
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2016

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 209

Epigenetic Dysregulations in the
Brain of Human Alcoholics

Analysis of Opioid Genes

IGOR BAZOV

ISSN 1651-6192
ISBN 978-91-554-9445-2
urn:nbn:se:uu:diva-270321



Dissertation presented at Uppsala University to be publicly examined in B/B7:113a,
Husargatan 3, Uppsala, Friday, 26 February 2016 at 10:15 for the degree of Doctor of
Philosophy (Faculty of Pharmacy). The examination will be conducted in English. Faculty
examiner: Catharina Lavebratt (Institutionen för molekylär medicin och kirurgi (MMK)).

Abstract
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Neuropeptides are special in their expression profiles restricted to neuronal subpopulations
and low tissue mRNA levels. Genetic, epigenetic and transcriptional mechanisms that define
spatiotemporal expression of the neuropeptide genes have utmost importance for the formation
and functions of neural circuits in normal and pathological human brain. This thesis focuses
on regulation of transcription of the opioid/nociceptin genes, the largest neuropeptide family,
and on identification of adaptive changes in these mechanisms associated with alcoholism
as model human pathology. Two epigenetic mechanisms, the common for most cells in
the dorsolateral prefrontal cortex (dlPFC) and the neuron-subpopulation specific that may
orchestrate prodynorphin (PDYN) transcription in the human dlPFC have been uncovered. The
first, repressive mechanism may operate through control of DNA methylation/demethylation
in a short, nucleosome size promoter CpG island (CGI). The second mechanism may involve
USF2, the sequence–specific methylation–sensitive transcription factor which interaction with
its target element in the CpG island results in USF2 and PDYN co-expression in the same
neurons. The short PDYN promoter CGI may function as a chromatin element that integrates
cellular and environmental signals through changes in methylation and transcription factor
binding. Alterations in USF2–dependent PDYN transcription are affected by the promoter SNP
(rs1997794: T>C) under transition to pathological state, i.e. in the alcoholic brain. This and two
other PDYN SNPs that are most significantly associated with alcoholism represent CpG-SNPs,
which are differentially methylated in the human dlPFC. The T, low risk allele of the promoter
SNP forms a noncanonical AP-1–binding element. JUND and FOSB proteins, which may form
homo- or heterodimers have been identified as dominant constituents of AP-1 complex. The C,
non-risk variant of the PDYN 3′ UTR SNP (rs2235749 SNP: C>T) demonstrated significantly
higher methylation in alcoholics compared to controls. PDYN mRNA and dynorphin levels
significantly and positively correlated with methylation of the PDYN 3′ UTR CpG-SNP
suggesting its involvement in PDYN regulation. A DNA–binding factor with differential binding
affinity for the T allele and methylated and unmethylated C alleles of the PDYN 3′ UTR SNP
(the T allele specific binding factor, Ta-BF) has been discovered, which may function as a
regulator of PDYN transcription. These findings emphasize the complexity of PDYN regulation
that determines its expression in specific neuronal subpopulations and suggest previously
unknown integration of epigenetic, transcriptional and genetic mechanisms that orchestrate
alcohol–induced molecular adaptations in the human brain. Given the important role of PDYN in
addictive behavior, the findings provide a new insight into fundamental molecular mechanisms
of human brain disorder. In addition to PDYN in the dlPFC, the PNOC gene in the hippocampus
and OPRL1 gene in central amygdala that were downregulated in alcoholics may contribute to
impairment of cognitive control over alcohol seeking and taking behaviour.
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Introduction 

The fluctuating patterns of electrical and chemical activities in brain neural 
circuits define cognition and behavior. Functional connectivity within neural 
circuits is shaped by neuromodulators that modify neuronal excitability and 
synaptic efficiency. Neuropeptides are the largest family of neuromodulators 
that includes more than 300 peptides [1-10]; (see also 
http://www.neuropeptides.nl/). Neuropeptides exert specific, coherent effects 
on formation and rewiring of brain neural circuits and consequently on be-
havior. Dysregulation of neuropeptides may lead to neurological and psychi-
atric disorders including depression, schizophrenia and substance addiction. 
Thus, destruction of tiny populations of orexin/hypocretin–expressing neu-
rons, and mutations in dynorphin opioid peptides cause narcolepsy and 
spinocerebellar ataxia [11-13]. 

Neuropeptides are synthesized in small neuronal subpopulations in the 
central nervous system (CNS), and after release diffuse through volume 
transmission to their cognate receptors on proximally or distantly located 
cells. Several properties enable neuropeptides to regulate functional connec-
tivity in neural circuits. First, a relatively long extracellular half-life allows 
neuropeptides to diffuse to and activate distant receptor targets [14]. In a 
large number of CNS loci, a particular neuropeptide and its receptors are 
localized in different brain regions [15]. The neuropeptide-receptor mis-
match suggests that neuropeptides released into the extracellular space may 
create the dynamic “neuropeptide regulatory cloud” covering local neural 
circuits. Second, neuropeptides activate their cognate G-protein coupled 
receptors at low, nanomolar concentrations that allow them to function at 
substantial distance from their release sites and produce coherent effects on 
both proximal and distant neurons in a circuit. Third, through activation of 
various intracellular signaling cascades neuropeptides exert a great variety of 
cellular effects including changes in membrane excitability, gene transcrip-
tion, and synaptic and morphological plasticity [16-21]. Fourth, neuropep-
tides are capable to re-wire or re-program their target circuits by inducing 
the priming effects [22, 23] and tolerance [24-26]. The priming is the ability 
to prime vesicle stores for activity–dependent release, which might underlie 
changes in behavior. In the area reachable by slowly diffusing neuropeptide, 
most cells would be affected for long time, while persistent activation may 
be reduced through receptor desensitization or internalization resulting in 
tolerance in cellular response. 
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Most neurons express neuropeptides and multiple neuropeptides may be 
expressed by a single neuron. A neuropeptide phenotype is likely the most 
variable neuronal characteristic [27-30]. As a rule, each neuropeptide is ex-
pressed in tiny neuronal subpopulations characterized by the CNS- and 
CNS-area–specific patterns. Identification of transcriptional and epigenetic 
mechanisms that define neuronal subtype– and circuit–specific neuropeptide 
expression is a cornerstone in understanding of formation and functions of 
neural circuits in normal and pathological brain. 

The endogenous opioid system 
The opioid peptide precursors are encoded by four genes: prodynorphin 
(PDYN), proenkephalin (PENK), proopiomelanocortin (POMC) and prono-
ciceptin (PNOC) that give rise to dynorphins, enkephalins, endorphins and 
nociceptin (NC), the endogenous ligands for opioid receptors. These pep-
tides act through G-protein coupled κ-, δ-, μ- and nociceptin receptors 
(KOR, DOR, MOR and NOR). Dynorphins are extraordinarily potent pep-
tides that function as endogenous ligands for the KOR [31-33]. Dynorphins 
are released from nerve terminals to cause presynaptic inhibition and also 
from dendrites to cause retrograde inhibition of excitatory afferents. KOR 
activation is acutely inhibitory and results in stimulation of mitogen–
activated protein kinase (MAPK) pathways (ERK1/2, p38 MAPK, and c-Jun 
kinase) [18]. Dynorphins are characterized by distinct anatomical expression 
patterns in the brain with higher expression in the striatum, hippocampus, 
hypothalamus and amygdala [34-38]. The dynorphin/KOR system plays a 
role in a variety of physiological processes including neuroendocrine regula-
tion, nociception, motor control, cardiovascular function, respiration, tem-
perature regulation, feeding behavior and stress response as well as in re-
ward processing and mood control [39-47].  The most distinct feature of 
KOR agonists is that they are profoundly dysphoric when administered to 
humans [48] and aversive when given to rodents [49-54]. Dynorphins are 
released during exposure of rats or mice to stressful behavioral experiences 
[55, 56]. Stress–induced dysphoria or anxiety is known to increase the risk 
of drug abuse in people [57] and to reinstate extinguished drug seeking in 
rodents [58]. Repeated stress exposure produces dynorphin–dependent dys-
phoria [18, 41, 59]. Pharmacological and genetic manipulations with the 
opioid receptors alter alcohol consumption in animals [51, 52, 60-66]. Ani-
mals lacking a functional dynorphin/KOR system through either genetic 
deletion or receptor antagonism seem to be stress–resilient and less likely to 
seek drugs. These results suggest that the KOR–mediated dynorphin actions 
encode the dysphoric, aversive, and anxiogenic effects of stress in ways that 
increase the risk of drug abuse and addiction. The abstinent state during drug 
withdrawal is also profoundly dysphoric, and KOR activation by dynorphins 
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may contribute to the intense craving that results in drug–seeking behaviors 
in humans and animal models of substance addiction. Consistently, poly-
morphisms in the PDYN and KOR–encoding gene (OPRK1) are associated 
with alcoholism [67-72] while those in PDYN are linked to negative craving, 
which is the desire for drinking in the context of tension, discomfort or un-
pleasant emotions in alcohol–dependent individuals [73]. Altogether these 
findings suggest that KOR antagonists may be therapeutically effective in 
treating depression and alcohol use disorders including negative craving and 
relapse prevention [74]. 

Human PDYN expression and regulation 
Human PDYN transcripts 
The PDYN gene produces several RNA variants coding for the full-length 
(FL) and several N-terminally truncated proteins in the human brain (Fig-
ure 1). The previous study [75] from our laboratory and recent analyses by 
FANTOM consortium [76] identified two main clusters of PDYN transcrip-
tion start sites (TSSs) (Figure 1b). In the first cluster the sites determine the 
5′ end of exon 1. The second cluster is located in exon 4 of the gene. Tran-
scription is initiated from the exon 4 TSSs in the brain regions characterized 
by high levels of expression including nucleus accumbens (NAc), caudate 
nucleus, putamen, hippocampus and amygdala (Figure 1c). 

A canonical form of PDYN mRNA encoding the FL1-PDYN mRNA con-
sists of 3 introns and 4 exons (Figure 1a). The second FL mRNA isoform 
(FL2) and transcripts with testis–specific alternative first exons (Taf I and 
Taf II) differ from FL1 in exon 1 variants [75, 77]. Several 5′ truncated tran-
scripts including alternatively spliced Sp1 and Sp2, and T1-T3 mRNAs pro-
duce N-terminally truncated (T) proteins lacking a signal peptide (Figure 
1d). Sp1 lacks a part of coding exon 4, and Sp2 exons 2 and 3 and a part of 
coding exon 4 [75] (Figure 1d). TSSs of the T1-T3 mRNAs are located up-
stream or between the dynorphin–encoding sequences. TSSs scattered over 
exons were described for other genes [78]. In contrast to human, only one or 
two Pdyn transcripts, which code for the FL proteins, have been identified in 
the rodent, guinea pig, lungfish, and amphibian [79-82]. The FL1-PDYN 
mRNA showed a classic PDYN mRNA expression pattern, predominantly in 
limbic–related structures such as the ventral striatum, dorsal striatum patch 
compartment, accessory basal and cortical amygdala nuclei, dentate gyrus of 
the hippocampus, and entorhinal cortex. In contrast, FL2 mRNA shows more 
limited distribution with predominant expression over FL1 variant in the 
claustrum and supraoptic hypothalamus. Even when present in the same 
brain structure (e.g. basal nucleus of Meynert and hypothalamus) the two 
PDYN mRNA forms were differentially expressed in discrete subnuclei [75]. 
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Figure 1. Structure of human PDYN gene. (a) Genomic organization and repeating 
elements in human PDYN gene on chromosome 20. A screenshot from the UCSC 
Genome Browser on Human 2009 (GRCh37/hg19) Assembly. (b) Promoter region 
of human PDYN gene showing location of VNTR, two main clusters of TSS peaks 
and degree of evolutionary conservation across 100 vertebrates and several selected 
species (UCSC Genome Browser). (c) Transcriptional activity of PDYN promoter 
region and coding exon 4 in highly expressing brain areas along with degree of evo-
lutionary conservation across 100 vertebrates (UCSC Genome Browser). Non-
coding, thin line in dark blue; coding, thick line in dark blue; dynorphin peptide–
encoding sequences, yellow. CN, caudate nucleus; NAc, nucleus accumbens; Put, 
putamen. (d) Known PDYN fetal and adult brain and testis-specific mRNA isoforms 
are shown. FL, full-length; T, truncated. Exon numbers are shown for FL1-PDYN. 
Color key as in c. 

Human PDYN exon 4, which encodes neuropeptides, has a promoter activity 
that may contribute to the intragenic initiation of transcription of T1 and T2 
isoforms translated into two N-terminally truncated PDYNs with molecular 
size of 12 and 6 kDa, respectively. T1 and T2 proteins lack a signal peptide 
and are located in the cell nucleus and cytosol, respectively, suggesting their 
non-opioid functions [75]. 

A significant portion of the transcriptome, non-coding RNAs (ncRNAs) is 
involved in the regulation of the expression of neighboring protein-coding 
genes possibly through epigenetic mechanisms [83, 84]. Long ncRNAs 
(lncRNAs) are the most abundant but not well–characterized class of 
ncRNAs. The common strategy for analysis of lncRNAs is to study their 
genomic localization in relation to protein–coding genes. lncRNAs are de-
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rived from intergenic regions (long intergenic/intervening ncRNAs), overlap 
with main transcripts and are also transcribed from the antisense strand of 
protein–coding genes. Expression of a protein–coding mRNA might be regu-
lated by an antisense lncRNA derived from the same genomic locus. 
lncRNAs are highly versatile with a spectrum of novel activities that include 
recruiting nonselective transcriptional and epigenetic regulators to specific 
loci in the genome, forming nuclear bodies, modulating nuclear-cytoplasmic 
transport, and controlling local protein synthesis at synapses. Analysis of the 
human PDYN locus identified the AK090681 gene encoding a 60,272 nu-
cleotides long ncRNAs with 4 non-coding exons and 3 introns that is tran-
scribed from the opposite strand of PDYN [85] (Figure 2a) and may impact 
the PDYN expression. Our preliminary analysis identified robust and oppo-
site differences in expression of AK090681 and PDYN between the NAc and 
cerebellum, the two areas with strongly different PDYN expression. The 
levels of AK090681 mRNA were lower 20-fold while those of PDYN higher 
1,000-fold in the NAc compared to the cerebellum. 

Thus, PDYN transcription in human brain demonstrates high plasticity 
manifested in a number of transcripts, variations in their levels, brain area 
specific patterns and synthesis of several protein products that function as 
neuropeptide precursors, or nuclear and cytoplasmic proteins. Most exons 
are strongly conserved in the human and rodent genomes. Exons that are 
only included in minor alternative splice forms (as opposed to the constitu-
tive or major transcript form) are frequently characterized by their recent 
creation. The expression of minor human PDYN mRNA forms that are either 
spliced (Sp1, Sp2) or contain new exons (FL2, Taf I, Taf II) and that are 
apparently absent in other species, supports the notion of an association of 
alternative splicing in the human genome with recent evolutionary changes. 
The impairment of the complex PDYN regulatory mechanisms at the levels 
of gene transcription and translation may contribute to human pathological 
conditions including substance dependence and depression. 

PDYN promoter mapping and identification of 
transcription factors 
Rodent Pdyn 
Characterization of sequence requirements for Pdyn transcription led to iden-
tification of multiple promoter regulatory elements [86]. A 210 base-pair 
(bp) DNA fragment containing 88 bp of 5′ untranslated region (5′ UTR), the 
major cap site, and 122 bp of 5′-flanking DNA exhibited properties of a rat 
Pdyn promoter element active in a variety of cell lines [86]. Analysis of the 
rat Pdyn promoter region revealed the presence of a functional activator 
protein 1 (AP-1) element constituted by the noncanonical TGACAAACA 
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sequence, a target for Fos/Jun transactivation [87]. Deletion analysis of rat 
Pdyn promoter identified a 358 bp fragment as the hormone–responsive se-
quence (-1858 to -1500 bp) containing three cyclic adenosine monophos-
phate (cAMP)–responsive elements DynCRE1, DynCRE2, and DynCRE3 
[88]. These elements clustered at positions -1543, -1627 and -1659 relative 
to the RNA cap site conforming to cAMP regulatory element motifs 
(CGTCA) that positively regulate both basal and protein kinase A (PKA)–
induced transcription [89]. The DynCRE3 site, an AP-1/CRE-like element 
TGCGTCA permitted high levels of transcriptional activity and dramatically 
responded to stimulations via the PKA second messenger pathway in cell 
lines [90]. c-Jun is apparently involved in transcriptional activation through 
the DYNCRE3 site [91]. DynCRE1, DynCRE2, and DynCRE3 elements 
were shown to be required for full activation of the rat Pdyn promoter in 
response to dopamine (DA) in striatal neurons while AP-1 element did not 
confer significant activation. D1 dopamine receptor stimulation resulted in 
phosphorylated cAMP response element–binding protein (CREB) binding to 
the DynCREs, with no significant protein binding to the putative noncanoni-
cal AP-1 [92]. 

Animal studies proposed that the persistent activation of ΔFosB, the C 
terminus truncated FosB protein that is the AP-1 constituent may be a com-
mon pathway for addictive disorders, and that Pdyn is one of the transcrip-
tional targets for this factor [93]. However, no detailed transcriptional study 
confirmes this hypothesis, and no study assessed yet whether CREB and AP-
1 with ΔFosB as a constituent regulate transcription of the human PDYN 
gene. 

Not much is known about transcriptional networks that determine neuro-
peptide phenotype of neurons. Analysis of the developing mouse dorsal spi-
nal cord demonstrated that the peptidergic transmitter phenotype of inhibito-
ry neurons is specified by transcription factors (TFs) Ptf1a, Pax2 and Neu-
rod1/2/6 [94-96]. A basic helix-loop-helix (bHLH) factor Ptf1a acts as up-
stream regulator and initiates expression of several downstream transcription 
factors in the future inhibitory neurons. Ptf1a is required for the expression 
of dynorphin, nociceptin and enkephalin. Pax2 is a downstream target of 
Ptf1a and controls subsets of transmitter phenotypes, including the expres-
sion of dynorphin and nociceptin but is dispensable for enkephalin expres-
sion [95]. Besides Pax2, Neurod1/2/6 factors, which act downstream of Ptf1a 
are essential for dynorphin expression in dorsal horn [94]. Transcription 
factor Bhlhb5 is expressed in several neuronal subtypes during development 
and its deletion resulted in a loss a subset of inhibitory neurons (termed B5-I 
neurons) in dorsal spinal cord. B5-I neurons inhibit itch and correspond to 
specific neurochemically defined populations that produce dynorphin [97]. 
In mouse striatal development, a LIM-homeodomain transcription factor 
Islet-1 specifies the cell fate of striatonigral neurons by regulating their ge-
netic profiles, affecting a set of striatonigral–enriched genes which includes 
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Pdyn, and orchestrating survival, differentiation, and axonal projections [98]. 
Thus, a cell-lineage specific dynorphin expression is controlled at least in 
part by Ptf1a, Pax2 Neurod1/2/6 and Bhlhb5 in the dorsal spinal cord, and 
Islet-1 in the striatum. However, transcriptional mechanisms that mediate 
action of these TFs have not been yet identified. 

Human PDYN 
PDYN promoter region 1.25 kb upstream of main TSSs is not conserved 
across vertebrates, besides the 330 bp sequence adjacent to TSSs (Figure 
1b). However, the conservation is strong between humans and great apes and 
to less extent between humans and monkeys, while it is weak between hu-
man and rodents (Figure 1b). The promoter region may represent a unique 
human cis–regulatory trait that consistent with hypothesis on the recent posi-
tive selection of opioid cis regulation in humans [99]. Due to the lack of the 
conservation rodent models are unsuitable for analysis of human PDYN 
promoter function. 

The presence of promoter activity in 1 kb fragment of human PDYN pro-
moter (fragment B encompassing 975 bp upstream to 25 bp downstream of 
the exon 1/intron A boundary) and the existence of upstream negative regu-
latory element(s) residing within 695 bp fragment (fragment A) located fur-
ther upstream was demonstrated [77]. Deletion analysis and site–directed 
mutagenesis of a 1.8 kb genomic fragment encompassing the promoter re-
gion (from +150 to -1660 bp) of the human PDYN gene identified a minimal 
inducible 300 bp promoter fragment (from -150 to +150 bp) responsible for 
basal and PKA–regulated transcription in cell lines [100]. Within this region 
a downstream response element (DRE, GAGTCAAGG) centered at position 
+40 in the 5´ UTR functions as a transcriptional silencer. DRE is targeted by 
the Ca2+–binding transcriptional regulator DREAM [101]. DREAM–
deficient mice demonstrate increased Pdyn expression [102]. A mechanism 
for DREAM–mediated cAMP–dependent derepression that operates inde-
pendently of changes in nuclear Ca2+ was discovered, with a direct protein-
protein interaction between DREAM and alphaCREM, the CREM repressor 
isoform prevents binding of DREAM to the DRE [103]. Thus, Ca2+ signaling 
pathway engages DREAM as an effector to derepress PDYN transcription 
that occurs in a kinase–independent manner [104]. 

Several other TFs including Yin-Yang1 (YY1) and nuclear factor kappa-
light chain-enhancer of activated B cells (NF-κB) have also been implicated 
in the regulation of PDYN gene [105-107]. Interestingly, target DNA ele-
ments for these TFs are located in the coding part of exon 4 where they over-
lap with the dynorphin encoding sequences implying that short, repetitive 
and conservative neuropeptide–encoding sequences may function as target 
elements for TFs. Indeed, an exon 4 PDYN fragment comprising these se-
quences demonstrates ability to activate a reporter gene in cells [75]. Human 
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Figure 2. Structure of human PDYN locus and regulatory elements. (a) Genomic 
organization of PDYN locus showing the location of PDYN gene within the anti-
sense long non-coding gene AK090681 and binding sites for selected TFs according 
to UCSC Genome Browser. (b) Regulatory elements within PDYN gene. Exon 
numbers are shown for FL1-PDYN. Localization of PDYN promoter VNTR, CpG 
island (CGI), repetitive elements,  eight PDYN pathogenic mutations causing neuro-
degenerative disorder SCA 23 within short segment that include dynorphin A and B 
segment, DNase I hypersensitivity peak overlapping with dynorphin A segment are 
shown. Three CpG-SNPs which show high association with alcohol dependence are 
indicated by narrow vertical line and SNP number. Putative binding sites for 
JUND/FOSB, DREAM, NF-κB, YY1, REST and Ta-BF are shown by arrowheads 
and black boxes. Non-coding, thin line in dark blue; coding, thick line in dark blue; 
dynorphin peptides-encoding sequences, yellow. 

PDYN promoter and intron A also contain several repetitive DNA elements 
with high degree of similarity (>0.7) to retrotransposons, including MIRb 
repeat element of short interspersed nuclear element (SINE) group, and 
HERVIP10FH and HERV-K14CI human endogenous retrovirus (HERV) 
group flanked by long terminal repeats (LTR), identified using CENSOR 
software tool (http://www.girinst.org/censor/) (Figure 2b). Retrotransposons 
can be exapted (exaptation is a process in which a feature acquires a function 
that was not acquired through natural selection) in evolution providing a 
source of regulatory elements, and LTRs may function as alternative pro-
moters [108, 109]. Another example is POMC in which neuron–specific 
enhancers represent a conserved CORE-SINE retrotransposon [110]. The 
PDYN HERVIP10FH is capable of binding sequence–specific, single-
stranded DNA–binding proteins of Pur family (unpublished observation). 
Pur-α and Pur-β proteins bind to both single-stranded DNA and RNA and 
function in DNA replication and transcription, and mRNA translation. They 
are critical for brain development [111] and through binding to CGG repeats 
may suppress CGG–mediated neurodegeneration [112]. A role of retroviral 
elements in regulation of PDYN transcription remains to be investigated. In 
summary, i) compared to many other neuronal genes transcriptional regula-
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tion of both rodent and human PDYN gene has not yet been well disentan-
gled; and ii) TFs and mechanisms of cell type– and brain area–specific, and 
neuronal activity–dependent transcription have not been identified. 

Genetic Factors 
Structural genetic variants including single nucleotide polymorphisms 
(SNPs) may affect phenotype via changes in gene expression. Molecular 
mechanisms mediating effects of regulatory polymorphisms on gene tran-
scription have not yet been comprehensively characterized, however existing 
evidence points to creation or disruption of binding sites for transcription 
factors [113, 114]. 

Human genetic studies revealed several PDYN SNPs associated with 
memory, emotions, addiction and alcoholism. Elderly humans who are carri-
ers of the minor alleles of PDYN promoter rs1997794 (C allele) and 3′ UTR 
rs910080 (G allele) demonstrate higher episodic memory scores than homo-
zygote carriers of the major allele [115]. Also, a haplotype including these 
two SNPs and intronic rs2235751 was associated with better episodic 
memory scores [115]. Human volunteers bearing the T allele of rs1997794 
showed reduced fear extinction and a significantly diminished functional 
connectivity between amygdala and ventromedial prefrontal cortex [116]. 

Variable number tandem repeat (VNTR) sequences have been associated 
with complex disease traits. A notable example is the INS-IGF2 VNTR lo-
cated upstream of TSS in the insulin gene and involved in transcriptional 
regulation. This VNTR is present only in primates suggesting its recent evo-
lutionary origin [117]. The human PDYN gene has VNTR with polymorphic 
site (rs35286281) located upstream of the TSS. Humans carry from one to 
five copies of this 68 bp VNTR element while nonhuman primates bear a 
single copy and other animals none [99]. All human copies of the VNTR 
element carry five substitutions that differentiate them from the sequence 
inferred for the last common ancestor of humans and chimpanzees. The 
PDYN VNTR contains AP-1 (TRE)-like binding site and weakly influences 
the inducibility of the gene [118]. TPA stimulation elevated the expression 
of reporter gene from the promoter with three or four repeats (inducible HH 
genotype) compared to one or two repeats (noninducible LL genotype) in 
cells [119]. Effects of the repeats were cell-type specific and dependent on 
their number. Consistently, in human striatum, a number of inducible repeats 
correlated with PDYN mRNA [36]. 

Associations of variants of this VNTR with temporal lobe epilepsy [120], 
protection against cocaine dependence or abuse [121], schizophrenia in Chi-
nese population [122], opioid dependence in the African Americans [123], 
methamphetamine dependence [124], cocaine/alcohol-codependence in Af-
rican Americans [125] and heroin dependence [126, 127] were reported. 
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These findings should be considered with caution because replication studies 
produced negative results [36, 128-130]. More recently PDYN VNTR poly-
morphism was found to modulate monetary reward anticipation in the corti-
costriatal loop in fMRI study [131]. Individuals with HH genotype showed 
higher activation and stronger functional coupling than those with LL geno-
type in the medial orbitofrontal cortex (mOFC) when anticipating a possible 
monetary reward. Thus individuals with the HH genotype have a larger sen-
sitivity for upcoming rewards, resulting in a higher motivation to attain these 
rewards. This finding may explain differences between the genotypes with 
respect to addiction and drug abuse. 

In expression studies, analysis of a single variation may be too simplistic 
and should be avoided in favour of designs that include most potentially 
functional polymorphic sites. Genes with complex expression profiles such 
as PDYN may harbor multiple functional genetic variants; their cis–
regulatory regions may be more extensive and represent a larger mutational 
target while their protein products may be involved in multiple biological 
processes. That increases the likelihood of balancing selection among di-
verse functional demands. Effects on transcription were assayed for 19 natu-
rally occurring haplotypes of the PDYN 3 kb cis–regulatory region [132]. 
The impact of these variants differed between cell types and across brain 
regions while the effects of some combinations of individual variants on 
expression level were not additive. At least six different variants affected 
transcript abundance in vitro. In the human cortical areas, rs1997794 was 
strongly associated with expression level [132], while VNTR polymorphism 
did not affect PDYN expression [133]. Thus, the impact of genetic variations 
on PDYN expression is unexpectedly complex and context dependent, par-
tially due to the cis genotype-cell interactions, and epistatic interactions be-
tween nearby variants. 

Epigenetic mechanisms 
PDYN in chromosomal context 
In silico analysis of genome wide data accumulated for a variety of cell lines 
identified several strong signals generated by transcription factors including 
CCCTC–binding factor (CTCF) in the PDYN locus (Figure 2a). CTCF con-
tains eleven zinc fingers, binds to a wide range of DNA sequences and has 
diverse regulatory functions, including transcriptional activation/repression, 
insulation and imprinting. CTCF may mediate intra- and interchromosomal 
contacts through the formation of loops between two CTCF-bound insulators 
[134]. The formation of these loops could either activate [135] or repress 
gene transcription [134, 136] by facilitating or inhibiting interactions of the 
enhancer or inhibitor with promoter. Two strong peaks of CTCF bound to its 
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response elements frame the PDYN gene in most cell lines (Figure 2a). The 
PDYN CTCF peaks overlap with strong c-MYC, MAX, JUNB, JUND, cFOS 
and YY1 signals. These peaks are located in exons 3 and 4 of the AK090681 
gene transcribed from the complementary strand (Figure 2a). PDYN is also 
targeted by the NRSF/REST transcription factor, which two peaks located 
ca. 12 kb upstream and in the 3′ UTR of the gene (Figure 2a). The 
NRSF/REST upstream peak is located close to the upstream CTCF binding 
element from the proximal to PDYN side. The PDYN transcription unit may 
be separated from AK090681 and other genes in this area by CTCF–
mediated chromatin looping, and interactions with these TFs may be critical 
for the locus–specific PDYN regulation (Figure 2a). 

PDYN transcription has not been extensively studied in chromosomal 
context; such analysis was hindered by the absence of appropriate cellular 
and animal models. Compared to the brain, human and rat cell lines express 
prodynorphin at much, 10-1,000-fold lower levels, and a residual PDYN 
expression in cell lines is not responsive to pharmacological treatments 
known to modify transcription of this gene in animal models (unpublished 
observations). As far as we aware no papers on the in vivo/ex vivo analysis 
of PDYN regulation in human brain besides the REST study, which is dis-
cussed in the following section has been published [137]. 

Epialleles of PDYN SNPs associated with mental disorders (the 
CpG-SNP hypothesis) 
The HapMap database identified 2,252,113 C/T and G/A SNPs in the auto-
somal chromosomes. Of those, 34% are located within a CpG dinucleotide 
and named as CpG-SNPs [138]. Sequences containing CpG dinucleotides 
are 6.7-fold more abundant at the polymorphic sites than expected [139]. 
Such SNPs could serve as functional cis–regulatory variant by forming or 
disrupting a CpG, which methylation and hydroxymethylation is therefore 
allele–specific, and could be linked to allele–specific gene expression. Ge-
netic, epigenetic and environmental factors have been hypothesized to influ-
ence the phenotype and the risk for the development of diseases through 
their effects on gene transcription. Mechanistically these effects may be in-
tegrated through regulation of methylation of CpG-SNPs associated with a 
disorder, hence affecting expression of high or low risk allele (Figure 3). 
Thus in addition to two SNP alleles, three epialleles formed by unmethylat-
ed, methylated and hydroxymethylated cytosine in a CpG-SNP may exert 
diverse effects on the phenotype such as disease vulnerability by engaging 
different epigenetic mechanisms. 

Integration of environmental, genetic and epigenetic signals by their con-
vergence on CpG-SNPs associated with a phenotype/disease may be a gen-
eral phenomenon. This concept is supported by gene specific and genome- 
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Figure 3. The CpG-SNP hypothesis. (a) A hypothetical model showing how effects 
of the genetic, epigenetic and environmental factors may (i) be mechanistically inte-
grated through regulation of methylation and  hydroxymethylation of CpG dinucleo-
tides overlapping with SNPs, and (ii) thereby influence the risk of a disease through 
effects on gene transcription. (b) Top PDYN SNPs associated with alcoholism with 
high significance are CpG-SNPs. Variants significantly associated with alcoholism 
are depicted in blue and nucleotides forming CpG sites are shown in red. (c) Func-
tional link between the methylation and gene expression could be mediated by T 
allele binding factor (Ta-BF) which binds to the T and methylated C alleles with 
higher affinity for than to unmethylated C allele of the 3′ UTR CpG-SNP. Binding 
of Ta-BF to the T or methylated C allele may result in activation of gene expression. 

wide human studies. Several best-known polymorphisms in neuronal genes 
associated with various mental phenotypes represent CpG-SNPs. These ex-
amples include CpG-SNPs of the catechol-O-methyltransferase (COMT), 
gamma-aminobutyric acid receptor subunit beta-2 isoform 2 (GABRB2) and 
μ-opioid receptor (OPRM1) genes, in which methylation at these sites affects 
transcriptional efficiency and is linked with the phenotype [138, 140-145]. 
Analysis of type 2 diabetes demonstrated that 50% of 40 SNPs associated 
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with this disease represent CpG-SNPs that may function as DNA elements 
mediating development of the diabetic phenotype. These CpG-SNPs were 
differentially methylated and the methylation level was associated with gene 
expression, alternative splicing and hormone secretion in the human islets 
[146]. A CpG site created by the G allele of a CpG-SNP of the growth dif-
ferentiation factor 5 (GDF5) gene altered the binding affinity for SP1 and 
SP3 repressor proteins which have a higher affinity to the unmethylated al-
lele and this lead to an expression imbalance between both alleles [147]. A 
CpG-SNP in the promoter of cytochrome P450, family 17, subfamily A, 
polypeptide 1 (CYP17A1) gene is associated with oligoasthenoteratozoo-
spermia and testosterone levels in infertile males and the degree of methyla-
tion in the SNP site was high in colon and stomach tissue while low in testis, 
kidney and adrenal gland [148]. The tissue–specific DNA methylation pat-
tern within the CYP17A1 CpG-SNP was further associated with high 
CYP17A1 expression in tissues with low methylation at the site. Intragenic 
CpG-SNPs can influence transcription elongation positively or negatively 
through alternative promoters or non-coding transcripts [149-151]. Methyla-
tion of a CpG-SNP can also play a role in the regulation of splicing by help-
ing the splicing machinery to identify exons [152] or by affecting recombi-
nation rates [138]. Importantly over 80% of genetic variants at CpG sites 
(CpG-SNPs) are methylation-quantitative trait locus (QTL) loci, and CpG-
SNPs account for over two thirds of the strongest methylation-QTL signals 
at the genome-wide scale [153]. As such, CpG-SNPs apparently have an 
essential role in normal and pathological processes linking genetic variation 
to epigenetic modifications induced by a changing environment. 

Analysis of PDYN genetic polymorphisms demonstrated that three 
(rs1997794; rs6045819 and rs2235749) out of five top PDYN SNPs associat-
ed with alcoholism with high significance are CpG-SNPs. We addressed 
CpG-SNP hypothesis by analyzing methylation of PDYN CpG-SNPs associ-
ated with alcohol dependence in the postmortem human brain study (Paper 
I). The C allele of one of CpG-SNPs was differently methylated in the hu-
man brain. In the dorsolateral prefrontal cortex (dlPFC) of alcoholics, meth-
ylation level of the C, non-risk variant of 3′ UTR SNP (rs2235749; C>T) 
was increased. The PDYN 3′ UTR CpG-SNP methylation positively corre-
lated with dynorphins suggesting a functional link between the methylation 
and gene expression. Furthermore, a T allele binding factor (Ta-BF), a 63 
kDa protein showing higher binding affinity for the T and methylated C al-
leles than for unmethylated C allele of the 3′ UTR CpG-SNP has been identi-
fied in human brain. Due to the binding profile this factor may regulate 
PDYN transcription through binding to the T allele or methylated C allele of 
3′ UTR CpG-SNP. PDYN expression and 3′ UTR CpG-SNP methylation 
may positively correlate if binding of Ta-BF to the methylated C allele re-
sults in transcriptional activation. Altogether, these findings suggest that the 
genetic, epigenetic and environmental factors associated with a risk for alco-
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hol dependence may mechanistically converge on the PDYN 3′ UTR CpG-
SNP and that the resulting methylation signals may be translated into disease 
predisposition via alterations in PDYN transcription by such factors as Ta-
BF. It would be essential to examine a role of this factor in PDYN regulation. 

PDYN is targeted by REST in the human brain 
The RE1-silencing transcription factor REST [154] also known as neuron–
restrictive silencer factor (NRSF) [155] is a zinc finger protein that functions 
as a master regulator of the neuronal phenotype. REST blocks transcription 
of its target genes by binding to 21 bp RE1 binding site/neuron–restrictive 
silencer element (RE1/NRSE). The cellular context critically defines the 
REST function(s). Equally important are the differences between neuronal 
and nonneuronal phenotypes and stages of cell differentiation. REST re-
presses transcription in embryonic stem cells or non-neuronal cells. During 
neuronal differentiation and in neurons, REST protein level is decreased and 
loss of its binding from genomic sites is correlated with histone modifica-
tions such as increase in acetylation that activates transcription [156]. Action 
of REST is mediated through epigenetic mechanisms; upon binding to RE1 
sites REST recruits specific inhibitory enzymatic activities to target loci. 
REST is also an epigenetic modulator regulating medium and long term 
changes in gene expression. Often genes targeted by REST do not respond to 
physiological stimuli and such dysregulation may contribute to transition to 
the pathological state [157].  

REST regulatory elements were found in the tachykinin precursor 1 and 
tachykinin precursor 3 genes, arginine vasopressin gene [158-161] and other 
neuropeptide genes [162-171] suggesting that this TF functions as a general 
regulator of multiple neuropeptide pathways and neuropeptide neuronal phe-
notypes [172, 173]. 

To identify transcription factors that regulate human PDYN, we screened 
chromatin immunoprecipitation sequencing data on 161 transcription factors 
from 91 cell lines generated by ENCODE [174, 175]. Besides CTCF, the 
most compelling evidence determined by signal intensity, motif score and 
number of cell lines has been obtained for REST (Figure 2a). PDYN contains 
two REST target sites, which were also identified in other studies [176, 177]. 
These sites are located ca. 12 kb upstream and in the 3′ UTR of the PDYN 
gene. They are canonical or nearly canonical and are bound by REST in all 
or most cell lines analyzed [178]. 

Whether REST may control PDYN transcription was assessed using a 
dominant negative mutant REST protein that contains the REST DNA-
binding domain but no terminal repressor domains [179]. Displacement of 
REST from its PDYN binding sites resulted in decreased REST binding to 
both PDYN RE1s, and increased PDYN transcription in cellular models. The 
in vitro data were complemented by ex vivo analysis of REST binding to 
PDYN in the human prefrontal cortex. Chromatin immunoprecipitation fol-
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lowed by polymerase chain reaction (ChIP-qPCR) assay developed for anal-
ysis of frozen human brain tissues identified REST binding to the RE1 locat-
ed upstream of PDYN, but not to the 3′ UTR RE1 element. 

REST regulates and is regulated by the microRNA MIR-9, and together 
these molecules may mediate a switch in chromatin remodeling complexes 
that is essential for neural development [180, 181]. The mechanism by which 
MIR-9 downregulates REST is unknown; one possibility is that this mi-
croRNA blocks translation of REST mRNA resulting in decreased REST 
protein levels. Taking advantage of this interaction REST–mediated effects 
of MIR-9 on PDYN transcription were analyzed in cellular models [137]. 
The MIR-9–induced REST downregulation resulted in decreased REST 
binding to both the upstream and 3′ UTR PDYN RE1 elements that leads to 
increased PDYN expression. Analysis of human brain identified strong nega-
tive correlation between REST and MIR-9 supporting the negative feedback 
hypothesis. Altogether these findings suggest that REST represses PDYN 
expression in the human brain while the expression of this TF is under con-
trol of MIR-9 microRNA [137]. 

Altered PDYN and dynorphin peptide expression is observed in the brain 
of patients with Alzheimer's disease and epilepsy [182-185]. These disorders 
are also associated with altered MIR-9 and/or REST expression [186] that 
may have mechanistic link to PDYN transcription. Thus, in Alzheimer's dis-
ease characterized by high MIR-9 and low REST expression [187, 188] the 
increased dynorphin peptide expression [182] may result from MIR-9–
mediated downregulation of REST. This mechanism may contribute to path-
ogenesis of Alzheimer's disease because the elevated pathogenic dynorphin 
(i) correlates with the neuritic plaque density, and (ii) induces neurodegener-
ation in animal and human brain [182, 189-191]. 
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The EOS in alcohol dependence 

The EOS plays an important role in alcohol dependence, which is demon-
strated by several lines of evidence. Alcohol and other addictive drugs in-
duce molecular changes in the EOS that may underlie neuroplastic adapta-
tions relevant for transition to addiction [51, 52, 192]. The EOS is involved 
in cognitive control of substance addiction and regulation of the reward sys-
tem [192-197]. Pharmacological and genetic manipulations with the opioid 
receptors alter alcohol consumption in animals [51, 52, 60, 61, 63, 65, 198-
200]. In clinical studies, naltrexone, the non-selective opioid antagonist, 
reduces alcohol drinking and relapse rates in subgroups of alcoholics [197, 
201-203]. Polymorphisms in the OPRM1 (coding for MOR) and OPRK1 
(coding for KOR) opioid receptor genes, and the PDYN gene are associated 
with alcoholism in genome wide studies [68-72, 204]. 

In addition to regulation of neurotransmission in reward circuits, the EOS 
may be involved in specific cognitive processes relevant for control of addic-
tive behaviors including craving, decision-making and impulsivity [192-
197]. Naltrexone effects in response to alcohol cues, and during decision-
making in alcoholics are associated with the OFC [193], while MOR binding 
and alcohol craving are functionally related in the dlPFC [194]. Relevant 
processes modulating motivated behaviors, risk taking and reward pursuing, 
as well as the development of substance use disorders are related to func-
tions of the EOS [195]. Several impulse-control disorders such as pathologi-
cal gambling and binge eating may be relieved by naltrexone hinting to a 
role of endogenous opioids in impulsivity [205] (reviewed in [206, 207]). 
Effects of alcohol on neurocognitive processes controlling drug/alcohol 
seeking and taking behaviors may be mediated in part through the EOS, and 
molecular dysregulation of this system may contribute to disruption of the 
processes that may ultimately lead to the alcohol dependence. 

Animal studies 
Animal studies demonstrate that the EOS plays a role in the control of alco-
hol drinking behaviors. Acute alcohol administration upregulates POMC and 
PENK mRNA and peptides in several brain regions in rodents [208-211]. In 
vitro studies suggest that alcohol stimulates β-endorphin secretion from the 
hypothalamus [209, 212-214]. Opioid peptides may mediate the reinforcing 
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effects of alcohol in acute alcohol exposure experiments [215]. In contrast, 
chronic alcohol administration decreases POMC gene expression [216], de-
sensitizes β-endorphin release [208, 217, 218] and decreases MOR number 
and affinity [219]. Thus, downregulation of the EOS by chronic alcohol ad-
ministration could contribute to withdrawal and abstinence state, and pro-
mote alcohol consumption by negative reinforcement [220, 221]. 

Pharmacological experiments with opioid antagonists and genetically 
modified animals provide evidence for a role of the EOS in the regulation of 
alcohol consumption. Non-selective opioid antagonists, naloxone, naltrexone 
and nalmefene, decrease alcohol consumption in rodents [60, 65, 222-228]. 
MOR and DOR selective antagonists under several experimental conditions 
decrease alcohol self-administration in rodents [229-231]. Experiments with 
selective opioid antagonists established that both enkephalin and β-
endorphin systems are involved in the maintenance of alcohol consumption 
[232]. Oprm1 knockout mice do not self-administer alcohol [233], while 
DOR knockout mice showed a greater preference for alcohol and consumed 
more alcohol than their wild type littermates [234], which could be due to a 
compensatory increase in MOR activity in the absence of the DOR [235]. 
Also, mice lacking β-endorphin peptide by targeted disruption of the POMC 
gene, a ligand for MOR, drink less alcohol than their wild type counterparts 
[236, 237]. 

Human studies 
Clinical studies 
Naltrexone, a nonselective opioid antagonist was approved by American 
Food and Drug Administration for the treatment of alcoholism in 1994. Nal-
trexone treatment results in fewer drinking days and lower rates of relapse in 
initial trials [202, 203]. It’s effect has been shown to reduce either the prim-
ing or rewarding effect of alcohol [198, 238-240]. More recent trials have 
generally demonstrated beneficial effects of naltrexone on heavy drinking 
rates, particularly among those who are compliant with the medication [241-
243]. Naltrexone has also been shown to reduce alcohol consumption per 
drinking day [203, 241], craving [202] and to enhance resistance (reducing 
the urge and impulse) to drink [241-244]. However, naltrexone did not show 
uniform treatment response, so not all patients seem to benefit from this 
pharmacotherapy [245, 246]. It is also not known exactly which opioid re-
ceptors subtypes naltrexone blocks as antagonist in the brain of alcoholics. 
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Imaging studies 
Our understanding of adaptations in the EOS relevant for alcohol reinforce-
ment and addictive behavior was significantly increased due to neuroimag-
ing studies. Positron emission tomography (PET) with [11C]-labeled carfen-
tanil, a radioligand that binds specifically and reversibly to the MOR has 
shown association between alcohol craving and the EOS [247]. Change in 
MOR availability is associated with increased alcohol craving and relapse in 
alcoholics [248]. Lower MOR binding potential in dlPFC, anterior frontal 
cortex and parietal cortex correlates with several behavioral measures, in-
cluding high alcohol craving, mood, and withdrawal severity in alcoholics 
undergoing withdrawal [194]. Thus, a functional relationship between MOR 
binding potential and alcohol craving in these brain areas can be suggested, 
pointing to an important role of the EOS, and MOR particularly, in alcohol 
dependence.  

Impulsivity is a heterogeneous characteristic consisting of multiple di-
mensions, including sensation seeking, lack of planning, lack of persistence 
and urgency. Opiate addicts are more impulsive than non addicts [249-251]. 
High impulsiveness and low deliberation scores were associated with signif-
icantly higher regional MOR concentrations and greater stress–induced EOS 
activation in brain regions involved in motivational behaviors and drugs 
abuse, i.e. dlPFC, OFC, anterior cingulate, thalamus, NAc, and basolateral 
amygdala [195]. Thus, impulsivity and deliberation, behavioral facets rele-
vant to motivational behaviors, the pursuit of reward, and risk taking, includ-
ing the development of substance abuse, could be related to the functions of 
the EOS in humans. Neuroimaging studies demonstrated that the EOS in 
brain areas responsible for reinforcement, decision-making, motivation and 
impulse control is involved in the addicted behavior. Importantly, changes in 
the EOS correlate with craving and relapse behavior [194, 195, 252]. 

The dynorphin/KOR system in alcohol dependence 
Dynorphin opioid peptides and their cognate KOR are implicated in alcohol 
dependence as supported by several studies [51, 52, 200]. Dynorphin levels 
are upregulated in the brain regions associated with motivation and reward 
after chronic alcohol intake in rats [253]. The high and low alcohol prefer-
ence strains of rats exhibit different dynorphin levels; alcohol preferring rats 
have lower levels of dynorphin in the NAc [254]. Increased dynorphin levels 
may enhance negative reinforcing effects of alcohol thus leading to reduced 
alcohol preference. 

Alcohol increases the MOR mediated positive reinforcing effect in phar-
macological experiments [255], which may lead to enhanced alcohol intake. 
Conversely, negative reinforcing effects may be induced by the increased 
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dynorphin/KOR system activity, thus inhibiting high alcohol consumption 
[232]. Alcohol self-administration may be increased after blockade of the 
KOR while KOR agonists have been found to attenuate alcohol consumption 
possibly through modulating the DA release [256-258]. Selective KOR ago-
nists U50,488 and bremazocine attenuate alcohol intake in rats [259, 260]. 
The acute stimulation of brain–derived neurotrophic factor (BDNF) receptor 
decreases alcohol intake in mice; while norbinaltorphimine (nor-BNI), a 
selective KOR antagonist, inhibits BDNF effect on alcohol consumption 
[199]. Alcohol preference was reduced by KOR agonist treatment prior to 
the experiment in rats, an effect that was reversed by the simultaneous ad-
ministration of the KOR antagonist MR-2266-BS [261]. 

Recent studies on alcohol dependent animals demonstrate contrary out-
come compared to previous studies on the dynorphin/KOR system in nonde-
pendent animals. The reduced escalated alcohol self-administration in de-
pendent animals after intracerebroventricular administration of the selective 
KOR antagonist nor-BNI suggest that the dynorphin/KOR system functions 
are altered in alcohol dependence which could alleviate the negative emo-
tional states associated with alcohol withdrawal and dependence [200]. 
These data suggest a modulatory role of dynorphins over alcohol intake in 
the dependent state, in which the dynorphin/KOR system functions to in-
crease alcohol intake. 

Lower alcohol intake accompanied by a decreased consumption of sac-
charine in saccharine preference tests was found in KOR deficient mice 
[262]. Similarly, mice lacking the Pdyn gene demonstrated lower alcohol 
preference and consumed lower amounts of alcohol in a two-bottle choice 
test [263]. However, this effect was observed only in female mice and is 
complicated to interpret due to strong reduction of saccharin preference in 
mice of both sexes, and the absence of differences between wild type and 
Pdyn knockout mice in several types of alcohol behavioral tests (loss of 
righting reflex, acute alcohol withdrawal, alcohol–induced conditioned place 
preference and conditioned taste aversion). 

In summary, animal experiments suggest that the EOS has an important 
role in the development of alcohol dependence. The principal findings are 
that MOR modulates the positive reinforcing effects of alcohol [234, 254, 
264, 265] while KOR activation counteracts these effects [266]. Disbalance 
of these two opposing opioid systems by chronic alcohol intake may repre-
sent a critical factor in the development and maintenance of alcohol depend-
ence. 

Genetics of alcohol dependence 
Alcohol dependence is a complex genetic disorder. Both twin and adoption 
studies demonstrate a strong heritable component involved in the risk for 
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alcoholism [267-271]. The lack of pattern of inheritance suggests that multi-
ple genes contribute to the risk for alcoholism. Several genes including 
gamma-amino butyric acid receptor alpha 2 (GABRA2) and gamma-amino 
butyric acid receptor gamma 3 (GABRG3); cholinergic receptor muscarinic 2 
(CHRM2) and taste receptor type 2, member 16 (TAS2R16) have been identi-
fied by Collaborative Study on the Genetics of Alcoholism (COGA) studies 
as associated with alcohol dependence [272-275]. Variations in two genes, 
alcohol dehydrogenase 1B (ADH1B) and aldehyde dehydrogenase 2 
(ALDH2), play protective roles by affecting alcohol metabolism [276-278]. 

Genetic variations in the EOS coding genes are implicated as a central 
player in the aetiology of alcohol dependence. SNP rs1799971 (A118G) in 
OPRM1, has been associated with alcohol dependence in diverse ethnic pop-
ulations [67, 279-284]. Two haplotype blocks identified in intron 1 and 3 of 
OPRM1 gene were associated with alcohol and/or drug dependence in an-
other study [284]. No significant association between genetic variations in 
OPRM1, OPRD1, PENK or POMC and alcohol dependence was found in a 
family–based comprehensive study [72]. Taken together these findings sug-
gest either modest or no support for the idea that variations in OPRM1, 
OPRD1, PENK and POMC are associated with alcohol dependence. 

A central role of genetic variations in PDYN and OPRK1 genes in the 
vulnerability to develop alcohol dependence is supported by several lines of 
evidence. The strong association was demonstrated between alcohol depend-
ence and multiple SNPs in the 3′ UTR, exons 3 and 4, as well as SNPs at the 
5′-promoter and upstream region of PDYN [71]. A haplotype block of six 
SNPs associated with alcohol dependence was found in the 3′ UTR [71]. The 
risk haplotype CCT of 3′ UTR SNPs rs910080, rs910079, and rs2235749 
was significantly associated with cocaine dependence and with combined 
cocaine dependence and cocaine/alcohol codependence in Caucasians and 
lower expression of PDYN in both the caudate nucleus and NAc [285]. A 
candidate haplotype containing the PDYN rs2281285-rs1997794 SNPs was 
associated with alcohol dependence and propensity to drink in negative emo-
tional states [73]. Genetic polymorphisms in OPRK1 which encodes the 
KOR are also associated with the risk for alcohol dependence [68, 71] and 
opiate addiction [286, 287]. The strongest association in OPRK1 was found 
for five SNPs in intron 2 [71]. The presence of a high frequency 830 bp in-
sert found 1389 bp upstream of the transcription start site of OPRK1, rather 
than its deletion, was associated with alcohol dependence in European-
Americans [68]. Association of variations in two genes coding for both re-
ceptor and its ligands with alcohol dependence suggested a critical role of 
dynorphin/KOR–mediated interneuronal communication in this pathological 
state. 
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Prefrontal cortex 
The prefrontal cortex (PFC) plays important role in cognitive control by 
organizing thought and action according to internal goals, a function based 
on reinforcement learning theory. The PFC guides behavior in accordance 
with internal goals, reward prediction errors coded by mesocortical dopa-
mine neurons and memories; the neural correlates of which may be persis-
tent activity [288, 289].  The persistent activity observed in the PFC reflects 
not only the working memory maintenance but other cognitive processes, 
including perceptual and reward–based decision making. The PFC sends and 
receives projections from virtually all cortical sensory systems, motor sys-
tems, and many subcortical structures, therefore it is well positioned to coor-
dinate a wide range of neural process. Consistently, it integrates reward pre-
diction errors, memories and motor responses [289]. The PFC is critical 
when important behavior must be guided by internal states or intentions and 
the mappings between sensory inputs, thoughts, and actions either are weak-
ly established relative to other existing ones or are rapidly changing. In the 
absence of a functional PFC, habitual response would predominate and, 
where those do not exist, behavior would be haphazard, a characteristic out-
come of the PFC damage [289]. 

Atrophy, morphological changes, alterations in glucose metabolism, gene 
and protein expression in the PFC has been associated with alcohol depend-
ence [290]. Alcoholics perform worse on tasks dependent on the PFC func-
tion e.g. reward evaluation [291]. Evidences from diverse studies such as 
human and animal behavioral work, brain imaging, electrophysiology, and 
molecular and cellular observations suggest that drug–induced changes in 
the PFC also critically regulate drug and alcohol addiction [192, 292-296]. A 
mechanistic basis for such a role was recently provided in a study showing 
that acute ethanol affects persistent activity in vivo in the PFC of rats in a 
manner influenced by mesocortical DA neurons in vitro in organotypic cul-
ture [297]. 
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Hypothesis and aims of the study 

PDYN and other neuropeptide genes are special as their expression profiles 
are restricted to neuronal subpopulations and they have low tissue mRNA 
levels. A sophisticated epigenetic/transcriptional regulation required to de-
fine spatial, temporal and adaptive expression patterns of these genes may 
engage cell-lineage specific transcription factors [94-96, 98], the insulators 
and silencers such as CTCF and REST [134, 137] along with mechanisms 
that control neuronal activity–depended expression underlying neuronal 
plasticity. PDYN epigenetic and transcriptional regulation in normal and 
pathological brain has not been addressed yet at the extent similar to that for 
other neuronal genes (e.g. BDNF, POMC and COMT). PDYN analysis is 
hindered by the absence of appropriate cellular and animal models and its 
extremely low tissue expression levels. It is not clear whether epigenetic and 
transcriptional mechanisms or more distal processes such as RNA translation 
and protein processing are impaired. As the result, PDYN promoter/enhancer 
elements and their epigenetic modifications driving transcription have not 
yet been comprehensively characterized. Understanding of the mechanisms 
that regulate epigenome and transcriptome in the neuropeptide producing 
neurons is essential for understanding of physiology and pathology of neural 
circuits. 

Our hypothesis is that adaptations in the dynorphin/KOR system play a 
critical role in alcohol dependence. These adaptations may depend on genet-
ic, epigenetic and environmental factors. PDYN regulation in the human 
brain is complex and may involve epigenetic machinery acting through  
5-mC/5-hmC and histone modifications and a set of transcription factors 
which interact with regulatory elements of this gene, modified by epigenetic 
marks. 
 
Aims of the study: 
 

• To evaluate whether methylation of PDYN CpG-SNPs which alleles 
are associated with alcohol dependence is altered in the brain of hu-
man alcoholics, whether this alteration is associated with changes in 
gene expression, and whether there is DNA binding factor(s) that 
differentially binds to methylated and unmethylated variants of  
3′ UTR CpG-SNPs rs2235749 (Paper I). 
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• To examine whether the PDYN promoter SNP rs1997794 associated 

with alcohol dependence may have an impact on PDYN expression 
in human brain, and whether variants of this SNP may be differen-
tially targeted by transcription factor(s) involved in regulation of 
PDYN transcription (Paper II). 
 

• To examine whether alcohol dependence is associated with altera-
tions in the nociceptin/nociceptin opioid receptor (NC/NOR) system 
in the human brain (Paper III). 

 
• To identify epigenetic and transcriptional mechanisms of cell–

specific PDYN expression in the human dlPFC, specifically to pin-
point PDYN methylation promoter region(s) differentially methylat-
ed between neurons and other cell types and targeted by methyla-
tion–sensitive sequence–specific transcription factor(s) (Paper IV). 
 

• To examine whether identified epigenetic and transcriptional mech-
anisms are genetically controlled and orchestrate adaptations in 
PDYN expression in alcoholic human brain (Paper IV). 
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Materials and methods 

Human samples/case selection 
Tissues were collected at the New South Wales Tissue Resource Centre 
(TRC), University of Sydney, Australia 
(http://www.pathology.usyd.edu.au/trc.htm; see Paper IV, Table S1 for de-
tailed information). All subjects were males of European descend. Alcoholic 
dependent subjects met criteria for Diagnostic and Statistical Manual for 
Mental Disorders, 4th edition and National Health and Medical Research 
Council/World Health Organization criteria, and consumed greater than 80 g 
of ethanol per day for the majority of their adult lives. Controls had either 
abstained from alcohol completely or were social drinkers who consumed 
less than 20 g of ethanol per day on average. Control cases were matched to 
alcoholic cases by age, postmortem interval and brain pH. Cases with a his-
tory of polydrug abuse (with evidence that the individual abused other drugs 
such as cocaine or heroin) or with medical complications such as Wernicke-
Korsakoff syndrome or alcoholic cases with concomitant diseases were ex-
cluded. Cases with a prolonged agonal life support or cases with a history of 
cerebral infarction, head injury, or neurodegenerative disease (e.g., Alzhei-
mer's disease) were also excluded. Informed written consent for autopsy was 
obtained from the next-of-kin and collection was approved by the Human 
Research Ethics Committees of the Sydney Local Health District (X15-
0199) and the University of Sydney. 

DNA–binding proteins were analyzed in extracts prepared from post-
mortem human brain tissues collected at Department of Forensic Medicine, 
Karolinska Institute, Stockholm, Sweden, with the consent of relatives. The 
study was approved by the local ethical committee of the Karolinska Insti-
tute. 

Preparation of nuclear extract 
Nuclear extracts from human brain dlPFC, NAc and Sprague-Dawley GD-20 
rat fetal brain (RFB) were prepared using a protocol [106], adapted from 
Dignam et al. [298]. Briefly, tissues were homogenized with pestle B in 
Dignam's buffer A, supplemented with protease inhibitors. The homogenate 
was centrifuged for 5 min at 4,500 x g, the pellet was extracted in buffer C 
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supplemented with 0.2% Nonidet P-40 and protease inhibitors and was cen-
trifuged twice at 20,000 x g for 10 min. The resulting supernatant was desig-
nated as the “nuclear” extract and kept at -80°C. DC assay (Bio-Rad, Hercu-
les, CA) was used to measure protein concentrations. 

Electromobility shift assay 
The EMSA was performed as described previously using nuclear extracts 
prepared from dlPFC or RFB tissues [299]. Oligonucleotides used as probes 
are shown in Paper IV, Table S3. Nuclear extracts (dlPFC: 25 μg; RFB: 
5 μg) were added to the binding mixture (20 mM HEPES, pH 7.5; 50 mM 
NaCl, 1 mM Na-EDTA, 37.5% glycerol, and 1.5 mM dithiothreitol (DTT), 
with 20 µg bovine serum albumin (BSA; Rosh Diagnostics, Mannheim, 
Germany), 0.3 µg poly(dI-dC)–poly(dI-dC) and 90,000 cpm 32P–labeled 
oligonucleotide in 20 μl reaction medium), incubated for 20 min at RT, and 
resolved on a 5% native polyacrylamide gel in 0.5 × TGE (25 mM Tris-HCl, 
0.19 M glycine, 1 mM EDTA, pH 8.5) buffer. After the electrophoresis, gels 
were fixed in 15% methanol containing 5% acetic acid for 15 min, dried, and 
analyzed by autoradiography, or by Phosphoimager BAS 1500 (Fuji Film, 
Kanagawa, Japan) using Fuji Film Image Gauge software for quantification. 
Polyclonal rabbit anti-FosB, anti-JunD, anti-c-Myc, Max, USF1, USF2 anti-
bodies or rabbit IgG (all 5 µg) obtained from Santa Cruz Biotechnology 
(Santa Cruz, CA) or Snai 1 antibodies were incubated with extracts for 
40 min at 4°C and then for 20 min at 22°C before EMSA. 

SDS-PAGE molecular mass determination 
Analysis of molecular mass of DNA–binding protein in RFB extract was 
performed as described elsewhere [300]. Briefly, RFB nuclear extract 
(125 μg) was denatured in sodium dodecylsulfate (SDS) loading buffer for 
5 min at 95°C, and subjected to polyacrylamide gel electrophoresis (PAGE) 
on 10% SDS-polyacrylamide Tricine gel. The gel strips with resolved pro-
teins were sliced uniformly into molecular mass intervals. Gel slices were 
crushed into 1.5 volumes of renaturation buffer (3% Triton X-100, 20 mM 
HEPES, 100 mM NaCl, 5 mg/ml  BSA, 3 mM ZnCl2, 3 mM MgCl2, 2 mM 
DTT, 0.1 mM phenylmethylsulfonyl fluoride, 0.1 mM benzamidine-HCl) 
and incubated overnight at 4°C. The polyacrylamide was pelleted by centrif-
ugation, and the supernatant was then assayed for DNA binding activity 
using EMSA. Molecular mass standards (Amersham International, Amer-
sham, UK) were used to determine the molecular mass intervals of the ex-
cised gel slices. 
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Cell culturing and transfection 
Human cervical adenocarcinoma HeLa, hepatocellular carcinoma HepG2 
and neuroepithelioma SK-N-MC cells were grown in Dulbecco modified 
Eagle medium (DMEM) (Invitrogen) supplemented with 10% fetal calf se-
rum (FCS), 100 U of penicillin, and 100 mg/ml of streptomycin in a 5% CO2 
atmosphere at 37°C. Transfections with plasmid were carried out using 
Lipofectamine™ Reagent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. Mock-transfected cells were used as negative 
controls. 

Reporter constructs. The PDYN promoter and CpGs 9-16 region were ampli-
fied from human genomic DNA by PCR using primers forward  
5′-GGTACCAGTTTCTCAGCTCTCAAACCTC-3′, reverse  
5′-CTCGAGCTTGGGAGGAGGTGCCAAAG-3′ and forward  
5′-GGTACCTGCACCAGCCAACACAGAG-3′, reverse  
5′-GGCTCGAGGAGACAGAGAGTGGCAGAG-3′ respectively, generat-
ing a KpnI site at the 5′ end and a XhoI site at the 3′ end. This facilitated 
cloning into the promotorless pGL4.10[luc2] firefly luciferase vector 
(Promega). The E-box mutations (CACGTG to ATTATT) [301] were intro-
duced into the PDYN promoter and CpGs 9-16 region with the Quickchange 
II Site-Directed Mutagenesis kit (Stratagene, La Jolla, USA) using primers 
forward 5′-CAACAGCGGGCCATGATTATTCCTGCTGACTCGGC-3′ 
and reverse 5′-GCCGAGTCAGCAGGAATAATCATGGCCCGCTGTTG-3′. 
In addition, the CpGs 9-16 region was deleted from the PDYN promoter by 
PCR using primers forward 5′-CACGCGTGTGCTGGAATC-3′ and reverse 
5′-CACTCTCTGTCTCTGTTTTTC-3′ followed by blunt-end ligation. The 
pGL4.10[luc2]-CpG(5-16)wt plasmid was used to amplify the CpGs 9-16 
region to facilitate cloning into the pCpGL-basic plasmid using primers for-
ward 5′-CTGCAGTGCACCAGCCAACACAGA-3′ and reverse  
5′-GGGATCCGAGACAGAGAGTGGCAGAGATAGGG-3′ generating a 
PstI site at the 5′ end and a BamHI site at the 3′ end. Sequencing was per-
formed to check the sequence of the PDYN promoter and CpGs 9-16 region 
and to verify the presence of the E-box mutations. Plasmid DNA was pre-
pared with Jetstar MIDI 2.0 Kit (Genomed GmbH, Löhne, Germany). 

pGL4.75[hRluc/CMV] vector, which expresses Renilla luciferase under 
the control of CMV promoter, was obtained from Promega (Madison, WI, 
USA). pcDNA3.1-USF1, pcDNA3.1-USF2, pcDNA3.1-ΔB-USF1 and 
pcDNA3.1-ΔB-USF2 vectors were kind gift from Dr. D. van Deursen. 
pCpGL-basic reporter vector was a kind gift of Dr. M. Rehli. 

Methylation of reporter constructs. pCpGL-basic and pCpGL-CpGs (9-16) 
wt plasmids were methylated in vitro by M.SssI (New England Biolabs, 
Beverly, MA) as recommended by the manufacturer. Briefly, 20 µg DNA 



 41

was incubated with 8 units of M.SssI in the presence of 1× NEBuffer 2 (New 
England Biolabs) and 32 mM SAM at 37°C for 4 h. M.SssI was heat inacti-
vated at 65°C for 20 min. Mock methylation reactions were performed in the 
absence of the methylase enzyme. The methylated and mock-methylated 
constructs were purifed using Wizard® SV Gel and PCR Clean-Up System 
(Promega) and the methylation status of each construct was determined by 
resistance to PmlI digestion by analysis on 1.5% agarose gel with ethidium 
bromide staining and quantitatively by qAMP as described below. Methyla-
tion by M.SssI effectively protected pCpGL-CpGs (9-16) wt from digestion 
by PmlI, as assessed using agarose gel electrophoresis. qAMP demonstrated 
that only 0.35% of initial amount of unmethylated pCpGL-CpGs (9-16) wt 
survived the PmlI digestion. 

Dual-luciferase® reporter assay. SK-N-MC, HeLa and HepG2 cells were 
treated with a mixture of DNA and 25-kDa branched polyethyleneimine 
(PEI) (Sigma-Aldrich, St Louis, MO). 24-well tissue culture plate was seed-
ed with 1 ml of cells per well at 2 × 104 cells/ml in DMEM supplemented 
with 10% FCS without antibiotics. 24 h later when cells reached 50-60% 
confluency 0.5 ml of medium was aspirated, and DNA-PEI mixture was 
added. The transfection solution was prepared by incubating a mixture of 
0.6 µg of plasmid DNA and 1.8 µg PEI (1:3 ratio) in 80 µl of Opti-MEM for 
15 min at RT. Transfection mixtures consisted of 0.3 µg pGL4.10-PDYN 
reporter gene constructs and 2.4 ng of control pGL4.75[hRluc/CMV] vector 
(1:125 ratio), with either 0.3 µg of pcDNA3.1-USF1, pcDNA3.1-USF2, 
empty pcDNA3.1 vectors or 0.15 µg of pcDNA3.1-USF1 and 0.15 µg 
pcDNA3.1-USF2. For methylation studies, 0.3 µg in vitro methylated 
pCpGL-basic or pCpGL-CpGs (9-16) wt vectors were used with same 
amounts of control and USF-expressing or mock vectors. After application 
of transfection solution, cells were incubated for approximately 24 h in a 5% 
CO2 atmosphere at 37°C before the medium was replaced with 1 ml DMEM 
supplemented with FCS and antibiotics. Twenty-four hours later, medium 
was removed and cells were washed twice with phosphate–buffered saline 
(PBS), lysed for 15 min in 200 µl Passive Lysis Buffer (Promega) on shaker 
at RT and lysates were cleared by centrifugation at 20,000 × g for 1 min. 
Firefly and renilla luciferase activities in 20 µl aliquots were quantified on 
TD-20/20 Luminometer (Turner Designs, Sunnyvale, CA) using the Dual-
Luciferase® Reporter Assay System (Promega). Firefly luciferase activity 
was corrected for transfection efficiency using measurement of Renilla lucif-
erase activity luminescence and expressed as a ratio of firefly to renilla lu-
ciferase. The promoterless pGL4.10[luc2] vector was used as a negative 
control. For each form of the PDYN promoter construct and cell type three 
transfections were performed. 

For transfections with Lipofectamine 2000 (Invitrogen) 4 × 104 of SK-N-
MC cells were plated in 2.5 ml of DMEM on 6-well plate. On the next day 
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cells were transfected with 1 µg/well of pcDNA3.1 (mock), pcDNA3.1-
USF2 or pcDNA3.1-ΔB-USF2 expression vectors using Lipofectamine ac-
cording to manufacturer’s recommendations. After 48 h, cells were collected 
with trypsin and cell pellet was used for RNA preparation. Three independ-
ent experiments were performed.  

Immunoblotting 
Protein extracts for immunoblotting were prepared by homogenization of 
tissue powder/pelleted cells in SDS buffer, and sonication. DC assay (Bio-
Rad, Hercules, CA) was used for determination of protein concentration. 
Proteins were resolved using SDS-PAGE on 10% Tricine gels and trans-
ferred onto nitrocellulose membranes (Schleicher and Schuell, Dassel, Ger-
many). Blots were probed with rabbit polyclonal anti-FosB antibody (Cat.# 
sc-48, Santa Cruz, CA; may identify human protein) at 1:200; and incubated 
with the peroxidase-conjugated secondary antibody (Cat.# 170-6515, Bio-
Rad) at 1:25,000. Blots were developed in Amersham’s Enhanced Chemilu-
minescence System (Amersham, Little Chalfont, UK). Films were digitized 
using a scanner. 

DNA purification and genotyping 
DNA was purified from human brain samples using Wizard Genomic DNA 
Purification kit (Promega, Madison, WI) or DNeasy Blood & Tissue Kit 
(Qiagen, Valencia, CA, USA). Genotypes were analyzed using pyrosequenc-
ing; primers were designed with Pyrosequencing Assay Design Software 
v1.0.6 (Biotage, Uppsala, Sweden). Reverse primers were 5′-biotinylated for 
forward sequencing. Amplification was performed using the following con-
ditions: initial denaturation for 3 min at 94°C; 50 cycles of denaturing for 30 
sec at 94°C, annealing for 30 sec at 63°C and elongation for 30 sec at 72°C; 
then 5 min at 72°C and hold at 4°C. 

The PCR products were sequenced using pyrosequencing on the Pyro-
Mark ID System (Biotage, Uppsala, Sweden). Briefly, sample preparation 
was carried out using Vacuum Prep Tool according to standard procedures. 
The biotinylated strand of the target region was immobilized to 3 μl Strep-
tavidin Sepharose™ HP beads (GE Healthcare) which are retained on the 
filter plate, while the non-biotinylated strands are washed off under denatur-
ing conditions. 2 μl of sequencing primer (5 μM) was annealed to the tem-
plate strand for 2 min at 80°C. In the pyrosequencing reaction, the incorpora-
tion of nucleotides complementary to a template strand is monitored biolu-
minometrically. All equipment was handled to standard procedures (Biotage, 
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Uppsala, Sweden). Genotypes were identified using the PyroMark ID 1.0 
software (Biotage, Uppsala, Sweden), SNP mode. 

DNA methylation assay 
Pyrosequencing. Bisulfite treatment of genomic DNA was performed by 
EpiTect Bisulfite Kit (Qiagen, Maryland, USA) according to manufacturer’s 
protocol. Briefly, 1 μg of genomic DNA in 20 μl of water was combined 
with 85 μl of Bisulfite mix and 35 μl of DNA protect buffer. The bisulfite 
DNA conversion was performed using the following conditions; denatura-
tion 5 min 99°C, incubation 25 min 60°C, denaturation 5 min 99°C, incuba-
tion 85 min 60°C, denaturation 5 min 99°C, incubation 175 min 60°C, hold 
20°C. The bisulfite converted DNA was purified following manufacturer's 
instructions. Briefly, the bisulfite reaction was mixed with 560 μl of Buffer 
BL, applied to the spin column and centrifuged at 12,000 rpm for 1 min. The 
flowthrough was discarded and the column washed with 500 μl of Buffer 
BW. Buffer BD (500 μl) was applied to the column and incubated at RT for 
15 min. The column was centrifuged to remove Buffer BD and then washed 
twice with Buffer BW (500 μl). Residual BW buffer was removed by an 
additional spin (12,000 rpm, 1 min). Buffer EB (20 μl) was added to the 
column to elute the DNA. The DNA concentration was measured using a 
Nanodrop® spectrophotometer (Nanodrop Technologies, Inc.). Bisulfite 
treated DNA was stored at -35°C. 

Primers for quantitative analysis of methylation were designed using Py-
rosequencing Assay Design Software v1.0.6 (Biotage, Uppsala, Sweden). 
PCR primer and sequencing primer sequences, PCR conditions and dispen-
sation orders are shown are available upon request. The PCR assays were 
designed to amplify a PDYN gene promoter containing four CpG in region 
upstream of CpG island starting from VNTR (rs35286281), 12 CpG sites in 
the CpG island, and 11 CpG in region downstream of CpG island to TSS. 
Because of the large number of sites that were analyzed, a total of three py-
rosequencing assays for antisense strand were designed, each containing 
from one to three sequencing primers. Primers targeted CpG-free regions 
when possible to ensure that the PCR product would proportionally represent 
the methylation characteristics of the template DNA. Sequencing primers 
were designed to cover as few CpG sites as possible. Cytosine and thymine 
are incorporated during pyrosequencing if the template CpG is methylated or 
unmethylated, respectively. Therefore the proportion of cytosine to thymine 
(C:T) is stoichiometrically proportional to the degree of methylation at that 
CpG site in the template DNA. A non-CpG cytosine was used as an internal 
control for the completion of the bisulfite treatment. 

PCR was carried out in a 50 μl volume containing 1.5 μl (40-100 ng) of 
bisulfite treated DNA, 2.2 μl of each primer (5 μM stock), 1.8 μl of 10 mM 
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dNTP mix, 5 μl of 10 × USB buffer, 1 μl of 25 mM MgCl2, 1.6 μl of Hot-
Start-IT® Taq DNA polymerase (1.25 U/μl) (USB Corporation, Ohio, USA) 
and sterile H2O up to a final volume of 50 μl. Amplification was performed 
using the following conditions: initial denaturation for 3 min at 94°C; 50 
cycles of denaturing for 35 sec at 94°C, annealing for 35 sec at 62°C and 
elongation for 35 sec at 72°C; then 5 min at 72°C and hold at 4°C. All prod-
ucts were confirmed to be single bands of expected size by agarose gel elec-
trophoresis.  

The PCR products were sequenced by pyrosequencing using the Pyro-
Mark ID System (Biotage, Uppsala, Sweden). Briefly, sample preparation 
was carried out using Vacuum Prep Tool according to standard procedures. 
The biotinylated strand of the target region was immobilized to 3 μl Strep-
tavidin Sepharose™ HP beads (GE Healthcare, formerly Amersham Biosci-
ences) which are retained on the filter plate while the nonbiotinylated strand 
is washed off under denaturing conditions. 2 μl of sequencing primer (5 μM) 
was annealed to the template strand for 2 min at 80°C. In the pyrosequencing 
reaction, the incorporation of nucleotides complementary to a template 
strand is monitored bioluminometrically. All equipment was handled to 
standard procedures (Biotage, Uppsala, Sweden). The intensity of the biolu-
minometric responses are directly proportional to the amount of incorporated 
nucleotides and are termed as pyrograms, a representation of the complete 
synthesis reaction. The targeted CpG for each assay are evaluated for indi-
vidual sample by converting the resulting pyrograms to numerical values for 
peak heights using Pyro Q-CpG software (Biotage, Uppsala, Sweden). The 
pyrosequencing service was performed by varionostic GmbH (Ulm, Germa-
ny).  

Influence of DNA purification, bisulfite treatment, and PCR procedures 
on the assay were assessed independently. Linearity of the assay was evalu-
ated using mixtures with different proportion of methylated DNA. Valida-
tion of pyrosequencing assay linearity was performed for antisense strand 
CpG5-16 in CpG island using mixtures containing different proportions of 
methylated and unmethylated DNA (0-10-25-50-75-90-100%) (Zymo Re-
search, Orange, CA, USA). The curves generated from the mixed DNA 
samples show underestimation of DNA methylation almost for all eight CpG 
sites analyzed. The mean PCR bias value b = 0.62 was calculated for eight 
CPG sites analysed according to [302], showing 1.6-fold preference in am-
plification of unmethylated DNA versus methylated DNA. A trend for py-
rosequencing to underestimate methylation levels probably due to PCR bias 
favoring preferable amplification of unmethylated templates was noticed 
earlier and must be taken in account when absolute quantitation of methyla-
tion is required. However, the highly linear relationship (R = 0.996) ob-
served for the pyrosequencing assay run in CpG island, allows the compari-
son of methylation levels between neuronal and glial cell types, and between 
alcoholic and control groups. 
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The impact of PCR experimental variability was tested using the same bi-
sulfite treated DNA in five parallel PCR reactions using the same PCR and 
pyrosequencing conditions. Variations in PCR reactions were expressed as 
coefficient of variation (CV) calculated as the percentage of standard devia-
tion to its mean. CV varied from 0.2% for highly methylated DNA to 7.7% 
for almost unmethylated DNA with average value of 4.1%, demonstrating a 
high reproducibility of the method. 

Influence of DNA purification on reproducibility of pyrosequencing re-
sults was controlled as follows. DNA was purified in parallel from one con-
trol and one alcoholic subject three times using Wizard Genomic DNA Puri-
fication kit (Promega, Madison, WI). Bisulfite conversion and pyrosequenc-
ing analysis were run as before. Mean CV value for eight analyzed CpG sites 
in CpG island is 4.8% for selected control and 6.4% for alcoholic subject. 
For individual CpG sites CV is in range 2.4-12.2% for control and 1.7-
19.6% for alcoholic subject. 

Infinium HumanMethylation 450k BeadChip assay. DNA was treated with 
sodium bisulfite (EZ DNA methylation Gold, Zymo Research, Irvine, CA, 
USA) and DNA methylation levels were measured using the Infinium Hu-
manMethylation 450k BeadChip assay (Illumina, San Diego, CA, USA). 
Alcoholic and control subjects were randomly distributed across the arrays, 
all arrays were measured using the same HiScan instrument, and no evidence 
for batch effects was observed in the β-values (data not shown). The methyl-
ation β-value distribution between Infinium type I and II probes was normal-
ized using peak–based correction [303]. The data were filtered by removing 
the data from probes on the X and Y chromosomes and with genetic varia-
tion affecting probe hybridization. After filtering, methylation data for 
435,941 CpG sites remained for further analysis. Additional details about the 
methylation assay, probe filtering, and technical validation can be found 
elsewhere [304]. 

Quantitative analysis of DNA methylation and 
hydroxymethylation using real-time PCR 
Quantitative analysis of DNA methylation using real-time PCR (qAMP) was 
used to determine methylation levels at CpG12 (E-box) in addition to py-
rosequencing using bisulfite conversion–independent methylation–sensitive 
restriction enzyme, PmlI (New England Biolabs, Beverly, MA), which is 
blocked by methylation of central C in consensus sequence CACGTG. 
qAMP is quick and quantitative method for methylation analysis that doesn’t 
require bisulfite treatment of DNA thus avoiding the PCR bias caused by 
such treatment [305]. DNA of interest is first treated with methylation–
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sensitive restriction endonuclease and amount of undigested DNA, repre-
senting methylated fraction is then quantified by qPCR and expressed as % 
of total DNA. This method was first validated using E-box containing PCR 
product obtained from PDYN promoter with primers, forward  
5′-GCCCATATTTTGAGGGGTTT-3′ and reverse 5′- GAGTGGCAGA-
GATAGGGAGATG-3′. PCR product was diluted 100-fold and in vitro 
methylated in 100 µl volume with 4 U SssI methyltransferase (M.SssI, New 
England Biolabs, Beverly, MA) and 32 mM S-adenosylmethionine (SAM) 
for 1 h at 37oC, following by heat inactivation for 20 min at 65oC. Mock-
methylation reactions were performed by omitting M.SssI from reaction 
mixture. PCR product was further diluted 100-fold and digested by 10 U of 
PmlI in 10 µl volume for 4 h at 37oC, following by heat inactivation for 20 
min at 65oC. Mock digestion reactions were performed by omitting PmlI 
from reaction mixture. Degree of digestion by PmlI was quantified using 
qPCR on CFX96TM Real-Time Detection System (Bio-Rad Laboratories) 
using 2.5 µl of final PCR product, and forward,  
5′-TGCAGGCAAATGTACACACA-3′ and reverse,  
5′-CGGAAGAGAGTCGGAAGATG-3′ primers. Control primers, forward 
5′-TCAGAAGACTGTCTCAGCC-3′ and reverse  
5′-GAGCAAGAAAAAAGGAAACCAG-3′, located within the same am-
plicon but not including CpG12 were used to normalize for template amount. 
In vitro methylated PCR product demonstrated 98% methylation and mock 
methylated 6% of methylation at E-box CpG12, thus confirming the applica-
bility of qAMP for methylation analysis. The same control experiments were 
performed on gDNA from HCT116 DKO cell line with essentially same 
results (71 and 7%). Finally, qAMP assay for CpG12 was calibrated using 
mixtures containing different proportions of methylated and unmethylated 
DNA (0-10-25-50-75-90-100%). Resulting calibraton curve demonstrated 
excellent linearity (R = 0.97) (Paper IV, Figure S3b) and a slight PCR-bias  
b = 1.22, which may be due to incomplete digestion of unmethylated DNA 
indicating that methylated and unmethylated DNAs were detected with al-
most equal efficiency. 

Quantitative analysis of DNA hydromethylation using real-time PCR 
method was used to determine 5-hydroxymethylcytosine (5-hmC) levels 
using PvuRts1I restriction endonuclease (Active Motif) that can be used to 
directly cleave hydroxymethylated DNA in its non-glucosylated form. 
PvuRts1I recognizes the sequence hmCN11-12/N9-10G. The enzyme is specific 
to 5-hmC DNA and will not digest 5-methylcytosine residues or unmethylat-
ed DNA. qAMP analysis was performed as described above for DNA meth-
ylation analysis using real-time PCR. Briefly, 200 ng DNA of interest was 
first treated with PvuRts1I restriction endonuclease and amount of undigest-
ed DNA, representing hydroxymethylated fraction was then quantified using 
qPCR and expressed as % of total DNA. This method was validated using 
unmethylated, methylated and hydroxymethylated PCR fragments of APC 
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gene (Active Motif) and obtained calibraton curve demonstrated excellent 
linearity (R = 0.96) (Paper IV, Figure S3c). 

RNA quality control and gene expression analysis  
Total RNA was purified using RNeasy Lipid Tissue Mini Kit (QIAGEN, 
Maryland, USA) and treated with RNase-free DNase I on-column. Total 
RNA was quantified using microspectrophotometry on Nanodrop. RNA 
Quality Indicator (RQI) was measured using Bio-Rad Experion (Bio-Rad 
Laboratories, Hercules, CA) with Eukaryote Total RNA StdSens assay ac-
cording to manufacturer’s protocol. RNA preparations with RQI values 
above 5.0 are generally considered as suitable for quantitative reverse tran-
scriptase-PCR (qRT-PCR) [306, 307]. Average RQI in the analyzed set of 
samples was 7.83 ± 1.06 (mean ± SD) (97% of samples have RQI higher 
than 5.0) demonstrating high quality of isolated RNA. Samples with RQI < 
5.0 were excluded from analysis (n = 2). cDNA synthesis was performed 
with the High Capacity RNA-to-cDNA™ kit (Applied Biosystems, Foster 
city, CA). For the optimization procedure of cDNA synthesis, different RNA 
input amounts were tested, and optimal amount of 500 ng of RNA was de-
termined. High-Capacity RNA-to-cDNA™ kit with the combination random 
octamers and oligo dT-16 is an ideal approach to generate a cDNA suitable 
for most versatile real-time PCR applications, including analysis of low ex-
pressed genes, such as EOS genes [308]. Two independent RT reactions 
were performed and pooled to reduce the variability of RT step. cDNA sam-
ples were aliquoted and stored at -20oC. 

SYBR Green-based qPCR and qRT-PCR. For SYBR Green-based qPCR 
(ChIP-qPCR, qAMP and 5-hmc qAMP assays), primers spanning PDYN 
promoter (for ChIP-PCR assay) were designed with “Vector NTI advance 
11” software (Invitrogen, Carlsbad, CA). All primer pairs had an amplifica-
tion efficiency of more than 90%. Primer sequences and PCR conditions are 
shown in Paper IV, Table S2. “No-template control” reactions were run in 
parallel to demonstrate absence of signal within each experiment. No ampli-
fication was evident in samples devoid of template cDNA or RT enzyme. 
Melting curve analysis was performed for each run to confirm the specificity 
of amplification and lack of primer dimers. To ensure correct amplification, 
PCR products were separated on agarose gel and sequenced in both direc-
tions. qRT-PCR was performed on CFX96TM Real-Time Detection System 
(Bio-Rad Laboratories, Hercules, CA, USA). Reaction mixture consisted of 
gDNA, 2 × iQ SYBR Green Supermix (Bio-Rad Laboratories) and 0.25 μM 
each of forward and reverse primers. The following conditions were applied 
for the two-step qRT-PCR reaction: 95°C for 3 min followed by 40 cycles at 
95°C for 10 s, annealing temperature (Ta) for 30 s. After PCR, a melting 
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curve was recorded by increasing the temperature from 65 to 95°C and plot-
ting the first negative derivative (-dF/dT) of the fluorescence vs temperature 
to determine the melting temperature of the PCR products. The fluorescence 
of individual samples was measured by the CFX96 Real-Time Detection 
System at the end of every cycle. 

Gene expression in transfected cells was measured using qRT-PCR on 
CFX96™ Real-Time Detection System (Bio-Rad Laboratories, Hercules, 
CA). For SYBR Green-based assays, the reaction mixture consisted of 
cDNA, 5 × HOT FIREPol® EvaGreen® qPCR Mix Plus (Solis BioDyne, 
Tartu, Estonia) and forward and reverse primers (Paper IV, Table S2). The 
following conditions were applied for the three-step qRT-PCR reaction; 
95°C for 15 min followed by 40 cycles of amplification at 95°C for 15 s, 
annealing temperature for 61.6°C for 20 s and elongation at 70°C for 20 s. 
Melting curves were analyzed to ensure primer specificity and lack of primer 
dimers. To ensure correct amplification, PCR products were separated on 
agarose gel and sequenced in both directions. Samples were analyzed in 
triplicates. PDYN expression in SK-N-MC cells was normalized to expres-
sion of actin, beta (ACTB) and β-glucuronidase (GUSB) reference genes. No 
fluorescence was observed in samples not containing template cDNA (no 
template control) or in negative controls prepared by the omission of reverse 
transcriptase. 

TaqMan®-based qRT-PCR. Gene expression levels in the dlPFC were ana-
lyzed using TaqMan® probe-based experimental design with intron overlap-
ping primer set which excluded interference of contaminating gDNA with 
qRT-PCR [309]. Assay information is shown in Paper IV, Table S4. Taq-
Man® probes and primers for each gene, cDNA and iTaq™ Universal Probes 
Supermix (Applied Biosystems) was added in a final concentration of 6.25 
ng/μl cDNA per sample and gene in 10 μl volume. Every sample was run in 
triplicate for each gene. Two-step PCR amplification was performed at 95°C 
for 30 s, and 40 cycles of 95°C for 5 s followed by 60°C for 30 s. To meas-
ure the quantity of a given RNA species, the quantitation cycles (Cq) were 
monitored using CFX96™ Real-Time Detection System (Bio-Rad Laborato-
ries). Each mRNA expression was calculated by relative quantification using 
a normalization factor (geometric mean of two reference genes selected by 
geNORM program (http://medgen.ugent.be/genorm/) [310] using the Bio-
Rad CFX Manager 3.1 program for internal and external calibration (Bio-
Rad Laboratories). Using previously developed approach for analysis of 
reference genes [311], the actin, beta (ACTB) and polymerase (RNA) II 
(DNA directed) polypeptide A (POLR2A) (Paper IV) or ribosomal protein, 
large, P0 (RPLP0) (Paper II) for the dlPFC were chosen for normalization. 
 
Droplet Digital™ PCR. The assay was described elsewhere [312]. Total RNA 
from FACS-sorted NeuN+ and NeuN- nuclei from three subjects was used 
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for analysis of PDYN, RNA binding protein, fox-1 homolog 3 (RBFOX3) 
and glial fibrillary acidic protein (GFAP) gene expression with TaqMan 
assays (Paper IV, Table S4). mRNA amount was calculated using the Pois-
son statistics [313] and background–corrected based on the no template con-
trol data. The absolute transcript levels were expressed in RNA copies/µl. 
The 20 μl reaction mixture contained 10 μl of 2 ×  ddPCR Supermix for 
Probes (Bio-Rad), 1 μl of 20 × TaqMan Assay (Applied Biosystems)  and 
9 μl of the cDNA sample (corresponding to 15-60 ng of transcribed RNA). 
The reaction mixture was mixed with 20 μl of Droplet Generation Oil (Bio-
Rad), partitioned into 14,000–17,000 droplets in QX200 Droplet Generator 
(Bio-Rad), transferred to 96-well plates (Eppendorf) and sealed. The PCR 
was performed in T100 Thermal Cycler (Bio-Rad) under following condi-
tions: 10 min at 95°C, 40 cycles for 30 s at 94°C followed by incubation for 
60 s at 60°C and for 10 min at 98°C. Immediately after end-point amplifica-
tion, the fluorescence intensity of the droplets was measured using the 
QX200 Droplet Reader (Bio-Rad). The data analysis was performed with 
QuantaSoft droplet reader software (Bio-Rad). Positive and negative droplet 
populations were detected automatically. 

Dynorphin radioimmunoassay 
The procedure has been described elsewhere [314, 315]. Briefly, 1M hot 
acetic acid was added to finely pulverized frozen brain tissues, and samples 
were boiled for 5 min, ultrasonicated and centrifuged. Tissue extracts were 
run through SP-Sephadex ion exchange C-25 column, and peptides were 
eluted and analysed by RIA. Anti-dynorphin B antiserum showed 100% 
molar cross-reactivity with big dynorphin, 0.8% molar cross-reactivity with 
Leu-morphine (29 amino acid C-terminally extended dynorphin B), and 
<0.1% molar cross reactivity with dynorphin A(1–17), dynorphin A (1–8), 
α-neoendorphin, and Leu-enkephalin [316]. Dynorphin B RIA readily de-
tected this peptide in the striatum, hippocampus, and frontal cerebral cortex 
of wild type mice [317] but not in Pdyn knockout mice (for details, see 
[315]); thus the assay was highly specific and not sensitive to the presence of 
contaminants in brain tissues. The peptide content was calculated with the 
GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA) and pre-
sented in fmol/mg of tissue. 
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Chromatin immunoprecipitation assay 
ChIP protocol described by [318] was modified and adopted for analysis of 
frozen human brain samples. Protocol optimization and validation are de-
scribed in details in Supplementary methods for Paper IV. 

Chromatin preparation. Human brain tissue (100 mg) pulverized on dry ice 
was cross-linked with formaldehyde (1% v/v final concentration) for 10 min 
on ice in 10 x volume of PBS. Crosslinking was stopped by adding 
1/10 volume of 1.25 M glycine (125 mM final) followed by incubation on 
ice for 5 min. Tissue pellet was precipitated by centrifugation at 400 g for 
4 min at 4°C, washed 3 times in PBS and once in Buffer A (10 mM HEPES, 
1.5 mM MgCl2, 10 mM KCl), resuspended in 1 ml of Buffer A supplement-
ed with 0.1 mM benzamidine and  0.1 mM PMSF, kept on ice for 5 min and 
homogenized on ice by 10 frictions with Pestle A in Dounce glass-glass ho-
mogenizer. After centrifugation at 5000 × g for 6 min at 4 oC, the supernatant 
was removed and 5 volumes of Dounce buffer (10 mM Tris-HCl, pH 7.5, 
4 mM MgCl2, 1 mM CaCl2) and micrococcal nuclease (MNAse, 2.4 U; 
N3755, Sigma) were added to the pelleted nuclear fraction. After vortexing 
and incubation for 15 min at RT, 0.5 M EDTA (1/50 volume; final 10 mM) 
was added to stop the MNAse reaction. Cell Lysis Buffer (1/5 volume of  
5×; final concentration, 50 mM Tris-HCl [pH 8.0], 0.1% SDS, 0.5% sodium 
deoxycholate) was added, and after brief sonication (5 s at Output 1 on 
Branson Sonifier B15) samples were incubated on ice for 5 min and centri-
fuged for 10,000 x g for 10 min at 4oC. Supernatant was aliquoted and used 
for chromatin immunoprecipitation or stored at -80°C. 

Immunoprecipitation. Chromatin aliquots (100 μl) were diluted 5 fold with 
modified RIPA buffer (140 mM NaCl, 10 mM Tris pH7.5, 1 mM EDTA, 
0.5 mM EGTA, 1% TX-100, 0.01% SDS, 0.1% sodium deoxycholate) sup-
plied with protease inhibitors, 4 μg of anti-USF2 (ChIP-grade rabbit poly-
clonal against USF2, clone C-20 (Santa Cruz, sc-862), anti-acetyl Histone 
H3 (K9/K14) (06-599, Millipore) antibody or rabbit IgG (12-370, Upstate) 
used as negative control were added, and the reaction mixture was incubated 
overnight with rotation at 4oC. 25 μl of protein G paramagnetic beads (Invi-
trogen) were added to the sample followed by incubation with rotation for 4 
h at 4oC. Beads were captured, supernatant removed and beads-antibody 
complexes were washed twice with 800 μl of Wash buffer I (20 mM Tris-
HCl  [8.1], 50 mM NaCl, 2 mM EDTA, 1% TX-100, 0.1% SDS) for 2 min 
with rotation at 4oC, once with Wash buffer II (10 mM Tris-HCl [8.1], 150 
mM NaCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 250 mM 
LiCl) and twice with TE buffer. During the last wash, beads-complexes were 
transferred to a new clean tube, captured and TE buffer was removed. 
Washed beads were resuspended in 200 μl of fresh Elution buffer (0.1 M 
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NaHCO3, 1% SDS). Cross-linking was reversed by incubation in 0.2 M NaCl 
at 65oC overnight in the presence of RNAse (0.1 μg/μl final). After incuba-
tion with Proteinase K (1/300 volume of 15 mg/ml solution) at 37oC for 1.5 
h, beads were captured and DNA extracted from the supernatant in equal 
volume of phenol/chlorophorm/isoamyl alcohol (100 μl). After centrifuga-
tion, top aqueous phase was mixed with equal volume of chloro-
phorm/isoamyl alcohol (100 μl) in a new tube, vortexed and centrifuged. The 
aqueous phase was supplemented in a new tube with 5 M NaCl to 0.1 M 
final concentration, 0.5 μl of glycogen and 1 volume of isopropanol, and 
after mixing and incubation on ice for 15 min, centrifuged at 14,000 rpm for 
15 min at 4oC. Supernatant was removed, and immunoprecipitated DNA was 
washed with 70% EtOH, air-dried and dissolved in 10 mM Tris-HCl [8.0]. 

The fragment of interest was quantified using real time SYBR Green 
PCR. Enrichment was determined by Cq measurements (changes in fluores-
cence per PCR cycle number at a given threshold) relative to input DNA. 

Nuclei isolation 
Tissue samples were Dounce homogenized in 8.75 ml of lysis buffer (0.32 
M sucrose, 5 mM CaCl2, 3 mM magnesium acetate, 0.1 mM EDTA, 10 mM 
Tris-HCl [8.0], 0.1% Triton X-100, 1 mM DTT). Homogenized samples 
were gently suspended in 17.5 ml of sucrose solution (1.7 M sucrose, 3 mM 
magnesium acetate, 1 mM DTT, 10 mM Tris-HCl [pH 8.0]), layered onto a 
cushion of 8.75 ml sucrose solution. Ultracentrifugation was carried out at 
30,000 g for 2.5 hr at 4°C (Beckman; L8-70 M; SW28 swing bucket rotor). 
After centrifugation, the two layers of solutions were removed by aspiration. 
Each nuclei pellet was resuspended in 900 μL PBS. Next, the nuclei were 
filtered through a 40 μm Nitex mesh to remove any remaining clumps. 

Flow cytometry 
Neuronal nuclei were isolated by FACS after labeling with neuron–specific 
monoclonal antibody NeuN. 1.5 μl of NeuN antibodies (Millipore, Billerica, 
MA, USA; MAB377, clone A60) conjugated with mouse IgG labeling rea-
gent (Alexa 488, Molecular Probes) was incubated with nuclear suspension 
for 18 h at 4°C in dark. FACS was performed using a FACSAria III cell 
sorter (BD BioSsciences, San Jose, CA, USA) and nuclei were pelleted by 
centrifugation at 3,000 x g for 5 min at 4°C, and stored at -80°C. To ensure 
sorting single but not aggregated nuclei the preparations were stained with a 
Hoesch dye, and a gate was set to isolate singlets only that were readily dis-
cerned from doublets, triplets, and higher-order aggregates based on their 
fluorescence intensity. The isolates contained 98% or more nuclei in a sin-
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glet form. The purity of neuronal nuclei was confirmed by FACS analysis of 
the sorted preparations. For RNA extraction, short 30 min incubation with 
NeuN antibodies was used and nuclei were directly sorted in the RLT lysis 
buffer (Qiagen). 

Immunolabeling 
Sections (7 µm) of formalin–fixed paraffin–embedded (FFPE) human dlPFC 
were used. Two subjects, 2 sections each, were single stained for PDYN or 
USF2, and three subjects, 3 sections of each, were processed for PDYN and 
USF2 double labeling. Rabbit polyclonal antisera were generated against 
human PDYN C-terminal fragment (CTF241-254), conjugated with keyhole 
limpet hemocyanin via Cys added to its N terminus [75]. IgG fractions were 
purified with Protein A-Sepharose and characterized using western blotting 
and immunohistochemistry [189]. The antibodies detected a single band in 
COS1 cells transfected with pCMV-h-FL-PDYN plasmid but not with vector 
plasmid. The apparent 28 kDa protein molecular size was identical to the 
calculated size of full-length (FL)-PDYN. The signal was blocked by prein-
cubation of antibodies with h-CTF, whereas the corresponding rat PDYN 
CTF, differing in sequence from the human counterpart did not interfere 
with labeling.  Monoclonal mouse anti-USF2 (Abnova, Taipei City, Taiwan) 
were characterized by Western blotting, detecting a single band of expected 
37 KDa size with cell lysates of various cell lines and recombinant protein 
and in our experiments with human dlPFC, by immunofluorescence in HeLa 
cells and ELISA (http://www.abnova.com/products/products_detail.asp? 
catalog_id=H00007392-M03#p00). 

Sections were deparaffinaized in xylene and rehydrated in a graded etha-
nol series. Antigen retrieval was performed in sodium citrate buffer [6.0] by 
microwave heating. Endogenous peroxidase activity was quenched with 3% 
hydrogen peroxide (Sigma-Aldrich, St. Louis, MO, USA). Rabbit and goat 
serums (Dako, Denmark) were used as a blocking reagent. Primary immuno-
labeling was performed at 4oC using polyclonal rabbit anti-human PDYN 
(1:1000) overnight and monoclonal mouse anti-USF2 (1:7500) for 3 days. 
For double labeling sections were incubated with anti-USF2 antibody fol-
lowed by incubation with anti-human PDYN antibody. Secondary antibody 
staining was performed using polyclonal rabbit anti-mouse IgG (1:300, 
Dako) and polyclonal goat anti-rabbit IgG (1:300, Dako) for 45 min at RT. 
Labeling by secondary IgG (Dako) or pre-immune rabbit serum IgG fraction 
[75] was used for negative control. 

Immunoreactivity visualization was performed using VECTASTAIN 
Elite ABC system (Vector Laboratories, Burlingame, CA, USA) followed by 
3,3′-diaminobenzidine (DAB) plus nickel or DAB only treatment (Vector 
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Laboratories). Single immunolabeled samples were counterstained by hema-
toxylin (PDYN) and toluidine blue (USF2) to visualize all cell nuclei. 

Light microscopy. For analysis of double immunolabeled samples 50-60 
image fields (× 20, minimum 50 cells per field) per section were taken uni-
formly across the whole section and immunoreactivity of all cells within 
every image field was visually analyzed (approx. 2500-3000 cells per every 
subject). Light microscopy analysis was carried out using Olympus BM-2 
microscope equipped with Nikon DXM 1200F digital camera and 
EclipseNet image software. All images were taken using the same exposure 
and RGB range. 
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Results and Discussion 

Methylated CpG-SNPs and PDYN gene expression 
(paper I) 
Interactions between genetic, epigenetic and environmental factors affecting 
gene expression may influence the risk for neuropsychiatric diseases. Mech-
anistically, these interactions may be mediated through alterations in meth-
ylation of SNPs that are associated with a disorder and form CpG dinucleo-
tides. In PDYN, three (rs1997794; rs6045819 and rs2235749) out of five 
SNPs that are associated with alcoholism with high significance, form a CpG 
dinucleotide. In this study, we analyzed methylation of PDYN CpG-SNPs 
that are associated with alcohol dependence, in the brains of human alcohol-
ics. 

The methylation–associated SNP (mSNP) in the promoter of PDYN 
(rs1997794; the risk C allele forms CpG) in the dlPFC of control and alcohol 
dependent subjects was methylated at low levels, thus making comparison 
unfeasible. 

Methylation of the exon 4 mSNP (rs6045819; the risk C allele forms 
CpG) may be functional. However, the limited number of subjects precluded 
further analysis. 

The C variant of the 3′ UTR mSNP (rs2235749) is the non-risk, major al-
lele. Its methylation was higher in the dlPFC of alcoholics compared with 
controls. PDYN expression in the dlPFC is limited to approx. 15 % of cells, 
as shown by immunohistochemical analysis with anti-PDYN antibodies (see 
Paper IV). Therefore, the 5% increase in methylation levels in alcoholics 
when all DNA molecules are taken as 100%, may correspond to de novo 
methylation of both alleles in 33.3%, or one allele in 66.7% of PDYN ex-
pressing neuronal cells. No differences were found in the motor cortex 
(MC), an area not involved in alcohol dependence. 

Methylation levels of 3′ UTR mSNP rs2235749 were analyzed using two-
way ANOVA with group (controls and alcoholics) and region (dlPFC and 
MC) as independent between-group factors. A significant group effect, a 
significant region effect and a significant group × region interaction were 
found. A post hoc Student’s t-test showed significant differences between 
controls and alcoholics in the methylation status in the dlPFC for pooled CC 
and CT genotypes, and for each genotype separately. 
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In the dlPFC, methylation of the 3′ UTR mSNP was significantly corre-
lated with dynorphin A (dyn A; R = 0.49) and B (dyn B; R = 0.44), but not 
with PDYN mRNA (CC and CT genotypes were pooled). The CT genotype 
showed significant or trend correlations between i) methylation and PDYN 
mRNA (R = 0.64); ii) methylation and dyn A (R = 0.68); and methylation 
and dyn B (R = 0.61). The increased 3′ UTR mSNP methylation may affect 
PDYN expression in subjects with the non-risk C allele and elevated dy-
norphins may hypothetically contribute to susceptibility to develop alcohol 
dependence in these individuals. Two-way ANOVA was used to test this 
hypothesis, but failed to assess whether the risk allele/genotype is associated 
with increased PDYN expression, likely due to the low number of subjects 
with the risk, T allele. 

The putative molecular mechanism of selective recognition of unmethyl-
ated and methylated C allele, and the risk, T allele of the 3′ UTR mSNP was 
studied using EMSA. We discovered a T allele DNA binding factor (Ta-BF) 
demonstrating high, intermediate and low affinity for the T allele, and meth-
ylated and unmethylated C alleles, respectively, in nuclear extract of human 
the dlPFC and rat embryonic brain (used as a rich source of transcription 
factors). The T allele forms an E-box (CATATG), a DNA-target for E-box 
binding transcription factors. Ta-BF did not interact with two canonical E-
box oligonucleotides, and its binding to DNA was not affected by antibodies 
against c-Myc and USF2, dominant E-box binding proteins identified in 
human dlPFC, and against NeuroD, which targets an E-box variant formed 
by the T allele. We therefore concluded that Ta-BF is not an E-box binding 
protein. Size of Ta-BF was determined using EMSA of proteins that had 
been renatured after separation with SDS-PAGE as a 63 kDa factor. A posi-
tive correlation between PDYN expression and 3′ UTR mSNP methylation 
may be explained if Ta-BF binding to the methylated C allele results in tran-
scriptional activation. 

These findings suggest that the genetic, epigenetic and environmental fac-
tors associated with a risk for alcohol dependence may mechanistically con-
verge on the PDYN 3′ UTR CpG-SNP and that the resulting methylation 
signals may be translated into disease predisposition via alterations in PDYN 
transcription by factors such as Ta-BF. 
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The AP-1 interaction with PDYN promoter SNP (paper 
II) 
In this study, we analyzed the impact of PDYN promoter SNP (rs1997794: 
T>C) variants on the PDYN expression. The Pearson’s χ2 test did not reveal 
significant differences of the genotypic and allelic association of this SNP 
between alcohol dependence and control groups. Two way factorial ANO-
VA revealed a significant effect of alcohol dependence in dlPFC and a sig-
nificant interaction between alcohol dependence and genotype in the MC. A 
post hoc Student’s t-test revealed a significant 1.7-fold increase in PDYN 
mRNA in alcoholics compared to controls in the dlPFC that has been report-
ed previously [319]. No other significant differences were found. 

Principal component analysis (PCA) was used to identify variables which 
have the largest spread in the combined data set and which account for larg-
est part of variance. Two factors with eigenvalues > 1 that explained 62% of 
the variance were identified. Factor 1 (F1; 37%) had high loadings with al-
coholism (0.77) and PDYN mRNA levels in the dlPFC (0.85) and MC 
(0.60). Factor 2 (F2; 25%) had high loadings with genotype (0.87) and 
PDYN mRNA expression in the hippocampus (-0.70). High loadings indicate 
strong linear correlation between the factor and parameters. The PCA sug-
gests that variations in PDYN expression in the dlPFC are related to alcohol 
dependence, whereas those in the hippocampus may depend on the PDYN 
genotype. 

PDYN promoter SNP T, low risk allele resides within a TGACACA se-
quence previously identified as a non-canonical AP-1–binding element [320, 
321]. We analysed AP-1 interaction with the C and T alleles of the non-
canonical PDYN AP-1 site using EMSA. Retarded complexes were produced 
by incubation of the oligonucleotide with canonical AP-1 binding element 
used as a labeled probe with nuclear extract prepared from human NAc. The 
upper complex was specific for AP-1; its formation was blocked by wild 
type AP-1 oligonucleotide but not mutant AP-1 oligonucleotide. The PDYN 
T allele oligonucleotide (T-PD) used as unlabeled competitor inhibited for-
mation of AP-1complex with the labeled probe, but its C (C-PD) and meth-
ylated C allele (mC-PD) failed to affect its formation. 

To analyze composition of AP-1 complex in human NAc, effects of anti-
bodies against AP-1 constituents c-Fos, FosB and JunD on AP-1 complex 
formation were studied using EMSA. Virtually all AP-1 complexes was 
supershifted by anti-JunD antibody alone and in combination with anti-c-
Fos- or anti-FosB antibodies. Anti-c-Fos antibody did not affect the AP-1 
complex formation whereas anti-FosB-antibody substantially depleted it. 
The latter antibodies may interact with both FOSB and ΔFOSB, the C-
terminally truncated FOSB variant implicated in drug addiction in rodents 
[322]. Interestingly, that same antibodies identified the 46 kDa FOSB as a 
dominant form of the protein in the human NAc and OFC, while two 
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ΔFOSB forms (27 and 37 kDa) were present at negligible levels compared to 
those of the 46 kDa FOSB in western blot analysis. FOSB and ΔFOSB pro-
teins ectopically expressed in HeLa cells transfected with respective plas-
mids were used as positive controls in the western blot experiments. Thus, 
AP-1 complex in the human NAc may predominantly consist of JUND ho-
modimer and/or JUND/FOSB heterodimer, both may target non-canonical 
AP-1 binding element in PDYN promoter. 

The T, low risk allele of the PDYN promoter SNP is associated with low-
er PDYN expression compared to the C allele in human brain cortical areas 
[132]. In the absence of significant differences between genotypes in PDYN 
expression, our data nevertheless show a tendency for association of lower 
PDYN mRNA levels with the T allele compared to the C allele (observed in 
control subjects but not in alcoholics), which is consistent with the previous 
analysis [132]. 

Our results suggest that impact of the PDYN promoter SNP associated 
with alcohol dependence on expression of this gene in the human brain is 
region specific, and that non-canonical AP-1 binding site formed by the T, 
low risk allele may be targeted by JUND and FOSB proteins. This study 
supports the hypothesis that the effects of disease–associated genetic varia-
tions on gene expression may be mediated through changes in affinity for 
transcription factors that bind to SNP–containing DNA elements. 
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Expression of pronociceptin and its receptor in the brain 
of human alcoholics (Paper III) 
Animal studies demonstrated a role of neuropeptide nociceptin (NC) and its 
receptor (nociceptin opioid receptor, NOR) in ethanol-induced reward. Thus, 
activation of the NOR by natural or synthetic ligands reduced ethanol self-
administration and prevented relapse to ethanol drinking. However relevant 
human molecular and behavioural data supporting this statement were lack-
ing. The present study was designed to address the hypothesis whether alco-
hol dependence is associated with alterations in the NC/NOR system in the 
human brain. For this purpose, we compared the expression of the prono-
ciceptin (PNOC) and opiate receptor-like 1 (OPRL1, coding for NOR) genes 
between human alcoholics and control subjects by analysis of post-mortem 
human specimens from brain areas involved in neurocognitive processes 
including the dlPFC and OFC, hippocampus, and central amygdala (CeA), 
which is critical for aversive processes. 

The PNOC mRNA levels were substantially lower in the hippocampus of 
alcoholics compared to control subjects whereas no differences in expression 
of this gene in other structures analyzed were evident. High variability in 
both the PNOC and OPRL1 mRNA levels were found in CeA probably due 
to high cellular heterogeneity of this area. Nonetheless, significant downreg-
ulation of OPRL1 mRNA was found in CeA in alcoholics. 

The endogenous NC may function in neuronal circuits involved in rein-
forcing or conditioning effects of ethanol as a “brake” to limit ethanol intake, 
whereas repeated ethanol intake may downregulate the endogenous 
NC/NOR system resulting in increase of ethanol consumption. The down-
regulation of the NC/NOR system associated with alcohol dependence may 
affect neurotransmission in neuronal circuits involved in the coupling of 
external information and internal emotional status modified by alcohol in-
take, and, as a result may weaken the inhibitory control over the conditional 
or stress–induced relapse to alcohol seeking and taking behaviour.
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Regulation of PDYN expression by 
epigenetic/transcription factors (paper IV) 
Molecular mechanisms that define neuropeptide expression are essential for 
formation and functions of neural circuits in normal and pathological brain. 
Genetic, epigenetic and transcriptional mechanisms that define spatiotem-
poral neuropeptide expression are a cornerstone in formation and functions 
of neural circuits in normal and pathological human brain. Neuropeptides are 
special in their expression profiles restricted to neuronal subpopulations and 
low tissue mRNA levels. Epigenetic and transcriptional mechanisms that 
define spatial, temporal and adaptive expression patterns of these genes have 
not been yet identified for the human brain. We characterized neuron–
specific epigenetic and transcriptional mechanisms that regulate PDYN ex-
pression in the human dlPFC. 

Two adjacent DMRs in the promoter overlapping with the distal and 
proximal TSSs, respectively, and showing opposite methylation patterns 
have been identified in the PDYN locus. In neurons compared to glial cells 
the distal DMR1 was strongly hypomethylated, while the proximal DMR2 
was hypermethylated. The DMR1 hypermethylation in glia may have a re-
pressive function and thereby restricts PDYN expression to neurons (Figure 
4). The restriction mechanism may operate in conjunction with the activation 
of PDYN transcription in subset of neurons by upstream stimulatory factor 2 
(USF2), a methylation sensitive, dominant E-box TF in the dlPFC. USF2 
activated PDYN transcription in model cellular systems and was bound to the 
PDYN promoter CGI/DMR1 in vitro and in vivo. Expression of USF2 and 
PDYN was correlated, and protein products of these genes were colocalized 
in the dlPFC (Figure 4). 

In postmortem human studies, the subjects with the T allele of rs1997794 
(T>C) compared to those with the C allele demonstrated lower PDYN ex-
pression in several cortical areas [132, 323] (Paper II). These findings were 
replicated in the present study for the dlPFC of the control group. Further-
more, this SNP interacted with alcoholism in regulation of PDYN expres-
sion; the alcoholics bearing the C, high risk allele but not those with the TT 
genotype showed the decline in expression levels. In control subjects with 
the CC/CT genotypes compared to the TT group higher PDYN transcription 
levels were associated with lower CGI methylation. Subjects with the C var-
iant demonstrated reduction in the USF2–mediated activation of PDYN tran-
scription in alcoholics possibly be due to elevation in methylation of CGI 
target for this TF (for the model, see Figure 4). The T, low risk allele of the 
PDYN promoter SNP resides within noncanonical AP-1–binding element 
that may be targeted by JUND and FOSB proteins, the dominant AP-1 con-
stituents in the human dlPFC (Paper II) [323]. 
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Figure 4. Model for integration of epigenetic, transcriptional and genetic mecha-
nisms of neuronal-subpopulation specific PDYN expression in the dlPFC of human 
controls and alcoholics. Expression in neurons is associated with low methylation of 
the PDYN promoter DMR1 overlapping with a short, nucleosome size CpG island 
(CGI), and high methylation of DMR2. Non-neuronal cells (mostly glia) do not 
express PDYN and have opposite methylation profiles of these two DMRs that may 
have a repressive function. USF2, the sequence-specific transcription factor activates 
PDYN transcription through binding to unmethylated CGI E-box. This results in co-
expression of USF2 and PDYN proteins in subpopulation of neurons. DMR1/CGI 
and DMR2 methylation and USF2–dependent PDYN transcription are controlled by 
PDYN promoter SNP rs1997794 associated with substance dependence and alcohol-
ism. Human subjects carrying the C, high risk variant of this SNP compared to those 
with the T variant (i) have lower DMR1/CGI methylation and greater PDYN expres-
sion levels; and (ii) demonstrate reduction in USF2–dependent activation of PDYN 
transcription in alcoholics. Alcoholics and controls with the T, low risk genotype did 
not differ in PDYN expression. Mechanisms of the SNP and alcohol effects on the 
USF2 dependent PDYN transcription are still to be defined. 

We also replicated previous observations on the damage of cortical brain 
areas manifested as alterations in cell composition induced by excessive 
chronic alcohol consumption [324-326]. Our analyses revealed the decline in 
the level of neuron–specific RBFOX3 and enolase 2 (gamma, neuronal) 
(ENO2) transcripts concomitant with elevation in GFAP, a glial marker, and 
also the decrease in proportion of neurons computed from the data on global 
cell–specific DNA methylation profiles in alcoholics. 

Altogether the transcriptional and genetic findings along with high intra-
CGI correlations in methylation, positioning of a single nucleosome and 
elevated levels of 5-hmC in the CGI suggest that the PDYN CGI represents a 
modular promoter element in which methylation/hydroxymethylation is lo-
cally regulated, and which epigenetic DNA modifications and interactions 
with sequence–specific transcription factors may delineate patterns of neu-
ronal subtype PDYN expression. Given the important role of PDYN in addic-
tive behavior, our findings provide a new insight into fundamental molecular 
mechanisms of human brain disorder.  
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Conclusions 

This thesis reports the findings that (i) uncover genetic, epigenomic and 
transcriptional mechanisms regulating transcription of the opioid/nociceptin 
genes with focus on the PDYN in the human brain, and (ii) identify adaptive 
changes in these mechanisms associated with alcoholism.  
 
• Three PDYN SNPs most significantly associated with alcoholism repre-

sent CpG-SNPs, which are differentially methylated in the dlPFC in hu-
man brain. In alcoholics compared to controls, the C, non-risk variant of 
the PDYN 3′ UTR SNP (rs2235749 SNP: C>T) demonstrated signifi-
cantly higher methylation in the dlPFC. PDYN mRNA and dynorphin 
levels significantly and positively correlated with methylation of the 
PDYN 3′ UTR CpG-SNP suggesting its involvement thought methyla-
tion in PDYN regulation.  

• A DNA–binding factor that demonstrates differential binding affinity for 
the T allele and methylated and unmethylated C alleles of the PDYN 
3′ UTR SNP (the T allele specific binding factor, Ta-BF) has been iden-
tified in the dlPFC in human brain. The Ta-BF may function as a regula-
tor of PDYN transcription acting through the T allele or methylated C al-
lele of the 3′ UTR SNP. 

• The T, low risk allele SNP (rs1997794: T>C) forms a non-canonical AP-
1–binding element in PDYN promoter while C allele destroys AP-1 
binding. Analysis of the human dlPFC identified JUND and FOSB pro-
teins, which may form homo- or heterodimers, as dominant constituents 
of AP-1 complex. 

• Two epigenetic mechanisms, the common for most cells in the dlPFC, 
and the neuron-subpopulation specific may orchestrate PDYN transcrip-
tion in the human dlPFC. The first, repressive mechanism may operate 
through control of DNA methylation/demethylation in a short, nucleo-
some size promoter CpG island. The second mechanism may involve 
USF2, the sequence–specific methylation–sensitive transcription factor 
which interaction with its target element in the CpG island results in 
USF2 and PDYN co-expression in the same neurons. 

• The short CGI in PDYN promoter may function as a chromatin element 
that integrates cellular and environmental signals through changes in 
DNA methylation and TF binding.  
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• Alterations in USF2–dependent PDYN transcription are affected by the 
genotype of promoter SNP rs1997794 (T>C) associated with alcoholism 
under transition to pathological state, i.e. in the alcoholic brain. 

• Altogether, these findings emphasize the complexity of PDYN regulation 
that determines its expression in specific neuronal subpopulations. Given 
the important role of PDYN in addictive behavior, our findings provide a 
new insight into fundamental molecular mechanisms of human brain 
disorder. 

• In addition to PDYN in the dlPFC, the PNOC gene in the hippocampus 
and OPRL1 gene in central amygdala that were downregulated in alco-
holics may contribute to impairment of cognitive control over alcohol 
seeking and taking behaviour. 



 63

Acknowledgements 

There are so many people who have helped me to accomplish this work and 
to whom I am most grateful. My special thanks go out to all the people who, 
in some way, have been involved, but whom I have taken for granted or for-
gotten to thank in this Acknowledgements or in the real life – thank you and 
forgive me! 
 
To all of them I remember, my warmest thanks go to: 
 
Professor Georgy Bakalkin, my main supervisor, for all the engagement, 
help, support, believing in me and guidance throughout my PhD education, 
for developing my research skills and perspectives by generously sharing his 
knowledge and constantly expanding my scientific horizons. 
 
My co-supervisors, Professor Fred Nyberg and Associate Professor Mathias 
Hallberg for their expertise and knowledge, for the opportunity to collaborate 
with their research groups. Thank you for accepting me as a PhD student. 
 
My friends, collaborators and co-authors Olga Kononenko (thank you for 
always being optimistic!), Alexandr Kuzmin, Tatiana Yakovleva, Malik 
M. Taqi, Hiroyuki Watanabe, Qin Zhou, Daniil Sarkisyan, Lada 
Stålhandske, Dineke Verbeek and Grazyna Rajkowska, for absolutely 
necessary and essential contributions to the studies in this thesis. 
 
My past and present research colleagues: Anna Gerashchenko, Richard 
Henriksson, Tzvetomira Philipova, Anna Iatsyshyna, Muhammad 
Zubair Hussain, Helena Kadyrova, Ashot Pahlevanyan, Wei Sun and 
Xingwu Zhou, who increased my knowledge and insights through interest-
ing discussions at Journal clubs and Research seminars. 
 
Malin Andersson, who contributed to my ongoing studies, who is open-
minded and demonstrates inspiring way of being a scientist. 
 
I would also like to thank our oversea collaborators Clive Harper, Therese 
Garrick, Donna Sheedy and Jillian Kril from The New South Wales Tissue 
Resource Centre for providing excellent resources – brain tissue samples; 



 64 

and Victor M. Karpyak and his team for excellent creative psychiatric input 
into the study, enthusiasm in analysis of the opioid system and cooperation. 
 
Professor Bryndis Birnir and her team for interest and enthusiasm in analy-
sis of human brain mechanisms of alcoholism and a productive collaboration. 
 
Professor Ann-Christine Syvänen and her team for help with analysis and 
processing big data sets. 
 
My colleagues in alcohol research (since the time of AFA, the Swedish Alco-
hol consortium): Ingrid Nylander and members of her group, Erica Roman 
and Parri Wentzel. Thank you for cooperation and practical support in ani-
mal and human studies. 
 
My neighbors in B5 from Fred Nyberg and Associate Professor Mathias 
Hallberg teams: Britt-Mary Johansson who was extremely nice, friendly 
and helpful, Jenny Johansson, Alfhild Grönbladh and Erik Nylander for 
wonderful partnership during my PhD marathon. 
 
Per Andren group, especially our nearest neighbors – Henrik Wadensten 
and Patrik Källback for nice and comfortable working atmosphere. 
 
Kjell Wikvall and Maria Norlen, you and members of your group were 
always open for help and cooperation. Thank you! 
 
Lena Bergström and Anne-Lie Svensson, your contribution in making nice 
climate in the department is also appreciated. 
 
Raili Engdahl and Lena Norgren, you saved my working hours, giving 
excellent advices to and sharing lab experience with me. 
 
I would like to thank Professors Eva Brittebo and Björn Hellman, and 
Agneta Hortlund, Marina Rönngren and Elisabeth Jonsson for always 
been helpful and making the administrative machinery work so efficiently, 
and Director of Doctoral Studies Margareta Hammarlund-Udenaes and 
Education Administrator Ulrica Bergström for organization of the educa-
tional support. 
 
Sviatlana Yahorava for enormous practical help and interesting discussions. 
 
Tobias Holm and Magnus Jansson, your support and computer skills defi-
nitely helped me and I am sure other PhD students in performing our PhD 
projects. 



 65

Kjell Åkerlund and Magnus Efverström, thank you for the providing prac-
tical and technical support. 
 
I emphasize my deep appreciations to all my friends, acquaintances and rela-
tives, for your support. 
 
My dear mother Galina Bazova and my father Mikhail Rakov, you are 
inspiration for me and a brilliant example of a scientist and a bright mind. 
Thank you for sharing your genes! 
 
Finally, my greatest gratitude goes out to my family, Elena, Mikael and 
Ivan. Thank you for your support and letting me know the happiness (and 
challenges) of a family life. Mishuta, your appearance was probably not best 
timed, but definitely a happiest moment in my life. Grow big and smart! 
  



 66 

References 

1. Hokfelt, T., et al., Neuropeptides--an overview. Neuropharmacology, 2000. 
39(8): p. 1337-56. 

2. Nathoo, A.N., et al., Identification of neuropeptide-like protein gene families 
in Caenorhabditiselegans and other species. Proc Natl Acad Sci U S A, 2001. 
98(24): p. 14000-5. 

3. Bargmann, C.I., Beyond the connectome: how neuromodulators shape neural 
circuits. Bioessays, 2012. 34(6): p. 458-65. 

4. Bargmann, C.I. and E. Marder, From the connectome to brain function. Nat 
Methods, 2013. 10(6): p. 483-90. 

5. Civelli, O., Orphan GPCRs and neuromodulation. Neuron, 2012. 76(1): p. 12-
21. 

6. Marder, E., Neuromodulation of neuronal circuits: back to the future. Neuron, 
2012. 76(1): p. 1-11. 

7. Nassel, D.R., Neuropeptide signaling near and far: how localized and timed is 
the action of neuropeptides in brain circuits? Invert Neurosci, 2009. 9(2): p. 
57-75. 

8. Stoop, R., Neuromodulation by oxytocin and vasopressin. Neuron, 2012. 
76(1): p. 142-59. 

9. Taghert, P.H. and M.N. Nitabach, Peptide neuromodulation in invertebrate 
model systems. Neuron, 2012. 76(1): p. 82-97. 

10. van den Pol, A.N., Neuropeptide transmission in brain circuits. Neuron, 2012. 
76(1): p. 98-115. 

11. Li, X., N.J. Marchant, and Y. Shaham, Opposing roles of cotransmission of 
dynorphin and hypocretin on reward and motivation. Proc Natl Acad Sci U S 
A, 2014. 111(16): p. 5765-6. 

12. Muschamp, J.W., et al., Hypocretin (orexin) facilitates reward by attenuating 
the antireward effects of its cotransmitter dynorphin in ventral tegmental 
area. Proc Natl Acad Sci U S A, 2014. 111(16): p. E1648-55. 

13. Bakalkin, G., et al., Prodynorphin mutations cause the neurodegenerative 
disorder spinocerebellar ataxia type 23. Am J Hum Genet, 2010. 87(5): p. 
593-603. 

14. Ludwig, M. and G. Leng, Dendritic peptide release and peptide-dependent 
behaviours. Nat Rev Neurosci, 2006. 7(2): p. 126-36. 

15. Herkenham, M., Mismatches between neurotransmitter and receptor 
localizations in brain: observations and implications. Neuroscience, 1987. 
23(1): p. 1-38. 

16. Pradhan, A.A., et al., Ligand-directed signalling within the opioid receptor 
family. Br J Pharmacol, 2012. 167(5): p. 960-9. 



 67

17. Theodosis, D.T., et al., Oxytocin induces morphological plasticity in the adult 
hypothalamo-neurohypophysial system. Nature, 1986. 322(6081): p. 738-40. 

18. Bruchas, M.R. and C. Chavkin, Kinase cascades and ligand-directed 
signaling at the kappa opioid receptor. Psychopharmacology (Berl), 2010. 
210(2): p. 137-47. 

19. Martin-Kleiner, I., T. Balog, and J. Gabrilovac, Signal transduction induced 
by opioids in immune cells: a review. Neuroimmunomodulation, 2006. 13(1): 
p. 1-7. 

20. Przewlocki, R., Opioid abuse and brain gene expression. Eur J Pharmacol, 
2004. 500(1-3): p. 331-49. 

21. Seybold, V.S., The role of peptides in central sensitization. Handb Exp 
Pharmacol, 2009(194): p. 451-91. 

22. Ludwig, M., et al., Regulation of activity-dependent dendritic vasopressin 
release from rat supraoptic neurones. J Physiol, 2005. 564(Pt 2): p. 515-22. 

23. Ludwig, M., et al., Intracellular calcium stores regulate activity-dependent 
neuropeptide release from dendrites. Nature, 2002. 418(6893): p. 85-9. 

24. Bodnar, R.J., Endogenous opiates and behavior: 2012. Peptides, 2013. 50: p. 
55-95. 

25. Christie, M.J., Cellular neuroadaptations to chronic opioids: tolerance, 
withdrawal and addiction. Br J Pharmacol, 2008. 154(2): p. 384-96. 

26. Harrison, L.M., A.J. Kastin, and J.E. Zadina, Opiate tolerance and 
dependence: receptors, G-proteins, and antiopiates. Peptides, 1998. 19(9): p. 
1603-30. 

27. Hokfelt, T., et al., Coexistence of neuronal messengers--an overview. Prog 
Brain Res, 1986. 68: p. 33-70. 

28. Hokfelt, T., et al., Colocalization of messenger substances with special 
reference to the hypothalamic arcuate and paraventricular nuclei. Prog Clin 
Biol Res, 1990. 342: p. 257-64. 

29. Skofitsch, G., et al., Corticotropin releasing factor-like immunoreactivity in 
sensory ganglia and capsaicin sensitive neurons of the rat central nervous 
system: colocalization with other neuropeptides. Peptides, 1985. 6(2): p. 307-
18. 

30. Zupanc, G.K., Peptidergic transmission: from morphological correlates to 
functional implications. Micron, 1996. 27(1): p. 35-91. 

31. Chavkin, C., I.F. James, and A. Goldstein, Dynorphin is a specific endogenous 
ligand of the kappa opioid receptor. Science, 1982. 215(4531): p. 413-5. 

32. Smith, A.P. and N.M. Lee, Pharmacology of dynorphin. Annu Rev Pharmacol 
Toxicol, 1988. 28: p. 123-40. 

33. Zhang, S., et al., Dynorphin A as a potential endogenous ligand for four 
members of the opioid receptor gene family. J Pharmacol Exp Ther, 1998. 
286(1): p. 136-41. 

34. Fallon, J.H. and F.M. Leslie, Distribution of dynorphin and enkephalin 
peptides in the rat brain. J Comp Neurol, 1986. 249(3): p. 293-336. 

35. Hurd, Y.L., Differential messenger RNA expression of prodynorphin and 
proenkephalin in the human brain. Neuroscience, 1996. 72(3): p. 767-83. 



 68 

36. Nikoshkov, A., et al., Opioid neuropeptide genotypes in relation to heroin 
abuse: dopamine tone contributes to reversed mesolimbic proenkephalin 
expression. Proc Natl Acad Sci U S A, 2008. 105(2): p. 786-91. 

37. Merchenthaler, I., et al., In situ hybridization histochemical localization of 
prodynorphin messenger RNA in the central nervous system of the rat. Journal 
of Comparative Neurology, 1997. 384(2): p. 211-232. 

38. Morris, B.J., et al., Localization of Prodynorphin Messenger-Rna in Rat-Brain 
by Insitu Hybridization Using a Synthetic Oligonucleotide Probe. 
Neuroscience Letters, 1986. 69(1): p. 104-108. 

39. Aldrich, J.V. and J.P. McLaughlin, Peptide kappa opioid receptor ligands: 
potential for drug development. AAPS J, 2009. 11(2): p. 312-22. 

40. Holden, J.E., Y. Jeong, and J.M. Forrest, The endogenous opioid system and 
clinical pain management. AACN Clin Issues, 2005. 16(3): p. 291-301. 

41. Knoll, A.T. and W.A. Carlezon, Jr., Dynorphin, stress, and depression. Brain 
Res, 2010. 1314: p. 56-73. 

42. Mika, J., I. Obara, and B. Przewlocka, The role of nociceptin and dynorphin in 
chronic pain: implications of neuro-glial interaction. Neuropeptides, 2011. 
45(4): p. 247-61. 

43. Przewlocki, R. and B. Przewlocka, Opioids in chronic pain. Eur J Pharmacol, 
2001. 429(1-3): p. 79-91. 

44. Nogueiras, R., et al., The opioid system and food intake: homeostatic and 
hedonic mechanisms. Obes Facts, 2012. 5(2): p. 196-207. 

45. Chavkin, C., Dynorphin--still an extraordinarily potent opioid peptide. Mol 
Pharmacol, 2013. 83(4): p. 729-36. 

46. Schwarzer, C., 30 years of dynorphins--new insights on their functions in 
neuropsychiatric diseases. Pharmacol Ther, 2009. 123(3): p. 353-70. 

47. Bruijnzeel, A.W., kappa-Opioid receptor signaling and brain reward 
function. Brain Res Rev, 2009. 62(1): p. 127-46. 

48. Pfeiffer, A., et al., Psychotomimesis mediated by kappa opiate receptors. 
Science, 1986. 233(4765): p. 774-6. 

49. Shippenberg, T.S., et al., Modulation of the behavioral and neurochemical 
effects of psychostimulants by kappa-opioid receptor systems. Ann N Y Acad 
Sci, 2001. 937: p. 50-73. 

50. Shippenberg, T.S. and A. Herz, Differential effects of mu and kappa opioid 
systems on motivational processes. NIDA Res Monogr, 1986. 75: p. 563-66. 

51. Shippenberg, T.S., A. Zapata, and V.I. Chefer, Dynorphin and the 
pathophysiology of drug addiction. Pharmacol Ther, 2007. 116(2): p. 306-21. 

52. Wee, S. and G.F. Koob, The role of the dynorphin-kappa opioid system in the 
reinforcing effects of drugs of abuse. Psychopharmacology (Berl), 2010. 
210(2): p. 121-35. 

53. Todtenkopf, M.S., et al., Effects of kappa-opioid receptor ligands on 
intracranial self-stimulation in rats. Psychopharmacology (Berl), 2004. 
172(4): p. 463-70. 

54. Land, B.B., et al., The dysphoric component of stress is encoded by activation 
of the dynorphin kappa-opioid system. J Neurosci, 2008. 28(2): p. 407-14. 



 69

55. Mague, S.D., et al., Antidepressant-like effects of kappa-opioid receptor 
antagonists in the forced swim test in rats. J Pharmacol Exp Ther, 2003. 
305(1): p. 323-30. 

56. McLaughlin, J.P., M. Marton-Popovici, and C. Chavkin, Kappa opioid 
receptor antagonism and prodynorphin gene disruption block stress-induced 
behavioral responses. J Neurosci, 2003. 23(13): p. 5674-83. 

57. de Kloet, E.R., M. Joels, and F. Holsboer, Stress and the brain: from 
adaptation to disease. Nat Rev Neurosci, 2005. 6(6): p. 463-75. 

58. Shaham, Y., S. Erb, and J. Stewart, Stress-induced relapse to heroin and 
cocaine seeking in rats: a review. Brain Res Brain Res Rev, 2000. 33(1): p. 
13-33. 

59. Bruchas, M.R., B.B. Land, and C. Chavkin, The dynorphin/kappa opioid 
system as a modulator of stress-induced and pro-addictive behaviors. Brain 
Res, 2010. 1314: p. 44-55. 

60. Altshuler, H.L., P.E. Phillips, and D.A. Feinhandler, Alteration of ethanol self-
administration by naltrexone. Life Sci, 1980. 26(9): p. 679-88. 

61. Cichelli, M.J. and M.J. Lewis, Naloxone nonselective suppression of drinking 
of ethanol, sucrose, saccharin, and water by rats. Pharmacol Biochem Behav, 
2002. 72(3): p. 699-706. 

62. Davidson, D. and Z. Amit, Effect of ethanol drinking and naltrexone on 
subsequent drinking in rats. Alcohol, 1997. 14(6): p. 581-4. 

63. Hall, F.S., I. Sora, and G.R. Uhl, Ethanol consumption and reward are 
decreased in mu-opiate receptor knockout mice. Psychopharmacology (Berl), 
2001. 154(1): p. 43-9. 

64. Logrip, M.L., P.H. Janak, and D. Ron, Blockade of ethanol reward by the 
kappa opioid receptor agonist U50,488H. Alcohol, 2009. 43(5): p. 359-65. 

65. Myers, R.D., S. Borg, and R. Mossberg, Antagonism by naltrexone of 
voluntary alcohol selection in the chronically drinking macaque monkey. 
Alcohol, 1986. 3(6): p. 383-8. 

66. Walker, B.M., E.P. Zorrilla, and G.F. Koob, Systemic kappa-opioid receptor 
antagonism by nor-binaltorphimine reduces dependence-induced excessive 
alcohol self-administration in rats. Addict Biol, 2011. 16(1): p. 116-9. 

67. Bart, G., et al., Increased attributable risk related to a functional mu-opioid 
receptor gene polymorphism in association with alcohol dependence in 
central Sweden. Neuropsychopharmacology, 2005. 30(2): p. 417-22. 

68. Edenberg, H.J., et al., A regulatory variation in OPRK1, the gene encoding the 
kappa-opioid receptor, is associated with alcohol dependence. Hum Mol 
Genet, 2008. 17(12): p. 1783-9. 

69. Oslin, D.W., et al., A functional polymorphism of the mu-opioid receptor gene 
is associated with naltrexone response in alcohol-dependent patients. 
Neuropsychopharmacology, 2003. 28(8): p. 1546-52. 

70. Ramchandani, V.A., et al., A genetic determinant of the striatal dopamine 
response to alcohol in men. Mol Psychiatry, 2011. 16(8): p. 809-17. 

71. Xuei, X., et al., Association of the kappa-opioid system with alcohol 
dependence. Mol Psychiatry, 2006. 11(11): p. 1016-24. 



 70 

72. Xuei, X., et al., The opioid system in alcohol and drug dependence: family-
based association study. Am J Med Genet B Neuropsychiatr Genet, 2007. 
144B(7): p. 877-84. 

73. Karpyak, V.M., et al., Association of the PDYN gene with alcohol dependence 
and the propensity to drink in negative emotional states. Int J 
Neuropsychopharmacol, 2013. 16(5): p. 975-85. 

74. Chavkin, C., The therapeutic potential of kappa-opioids for treatment of pain 
and addiction. Neuropsychopharmacology, 2011. 36(1): p. 369-70. 

75. Nikoshkov, A., et al., Prodynorphin transcripts and proteins differentially 
expressed and regulated in the adult human brain. FASEB J, 2005. 19(11): p. 
1543-5. 

76. Lizio, M., et al., Gateways to the FANTOM5 promoter level mammalian 
expression atlas. Genome Biol, 2015. 16: p. 22. 

77. Telkov, M., T. Geijer, and L. Terenius, Human prodynorphin gene generates 
several tissue-specific transcripts. Brain Res, 1998. 804(2): p. 284-95. 

78. Carninci, P., et al., Genome-wide analysis of mammalian promoter 
architecture and evolution. Nat Genet, 2006. 38(6): p. 626-35. 

79. Dores, R.M., et al., In the african lungfish Met-enkephalin and leu-enkephalin 
are derived from separate genes: cloning of a proenkephalin cDNA. 
Neuroendocrinology, 2000. 72(4): p. 224-30. 

80. Pattee, P., et al., Cloning and characterization of Xen-dorphin prohormone 
from Xenopus laevis: a new opioid-like prohormone distinct from 
proenkephalin and prodynorphin. J Biol Chem, 2003. 278(52): p. 53098-104. 

81. Sharifi, N., et al., Isolation and characterization of the mouse homolog of the 
preprodynorphin (Pdyn) gene. Neuropeptides, 1999. 33(3): p. 236-8. 

82. Yuferov, V., et al., Elevation of guinea pig brain preprodynorphin mRNA 
expression and hypothalamic-pituitary-adrenal axis activity by "binge" 
pattern cocaine administration. Brain Res Bull, 2001. 55(1): p. 65-70. 

83. Mattick, J.S., Non-coding RNAs: the architects of eukaryotic complexity. 
EMBO Rep, 2001. 2(11): p. 986-91. 

84. Rinn, J.L., et al., Functional demarcation of active and silent chromatin 
domains in human HOX loci by noncoding RNAs. Cell, 2007. 129(7): p. 1311-
23. 

85. Ota, T., et al., Complete sequencing and characterization of 21,243 full-length 
human cDNAs. Nat Genet, 2004. 36(1): p. 40-5. 

86. Douglass, J., et al., Characterization of the rat prodynorphin gene. Mol 
Endocrinol, 1989. 3(12): p. 2070-8. 

87. Naranjo, J.R., et al., Molecular pathways of pain: Fos/Jun-mediated activation 
of a noncanonical AP-1 site in the prodynorphin gene. Neuron, 1991. 6(4): p. 
607-17. 

88. Kaynard, A.H., et al., Regulation of prodynorphin gene expression in the 
ovary: distal DNA regulatory elements confer gonadotropin regulation of 
promoter activity. Mol Endocrinol, 1992. 6(12): p. 2244-56. 

89. Douglass, J., A.A. McKinzie, and K.M. Pollock, Identification of multiple 
DNA elements regulating basal and protein kinase A-induced transcriptional 
expression of the rat prodynorphin gene. Mol Endocrinol, 1994. 8(3): p. 333-
44. 



 71

90. Messersmith, D.J., et al., Basal and inducible transcriptional activity of an 
upstream AP-1/CRE element (DYNCRE3) in the prodynorphin promoter. Mol 
Cell Neurosci, 1994. 5(3): p. 238-45. 

91. Messersmith, D.J., et al., c-Jun activation of the DYNCRE3 site in the 
prodynorphin promoter. Brain Res Mol Brain Res, 1996. 40(1): p. 15-21. 

92. Cole, R.L., et al., Neuronal adaptation to amphetamine and dopamine: 
molecular mechanisms of prodynorphin gene regulation in rat striatum. 
Neuron, 1995. 14(4): p. 813-23. 

93. Zachariou, V., et al., An essential role for DeltaFosB in the nucleus 
accumbens in morphine action. Nat Neurosci, 2006. 9(2): p. 205-11. 

94. Brohl, D., et al., A transcriptional network coordinately determines 
transmitter and peptidergic fate in the dorsal spinal cord. Dev Biol, 2008. 
322(2): p. 381-93. 

95. Huang, M., et al., Ptf1a, Lbx1 and Pax2 coordinate glycinergic and 
peptidergic transmitter phenotypes in dorsal spinal inhibitory neurons. Dev 
Biol, 2008. 322(2): p. 394-405. 

96. Wildner, H., et al., Genome-wide expression analysis of Ptf1a- and Ascl1-
deficient mice reveals new markers for distinct dorsal horn interneuron 
populations contributing to nociceptive reflex plasticity. J Neurosci, 2013. 
33(17): p. 7299-307. 

97. Kardon, A.P., et al., Dynorphin acts as a neuromodulator to inhibit itch in the 
dorsal horn of the spinal cord. Neuron, 2014. 82(3): p. 573-86. 

98. Lu, K.M., et al., Dual role for Islet-1 in promoting striatonigral and 
repressing striatopallidal genetic programs to specify striatonigral cell 
identity. Proc Natl Acad Sci U S A, 2014. 111(1): p. E168-77. 

99. Rockman, M.V., et al., Ancient and recent positive selection transformed 
opioid cis-regulation in humans. PLoS Biol, 2005. 3(12): p. e387. 

100. Carrion, A.M., B. Mellstrom, and J.R. Naranjo, Protein kinase A-dependent 
derepression of the human prodynorphin gene via differential binding to an 
intragenic silencer element. Mol Cell Biol, 1998. 18(12): p. 6921-9. 

101. Carrion, A.M., et al., DREAM is a Ca2+-regulated transcriptional repressor. 
Nature, 1999. 398(6722): p. 80-4. 

102. Cheng, H.Y., et al., DREAM is a critical transcriptional repressor for pain 
modulation. Cell, 2002. 108(1): p. 31-43. 

103. Ledo, F., et al., DREAM-alphaCREM interaction via leucine-charged domains 
derepresses downstream regulatory element-dependent transcription. Mol 
Cell Biol, 2000. 20(24): p. 9120-6. 

104. Campos, D., L. Jimenez-Diaz, and A.M. Carrion, Ca(2+)-dependent 
prodynorphin transcriptional derepression in neuroblastoma cells is exerted 
through DREAM protein activity in a kinase-independent manner. Mol Cell 
Neurosci, 2003. 22(2): p. 135-45. 

105. Bakalkin, G., et al., [Leu5]enkephalin-encoding sequences are targets for a 
specific DNA-binding factor. Proc Natl Acad Sci U S A, 1995. 92(20): p. 
9024-8. 

106. Bakalkin, G., T. Yakovleva, and L. Terenius, Prodynorphin gene expression 
relates to NF-kappa B factors. Brain Res Mol Brain Res, 1994. 24(1-4): p. 
301-12. 



 72 

107. Bakalkin, G., T. Yakovleva, and L. Terenius, The Leu-enkephalin-encoding 
sequence DNA-binding factor (LEF) is the transcription factor YY1. Biochem 
Biophys Res Commun, 1997. 231(1): p. 135-9. 

108. Feschotte, C. and C. Gilbert, Endogenous viruses: insights into viral evolution 
and impact on host biology. Nat Rev Genet, 2012. 13(4): p. 283-96. 

109. Gogvadze, E. and A. Buzdin, Retroelements and their impact on genome 
evolution and functioning. Cell Mol Life Sci, 2009. 66(23): p. 3727-42. 

110. Santangelo, A.M., et al., Ancient exaptation of a CORE-SINE retroposon into 
a highly conserved mammalian neuronal enhancer of the 
proopiomelanocortin gene. PLoS Genet, 2007. 3(10): p. 1813-26. 

111. White, M.K., E.M. Johnson, and K. Khalili, Multiple roles for Puralpha in 
cellular and viral regulation. Cell Cycle, 2009. 8(3): p. 1-7. 

112. Jin, P., et al., Pur alpha binds to rCGG repeats and modulates repeat-
mediated neurodegeneration in a Drosophila model of fragile X tremor/ataxia 
syndrome. Neuron, 2007. 55(4): p. 556-64. 

113. Knight, J.C., Regulatory polymorphisms underlying complex disease traits. 
Journal of Molecular Medicine-Jmm, 2005. 83(2): p. 97-109. 

114. Wray, G.A., The evolutionary significance of cis-regulatory mutations. Nature 
Reviews Genetics, 2007. 8(3): p. 206-216. 

115. Kolsch, H., et al., Gene polymorphisms in prodynorphin (PDYN) are 
associated with episodic memory in the elderly. J Neural Transm, 2009. 
116(7): p. 897-903. 

116. Bilkei-Gorzo, A., et al., Dynorphins regulate fear memory: from mice to men. 
J Neurosci, 2012. 32(27): p. 9335-43. 

117. Kennedy, G.C., M.S. German, and W.J. Rutter, The minisatellite in the 
diabetes susceptibility locus IDDM2 regulates insulin transcription. Nat 
Genet, 1995. 9(3): p. 293-8. 

118. Zimprich, A., et al., An allelic variation in the human prodynorphin gene 
promoter alters stimulus-induced expression. J Neurochem, 2000. 74(2): p. 
472-7. 

119. Rouault, M., et al., Cell-specific effects of variants of the 68-base pair tandem 
repeat on prodynorphin gene promoter activity. Addict Biol, 2011. 16(2): p. 
334-46. 

120. Stogmann, E., et al., A functional polymorphism in the prodynorphin gene 
promotor is associated with temporal lobe epilepsy. Ann Neurol, 2002. 51(2): 
p. 260-3. 

121. Chen, A.C., et al., Potentially functional polymorphism in the promoter region 
of prodynorphin gene may be associated with protection against cocaine 
dependence or abuse. Am J Med Genet, 2002. 114(4): p. 429-35. 

122. Zhang, C.S., et al., Polymorphism of Prodynorphin promoter is associated 
with schizophrenia in Chinese population. Acta Pharmacol Sin, 2004. 25(8): 
p. 1022-6. 

123. Ray, R., et al., A functional prodynorphin promoter polymorphism and opioid 
dependence. Psychiatr Genet, 2005. 15(4): p. 295-8. 

124. Nomura, A., et al., Genetic variant of prodynorphin gene is risk factor for 
methamphetamine dependence. Neurosci Lett, 2006. 400(1-2): p. 158-62. 



 73

125. Williams, T.J., et al., Prodynorphin gene promoter repeat associated with 
cocaine/alcohol codependence. Addict Biol, 2007. 12(3-4): p. 496-502. 

126. Wei, S.G., et al., Association between heroin dependence and prodynorphin 
gene polymorphisms. Brain Res Bull, 2011. 85(3-4): p. 238-42. 

127. Saify, K., I. Saadat, and M. Saadat, Association between VNTR polymorphism 
in promoter region of prodynorphin (PDYN) gene and heroin dependence. 
Psychiatry Res, 2014. 219(3): p. 690-2. 

128. Bovo, G., et al., Analysis of LGI1 promoter sequence, PDYN and GABBR1 
polymorphisms in sporadic and familial lateral temporal lobe epilepsy. 
Neurosci Lett, 2008. 436(1): p. 23-6. 

129. Dahl, J.P., et al., Confirmation of the association between a polymorphism in 
the promoter region of the prodynorphin gene and cocaine dependence. Am J 
Med Genet B Neuropsychiatr Genet, 2005. 139B(1): p. 106-8. 

130. Ventriglia, M., et al., Allelic variation in the human prodynorphin gene 
promoter and schizophrenia. Neuropsychobiology, 2002. 46(1): p. 17-21. 

131. Votinov, M., et al., A genetic polymorphism of the endogenous opioid 
dynorphin modulates monetary reward anticipation in the corticostriatal loop. 
PLoS One, 2014. 9(2): p. e89954. 

132. Babbitt, C.C., et al., Multiple Functional Variants in cis Modulate PDYN 
Expression. Mol Biol Evol, 2010. 27(2): p. 465-79. 

133. Cirulli, E.T. and D.B. Goldstein, In vitro assays fail to predict in vivo effects 
of regulatory polymorphisms. Hum Mol Genet, 2007. 16(16): p. 1931-9. 

134. Hou, C., et al., CTCF-dependent enhancer-blocking by alternative chromatin 
loop formation. Proc Natl Acad Sci U S A, 2008. 105(51): p. 20398-403. 

135. Majumder, P., et al., The insulator factor CTCF controls MHC class II gene 
expression and is required for the formation of long-distance chromatin 
interactions. J Exp Med, 2008. 205(4): p. 785-98. 

136. Tanimoto, K., et al., Human beta-globin locus control region HS5 contains 
CTCF- and developmental stage-dependent enhancer-blocking activity in 
erythroid cells. Mol Cell Biol, 2003. 23(24): p. 8946-52. 

137. Henriksson, R., et al., PDYN, a gene implicated in brain/mental disorders, is 
targeted by REST in the adult human brain. Biochim Biophys Acta, 2014. 
1839(11): p. 1226-32. 

138. Sigurdsson, M.I., et al., HapMap methylation-associated SNPs, markers of 
germline DNA methylation, positively correlate with regional levels of human 
meiotic recombination. Genome Res, 2009. 19(4): p. 581-9. 

139. Tomso, D.J. and D.A. Bell, Sequence context at human single nucleotide 
polymorphisms: overrepresentation of CpG dinucleotide at polymorphic sites 
and suppression of variation in CpG islands. J Mol Biol, 2003. 327(2): p. 
303-8. 

140. Oertel, B.G., et al., Genetic-epigenetic interaction modulates mu-opioid 
receptor regulation. Hum Mol Genet, 2012. 21(21): p. 4751-60. 

141. Pun, F.W., et al., Imprinting in the schizophrenia candidate gene GABRB2 
encoding GABA(A) receptor beta(2) subunit. Mol Psychiatry, 2011. 16(5): p. 
557-68. 



 74 

142. Ursini, G., et al., Stress-related methylation of the catechol-O-
methyltransferase Val 158 allele predicts human prefrontal cognition and 
activity. J Neurosci, 2011. 31(18): p. 6692-8. 

143. Mill, J. and A. Petronis, Molecular studies of major depressive disorder: the 
epigenetic perspective. Mol Psychiatry, 2007. 12(9): p. 799-814. 

144. Hellman, A. and A. Chess, Extensive sequence-influenced DNA methylation 
polymorphism in the human genome. Epigenetics Chromatin, 2010. 3(1): p. 
11. 

145. Xie, H., et al., SNP-based prediction of the human germ cell methylation 
landscape. Genomics, 2009. 93(5): p. 434-40. 

146. Dayeh, T.A., et al., Identification of CpG-SNPs associated with type 2 
diabetes and differential DNA methylation in human pancreatic islets. 
Diabetologia, 2013. 56(5): p. 1036-46. 

147. Reynard, L.N., et al., CpG methylation regulates allelic expression of GDF5 
by modulating binding of SP1 and SP3 repressor proteins to the osteoarthritis 
susceptibility SNP rs143383. Hum Genet, 2014. 133(8): p. 1059-73. 

148. Park, J.H., et al., The polymorphism (-600 C>A) of CpG methylation site at 
the promoter region of CYP17A1 and its association of male infertility and 
testosterone levels. Gene, 2014. 534(1): p. 107-12. 

149. Deaton, A.M. and A. Bird, CpG islands and the regulation of transcription. 
Genes Dev, 2011. 25(10): p. 1010-22. 

150. Deaton, A.M., et al., Cell type-specific DNA methylation at intragenic CpG 
islands in the immune system. Genome Res, 2011. 21(7): p. 1074-86. 

151. Maunakea, A.K., et al., Conserved role of intragenic DNA methylation in 
regulating alternative promoters. Nature, 2010. 466(7303): p. 253-7. 

152. Shukla, S., et al., CTCF-promoted RNA polymerase II pausing links DNA 
methylation to splicing. Nature, 2011. 479(7371): p. 74-9. 

153. Zhi, D., et al., SNPs located at CpG sites modulate genome-epigenome 
interaction. Epigenetics, 2013. 8(8): p. 802-6. 

154. Chong, J.A., et al., REST: a mammalian silencer protein that restricts sodium 
channel gene expression to neurons. Cell, 1995. 80(6): p. 949-57. 

155. Schoenherr, C.J. and D.J. Anderson, The neuron-restrictive silencer factor 
(NRSF): a coordinate repressor of multiple neuron-specific genes. Science, 
1995. 267(5202): p. 1360-3. 

156. Zheng, D., K. Zhao, and M.F. Mehler, Profiling RE1/REST-mediated histone 
modifications in the human genome. Genome Biol, 2009. 10(1): p. R9. 

157. Bithell, A., REST: transcriptional and epigenetic regulator. Epigenomics, 
2011. 3(1): p. 47-58. 

158. Coulson, J.M., et al., A splice variant of the neuron-restrictive silencer factor 
repressor is expressed in small cell lung cancer: a potential role in 
derepression of neuroendocrine genes and a useful clinical marker. Cancer 
Res, 2000. 60(7): p. 1840-4. 

159. Coulson, J.M., et al., Arginine vasopressin promoter regulation is mediated by 
a neuron-restrictive silencer element in small cell lung cancer. Cancer Res, 
1999. 59(20): p. 5123-7. 



 75

160. Gillies, S., et al., The human neurokinin B gene, TAC3, and its promoter are 
regulated by Neuron Restrictive Silencing Factor (NRSF) transcription factor 
family. Neuropeptides, 2009. 43(4): p. 333-40. 

161. Li, Y., et al., Regulatory role of neuron-restrictive silencing factor in the 
specific expression of cocaine- and amphetamine-regulated transcript gene. J 
Neurochem, 2008. 106(3): p. 1314-24. 

162. Lonnerberg, P., et al., Cell type-specific regulation of choline 
acetyltransferase gene expression. Role of the neuron-restrictive silencer 
element and cholinergic-specific enhancer sequences. J Biol Chem, 1996. 
271(52): p. 33358-65. 

163. Mendelson, S.C., et al., Repression of preprotachykinin-A promoter activity is 
mediated by a proximal promoter element. Neuroscience, 1995. 65(3): p. 837-
47. 

164. Carroll, S.L., et al., Elements in the 5' flanking sequences of the mouse low-
affinity NGF receptor gene direct appropriate CNS, but not PNS, expression 
in transgenic mice. J Neurosci, 1995. 15(5 Pt 1): p. 3342-56. 

165. Chin, L.S., L. Li, and P. Greengard, Neuron-specific expression of the 
synapsin II gene is directed by a specific core promoter and upstream 
regulatory elements. J Biol Chem, 1994. 269(28): p. 18507-13. 

166. Desmarais, D., et al., Cell-specific transcription of the peripherin gene in 
neuronal cell lines involves a cis-acting element surrounding the TATA box. 
EMBO J, 1992. 11(8): p. 2971-80. 

167. Dong, J.M., et al., Promoter region of the transcriptional unit for human 
alpha 1-chimaerin, a neuron-specific GTPase-activating protein for p21rac. 
Eur J Biochem, 1995. 227(3): p. 636-46. 

168. Hoyle, G.W., et al., Cell-specific expression from the human dopamine beta-
hydroxylase promoter in transgenic mice is controlled via a combination of 
positive and negative regulatory elements. J Neurosci, 1994. 14(5 Pt 1): p. 
2455-63. 

169. Kraner, S.D., et al., Silencing the type II sodium channel gene: a model for 
neural-specific gene regulation. Neuron, 1992. 9(1): p. 37-44. 

170. Li, L., et al., Identification of a functional silencer element involved in neuron-
specific expression of the synapsin I gene. Proc Natl Acad Sci U S A, 1993. 
90(4): p. 1460-4. 

171. Symes, A.J., R.K. Craig, and P.M. Brickell, Loss of transcriptional repression 
contributes to the ectopic expression of the calcitonin/alpha-CGRP gene in a 
human lung carcinoma cell line. FEBS Lett, 1992. 306(2-3): p. 229-33. 

172. Kuwabara, T., et al., The NRSE smRNA specifies the fate of adult hippocampal 
neural stem cells. Nucleic Acids Symp Ser (Oxf), 2005(49): p. 87-8. 

173. Lunyak, V.V. and M.G. Rosenfeld, No rest for REST: REST/NRSF regulation 
of neurogenesis. Cell, 2005. 121(4): p. 499-501. 

174. Gerstein, M.B., et al., Architecture of the human regulatory network derived 
from ENCODE data. Nature, 2012. 489(7414): p. 91-100. 

175. Wang, J., et al., Sequence features and chromatin structure around the 
genomic regions bound by 119 human transcription factors. Genome Res, 
2012. 22(9): p. 1798-812. 



 76 

176. Bruce, A.W., et al., Genome-wide analysis of repressor element 1 silencing 
transcription factor/neuron-restrictive silencing factor (REST/NRSF) target 
genes. Proc Natl Acad Sci U S A, 2004. 101(28): p. 10458-63. 

177. Johnson, D.S., et al., Genome-wide mapping of in vivo protein-DNA 
interactions. Science, 2007. 316(5830): p. 1497-502. 

178. Rockowitz, S., et al., Comparison of REST cistromes across human cell types 
reveals common and context-specific functions. PLoS Comput Biol, 2014. 
10(6): p. e1003671. 

179. Tapia-Ramirez, J., et al., A single zinc finger motif in the silencing factor 
REST represses the neural-specific type II sodium channel promoter. Proc 
Natl Acad Sci U S A, 1997. 94(4): p. 1177-82. 

180. Packer, A.N., et al., The bifunctional microRNA miR-9/miR-9* regulates 
REST and CoREST and is downregulated in Huntington's disease. J Neurosci, 
2008. 28(53): p. 14341-6. 

181. Yoo, A.S., et al., MicroRNA-mediated switching of chromatin-remodelling 
complexes in neural development. Nature, 2009. 460(7255): p. 642-6. 

182. Yakovleva, T., et al., Dysregulation of dynorphins in Alzheimer disease. 
Neurobiol Aging, 2007. 28(11): p. 1700-8. 

183. de Lanerolle, N.C., et al., Dynorphin and the kappa 1 ligand [3H]U69,593 
binding in the human epileptogenic hippocampus. Epilepsy Res, 1997. 28(3): 
p. 189-205. 

184. Bandopadhyay, R., et al., A comparative study of the dentate gyrus in 
hippocampal sclerosis in epilepsy and dementia. Neuropathol Appl Neurobiol, 
2014. 40(2): p. 177-90. 

185. Pirker, S., et al., Dynamic up-regulation of prodynorphin transcription in 
temporal lobe epilepsy. Hippocampus, 2009. 19(11): p. 1051-4. 

186. Ooi, L. and I.C. Wood, Chromatin crosstalk in development and disease: 
lessons from REST. Nat Rev Genet, 2007. 8(7): p. 544-54. 

187. Holohan, K.N., et al., Functional microRNAs in Alzheimer's disease and 
cancer: differential regulation of common mechanisms and pathways. Front 
Genet, 2012. 3: p. 323. 

188. Lu, T., et al., REST and stress resistance in ageing and Alzheimer's disease. 
Nature, 2014. 507(7493): p. 448-54. 

189. Bakalkin, G., et al., Prodynorphin Mutations Cause the Neurodegenerative 
Disorder Spinocerebellar Ataxia Type 23 (vol 87, pg 593, 2010). American 
Journal of Human Genetics, 2010. 87(5): p. 736-736. 

190. Smeets, C.J., et al., Elevated mutant dynorphin A causes Purkinje cell loss and 
motor dysfunction in spinocerebellar ataxia type 23. Brain, 2015. 138(Pt 9): p. 
2537-52. 

191. Hauser, K.F., et al., Pathobiology of dynorphins in trauma and disease. Front 
Biosci, 2005. 10: p. 216-35. 

192. Koob, G.F. and N.D. Volkow, Neurocircuitry of addiction. 
Neuropsychopharmacology, 2010. 35(1): p. 217-38. 

193. Boettiger, C.A., et al., Now or Later? An fMRI study of the effects of 
endogenous opioid blockade on a decision-making network. Pharmacol 
Biochem Behav, 2009. 93(3): p. 291-9. 



 77

194. Bencherif, B., et al., Mu-opioid receptor binding measured by 
[11C]carfentanil positron emission tomography is related to craving and 
mood in alcohol dependence. Biol Psychiatry, 2004. 55(3): p. 255-62. 

195. Love, T.M., C.S. Stohler, and J.K. Zubieta, Positron emission tomography 
measures of endogenous opioid neurotransmission and impulsiveness traits in 
humans. Arch Gen Psychiatry, 2009. 66(10): p. 1124-34. 

196. Myrick, H., et al., Effect of naltrexone and ondansetron on alcohol cue-
induced activation of the ventral striatum in alcohol-dependent people. Arch 
Gen Psychiatry, 2008. 65(4): p. 466-75. 

197. O'Malley, S.S., et al., Naltrexone decreases craving and alcohol self-
administration in alcohol-dependent subjects and activates the hypothalamo-
pituitary-adrenocortical axis. Psychopharmacology (Berl), 2002. 160(1): p. 
19-29. 

198. Davidson, D. and Z. Amit, Effects of naloxone on limited-access ethanol 
drinking in rats. Alcohol Clin Exp Res, 1996. 20(4): p. 664-9. 

199. Logrip, M.L., P.H. Janak, and D. Ron, Dynorphin is a downstream effector of 
striatal BDNF regulation of ethanol intake. FASEB J, 2008. 22(7): p. 2393-
404. 

200. Walker, B.M. and G.F. Koob, Pharmacological evidence for a motivational 
role of kappa-opioid systems in ethanol dependence. 
Neuropsychopharmacology, 2008. 33(3): p. 643-52. 

201. Anton, R.F., Naltrexone for the management of alcohol dependence. N Engl J 
Med, 2008. 359(7): p. 715-21. 

202. Volpicelli, J.R., et al., Naltrexone in the treatment of alcohol dependence. 
Arch Gen Psychiatry, 1992. 49(11): p. 876-80. 

203. O'Malley, S.S., et al., Naltrexone and coping skills therapy for alcohol 
dependence. A controlled study. Arch Gen Psychiatry, 1992. 49(11): p. 881-7. 

204. Bart, G., et al., Substantial attributable risk related to a functional mu-opioid 
receptor gene polymorphism in association with heroin addiction in central 
Sweden. Mol Psychiatry, 2004. 9(6): p. 547-9. 

205. Walker, B.M. and J.L. Kissler, Dissociable effects of kappa-opioid receptor 
activation on impulsive phenotypes in wistar rats. Neuropsychopharmacology, 
2013. 38(11): p. 2278-85. 

206. Kim, S.W. and J.E. Grant, An open naltrexone treatment study in pathological 
gambling disorder. Int Clin Psychopharmacol, 2001. 16(5): p. 285-9. 

207. O'Malley, S.S., et al., Naltrexone and cognitive behavioral coping skills 
therapy for the treatment of alcohol drinking and eating disorder features in 
alcohol-dependent women: a randomized controlled trial. Alcohol Clin Exp 
Res, 2007. 31(4): p. 625-34. 

208. Boyadjieva, N. and D.K. Sarkar, Effects of ethanol on basal and adenosine-
induced increases in beta-endorphin release and intracellular cAMP levels in 
hypothalamic cells. Brain Res, 1999. 824(1): p. 112-8. 

209. Gianoulakis, C., Characterization of the effects of acute ethanol 
administration on the release of beta-endorphin peptides by the rat 
hypothalamus. Eur J Pharmacol, 1990. 180(1): p. 21-9. 

210. Gianoulakis, C. and A. Barcomb, Effect of acute ethanol in vivo and in vitro 
on the beta-endorphin system in the rat. Life Sci, 1987. 40(1): p. 19-28. 



 78 

211. Li, X.W., T.K. Li, and J.C. Froehlich, Enhanced sensitivity of the nucleus 
accumbens proenkephalin system to alcohol in rats selectively bred for 
alcohol preference. Brain Res, 1998. 794(1): p. 35-47. 

212. De Waele, J.P., D.N. Papachristou, and C. Gianoulakis, The alcohol-
preferring C57BL/6 mice present an enhanced sensitivity of the hypothalamic 
beta-endorphin system to ethanol than the alcohol-avoiding DBA/2 mice. J 
Pharmacol Exp Ther, 1992. 261(2): p. 788-94. 

213. de Waele, J.P. and C. Gianoulakis, Effects of single and repeated exposures to 
ethanol on hypothalamic beta-endorphin and CRH release by the C57BL/6 
and DBA/2 strains of mice. Neuroendocrinology, 1993. 57(4): p. 700-9. 

214. Keith, L.D., et al., Ethanol-stimulated endorphin and corticotropin secretion 
in vitro. Brain Res, 1986. 367(1-2): p. 222-9. 

215. Koob, G.F., et al., Neurocircuitry targets in ethanol reward and dependence. 
Alcohol Clin Exp Res, 1998. 22(1): p. 3-9. 

216. Rasmussen, D.D., et al., Chronic daily ethanol and withdrawal: 3. Forebrain 
pro-opiomelanocortin gene expression and implications for dependence, 
relapse, and deprivation effect. Alcohol Clin Exp Res, 2002. 26(4): p. 535-46. 

217. Pastorcic, M., N. Boyadjieva, and D.K. Sarkar, Comparison of the effects of 
alcohol and acetaldehyde on proopiomelanocortin mRNA levels and beta-
endorphin secretion from hypothalamic neurons in primary cultures. Mol Cell 
Neurosci, 1994. 5(6): p. 580-6. 

218. Boyadjieva, N.I. and D.K. Sarkar, Effects of chronic alcohol on 
immunoreactive beta-endorphin secretion from hypothalamic neurons in 
primary cultures: evidence for alcohol tolerance, withdrawal, and 
sensitization responses. Alcohol Clin Exp Res, 1994. 18(6): p. 1497-501. 

219. Yirmiya, R. and A.N. Taylor, Genetic differences in opiate receptor 
concentration and sensitivity to ethanol's effects. Pharmacol Biochem Behav, 
1989. 33(4): p. 793-6. 

220. Oswald, L.M. and G.S. Wand, Opioids and alcoholism. Physiol Behav, 2004. 
81(2): p. 339-58. 

221. Seizinger, B.R., et al., Enhanced activity of the beta-endorphinergic system in 
the anterior and neurointermediate lobe of the rat pituitary after chronic 
treatment with ethanol liquid diet. J Pharmacol Exp Ther, 1984. 230(2): p. 
455-61. 

222. Froehlich, J.C., et al., Naloxone attenuates voluntary ethanol intake in rats 
selectively bred for high ethanol preference. Pharmacol Biochem Behav, 
1990. 35(2): p. 385-90. 

223. Hubbell, C.L., et al., Consumption of ethanol solution is potentiated by 
morphine and attenuated by naloxone persistently across repeated daily 
administrations. Alcohol, 1986. 3(1): p. 39-54. 

224. Kornet, M., C. Goosen, and J.M. Van Ree, Effect of naltrexone on alcohol 
consumption during chronic alcohol drinking and after a period of imposed 
abstinence in free-choice drinking rhesus monkeys. Psychopharmacology 
(Berl), 1991. 104(3): p. 367-76. 

225. Marfaing-Jallat, P., D. Miceli, and J. Le Magnen, Decrease in ethanol 
consumption by naloxone in naive and dependent rats. Pharmacol Biochem 
Behav, 1983. 18 Suppl 1: p. 537-9. 



 79

226. Samson, H.H. and T.F. Doyle, Oral ethanol self-administration in the rat: 
effect of naloxone. Pharmacol Biochem Behav, 1985. 22(1): p. 91-9. 

227. Weiss, F., et al., Free-choice responding for ethanol versus water in alcohol 
preferring (P) and unselected Wistar rats is differentially modified by 
naloxone, bromocriptine, and methysergide. Psychopharmacology (Berl), 
1990. 101(2): p. 178-86. 

228. Volpicelli, J.R., M.A. Davis, and J.E. Olgin, Naltrexone blocks the post-shock 
increase of ethanol consumption. Life Sci, 1986. 38(9): p. 841-7. 

229. Ciccocioppo, R., R. Martin-Fardon, and F. Weiss, Effect of selective blockade 
of mu(1) or delta opioid receptors on reinstatement of alcohol-seeking 
behavior by drug-associated stimuli in rats. Neuropsychopharmacology, 
2002. 27(3): p. 391-9. 

230. Froehlich, J.C., et al., Importance of delta opioid receptors in maintaining 
high alcohol drinking. Psychopharmacology (Berl), 1991. 103(4): p. 467-72. 

231. Krishnan-Sarin, S., et al., The delta 2-opioid receptor antagonist naltriben 
selectively attenuates alcohol intake in rats bred for alcohol preference. 
Pharmacol Biochem Behav, 1995. 52(1): p. 153-9. 

232. Herz, A., Endogenous opioid systems and alcohol addiction. 
Psychopharmacology (Berl), 1997. 129(2): p. 99-111. 

233. Roberts, A.J., et al., mu-Opioid receptor knockout mice do not self-administer 
alcohol. J Pharmacol Exp Ther, 2000. 293(3): p. 1002-8. 

234. Roberts, A.J., et al., Increased ethanol self-administration in delta-opioid 
receptor knockout mice. Alcohol Clin Exp Res, 2001. 25(9): p. 1249-56. 

235. Goody, R.J., et al., Quantitative autoradiographic mapping of opioid 
receptors in the brain of delta-opioid receptor gene knockout mice. Brain Res, 
2002. 945(1): p. 9-19. 

236. Grahame, N.J., M.J. Low, and C.L. Cunningham, Intravenous self-
administration of ethanol in beta-endorphin-deficient mice. Alcohol Clin Exp 
Res, 1998. 22(5): p. 1093-8. 

237. Grisel, J.E., et al., Ethanol oral self-administration is increased in mutant 
mice with decreased beta-endorphin expression. Brain Res, 1999. 835(1): p. 
62-7. 

238. Anton, R.F., et al., A multi-site dose ranging study of nalmefene in the 
treatment of alcohol dependence. J Clin Psychopharmacol, 2004. 24(4): p. 
421-8. 

239. Davidson, D., et al., Effects of naltrexone on alcohol self-administration in 
heavy drinkers. Alcohol Clin Exp Res, 1999. 23(2): p. 195-203. 

240. Swift, R.M., et al., Naltrexone-induced alterations in human ethanol 
intoxication. Am J Psychiatry, 1994. 151(10): p. 1463-7. 

241. Anton, R.F., et al., Naltrexone and cognitive behavioral therapy for the 
treatment of outpatient alcoholics: results of a placebo-controlled trial. Am J 
Psychiatry, 1999. 156(11): p. 1758-64. 

242. Chick, J., et al., A multicentre, randomized, double-blind, placebo-controlled 
trial of naltrexone in the treatment of alcohol dependence or abuse. Alcohol 
Alcohol, 2000. 35(6): p. 587-93. 



 80 

243. Monti, P.M., et al., Naltrexone and cue exposure with coping and 
communication skills training for alcoholics: treatment process and 1-year 
outcomes. Alcohol Clin Exp Res, 2001. 25(11): p. 1634-47. 

244. Roberts, J.S., et al., Factor structure and predictive validity of the Obsessive 
Compulsive Drinking Scale. Alcohol Clin Exp Res, 1999. 23(9): p. 1484-91. 

245. Gastpar, M. and G. Reymann, [Acute treatment of opiate addiction in patients 
in 2001]. Z Arztl Fortbild Qualitatssich, 2002. 96(5): p. 301-6. 

246. Krystal, J.H., et al., Naltrexone in the treatment of alcohol dependence. N 
Engl J Med, 2001. 345(24): p. 1734-9. 

247. Henriksen, G. and F. Willoch, Imaging of opioid receptors in the central 
nervous system. Brain, 2008. 131(Pt 5): p. 1171-96. 

248. Mann, K., et al., Neuroimaging in alcoholism: ethanol and brain damage. 
Alcohol Clin Exp Res, 2001. 25(5 Suppl ISBRA): p. 104S-109S. 

249. Madden, G.J., W.K. Bickel, and E.A. Jacobs, Discounting of delayed rewards 
in opioid-dependent outpatients: exponential or hyperbolic discounting 
functions? Exp Clin Psychopharmacol, 1999. 7(3): p. 284-93. 

250. Madden, G.J., et al., Impulsive and self-control choices in opioid-dependent 
patients and non-drug-using control participants: drug and monetary 
rewards. Exp Clin Psychopharmacol, 1997. 5(3): p. 256-62. 

251. Odum, A.L., et al., Needle sharing in opioid-dependent outpatients: 
psychological processes underlying risk. Drug Alcohol Depend, 2000. 60(3): 
p. 259-66. 

252. Naganawa, M., et al., Test-retest reproducibility of binding parameters in 
humans with 11C-LY2795050, an antagonist PET radiotracer for the kappa 
opioid receptor. J Nucl Med, 2015. 56(2): p. 243-8. 

253. Lindholm, S., et al., Repeated ethanol administration induces short- and long-
term changes in enkephalin and dynorphin tissue concentrations in rat brain. 
Alcohol, 2000. 22(3): p. 165-71. 

254. Nylander, I., et al., Differences between alcohol-preferring (AA) and alcohol-
avoiding (ANA) rats in the prodynorphin and proenkephalin systems. Alcohol 
Clin Exp Res, 1994. 18(5): p. 1272-9. 

255. Contet, C., B.L. Kieffer, and K. Befort, Mu opioid receptor: a gateway to 
drug addiction. Curr Opin Neurobiol, 2004. 14(3): p. 370-8. 

256. Gianoulakis, C., Influence of the endogenous opioid system on high alcohol 
consumption and genetic predisposition to alcoholism. J Psychiatry Neurosci, 
2001. 26(4): p. 304-18. 

257. Spanagel, R., A. Herz, and T.S. Shippenberg, Identification of the opioid 
receptor types mediating beta-endorphin-induced alterations in dopamine 
release in the nucleus accumbens. Eur J Pharmacol, 1990. 190(1-2): p. 177-
84. 

258. Spanagel, R., A. Herz, and T.S. Shippenberg, Opposing tonically active 
endogenous opioid systems modulate the mesolimbic dopaminergic pathway. 
Proc Natl Acad Sci U S A, 1992. 89(6): p. 2046-50. 

259. Lindholm, S., et al., The selective kappa-opioid receptor agonist U50,488H 
attenuates voluntary ethanol intake in the rat. Behav Brain Res, 2001. 120(2): 
p. 137-46. 



 81

260. Nestby, P., et al., Bremazocine reduces unrestricted free-choice ethanol self-
administration in rats without affecting sucrose preference. 
Psychopharmacology (Berl), 1999. 142(3): p. 309-17. 

261. Sandi, C., J. Borrell, and C. Guaza, Involvement of kappa type opioids on 
ethanol drinking. Life Sci, 1988. 42(10): p. 1067-75. 

262. Kovacs, K.M., et al., Decreased oral self-administration of alcohol in kappa-
opioid receptor knock-out mice. Alcohol Clin Exp Res, 2005. 29(5): p. 730-8. 

263. Blednov, Y.A., et al., Reduced alcohol consumption in mice lacking 
preprodynorphin. Alcohol, 2006. 40(2): p. 73-86. 

264. Becker, A., et al., Rewarding effects of ethanol and cocaine in mu opioid 
receptor-deficient mice. Naunyn Schmiedebergs Arch Pharmacol, 2002. 
365(4): p. 296-302. 

265. Kim, S.G., et al., The effect of antagonists selective for mu- and delta-opioid 
receptor subtypes on alcohol consumption in C57BL/6 mice. Alcohol, 2000. 
22(2): p. 85-90. 

266. Le Merrer, J., et al., Reward processing by the opioid system in the brain. 
Physiol Rev, 2009. 89(4): p. 1379-412. 

267. Goodwin, D.W., The cause of alcoholism and why it runs in families. Br J 
Addict Alcohol Other Drugs, 1979. 74(2): p. 161-4. 

268. Heath, A.C., et al., Genetic and environmental contributions to alcohol 
dependence risk in a national twin sample: consistency of findings in women 
and men. Psychol Med, 1997. 27(6): p. 1381-96. 

269. Kendler, K.S., et al., A twin-family study of alcoholism in women. Am J 
Psychiatry, 1994. 151(5): p. 707-15. 

270. Pickens, R.W., et al., Heterogeneity in the inheritance of alcoholism. A study 
of male and female twins. Arch Gen Psychiatry, 1991. 48(1): p. 19-28. 

271. McGue, M. and T.J. Bouchard, Jr., Genetic and environmental influences on 
human behavioral differences. Annu Rev Neurosci, 1998. 21: p. 1-24. 

272. Edenberg, H.J., et al., Variations in GABRA2, encoding the alpha 2 subunit of 
the GABA(A) receptor, are associated with alcohol dependence and with 
brain oscillations. Am J Hum Genet, 2004. 74(4): p. 705-14. 

273. Dick, D.M., et al., Association of GABRG3 with alcohol dependence. Alcohol 
Clin Exp Res, 2004. 28(1): p. 4-9. 

274. Wang, J.C., et al., Evidence of common and specific genetic effects: 
association of the muscarinic acetylcholine receptor M2 (CHRM2) gene with 
alcohol dependence and major depressive syndrome. Hum Mol Genet, 2004. 
13(17): p. 1903-11. 

275. Hinrichs, A.L., et al., Functional variant in a bitter-taste receptor (hTAS2R16) 
influences risk of alcohol dependence. Am J Hum Genet, 2006. 78(1): p. 103-
11. 

276. Edenberg, H.J., Regulation of the mammalian alcohol dehydrogenase genes. 
Prog Nucleic Acid Res Mol Biol, 2000. 64: p. 295-341. 

277. Li, T.K., Pharmacogenetics of responses to alcohol and genes that influence 
alcohol drinking. J Stud Alcohol, 2000. 61(1): p. 5-12. 

278. Eng, M.Y., S.E. Luczak, and T.L. Wall, ALDH2, ADH1B, and ADH1C 
genotypes in Asians: a literature review. Alcohol Res Health, 2007. 30(1): p. 
22-7. 



 82 

279. Town, T., et al., Association of a functional mu-opioid receptor allele 
(+118A) with alcohol dependency. Am J Med Genet, 1999. 88(5): p. 458-61. 

280. Luo, X., et al., Haplotypes at the OPRM1 locus are associated with 
susceptibility to substance dependence in European-Americans. Am J Med 
Genet B Neuropsychiatr Genet, 2003. 120B(1): p. 97-108. 

281. Kim, S.A., et al., Association of polymorphisms in nicotinic acetylcholine 
receptor alpha 4 subunit gene (CHRNA4), mu-opioid receptor gene (OPRM1), 
and ethanol-metabolizing enzyme genes with alcoholism in Korean patients. 
Alcohol, 2004. 34(2-3): p. 115-20. 

282. Nishizawa, D., et al., Association of mu-opioid receptor gene polymorphism 
A118G with alcohol dependence in a Japanese population. 
Neuropsychobiology, 2006. 53(3): p. 137-41. 

283. Zhang, Y., et al., Allelic expression imbalance of human mu opioid receptor 
(OPRM1) caused by variant A118G. J Biol Chem, 2005. 280(38): p. 32618-
24. 

284. Zhang, H., et al., Association between two mu-opioid receptor gene (OPRM1) 
haplotype blocks and drug or alcohol dependence. Hum Mol Genet, 2006. 
15(6): p. 807-19. 

285. Yuferov, V., et al., A functional haplotype implicated in vulnerability to 
develop cocaine dependence is associated with reduced PDYN expression in 
human brain. Neuropsychopharmacology, 2009. 34(5): p. 1185-97. 

286. Gerra, G., et al., Human kappa opioid receptor gene (OPRK1) polymorphism 
is associated with opiate addiction. Am J Med Genet B Neuropsychiatr Genet, 
2007. 144B(6): p. 771-5. 

287. Yuferov, V., et al., Redefinition of the human kappa opioid receptor gene 
(OPRK1) structure and association of haplotypes with opiate addiction. 
Pharmacogenetics, 2004. 14(12): p. 793-804. 

288. Curtis, C.E. and D. Lee, Beyond working memory: the role of persistent 
activity in decision making. Trends Cogn Sci, 2010. 14(5): p. 216-22. 

289. Miller, E.K. and J.D. Cohen, An integrative theory of prefrontal cortex 
function. Annu Rev Neurosci, 2001. 24: p. 167-202. 

290. Abernathy, K., L.J. Chandler, and J.J. Woodward, Alcohol and the prefrontal 
cortex. Int Rev Neurobiol, 2010. 91: p. 289-320. 

291. Noel, X., et al., Alcoholism and the Loss of Willpower: A Neurocognitive 
Perspective. J Psychophysiol, 2010. 24(4): p. 240-248. 

292. Everitt, B.J. and T.W. Robbins, Neural systems of reinforcement for drug 
addiction: from actions to habits to compulsion. Nat Neurosci, 2005. 8(11): p. 
1481-9. 

293. Kalivas, P.W. and N.D. Volkow, The neural basis of addiction: a pathology of 
motivation and choice. Am J Psychiatry, 2005. 162(8): p. 1403-13. 

294. Kalivas, P.W., Addiction as a pathology in prefrontal cortical regulation of 
corticostriatal habit circuitry. Neurotox Res, 2008. 14(2-3): p. 185-9. 

295. Goldstein, R.Z. and N.D. Volkow, Dysfunction of the prefrontal cortex in 
addiction: neuroimaging findings and clinical implications. Nat Rev 
Neurosci, 2011. 12(11): p. 652-69. 

296. Tang, Y.Y., et al., Circuitry of self-control and its role in reducing addiction. 
Trends Cogn Sci, 2015. 



 83

297. Tu, Y., et al., Ethanol inhibits persistent activity in prefrontal cortical 
neurons. J Neurosci, 2007. 27(17): p. 4765-75. 

298. Dignam, J.D., R.M. Lebovitz, and R.G. Roeder, Accurate transcription 
initiation by RNA polymerase II in a soluble extract from isolated mammalian 
nuclei. Nucleic Acids Res, 1983. 11(5): p. 1475-89. 

299. Bakalkin, G., T. Yakovleva, and L. Terenius, NF-kappa B-like factors in the 
murine brain. Developmentally-regulated and tissue-specific expression. 
Brain Res Mol Brain Res, 1993. 20(1-2): p. 137-46. 

300. Ossipow, V., U.K. Laemmli, and U. Schibler, A simple method to renature 
DNA-binding proteins separated by SDS-polyacrylamide gel electrophoresis. 
Nucleic Acids Res, 1993. 21(25): p. 6040-1. 

301. Pezzolesi, M.G., et al., Comparative genomic and functional analyses reveal a 
novel cis-acting PTEN regulatory element as a highly conserved functional E-
box motif deleted in Cowden syndrome. Hum Mol Genet, 2007. 16(9): p. 
1058-71. 

302. Warnecke, P.M., et al., Detection and measurement of PCR bias in 
quantitative methylation analysis of bisulphite-treated DNA. Nucleic Acids 
Res, 1997. 25(21): p. 4422-6. 

303. Dedeurwaerder, S., et al., Evaluation of the Infinium Methylation 450K 
technology. Epigenomics, 2011. 3(6): p. 771-84. 

304. Nordlund, J., et al., Genome-wide signatures of differential DNA methylation 
in pediatric acute lymphoblastic leukemia. Genome Biol, 2013. 14(9): p. r105. 

305. Oakes, C.C., et al., Restriction digestion and real-time PCR (qAMP). Methods 
Mol Biol, 2009. 507: p. 271-80. 

306. Fleige, S. and M.W. Pfaffl, RNA integrity and the effect on the real-time qRT-
PCR performance. Mol Aspects Med, 2006. 27(2-3): p. 126-39. 

307. Fleige, S., et al., Comparison of relative mRNA quantification models and the 
impact of RNA integrity in quantitative real-time RT-PCR. Biotechnol Lett, 
2006. 28(19): p. 1601-13. 

308. Resuehr, D. and A.N. Spiess, A real-time polymerase chain reaction-based 
evaluation of cDNA synthesis priming methods. Anal Biochem, 2003. 322(2): 
p. 287-91. 

309. Joyce, C., Quantitative RT-PCR. A review of current methodologies. Methods 
Mol Biol, 2002. 193: p. 83-92. 

310. Vandesompele, J., et al., Accurate normalization of real-time quantitative RT-
PCR data by geometric averaging of multiple internal control genes. Genome 
Biol, 2002. 3(7): p. RESEARCH0034. 

311. Johansson, S., et al., Validation of endogenous controls for quantitative gene 
expression analysis: application on brain cortices of human chronic 
alcoholics. Brain Res, 2007. 1132(1): p. 20-8. 

312. McDermott, G.P., et al., Multiplexed target detection using DNA-binding dye 
chemistry in droplet digital PCR. Anal Chem, 2013. 85(23): p. 11619-27. 

313. Hindson, C.M., et al., Absolute quantification by droplet digital PCR versus 
analog real-time PCR. Nat Methods, 2013. 10(10): p. 1003-5. 

314. Christensson-Nylander, I., et al., A general procedure for analysis of 
proenkephalin B derived opioid peptides. Regul Pept, 1985. 11(1): p. 65-76. 



 84 

315. Merg, F., et al., Big dynorphin as a putative endogenous ligand for the kappa-
opioid receptor. J Neurochem, 2006. 97(1): p. 292-301. 

316. Yakovleva, T., et al., Prodynorphin storage and processing in axon terminals 
and dendrites. FASEB J, 2006. 20(12): p. 2124-6. 

317. Nguyen, X.V., et al., Prodynorphin knockout mice demonstrate diminished 
age-associated impairment in spatial water maze performance. Behav Brain 
Res, 2005. 161(2): p. 254-62. 

318. Zuccato, C., et al., Widespread disruption of repressor element-1 silencing 
transcription factor/neuron-restrictive silencer factor occupancy at its target 
genes in Huntington's disease. J Neurosci, 2007. 27(26): p. 6972-83. 

319. Bazov, I., et al., The endogenous opioid system in human alcoholics: 
molecular adaptations in brain areas involved in cognitive control of 
addiction. Addict Biol, 2013. 18(1): p. 161-9. 

320. Kutz, S.M., K.M. Providence, and P.J. Higgins, Antisense targeting of c-fos 
transcripts inhibits serum- and TGF-beta 1-stimulated PAI-1 gene expression 
and directed motility in renal epithelial cells. Cell Motil Cytoskeleton, 2001. 
48(3): p. 163-74. 

321. Wei, P. and W.V. Vedeckis, Regulation of the glucocorticoid receptor gene by 
the AP-1 transcription factor. Endocrine, 1997. 7(3): p. 303-10. 

322. Nestler, E.J., Molecular basis of long-term plasticity underlying addiction. 
Nat Rev Neurosci, 2001. 2(2): p. 119-28. 

323. Taqi, M.M., et al., Prodynorphin promoter SNP associated with alcohol 
dependence forms noncanonical AP-1 binding site that may influence gene 
expression in human brain. Brain Res, 2011. 1385: p. 18-25. 

324. Harper, C. and J. Kril, Brain atrophy in chronic alcoholic patients: a 
quantitative pathological study. J Neurol Neurosurg Psychiatry, 1985. 48(3): 
p. 211-7. 

325. Kril, J.J. and C.G. Harper, Neuronal counts from four cortical regions of 
alcoholic brains. Acta Neuropathol, 1989. 79(2): p. 200-4. 

326. Miguel-Hidalgo, J.J., et al., Reduced glial and neuronal packing density in the 
orbitofrontal cortex in alcohol dependence and its relationship with suicide 
and duration of alcohol dependence. Alcohol Clin Exp Res, 2006. 30(11): p. 
1845-55. 

 
 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 209

Editor: The Dean of the Faculty of Pharmacy

A doctoral dissertation from the Faculty of Pharmacy, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Pharmacy. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Pharmacy”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-270321

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2016


	Abstract
	List of Papers
	Relevant papers not included in the thesis
	Contents
	Abbreviations
	Introduction
	The endogenous opioid system
	Human PDYN expression and regulation

	PDYN promoter mapping and identification of transcription factors
	Genetic Factors
	Epigenetic mechanisms
	Epialleles of PDYN SNPs associated with mental disorders (the CpG-SNP hypothesis)


	The EOS in alcohol dependence
	Animal studies
	Human studies
	Clinical studies
	Imaging studies

	The dynorphin/KOR system in alcohol dependence
	Genetics of alcohol dependence
	Prefrontal cortex

	Hypothesis and aims of the study
	Materials and methods
	Human samples/case selection
	Preparation of nuclear extract
	Electromobility shift assay
	SDS-PAGE molecular mass determination
	Cell culturing and transfection
	Immunoblotting
	DNA purification and genotyping
	DNA methylation assay
	Quantitative analysis of DNA methylation and hydroxymethylation using real-time PCR
	RNA quality control and gene expression analysis
	Dynorphin radioimmunoassay
	Chromatin immunoprecipitation assay
	Nuclei isolation
	Flow cytometry
	Immunolabeling

	Results and Discussion
	Methylated CpG-SNPs and PDYN gene expression (paper I)
	The AP-1 interaction with PDYN promoter SNP (paper II)
	Expression of pronociceptin and its receptor in the brain of human alcoholics (Paper III)
	Regulation of PDYN expression by epigenetic/transcription factors (paper IV)

	Conclusions
	Acknowledgements
	References



