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Abstract

Background—Nociceptin is a key regulator linking environmental stress and alcohol drinking.
In a genome-wide methylation analysis we recently identified an association of a methylated
region in the OPRL 1 gene with alcohol-use disorders.
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Methods—Here we investigate the biological basis of this observation by analysing psychosocial
stressors, methylation of the OPRL 1 gene, brain response during reward anticipation and alcohol
drinking, in 660 14-year old adolescents of the IMAGEN study. We validate our findings in
marchigian sardinian (msP) alcohol-preferring rats that are genetically selected for increased
alcohol drinking and stress sensitivity.

Results—We found that low methylation levels in intron 1 of OPRL1 are associated with higher
psychosocial stress and higher frequency of binge drinking, an effect mediated by OPRL 1
methylation. In individuals with low methylation of OPRL 1 frequency of binge drinking is
associated with stronger BOLD-response in the ventral striatum during reward anticipation. In
msP rats we found that stress results in increased alcohol intake and decreased methylation of
OPRL1 in the nucleus accumbens.

Conclusions—Our findings describe an epigenetic mechanism that helps to explain how
psychosocial stress influences risky alcohol consumption and reward processing, thus contributing
to the elucidation of biological mechanisms underlying risk for substance abuse.
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Introduction

Adolescence is a critical period for brain development and maturation. It is characterised by
changes in synaptic density and connectivity, fine-tuning of neurotransmitter systems, and
integration between brain structures that together lead to increased efficiency of neural
function (Keshavan et al., 2014). However, as a consequence of these dynamic changes the
adolescent brain is particularly vulnerable to the exposure to traumatic life events (e.g.
physical and psychological abuse) but also to more common life events (e.g. parental
divorce, difficulties with authority and body changes) that are perceived as stressful by
adolescents (Loth et al., 2014). Early exposure to such psychosocial stressors has been
consistently associated with hazardous drinking behaviours in adolescence (Arpawong et al.,
2015) that in turn predict increased risk for alcohol-use disorders in adulthood (Palmer et al.,
2009, Nees et al., 2012).

Nociceptin/Orphanin FQ (N/OFQ) is a 17 amino acid peptide, that binds to its cognate G
protein-coupled receptor (GPCR) Opioid Receptor Like-1 (OPRL1) also known as NOP
(Meunier et al., 1995, Reinscheid et al., 1995). Several animal studies, mostly conducted on
marchigian sardinian (msP) rats, an animal line genetically selected for excessive alcohol
drinking and preference, have shown that activation of NOP by N/OFQ or by selective
synthetic agonists reduces alcohol drinking and blunt withdrawal symptoms and according
to the alcohol intoxication history and withdrawal time course, it results in anxiolytic or
anxiogenic effects (Witkin et al., 2014), indicating a complex effect of N/OFQ on the
regulation of anxiety and alcohol drinking.

In a recent genome-wide methylation analysis of monozygotic discordant twins we have
identified a genome-wide significant association of alcohol-use disorders with a
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differentially methylated region in the gene body of OPRL 1 (Ruggeri et al., 2015). Others
reported an association of the promoter OPRL 1 methylation with child adversity both in
alcohol-use disorder cases and healthy controls (Zhang et al., 2013). These data suggest that
the N/OFQ system could be mediating alcohol problems induced by early exposure to
psychosocial stress.

We hypothesise that changes in the methylation profile of OPRL 1 mediates the effect of
early stress exposure on hazardous drinking behaviour in adolescents by modulating the
processing of rewarding stimuli. To test our hypothesis we assessed the association of the
previously identified differentially methylated region (DMR) in intron 1 (Ruggeri et al.,
2015) with early stressful life events and binge drinking. We also measured its interaction
with ventral striatal response during reward anticipation in a functional neuroimaging
epigenetics dataset of 660 adolescents from the IMAGEN study (Schumann et al., 2010). To
obtain mechanistic information and to evaluate the translational value of our results, we then
assessed brain Opr/I methylation changes induced by early stress in alcohol preferring msP
rats.

IMAGEN study participants

We selected a randomly picked subset of 660 14-year old adolescents (50.8 % female; Table
1) of the IMAGEN study, a European multi-centre imaging genetic/epigenetic study.
Participants were tested in eight IMAGEN assessment centres. The study was approved by
local ethics research committees at each site. Written informed consent was obtained from
all participants as well as from their legal guardians. A detailed description of recruitment
and assessment procedures as well as inclusion/exclusion criteria has previously been
published (Schumann et al., 2010). Behavioural information, blood and an fMRI scan were
collected during a single visit to the recruitment centre when participants were 14 years old.

Behavioural characterization

Behavioural interviews were presented by Psytools software. Lifetime stressful life events
were measured with an adapted version of the Life Events Questionnaire (Newcomb et al.,
1981) and were defined based on the quality ratings of adolescents who had experienced the
event (Supplementary Table S1.) as previously described (Loth et al., 2014). Data about
lifetime frequency of binge drinking at the age of 14 were obtained from a 5 Likert scale
question of the European School Survey Project on Alcohol and Other Drugs (ESPAD)
(Hibell et al., 2004). Data quality was controlled by context checks administered at the start
of each task.

OPRL1 methylation analysis

DNA was extracted from whole blood and was bisulphite treated using the EZ 96 DNA
methylation kit and DNA methylation of OPRL 1 was assessed using bisulfite-PCR and the
Sequenom EpiTYPER system (Supplementary Table S2). The signal of two CpG sites,
located in the first intron of the OPRL1 gene and in the shelf of a CpG island (CGI)
(chr20:62718473-62719016, hg19) previously found associated with alcohol-use disorders
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(Ruggeri et al., 2015), was studied. The Sequenom technology provided a mean signal for
the two CpG sites.

OPRL1 genotype analysis

Genotype information was collected for 582,982 markers using DNA extracted from whole
blood and the Illumina HumanHap610 Genotyping BeadChip. Genotype data of 11 SNPs
contained in OPRL1 gene (rs1335579, rs6062342, rs6090041, rs7271530, rs2229205,
rs13036542, rs4809401, rs35368587, rs910883, rs3003155, rs13039817) was extracted, and
tested for association with OPRL 1 methylation profile. Data for rs6010718, previously
associated with alcohol-use disorders (Huang et al., 2008), was imputed as previously
described and tested for association with OPRL 1 methylation.

OPRL1 gene expression analysis

Total RNA was extracted from whole blood cells collected at the age of 14. Gene expression
profiling was performed using lllumina HumanHT-12 v4 Expression BeadChips as
previously described (Ruggeri et al., 2015).

Monetary incentive delay task

The participants performed a modified version of the Monetary Incentive Delay task to study
neural responses to reward anticipation and reward outcome where candies were used as
reward instead of money as previously described (Nees et al., 2012).

Functional magnetic resonance imaging data acquisition and analysis

Structural and functional magnetic resonance imaging (fMRI) data were acquired at eight
IMAGEN assessment sites with 3T-MRI scanners of different manufacturers. Full details of
MRI acquisition protocols and quality checks have been described previously, including
standardization across MRI scanners (Schumann et al., 2010). We extracted regions of
interest (ROIs) using the Marshar toolbox (http://marsbar.sourceforge.net). We used the left
and right ventral striatum as ROIs and extracted mean blood-oxygen-level dependent
(BOLD) responses in 9-mm spheres centred at X, y, z = £15, -9, 9 in Montreal Neurological
Institute space. These coordinates were based on previous findings (Yacubian et al., 2006).

Animals

Genetically selected msP male rats weighing 250-300 g (7-8 weeks old) at the beginning of
the experiments were used (Ciccocioppo et al., 2006) and were kept in controlled conditions.
All the procedures were conducted in adherence with the European Community Council
Directive for Care and Use of Laboratory Animals.

Early stress exposure

A total of 32 msP rats were subdivided in 2 groups, a control group that remained in the
home cage throughout the procedure and a treated group receiving one of the following
stressful procedure, every 7 days for 3 weeks, acute restrain stress (Ciccocioppo et al.,
2014), forced swimming stress (Guan et al., 2014) and sleep deprivation stress (Youngblood
et al., 1997). One week after the last exposure to stress, the two groups were divided in 2
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subgroups (n=8), one stressed and one control group were sacrificed, brains were dissected
and the nucleus accumbens was frozen in dry ice and stored at —80°C. The other two
subgroups were tested for voluntary EtOH intake for a total of 7 days and one week after the
last exposure to alcohol.

Voluntary EtOH intake

To test voluntary EtOH intake, we used the 2-bottle choice test in msP rats as previously
described (Ciccocioppo et al., 2006). Briefly, animals were exposed to an intermittent 10%
(v/v) ethanol solution for seven consecutive days. Alcohol was offered 24 hours a day.
Alcohol, water, and food consumption were monitored 24 hours from the moment that EtOH
was made available. Food intake was measured by weighing the food containers and taking
into account spillage.

Oprll methylation and gene expression analysis

DNA and RNA were simultaneously extracted from the left and right nucleus accumbens.
DNA was bisulphite-treated using the EZ DNA methylation kit and DNA methylation of
Oprl1 was assessed using bisulphite-PCR and the Sequenom EpiTYPER system
(Supplementary Table S2). Gene expression of Opr/I and the housekeeping gaaph were
measured via quantitative polymerase-chain-reaction (Supplementary Table S2). The ABI
Prism® SDS 2.1 software was used to analyse the specificity (dissociation curve) and
relative quantification of the Opr/Z amplicon (ACt).

Statistical analyses

The general linear model was used to determine associations among human OPRL 1
methylation and OPRL 1 genotype and gene expression, negative life events, drinking
behaviour and BOLD responses correcting for gender and recruitment site (handiness was
corrected for BOLD responses).

A mediation analysis was carried out to test if the OPRL 1 methylation mediated the
association of lifetime stressful events and frequency of binge drinking using PROCESS
(Hayes, 2013), a SPSS macro that uses a path analytical framework for estimating direct and
indirect effects based on OLS regression models. This approach involves bootstrapping the
sampling distribution of the indirect effect and obtaining its confidence interval. The
analysis is based on 5,000 bootstraps with stressful events as a predictor variable, OPRL 1
methylation as a mediator, and binge drinking as the dependent variable.

Methyl-eQTL analysis was performed using the R package (R version 3.1.2) Matrix
expression QTL (Shabalin, 2012). The analysis was performed on 34,833 gene expression
probes and OPRL 1 methylation data generated on the Sequenom platform. We run a linear
regression model adjusted for gender and recruitment centre.

The database for annotation, visualisation and integrated discovery (DAVID) (Huang da et
al., 2009) was used to determine enrichment of biological processes and disease classes in
the gene list generated from the methyl-eQTL analysis with p<0.05. Enrichment for specific
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biological functions and disease classes was determined using a modified Fisher's test at a
significance level of p<0.05.

The effect of the interaction of OPRL 1 methylation and ventral striatum BOLD response on
frequency of binge drinking was tested with a general linear model.

A principal component analysis was applied on the methylation data collected across the rat
Oprl1 gene, where the missing data were replaced by means and a varimax rotation was also
applied to increase interpretability of outcomes. Components with eigenvalue > 1 were
selected for further analyses.

All analysis were carried out using the software IBM SPSS statistics (version 22) unless
otherwise is stated. P-values corrected for multiple testing are reported as fgorrected-

OPRL1 methylation mediates the association of early exposure to psychosocial stress and
frequency of binge drinking at the age of 14

We found a negative association of OPRL 1 methylation and lifetime frequency of binge
drinking in participants aged 14 years (=-3.56, p=2.2x107%4, 12,=0.021) (Figure 1A, Table
1). We then investigated whether lifetime stressful events were associated with lifetime
frequency of binge drinking, and with OPRL 1 methylation. We found a positive association
of stressful life events and lifetime binge drinking at the age of 14 (#=4.56, p=8.7x107%,
nzp:0.036) (Figure 1B), and a negative association of stressful life events with OPRL1
methylation (£=-2.50, p=0.013, n2p:o.010) (Figure 1C). A subsequent mediation analysis
revealed that the indirect effect of psychosocial stressors on binge drinking through OPRL 1
methylation was significant (z=2.17, p=0.030) and that the 95% confidence interval did not
include 0 (95% CI [0.002, 0.019]).

To investigate if OPRL 1 methylation is dependent on OPRL 1 genotype, we used a general
linear model to test twelve SNPs contained in the OPRL 1 gene, including rs6010718, which
was previously associated with alcohol-use disorders (Huang et al., 2008). We found no
significant association between the OPRL 1 methylation profile and any of the SNPs taken in
consideration neither we found any significant association of SNPs and lifetime binge
drinking (Supplementary Table S3).

OPRL1 methylation and gene expression

To explore the relationship between OPRL 1 methylation and gene expression, we performed
a methyl-eQTL analysis and we found a total of 1856 probes mapping 1245 genes
associated with OPRL 1 methylation (p<0.05; Supplementary Table S4); no OPRL 1 cis-gene
expression was observed. We investigated whether common pathways, biological functions
or pathologies were over-represented in the list of 1245 genes associated to OPRL1
methylation with p<0.05. The analysis using DAVID, a database and tool for functional
annotation (Huang da et al., 2009), revealed enrichment for phenotypically relevant gene
networks, including the ‘disorder categories’ “neurological” and “psychological” disorders
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(0=0.003, 17=48; p=0.004, n=46, respectively) and genes involved in dopamine, acetylcholine
and glutamate signalling (Supplemtary Tables S5 and S6).

Ventral striatal activation during reward anticipation is associated with frequency of binge
drinking and interacts with OPRL1 methylation

The reinforcing properties of alcohol are dependent on activation of the ventral striatum, a
brain area, which is central to reward processing, including reward anticipation. We
measured reward anticipation in the Monetary-Incentive-Delay task in 393 14-year old
IMAGEN participants where neuroimaging, methylation and drinking data were available,
and found a positive association of frequency of binge drinking with BOLD response in the
left ventral striatum (£2.87, p=0.004, fcorrected=0-008, nzp:0.0ZZ) and the right ventral
striatum (#2.33, p=0.020, Prorrected=0.040, n2p20.015). We found no significant association
of OPRL1 methylation and BOLD response in the left ventral striatum (£2.02, p=0.044,
Peorrected=0.088, an:o.010) and the right ventral striatum (£1.86, p=0.064,
Peorrected=0.128, nzp:o.oog) after correction for multiple comparison. Since both OPRL1
methylation and ventral striatal response during reward anticipation are associated with
binge drinking we investigated if there was an interaction of these variables on binge
drinking. We found a significant interaction between OPRL 1 methylation and the left ventral
striatum activation (£-2.69, o= 0.007, Peorrecteq=0.014, nzp:0.0ZO; Figure 2B and 2D) and a
trend in the right ventral striatum (#=-2.18, p=0.030, Prorrected=0-060, nzp:0.0lS; Figure 2A
and 2C). Our data suggest that the association of ventral striatum activation and frequency of
binge drinking is observed only in individuals with low OPRL 1 methylation levels.

Early stress and differential methylation are associated with oprl1l gene expression in the
nucleus accumbens of msP rats

We next investigated if the relation between psychosocial stress, alcohol abuse and OPRL 1
methylation in peripheral blood can be validated in the ventral striatum, a brain structures
that is central to reward processing and anticipation. It is not possible to obtain post mortem
brain materials of the ventral striatum from a sufficient number of human adolescents to
carry out association analyses; we therefore used an established animal model, namely msP
rats, for our experiments. We exposed msP rats to a stress protocol and, similar to humans,
found a significant overall effect of stress exposure on voluntary alcohol intake (F (1, 13) =
45.05, p<0.0001) (Figure 3). Water and food consumption were not significantly affected by
stress exposure (Supplementary Tables S7 and S8). In stressed vs. non-stressed animals we
then compared Opr/1 methylation and gene expression levels in the nucleus accumbens, the
core region of the ventral striatum (Galtress and Kirkpatrick, 2010). We assessed
methylation levels of the entire Opr/1 gene locus and detected 39 methylation sites. We then
carried out a principal component analysis of these sites identifying 11 principal components
(eigenvalue>1) that explained 82% of the variance (Supplementary Table S9). An
exploratory analysis in stressed animals, revealed a significant association of Opr/I gene
expression and one methylation component explaining 8% of the variance (/=0.799,
p=0.001, 7=13); no association was observed in non-stressed animals (r=0.054, p=0.861,
n=13). A subsequent moderation analysis showed an interaction effect of stress and
methylation on gene expression of Opr/1 in the nucleus accumbens (2=2.33, p=0.020; two-
tailed test; Supplementary Figure S1).
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Discussion

In a population-based sample of 14 year old adolescents of the IMAGEN cohort (Schumann
et al., 2010), we showed that decreased methylation in the first intron of OPRL1 gene is
associated with increased early psychosocial stress exposure and higher frequency of binge
drinking, a risk factor for future alcohol-use disorders (Nees et al., 2012). Among
individuals with lower methylation of OPRL 1 we found association of high frequency of
binge drinking with increased BOLD response in the ventral striatum during reward
anticipation, reflecting enhanced reward sensitivity. The OPRL 1 gene encodes for the
N/OFQ receptor (NOP), a G protein-coupled receptor that together with its ligand N/OFQ
has been widely studied for its role in alcohol-related behaviour both in humans and in
animal models (Witkin et al., 2014). Providing corroborative evidence in msP rats, an animal
model of innate vulnerability to excessive drinking and high sensitivity to stress (Witkin et
al., 2014), we show that stress is associated with increased alcohol intake of these animals
and interacts with a component of differentially methylated regions resulting in association
with altered gene expression of the Opor/L in the nucleus accumbens.

The ventral striatum and nucleus accumbens are subcortical areas involved in reward
processing that are heavily innervated by mesolimbic dopamine neurons (Tritsch and
Sabatini, 2012). Increased BOLD response in this region may reflect an increase
dopaminergic activity leading to enhanced sensitivity to reward. However, striatal activity is
also influenced by other neurocircuitries, including glutamatergic efferents from the
basolateral amygdala and the frontal cortex (Fudge et al., 2002, Haber et al., 2006). The
NOP receptor is functionally coupled to inhibition of adenylate cyclase, activation of MAP
kinase, activation of K* conductance, and inhibition of Ca*2 conductance and induces
inhibition of neurotransmitter release, including of dopamine, glutamate, gamma-amino
butyric acid (GABA), acetylcholine, and others (Ciccocioppo et al., 1999). NOP receptor
activity thus results in a comprehensive direct and indirect regulatory system of reward
processing (Neal et al., 1999). Our observation of a trans-regulation of genes involved in
dopamine and glutamate signalling by OPRL 1 methylation in human blood is in keeping
with these findings.

Previous studies, including our own findings in adult alcohol abusing discordant twins
reported a positive association between OPRL 1 hypermethylation and alcohol-use disorders
(Ruggeri et al., 2015), as well as a positive association with child adversity in both alcohol-
use disorders cases and healthy controls (Zhang et al., 2013). In addition to the severity of
the environmental stressor, we looked at stressful events while in a previous study they
investigated severe physical and emotional abuse (Ruggeri et al., 2015, Zhang et al., 2013),
the most striking difference of our study is that we investigated adolescents at age 14 years
where binge drinking is less intense and frequent as in adult alcohol abusers. In fact, it is a
reflection of personality traits involving anxiety sensitivity, sensation seeking and/or
impulsiveness (Nees et al., 2012, Woicik et al., 2009). While these traits are associated with
psychosocial stress and alcohol drinking (Whelan et al., 2014), our young participants have
not yet developed alcohol-use disorders neither have they been exposed to protracted
consumption of alcohol that is known to alter the methylation profile (Weng et al., 2015).
Possibly OPRL 1 hypomethylation may occur as a result of adverse life events and may
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contribute to enhanced reward sensitivity and propensity to binge drinking. This epigenetic
change may subsequently be reversed following protracted exposure to alcohol, and possibly
contribute to decreased striatal activation often observed in patients suffering from alcohol-
use disorders (Chen et al., 2011).

Epigenetic regulation of gene expression can be species-specific (Zeng et al., 2012) and is
contingent on several factors, including epigenetic imprinting (Adalsteinsson and Ferguson-
Smith, 2014), biological age (Talens et al., 2012) as well as tissue-specificity (Grunau et al.,
2000). It is a limitation of our study that in humans we were only able to measure
methylation and gene expression in peripheral blood, as there are not sufficient adolescent
post mortem brain data from human ventral striatum available to analyse this brain region. A
validation in the brain of the stress-induced OPRL 1 hypomethylation found in the human
blood was provided by our findings in the nucleus accumbens of stressed msP rats, which
showed not only a similar association of stress and Opr/Z methylation but also an association
between Opr/1 methylation and its gene expression.

Methylation in the promoter area is often negatively correlated with gene expression,
however, correlation of methylation in the gene body and cis-gene expression does not show
a specific directionality (Lee et al., 2015). Our findings show that stress-induced
hypomethylation of the Opr/Z gene body in msP rats is associated with a decrease in Opri/1
gene expression. It is possible that a similar correlation between OPRL 1 methylation and
gene expression exists in human brain, consistent with the decreased level of OPRL1 mRNA
found in the brain of alcohol-use disorders patients (Kuzmin et al., 2009).

A previous study reported an association of the OPRL 1 genetic variant rs6010718 in intron 1
with alcohol-use disorders (Huang et al., 2008). There is evidence that the methylation of
certain CpG sites is correlated with single nucleotide polymorphisms (SNPs) (Shoemaker et
al., 2010) suggesting that an interplay of genetic and epigenetics mechanisms could underlie
complex disorder. The absence of association in our data suggests independence of genetic
and epigenetic mechanisms related to alcohol drinking in this gene locus.

Together our findings describe an epigenetic mechanism that helps to explain how
psychosocial stress influences risky alcohol consumption and reward processing, thus
contributing to the elucidation of biological mechanisms underlying risk for substance
abuse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. Association of OPRL 1 methylation with lifetime frequency of binge drinking (N= 609)
and stressful life events (N= 626) in adolescents

Negative association of OPRL1 methylation and lifetime frequency of binge drinking
(7=2.2x10794) (panel A). Positive association of stressful life events and lifetime frequency
of binge drinking (£=8.7x1079) in 14-year-old adolescents (panel B). Negative association
of lifetime frequency of binge drinking and OPRL 1 methylation (p=0.013) (panel C).
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Figure2. Association of activation of the ventral striatal activation during Monetary I ncentive
Delay Task and lifetime binge drinking in adolescents (N=393) and interaction with OPRL1

methylation

Significant interaction between OPRL 1 methylation and the left VS activation (o= 0.007,
Peorrected=0.014) while the interaction was only a trend in the right VS (p=0.030,
Peorrected=0.060). Methylation values in panel A and B are separated into low and high
methylation using a median slip. Coronal section shows methylation differences in right and
left ventral activation during reward anticipation (xyz: 9, 11, —2) (panel C and D).
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Figure3. Association of early stressand inter mittent alcohol intake in the msP rats
One-way ANOVA revealed a significant overall effect of the stress exposure on voluntary

alcohol intake in msP rats (0<0.0001). The effect appeared from the third day of alcohol
exposure and remained significant on the fourth and fifth day of alcohol exposure as shown
by Newman-Keuls tests.* p<0.05.
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Table 1

Demographics of the IMAGEN participants

SampleSize %

Males 325 49.2
Mean SE

ESPAD-Lifetime frequency of binge drinking (n=606)  0.58 0.05

LEQ-Lifetime stressful events (n=626) 6.63 0.11

Abbreviations: SE, standard error; ESPAD, European School Survey Project on Alcohol and Other Drugs; LEQ, life event questionnaire. ESPAD
scores are on a five-level ordinal scale. Stressful life events are the sum of 20 events.
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