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Abstract

Animal studies demonstrated a role of neuropeptide nociceptin (NC) and its receptor (opiate
receptor like-1, OPRL1) in ethanol-induced reward; activation of the OPRL1 by natural or
synthetic ligands reduced ethanol self-administration and prevented relapse to ethanol drinking.
The endogenous NC may function in neuronal circuits involved in reinforcing or conditioning
effects of ethanol as a “brake” to limit ethanol intake (Roberto, M., Siggins, G.R. 2006.
Nociceptin/orphanin FQ presynaptically decreases GABAergic transmission and blocks the
ethanol-induced increase of GABA release in central amygdala. Proc. Natl. Acad. Sci. USA 103.
9715-9720), whereas repeated ethanol intake may downregulate the endogenous NC/OPRL1
system resulting in activation of ethanol consumption. To address this hypothesis, we evaluated
whether expression of the pronociceptin (PNOC) and OPRL1 genes is altered in human
alcoholics. mMRNAs transcribed from these genes were analyzed by quantitative RT-PCR in the
prefrontal and orbitofrontal cortices, central amygdala and hippocampal dentate gyrus, structures
controlling alcohol consumption. Reduction in PNOC mRNA (1.7-fold) was found in the
hippocampus of alcoholics, whereas OPRL1 mRNA levels were decreased (1.4-fold) in the central
amygdala. No changes in expression of these genes in other brain areas analyzed were evident. We
hypothesise that chronic ethanol intake downregulates PNOC and OPRL 1 gene expression in the
hippocampus and amygdala, respectively. The findings may be also interpreted as inherited
molecular differences between alcoholics and controls. The PNOCI OPRL 1 downregulation may
underlie impairment of cognitive control over alcohol seeking in alcoholics. Stimulation of the
OPRL1 receptors with synthetic agonists may increase threshold for activation of ethanol-related
behaviour by environmental cues, and thus may reduce cue- or stress-primed relapse to ethanol
consumption.
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1. Introduction

The OPRL1 receptor is the G-protein coupled receptor activated by the endogenous
neuropeptide NC (Meunier et al., 1995; Reinscheid et al., 1995, 1998). In rats, this receptor
demonstrates wide expression throughout the CNS with high levels in areas involved in
reward, reinforcement, motivation and learning (Mollereau and Mouledous, 2000).
Consistently, in the human brain OPRLI mRNA is abundant in cortical areas including the
prefrontal and cingulate cortices, hippocampal dentate gyrus, striatum, thalamus and
hypothalamus (Peluso et al., 1998), whereas ligand binding reveals high levels of functional
OPRL1 receptors in the cerebral cortex and hippocampus (Berthele et al., 2003). Significant
heterogeneity in the NC levels has been found in human CNS with high concentrations in
the central gray matter and locus coeruleus, moderate in the amygdala and low in the
cerebral cortex and hippocampus (Witta et al., 2004).

Animal studies propose the pharmacological activation of the OPRL1 receptor as an
alternative to the blockade of the classic opioid receptors, e.g. by naltrexone, for the therapy
of alcoholism(Ciccocioppo et al., 2000; Martin-Fardon et al., 2000; Kuzmin et al., 2003,
2007). NC appears to act as a functional antagonist of corticotrophin-realising factor
(Ciccocioppo et al., 2004) suggesting that the NC/OPRL1 system is involved in stress
related relapse to ethanol intake (Martin-Fardon et al., 2000). Complementarily,
neurochemical animal studies demonstrated that repeated systemic ethanol administration
markedly reduces NC levels measured by radioimmunoassay in several brain regions
including the hippocampus and cingulate cortex (Lindholm et al., 2002). Moreover, the
brain levels of NC are different in rodent strains differing in preferences for alcohol drinking
(Ploj et al., 2000). Collectively, behavioural and neurochemical data support the notion that
the endogenous NC functions in neuronal circuits involved in reinforcing or conditioning
effects of ethanol as a “brake” to limit ethanol intake (Roberto and Siggins, 2006), and that
repeated ethanol intake downregulates the endogenous NC/OPRL1 system.

To our knowledge, the role of the NC/OPRL1 system in ethanol-related behaviour has been
evaluated only in animals, while relevant human molecular and behavioural data was
lacking. The present study was designed to address the hypothesis whether alcohol
dependence is associated with alterations in the NC/OPRL1 system. For this purpose, we
compared the expression levels of the pronociceptin (PNOC) and OPRL 1 genes between
human alcoholics and control subjects by analysis of post-mortem human specimens.
Because of the accumulating evidence for the role of NC/OPRLL1 in regulation of learning
and memory (Sandin et al., 2004; Higgins et al., 2002) and processing of aversive stimuli
(Mamiya et al., 2003; Hiramatsu and Inoue, 1999), and the emerging concept of cognition as
the critical factor controlling alcohol and drug dependence, in this study we focused on the
analysis of the PNOCI OPRL 1 system in brain areas involved in neurocognitive processes
including the prefrontal (PFC) and orbitofrontal (OFC) cortices, hippocampus, and central
amygdala (CeA), which is also critical for aversive processes. Notably, neurocognitive
circuits of the PFC, OFC and amygdala have recently received increasing attention
regarding their functions in the development and maintenance of ethanol-taking behaviour
(Koob, 2003; Bechara and Van Der Linden, 2005; Mitchell et al., 2005, Boettiger et al.,
2007).

The demographic characteristics of control and alcoholic subjects are given in Table 1 (for
more detail, see Table 1 in Johansson et al., 2009). We found no significant differences in
age (P=0.96), post-mortem interval (PMI; P= 0.96), storage time (P=0.17) and
proportions of smokers and non-smokers (Fisher test, 2= 0.5) between the two groups of
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subjects. Brain pH was determined to assess the agonal state; mean brain pH values were not
significantly different (£ = 0.31) between controls and alcoholics.

Levels of PNOC and OPRLI mRNAs were quantified by RTPCR in samples of the PFC
(Brodmann area 9), OFC (Brodmann area 11), hippocampus (dentate gyrus) and CeA (Fig.
1; Table 2). The motor cortex (MC; Brodmann area 4) not involved in reward and
processing of cognitive information in the same extent was analyzed for comparison.

The PNOC mRNA levels were substantially lower (on 40%; P < 0.05) in the hippocampus
of alcoholics (7= 15) compared to control subjects (7= 14) whereas no differences in
expression of this gene in other structures analyzed were evident (Fig. 1 and Table 2). Data
for the hippocampus, PFC and MC for one control subject were not included in the final
calculations because experimental values exceeded 95% confidence interval. For the same
reason, samples of the PFC and MC of three alcoholics were excluded from statistical
analysis.

MRNA prepared from the CeA tissue of three control subjects did not give a signal in RT-
PCR and these samples were omitted form analysis. The remaining CeA samples exhibited
high variability in both the PNOC and OPRL1 mRNA levels (Fig. 1), probably, due to
cellular heterogeneity in this brain area. When outliers were excluded on the basis of 95%
confidence interval, significantly lower levels (on 31%; P< 0.01) of OPRLI mRNA were
detected in alcoholics (17=9) compared to control subjects (7= 7; Fig. 1 and Table 2).

No influence of brain pH, age at death, storage time and PMI as covariates on the
differences found was observed. Covariate analysis revealed no significant influence of
smoking on the observed results. The sample toxicology screen was focused primarily on
benzodiazepines, and the three alcoholics who had traces of this class of medications in their
blood at the time of death were excluded and the data were reanalyzed. Again, essentially
the same results were obtained as when all subjects were included into the analysis; PNOC
MRNA levels were lower on 45% in the hippocampus of alcoholics compared to controls (&
test, p< 0.05; n7= 14 for controls, and n= 12 for alcoholics), while the OPRL1 gene was
expressed at 30% lower levels in the CeA of alcoholics relative to controls (#test, p < 0.05;
n=17 for controls, and n= 8 for alcoholics).

3. Discussion

In animal experiments, repeated ethanol treatment decreased NC concentration in the
hippocampus and cingulate cortex but not in the mesolimbic system (Lindholmet al., 2002).
In the present port-mortem human study, the substantially lower levels of PNOC mRNA
were found in the hippocampus of human alcoholics compared to control subjects that
corroborate the animal data.

Several animal studies imply a role of NC and OPRL1 in neurocognitive processes. Thus,
the activation of the hippocampal OPRL1 receptor has been shown to inhibit formation of
long-term memory (Goeldner et al., 2008). Consistently, functional antagonism between the
NC/OPRL1 system and glutamatergic mechanisms, which facilitate learning and memory
formation, has been proposed as a factor modulating cognitive processes (Goeldner et al.,
2009). Taking into account that the OPRL1 stimulation blocks cue and stress-induced
relapse to ethanol-taking behaviour (Martin-Fardon et al., 2000; Kuzmin et al., 2007), it is
tempting to speculate that the decrease in activation of the OPRL1 receptor in the
hippocampus of alcoholics may enhance a glutamatergic signal and facilitate the association
between environmental cues and ethanol-taking behaviour. This notion is indirectly
supported by the observation that hippocampal formation is involved in modulation of
learning behaviour related to drug abuse (Torres-Reveron et al., 2009).
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Amygdala involved in processing of aversive stimuli (LeDoux, 2000) is considered as a
brain region regulating alcohol consumption (Koob, 2003). NC injected into the CeA
inhibited ethanol self-administration in the alcohol-preferring animals (Economidou et al.,
2008). In the CeA of ethanol-dependent rats, the enhanced sensitivity to NC effects has been
described while this peptide blocked the ethanol-induced augmentation of inhibitory
postsynaptic currents (Roberto and Siggins, 2006). The present study suggests that the
OPRL 1 receptor expression may be downregulated in the CeA of alcoholics. If animal
findings by Roberto and Siggins (2006), were correct for human alcoholism, the increased
sensitivity to the nociceptin effects may be developed to counteract the downregulation of
the OPRL1 receptor.

The limitations of the present study are a) that the findings are applicable to only males
because no female subjects were analyzed; and b) that these findings are not correlated with
toxicological parameters because the toxicology screen is incomplete (data is available only
for five cases). Another limitation is a low number of CeA samples used in statistical
analysis; a number of outliers excluded from the analysis were greater in the CeA than in
other brain areas possibly because of the substantial CeA cellular heterogeneity.
Nevertheless, the differences between alcoholics and controls in the hippocampus and CeA
point out to the importance of plasticity in the NC/OPRL1 system in these brain areas for
alcohol dependence.

Our results support the concept postulating that chronic ethanol consumption and
withdrawal downregulate the PNOC/OPRL1 system, which critically controls alcohol
intake. However, the findings may be also interpreted as inherited molecular differences
between alcoholics and control subjects. Two human genetic studies on the association of
the PNOC and OPRL 1 genes with alcohol dependence do not shed light on this issue due to
contradicting results reported (Huang et al., 2008; Xuei et al., 2008). In the first study, 10
SNPs covering OPRL 1 and the adjacent area and 15 SNPs covering PNOC in European
American subjects were examined resulting in no convincing association between alcohol
dependence and OPRL1and PNOC polymorphisms (Xuei et al., 2008). The second study
demonstrated the association of one of 18 OPRL 1 SNPs analyzed with alcohol dependence
in Scandinavian population (Huang et al., 2008). Relationship between polymorphisms of
the OPRL1and PNOC genes and levels of expression of these genes in the human brain has
not yet been investigated. Thus, it is still unclear whether the genetics approach may be used
to distinguish the two aforementioned mechanisms of the downregulation of the PNOC/
OPRL1 system in human alcoholics.

In conclusion, the downregulation of the PNOC/OPRL1 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 intake, and, as a
result may weaken the inhibitory control over the conditional or stress-induced relapse to
alcohol seeking and taking behaviour. Stimulation of the OPRL1 by synthetic agonists might
produce “antirelapse” effects by elevation threshold levels for activation of these brain
circuits.

4. Experimental procedures

4.1. 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). All subjects were male
Caucasians. Alcoholics met criteria for Diagnostic and Statistical Manual for Mental
Disorders, 4th edition and also National Health and Medical Research Council/World Health
Organization criteria, and consumed greater than 80 g of ethanol per day for the majority of
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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 sex, age, race and post-mortem interval. Cases with a history
of poly drug abuse (with evidence that the individual abused other drugs such as cocaine or
heroin) or with medical complications such as liver cirrhosis and the Wernicke—Korsakoff
syndrome or alcoholic cases with concomitant diseases were excluded. Cases with a
prolonged agonal life support, or cases with a history of cerebral infarction, head injury, or
neurodegenerative disease (e.g., Alzheimer's disease), were also excluded. The main body of
the population was smokers including 83% of alcoholics and 75% of control subjects.
Samples were taken by qualified pathologists under full ethical clearance from the Sydney
South West Area Health Service Human Ethics Committee (X03-0074) and informed
written consent from the next of kin. The study was approved by the local ethical committee
of the Karolinska Institutet.

4.2. mRNA expression levels analysis by quantitative Real-time PCR using TagMan® low
density array

RNA preparation was performed using RNeasy Lipid Tissue Mini Kit (QIAGEN, Maryland,
USA). RNA was quantified by Nanodrop® and Agilent 2100 Bioanalyzer (Agilent, Palo
Alto, CA) was used to control RNA quality. Only RNA with clear ribosomal RNA, 18S and
28S, was used for further analysis. cDNA was synthesized with the High Capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA). mRNA levels were quantified by
TagMan® Low Density Arrays (Applied Biosystems, Foster City, CA). In a pre-prepared
micro fluidic card containing probes and primers for each gene, cONA and TagMan®
Universal PCR Master Mix (Applied Biosystems) was added in a final concentration of 65
pg cDNA per sample and gene. Every sample was run in triplicate (PFC, MC, CeA and
hippocampus) or quadruplicate (OFC) on the same array for each gene. The PCR
amplification was performed at 50 °C for 2 min, 94. 5 °C for 10 min and 40 cycles of 97 °C
for 30 s followed by 59.7 °C for 1 min. To measure the quantity of a given RNA species, the
threshold cycles (Ct) were monitored by the Applied Biosystems 7900HT Fast Real-Time
PCR System. 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/) (Vandesompele et al., 2002) and gBASE
program for internal and external calibration and also for easy care of large RT-PCR
datasets (http://medgen.ugent.be/gbase/). According to our analysis of reference genes
(Johansson et al., 2007, 2009), the beta-actin (ACTB) and ribosomal large PO (RPLFPO)
genes for the PFC, 18S rRNA and TATA box binding protein ( 78P) genes for CeA, the
peptidylprolyl isomerase A (cyclophilin A) (PP/A) and phosphoglycerate kinase 1 (PGKI)
genes for OFC, polymerase (RNA) 11 (DNA directed) polypeptide A (POLRZA) and
ubiquitin C (UBC) for hippocampus, and 18S and RPLPO genes for MC were chosen for
normalization.

4.3. Statistical analysis

Statistical analysis was carried out using the Statistica 8.0 package (StatSoft Scandinavia,
Uppsala, Sweden). Normality of data distribution was analyzed using Shapiro-Wilk's Wtest.
If the data does not show normal distribution, it was normalized by exclusion of the subjects
exceeding 95% confidence interval. A general stepwise linear regression model was used to
evaluate group differences and identify covariates (age, brain pH and PMI). Student's #test
was used to assess the differences between groups when no covariates were found. The main
body of the population was smokers (Table 1). To assess the influence of nicotine abuse on
the MRNA levels, ANCOVA analysis was performed with smoking as a covariant. A
significance level of P< 0.05 was accepted as statistically significant and all tests were two-
tailed.
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Levels of PNOC and OPRLI mRNAs in the hippocampal dentate gyrus (HP) and central
amygdala (CeA). mRNA levels are presented as normalized to reference genes. Open circles
and triangles represent individual levels of mMRNAs for control and alcoholic subjects,
respectively. Mean levels for the groups are shown by horizontal lines.
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Sample demographics.

Characteristics Control subjects  Alcoholics

N 15 15

Age (years) 59+15 58+14

PMI (hours) 27+16 32+16

Brain pH 6.5+0.2 6.5+0.2
68+19

Storage time (months)@  ©6%28
Smoking history 25% NS, 75% S

17% NS, 83% S

PMI, post-mortem interval; NS, non smoker; S, smoker. Mean values+S.D. are shown.

Table 1

Page 10

a . S Lo . . . . .
N=13 in each group; smoking histories for four subjects including two control subjects and two alcoholics were not available. For details, see

Table 1 in Johansson et al., 2009.
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