al., 2004gse data suggest that the outcome of
the model of early life stress may depend on varidactors, such as environmental
conditions, gender, specifics of the separatiorguare, the duration of separation, etc.

3.2. The effect of MS on DNMT and selected genespegssion

In present study, we showed that early life stiggegulated Dnmt’&xpression in the NAc
of infant rats and that this upregulation persiste adulthood. We found that MS elevated
expression levels ddnmt3aprimarily, suggesting thate novomethylation dominated. The
signal transduction processes that control MS-iadUugNMT’s expression in the infant CNS
are unknown. As we found upregulatdmt3amRNA level in the NAc, we hypothesized
that increased glucocorticoid receptor stimulabgrcorticosterone during MS could trigger a
cascade of molecular events, which constantly asgeDNMT’s expression in the brain.
These changes facilitate adaptation to acute emwiemtal challenges, but may lead to
behavioural pathologies in chronic stress condgtion

On a global level, we found that MS significantigcdeased DNA methylation in the
NAc, but not in the PFC of adult rats (Figure Zblere is a limited numbers of studies that
describe MS-induced DNA methylation on a globaklewn the rat brain. Using mild and high
prenatal stress, Mychasiuk et al. (2011) found thadl prenatal stress increased and high
prenatal stress decreased global DNA methylatiovelde in the frontal cortex and
hippocampus of rat offspring.

Studies have demonstrated that stressful expesesaeng early life may cause both
DNA hypo- and hypermethylation of specific gene maters (Weaver et al., 2004;
Fuchikami et al., 2009; Murgatroyd et al., 2009iiRet al. 2009; Franklin et al., 2010). We
found that MS was associated with hypermethylatiod transcriptional downregulation of
thePP1lcandA;aR promoter regions in the NAc, but not in the PF@ither handling nor MS
affectedRelnpromoter-region methylation or transcription levielghe NAc and PFC. These
data suggest that MS effects may be gene and brgian specific. Moreover,dzause we
found that on global level, MS was associated \RNA hypomethylation and at gene level
with DNA hypermethylation, our findings suggestttMS may regulate DNA methylation at
different levels - on a global and a gene levelwEwer, the exact mechanisms underlying
these changes, are unknown. A similar phenomenglobal DNA hypomethylation and
gene-specific hypermethylation - has been obsearvading-related conditions (Wilson et al.,
1987; Oakes et al., 2003; Calvanese et al., 2009).
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Furthermore, in many complex diseases includingceanatherosclerosis and psychiatric
disorders (Baylin and Herman, 2000; Pogribny anthi&g 2009), it is common to observe
global DNA hypomethylation and gene-specific hypetimylation (Kile et al., 2010).

As mentioned above, gene expression analysis showadMS induced persistent
transcriptional downregulation of the neuronal ptaty-related gene®Plcand AR In the
NAc. The PP1 enzyme contains both a catalytic subuditaaregulatory subunit (Goldberg et
al., 1995). Protein kinase A and PP1 regulate the plorgfatiion state and activity of many
physiological effectors, including neurotransmitteceptors, for example AMPA receptor,
which regulate the excitability of medium spiny n@uws (Yan et al.1999). Repression of the
PP1cgene via hypermethylation of its promoter regionld enable aberrant phosphorylation
of crucial receptors and transcription factors agrand after MS. Our data suggest that both
environmental factors, MS and cocaine treatmentcgice resulted inPP1c promoter
hypermethylation and transcriptional downregulatiorthe NAc of mice, Paper I) have a
similar effect onPP1lcpromoter methylation and transcription activitytie NAc.

The activity of the AAR determines the response to acute cocaine treatiNéwc
contains a high density of,ARs, which pre- and postsynaptically regulate glatmgic and
dopaminergic neurotransmission on GABAergic sttiatterent neurons, in part by acting on
heteromers of adenosine receptors with dopamine raethbotropic glutamate receptors
(Ferré et al.2007). At the behavioural level, pharmacologicalckhde typically potentiates
the acute behavioural effects of psychostimulagtadiing on the NAc A\Rs (Popoli et al.,
1998; Filip et al.,2006). These finding are consistent with our resthit demonstrate that
reducedAaR MRNA levels in the NAc of MS180 rats is associateith an enhanced
response to acute cocaine treatment.

Thus, we can conclude that stressful experienceariy life may create a background,
via aberrant DNA methylation, which promotes thevalepment of cocaine-induced
behavioural sensitisation in adult rats.
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CONCLUSIONS

1. Our data demonstrated that cocaine treatment caudgaamic increase iDnmt3aand
Dnmt3bexpression levels in the NAc and hippocampus sstggethat cocaine induces
ratherde novoDNA methylation. At the gene level, we identifidtht cocaine treatment
induces both DNA methylation/demethylation and d¢hgr affects certain genes
transcription. DNMT inhibitor zebularine intracerebentricular treatment normalised
hypermethylated gene transcription and delayed dimeeclopment of cocaine-induced
behavioural sensitisation in adult mice indicatthgt DNA methylation/demethylation

activities may be important processes during theeld@ment of behavioural sensitisation
in adult mice.

2. The methyl donor SAM modifies cocaine-induced gempression at the genome and
gene level in the NAc and may thereby contribue dlevelopment of cocaine-induced
behavioural sensitisation in adult mice.

3. Maternal separation may cause via aberrant DNA yledibn persistent changes of gene
expression and create a background that promogesid@lielopment of cocaine-induced
behavioural sensitisation in adult rats.

In summary, our results suggest that DNA methytatigays important role in the
development of cocaine-induced behavioural semn$itis. Furthermore,environmental
factors such as SAM and early life stress may ptemia DNA methylation the development
of psychostimulant-induced drug addiction in mioe aats.
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SUMMARY IN ESTONIAN

DNA metudlimise roll kokaiini poolt p6hjustatud kai tumusliku sensitisatsiooni
kujunemises

Ravimsoltuvust defineeritakse kui kroonilist psiki#hi ja kaitumishairet, mille peamiseks
iseloomustajaks on vastupandamatu tung tarbidahogidopseid aineid hoolimata sellega
kaasuvatest tdsistest kdrvaltoimetest (Kalivaslet2805; Hyman et al.2006; Koob and
Kreek, 2007). Eksperimentaalsed uuringud on néaidaetravimsdltuvus kujuneb valja jark-
jargult ja sdltuvusega seotud neurobioloogilisedutused voivad jadda pusima ka parast
psuhhotroopsete ainete tarvitamise |6ppu. Ulatudlikepidemioloogilised uuringud on
naidanud, et ravimsodltuvuse kujunemisel on olutwienii geneetilisel eelsoodumusel kui ka
keskkonnateguritel (Nestler, 2001; Goldman et28lQ5; Hyman et al., 2006).

Geenid, mis voivad suurendada riski ravimsoltuvteskekeks, on kéaesoleval ajal
teadmata. Uuringud on naidanud, et ravimsoltuvuskett saab mojutada erinevate
keskkonnateguritega nagu stress, psuhhotroopseieteaikattesaadavus, varajase eluea
keskkond (Nestler, 2001; Weaver et al., 2004; Galdrat al., 2005; Waterland et al., 2006;
Szyf, 2009). Hupoteesi kohaselt peavad pusivateurkdislike muutuste aluseks olema
pusivad muutused geeniekspressioonis. Seetdttu imnasel ajal Gha enam hakatud
tdhelepanu pbdrama epigeneetikale, mis kirjeld@mnig&spressiooni regulatsioonis osalevaid
molekulaarseid mehhanisme ning keskkonna ja geeaidelisi seoseid.

Geeniekspressiooni reguleerimiseks on vajalik, astav geen oleks transkriptsiooni
l&biviivatele valkudele kattesaadav. Rakutuumas @®&A on kokkupakitud kromatiiniks,
mis on DNA, histoonide ja teiste valkude kompleKsomatiini piirkonnas, kus ei toimu
transkriptsiooni (heterokromatiin) on DNA tihedalseotud histoonidega péarssides
transkriptsiooni labiviivate valkude (nt. RNA polénaas Il) seostumist DNA-ga (Fischle et
al. 2003). Kromatiini osa, mis on vahem kokkupatitining kus toimub geenide
transkriptsioon, nimetatakse eukromatiiniks. Epeggiised mehhanismid nagu histoonide
modifitseerimine, DNA metldlimine ja mikroRNA-d, onolulised mehhanismid
geeniekspressiooni regulatsioonis. Haired epigdistes mehhanismides vbivad pdhjustada
tOsiseid patoloogiaid nagu naiteks kasvajate te&etngu- ja psuhhiaatrilisi haireid (Rett
stindroom, Fragiilse X-i sindroom, autism, depressié@revus) jne.

Korduv psihhostimulaatori (nt. kokaiini vOi amfetiéni) manustamine pdhjustab
katseloomadel suurenenud kaitumusliku vastuse. isSellfenomeni nimetatakse
psuhhomotoorseks ehk kéaitumuslikuks sensitisatgisoning see modelleerib adiktiivset
kaitumist ja psuhhostimulaatorite psuhhootilisi kgikatsioone inimesel (Robinson and
Berridge, 1993; Pierce and Kalivas, 1997). Kaitulikus sensitisatsiooni tekke ja
avaldumisega on seotud aju sarrustuse piirkonngd naalduv tuuninucleus accumbeng)
prefrontaalne korteks. Kuna kaitumuslikule seraitijonile on iseloomulikud pusivad
muutused katseloomade kaitumises, siis arvataksesaiselt on selle pdhjuseks luhi- ja
pikaajalised geeniekspressiooni muutused, mis omdakmdjutavad narviimpulsi tlekannet,
stinapsite moodustamist ja narviringide funktsiomeist.
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Mitmed uuringud viitavad, et epigeneetilised meh&and (eriti geeni promootori
piirkonna DNA metudlimine) on seotud pikaajalisteegiekspressiooni muutustega. DNA
metlUulimise korral liidetakse DNA metuultransfeiaéd®NMT) vahendusel metutlrihm
DNA tsutosiin-guanosiin (CpG) dinukleotiidsele gsjusele (Holliday and Pugh, 1975; Klose
and Bird, 2006). CpG jarjestust esineb kogu genoamatuses ja valdavalt on need
metlulitud. CpG jarjestused, mis asuvad geeni potanis on metudlitud vaiksemas ulatuses
ja nende metuulimise aste korreleerub geeni reijpasga ehk siis DNA hipermettilimine
parsib transkriptsiooni reguleerivate valkude seosst DNA-ga. Muutused DNA
metlulimise/demetutlimise protsesside tasakaaliasaduua olukorra, kus ekspresseeruvad
need geenid, mis peaksid olema vaigistatud vOiuyedit ning seelabi voivadki tekkida
pusivad geeniekspressiooni muutused, mis omakomzdustavad erinevate haiguste,
sealhulgas ravimsdltuvuse, teket.

TO0 eesmargid

Antud t66 peaeesmargiks oli hinnata DNA metUulimis#li kokaiini poolt pd&hjustatud
kaitumusliku sensitisatsiooni kujunemises hiirgetgttidel.

Tapsemad t60 eesmargid olid jargmised:

1. Uurida: a) kokaiini manustamise mo6ju DNMT-de ja itwal markergeenide
ekspressioonile hiirte naalduvas tuumas; ja b) &srDNMT inhibiitori, zebulariini,
toimet kokaiini poolt esilekutsutud geeniekspressiomuutustes ning kaitumusliku
sensitisatsiooni kujunemises taiskasvanud hiirtel.

2. Hinnata metudlrihma doonor S-adenosudlmetioniinAM$ moju  kokaiini  poolt
esilekutsutud geeniekspressiooni muutustes ja rkdisliku sensitisatsiooni kujunemises
taiskasvanud hiirtel.

3. Selgitada, kas varajases elueas kogetud stressr(raalse separatsiooni mudel, MS) vdib
mojutada DNMT-de ja valitud markergeenide ekspoessinoorte ja taiskasvanud rottide
naalduvas tuumas ning kas need muutused on seatldiirk poolt pdhjustatud
kaitumusliku sensitisatsiooni tekkega taiskasvasuea

ToO6 tulemused ja jareldused

1. K&esoleva t00 tulemused néaitavad, et kokaiini m@amsie suurendas dinaamiliselt
Dnmt3a ja Dnmt3b ekspressiooni hiirte naalduvas tuumas ja hipokaegukuid ei
mojutanud oluliselDnmtlekspressiooni. Kuna on leitud, et DNMT3 perekondalkvad
ensuimid DNMT3A ja DNMT3B vastutavad uutge(novo)mettlimismustrite loomise
eest (Okano et al1999) ja DNMT1 olemasolevate metuulimismustritditséinise eest
(Bestor, 2000; Goll and Bestor, 2005), siis voilejdada, et kokaiini manustamine
mojutab pigem de novo DNA metldlimist. Kasutades metudlitud DNA
immunosadestamist ja metuulspetsiifilist kvantvatt reaalaja PCR, leidsime, et nii
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akuutne kui ka korduv kokaiini manustamine suursilaravimséltuvusega seotud
markergeeni proteiin fosfataas 1 katalldtilise llai (PP19 promootori piirkonna
hUipermetidlimist hiirte naalduvas tuuma®Plc promootori hipermetudlimise
tulemusena oli oluliselt vahenenB# 1cekspressioon nii mRNA kui valgu tasenfeR1c
ekspressiooni langus voib omakorda poéhjustada idanakusisestes signaaliilekande
protsessides, kuna on leitudRR1cosaleb transkriptsioonifaktorite (nt. CREB), kindas
(nt. C&'/kalmoduliin-sdltuv proteiin kinaas 1) ja retsepite (nt. AMPA retseptori
alatihik GIuR1) fosfortleerimise inhibeerimises (Gex et al., 2002; Canettieri et al.,
2003). Teiseks uuritavaks markergeeniks oli anfidis fosB. Erinevalt PP1c, oli fosB
promootor kokaiini manustamise jargselt hipometidli ning transkriptsioon
suurenenud. Siit jareldub, et kokaiini manustanvgg pohjustada nii DNA metadlimist
kui ka demetuulimist (metttlmargiste eemaldamisihg@eromootori piirkonnast).

DNMT inhibiitori, zebulariini, intraventrikulaarnemanustamine enne kokaiini
manustamist kdrvaldaBP1c promootori hipermetidlimise hiirte naalduvas tuurjaas
normaliseerisPP1c ekspressiooni. Kaitumiskatsete tulemusena leidsienezebulariini
manustamine pidurdas kokaiini poolt po&hjustatud tukausliku sensitisatsiooni
valjakujunemist taiskasvanud hiirtel. Seega, kaokgioolt péhjustatud muutused DNA
metlUulimise/demetutlimise protsessides vdivad olidised mehhanismid kaitumusliku
sensitisatisooni kujunemises ning DNMT inhibiitorianustamine vGib normaliseerida
hupermetidlitud geenide transkriptsiooni.

. Kasutades lllumina platvormil pdhinevat, kogu gemookatvat geeniekspressiooni
analliisi, leidsime, et kuigi genoomi tasemel mi@u®AM vaid vaheste geenide
ekspressiooni, avaldab ta modifitseerivat toimetkakioi poolt esilekutsutud
geeniekspressiooni muutustele taiskasvanud higdddavas tuumas. SAM-i modifitseeriv
toime avaldus ka geeni tasemel, kuna avastasime&ortuv SAM-i manustamine
pdhjustas nii htipo- kui ka hipermettdlimist lllumiekspressioonikiibi analtitisi andmete
pdhjal valitud markergeenide promootori piirkonnasaks leidsime, et korduv SAM-i
manustamine vahendas metllltransferaasi aktiiveudangetasDnmt3a ja Dnmt3b
ekspressiooni niin vivo kui ka in vitro. Siit jareldub, et SAM-i modifitseeriv toime
kokaiini poolt esilekutsutud geeniekspressiooni tusiele vdib olla seotud DNA
metlulimise/demetutlimise protsesside tasakaalutustega hiirte naalduvas tuumas.
Kaitumiskatsete tulemused naitasid, et SAM ise wurenda hiirte lokomotoorset
aktiivsust. SAM + kokaiini koosmanustamise katse{8&M-i manustati hiirtele 20
minutit enne kokaiini sudstimist) aga leidsime, eAMs suurendab kokaiini poolt
pdhjustatud lokomotoorse aktiivsuse tbusu nii kaiisliku sensitisatisooni induktsiooni-
kui ka ekspressioonifaasis. Seega, metudlrihma afo8AM avaldab modifitseerivat
toimet kokaiini poolt esilekutsutud geeniekspressianuutustele naalduvas tuumas ning
soodustab kaitumusliku sensitisatsiooni teket s&gknud hiirtel.

. Varajases elueas kogetud stressi modelleerimisagst&sime MS mudelitnille korral

rotipojad eraldati emast esimesel kahel elunadplastnataalsed paevad PND1-14) iga
paev 180-ks minutiks. T66 tulemused néitasid, et pihjustas pulsivaid muutuseid
Dnmt-de ja valitud markergeenidd’R1c ja AxaR) ekspressioonis rottide naalduvas
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tuumas. Kuna leidsime, et MS pdhjustas globaaBRI& hipometutlimist nindP?Pl1cja
AR promootorite hipermettulimist, siis oletame, et MS vdib regutiser DNA
metUulimist nii globaalselt kui ka geeni spetgsilt. Kaitumiskatsete tulemused naitasid,
et MS suurendas nii taiskasvanud rottide uudistakus ka lokomotoorset aktiivsust.
Antud t60 tulemuste pdhjal saab jareldad, et M® ENA metlulimise kaudu pdhjustada
pusivaid muutuseid geeniekspressioonis ning luuatéaa mis soodustab kokaiini poolt
pdhjustatud kaitumusliku sensitisatsiooni teketkésvanueas.

Seega, kdesoleva t60 tulemused naitavad, et DNAiUI@ine mangib olulist rolli kokaiini
poolt pdhjustatud kaitumusliku sensitisatsiooniuagmises. Veelgi enam, keskkonnategurid
nagu SAM ja varajases elueas kogetud stress, vad@l metidlimise kaudu soodustada
psuhhostimulaatoritest tingitud ravimsdltuvuse tekehiirtel kui ka rottidel.
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