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Abstract

Anxiety is a key consequence of ethanol withdrawal and important risk factor for relapse. The
neuropeptide nociceptin/orphanin FQ (N/OFQ), or agonists at this peptide’s receptor (NOP), exert
anxiolytic-like and anti-stress actions. N/OFQ dysfunction has been linked to both a high-anxiety
behavioral phenotype and excessive ethanol intake. Recent studies suggest a possible link between
genetic polymorphisms of the NOP transcript and alcoholism. Thus, in the present study, the
effects of intracerebroventricularly (ICV) administered N/OFQ were tested for modification of
anxiety-like behaviors, using the shock-probe defensive burying and elevated plus maze tests, in
ethanol-dependent vs. nondependent rats, one and three weeks following termination of ethanol
exposure. Additionally, Prepro-N/OFQ (ppN/OFQ) and NOP receptor gene expression was
measured in the central nucleus of the amygdala, in the bed nucleus of the stria terminalis, and in
the lateral hypothalamus at the same time points in separate subjects. One week post-ethanol, N/
OFQ dose-dependently attenuated elevated anxiety-like behavior in ethanol-dependent rats and
produced anxiolytic-like effects in nondependent controls in both behavioral tests. However, three
weeks post-ethanol, N/OFQ altered behavior consistent with anxiogenic-like actions in ethanol-
dependent rats, but continued to exert anxiolytic-like actions in nondependent controls. These
findings were paralleled by ethanol history-dependent changes of ppN/OFQ and NOP gene
expression that showed a distinctive time-course in the examined brain structures. The results
demonstrate that ethanol dependence and withdrawal are associated with neuroadaptive changes in
the N/OFQ-NOP system suggesting a role of this neuropeptidergic pathway as a therapeutic target
for the treatment of alcohol abuse.
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Introduction

Withdrawal from chronic ethanol is characterized by a pronounced state of negative affect
that persists long after discontinuation of ethanol use and represents a major factor in relapse
risk (Heinz et al., 2009; Koob 2009). Abnormal stress sensitivity and elevated anxiety in
ethanol-dependent subjects exists during protracted abstinence from alcohol and is
associated with dysregulation of multiple neurotransmitter systems (Koob and Kreek, 2007).
Similarly, animal models of ethanol dependence have revealed perturbations in stress-
regulatory systems, reflected behaviorally in elevated anxiety-like responses during
protracted withdrawal (Valdez et al., 2002; Zorrilla et al., 2001; Zhao et al., 2007a, 2007b).

A neuropeptide recently implicated in regulating stress-related behavior is nociceptin/
orphanin FQ (N/OFQ) (Ciccocioppo et al., 2002; Ciccocioppo et al., 2003; Martin-Fardon et
al., 2010). N/OFQ is structurally related to the opioid peptide dynorphin A, but binds with
high affinity at the opioid receptor-like 1 (ORL-1), now included in the opioid receptor
family and renamed N/OFQ-opioid peptide receptor, hereafter referred as NOP (Reinscheid
et al., 1998; Reinscheid et al., 2001). N/OFQ and NOP are widely distributed throughout the
brain, but are expressed at particularly high levels in limbic and limbic-related regions,
including regions implicated in stress-regulatory functions such as the bed nucleus of the
stria terminalis (BNST), the central nucleus of the amygdala (CeA), cortex, septum, and
subnuclei of the hypotalamus (Neal et al., 1999a, b). Administration of N/OFQ in the BNST
attenuates stress-associated anorexia produced by administration of corticotropin-releasing-
factor (CRF) into the BNST (Ciccocioppo et al., 2004a; Ciccocioppo et al 2003). CRF is
known to play a key role in physiological responses to stress; therefore, the anti-anorectic
effects of N/OFQ have also been attributed to anti-anxiety actions resulting from functional
antagonism of CRF neurotransmission in the BNST (Vale et al., 1981; Ciccocioppo et al.,
2003). N/OFQ and its receptor NOP are also distributed in structures such as the amygdala
and the BNST that have been implicated in behavioral effects triggered by various drugs of
abuse, especially alcohol (Ciccocioppo et al., 1999; 2004b; Roberto and Siggins, 2006).

N/OFQ may have some specificity for attenuating behavior motivated by ethanol as
suggested by findings that N/OFQ attenuates stress-induced ethanol but not cocaine-seeking
in rats (Martin-Fardon et al., 2000). Lastly, whereas N/OFQ does not decrease ethanol
consumption in nondependent Wistar rats (Economidou et al., 2008), it does so in post-
dependent Wistar rats that are known to also show elevated anxiety-like behavior (Martin-
Fardon et al., 2010). Thus, a link appears to exist between the regulation of anxiety by the N/
OFQ-NOP system and its role in ethanol seeking and reinforcement. Similarly, recent
association studies suggest a link between polymorphisms of the NOP transcript and
alcoholism (Huang et al., 2008; Xuei et al., 2008). Therefore, the NOP receptor represents a
potential pharmacotherapeutic target for relapse prevention as well as attenuation of ongoing
ethanol abuse (for review, see Martin-Fardon et al., 2010).

The present study was designed to further investigate the role of the N/OFQ-NOP system in
regulating withdrawal-associated anxiety and to detect changes in N/OFQ-NOP-related gene
expression at different stages of ethanol abstinence. For this purpose, anti-anxiety actions of
N/OFQ in rats with or without a history of ethanol dependence were investigated, combined
with identification of the post-ethanol time dependence of these actions. Moreover, the study
of Prepro-N/OFQ (ppN/OFQ) and NOP gene expression was performed in selected
structures of the central nervous system (CNS) known to be involved in ethanol-related
behavioral changes — the CeA, the BNST, and the lateral hypothalamus (LH) (Kauer and
Malenka, 2007; Koob, 2008) and are also sites of action of N/OFQ.
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Methods and Materials

Subjects

Drugs

Surgery

Male Wistar rats (Charles River, Wilmington, MA), weighing 200-250g on arrival, were
used. Rats were pair-housed on a 12-h (Lights off at 2100) light/dark cycle in a temperature
and humidity controlled vivarium with ad /ibitum availability of food and water. Behavioral
tests were conducted between 1200-1900. All procedures were conducted in strict
adherence to the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use Committee of The
Scripps Research Institute.

N/OFQ (Phe-Gly-Gly-Phe-Thr-Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asp-Glu) was
dissolved in sterile isotonic saline and administered intracerebroventricularly (ICV) in a
volume of 1ul. Aliquots containing concentrations of 0, 0.5 pg (0.28 nmol), 1.0 ug (0.55
nmol), and 2.0 ul (1.11 nmol) were prepared via serial dilution of stock solution stored at
—20° C. Ethanol solution (25% wi/v) was prepared by diluting 95% ethanol in a vehicle
solution consisting of a dietary supplement (Boost®, Nestle).

Ten days before ethanol (or vehicle) treatments, rats were stereotaxically implanted with a
stainless steel guide cannula (0.5mm external diameter) aimed at the lateral cerebral
ventricle (AP -1.0; L 1.8; V —3.0; with reference to bregma; Paxinos & Watson, 2007). N/
OFQ or vehicle was administered through a stainless steel injector that extended 1.0 mm
beyond the cannula.

Drug administration

Procedures

N/OFQ was administered 10 min before behavioral test sessions. Dose selection was
counterbalanced between the elevated plus maze and shock-probe defensive burying tests to
control for potential order effects.

Ethanol intoxication by intragastric intubation—Ethanol dependence (Dependent, N/
= 74) was induced using an intragastric intubation procedure in which ethanol was
administered four times daily for six consecutive days. On the first day, rats were intubated
with a total of 11.0 g/kg ethanol in 4 fractional doses of 3.0, 3.0, 2.5, and 2.5 g/kg ethanol,
administered at 4-hour intervals. During days 2 to 6, 12 hours after the last intubation on the
preceding day, rats received a total of 10.0 g/kg ethanol in 4 fractional doses of 3.0, 2.5, 2.5,
and 2.0 g/kg, again separated by 4-hour intervals. Rats serving as nondependent controls
(Nondependent, A=79) were intubated with vehicle solution for ethanol (Boost®, Nestle) at
time intervals and relative volumes identical to those in ethanol-dependent rats (22 ml/kg/

day).

Measurement of blood ethanol levels—Tail blood (approximately 200 ul) was
collected on day 5 immediately before the first daily dose of ethanol and 1 h after the second
and third daily doses. Samples were collected and subsequently centrifuged (10 min, 5000
rpm). Ethanol content was assayed from 5 pl plasma aliquots using an oxygen-rate alcohol
analyzer (Analox Instruments, Lunenburg, MA).

Measurement of ethanol withdrawal signs—Rats were examined daily for physical
signs of withdrawal between 10-12 h after the last ethanol intubation. Using a withdrawal
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rating scale adapted from Macey and colleagues (1996), ethanol withdrawal signs including
ventromedial limb retraction (VLR), vocalization when handled, tail rigidity, and body
tremors were scored. Each withdrawal measure was assigned a score of 0-2, reflecting
increasing severity. The sum of the four observation scores (0-8) was used as a quantitative
measure of withdrawal severity.

Behavioral test procedures

One or three weeks following the last day of intragastric intubation rats were tested in the
elevated plus-maze and defensive burying tests, using separate groups of rats for the two
post-ethanol time points.

Elevated plus-maze—The elevated plus-maze apparatus was constructed of Plexiglas
and consisted of four arms (10 X 50 cm) positioned at right angles and elevated 50 cm above
the floor. Two arms were fitted with 40 cm high dark walls (enclosed arms). The other two
arms had 0.5 cm high ledges (open arms). The elevated plus-maze was located in a quiet
room that provided 1.5-2.0 lux of illumination for the open arms and <1 lux for the enclosed
arms. On test day, rats were habituated for at least 2 h in the presence of white noise (70 dB;
Realistic sound amplifier, model SA-10). Rats were then placed individually onto the center
of the maze facing a closed arm, with white noise (70 dB) present. During the 5-min test,
behavior was recorded by video camera and later scored under blind conditions for time
spent in the open and closed arms.

Shock-probe defensive burying—This procedure was conducted in a standard
polycarbonate cage (43 X 20 X 20 cm) containing a 5 cm layer of bedding material. During
testing, a 6.5-cm long electrical probe (Staco Energy Products, Dayton, OH) was inserted
through a 2-cm diameter opening located 2.5 cm above the bedding material in the center of
the chamber’s long side. The probe was connected to a Coulborn precision shocker (model
E13-01, Allentown, PA), calibrated to deliver 1.5 mA of current upon contact.

Rats were tested the day following the elevated plus-maze test. Animals had previously been
habituated to the defensive burying apparatus (without the shock probe) on 2 consecutive
days for a total of 5 h in the presence of white noise (70 dB). On the third day, rats were
subjected to a test session with the electrified probe. Upon contact with the probe and shock
delivery, verified by a startle response, the probe was deactivated and subsequent burying
behavior was recorded for the next 10 min by video camera for later scoring. Bedding was
changed and the cage washed with water between tests. Video recordings of each animal
were scored for the duration of (1) burying, (2) freezing, defined as rigid immaobile posture,
(3) ambulation, and (4) rearing. In addition, shock reactivity was scored on a four-point
scale (Pesold and Treit, 1992), based on the startle response exhibited by the rat upon first
contact with the electrified probe. The shock reactivity scale measured: (1) flinch involving
only the forepaw or head; (2) whole body flinch without ambulation away from the shock
probe; (3) whole body flinch and/or jumping with ambulation away from the shock probe;
and (4) whole body flinch and/or jumping followed by running to the opposite side of the
test cage. This scale provides an index of the amount of pain produced by contact with the
probe, a parameter that may influence burying behavior.

Quantitative Real-Time (RT)-PCR—Rats were subjected to the same ethanol
dependence induction (and control) procedures as for the behavioral studies above and
euthanized one or three weeks post-ethanol. For tissue collection, rats were deeply
anesthetized and decapitated, their brains rapidly extracted, frozen in methylbutane, and
stored at —80 °C. Brains were subsequently dissected into coronal sections, and brain regions
of interest were collected by 15-gauge tissue punches. Sampled regions included the BNST
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(0.12 to 0.96 mm; with reference to bregma; Paxinos & Watson, 2007), CeA (1.44to - 2.70
mm), and LH (2.80 to —4.16 mm). Brain punches were frozen on dry ice and stored at —80
°C. Total RNA was extracted using RNeasy Mini kit from Qiagen followed by DNase
treatment. Integrity of RNA and absence of genomic DNA were checked by gel
electrophoresis. RNA concentrations were measured with a Nanodrop. RNA with an
0OD260/0D280 ratio above 1.8 were used, subjected to DNase treatment and converted to
cDNA (SuperScript Il Reverse Transcriptase, Invitrogen, Oligo(dT)12-18, 300ng RNA).
Relative abundance of each mRNA species was assessed by real-time PCR using 5ng cDNA
template, lightCycler 480SYBR Green | Master reaction mix (Roche Applied Science) on a
Mastercycler eprealplex (Eppendorf). Relative expression of mMRNA was calculated using
the comparative Ct method. All data were standardized with GAPDH as an endogenous
reference gene, since all treatments did not change its levels in our experimental conditions
(data not shown). RNA data from ethanol dependent and nondependent rats were normalized
relative to RNA data from an additional group of experimentally naive rats, age and weight-
matched to rats in the ethanol (or vehicle) intubation group. Relative expression of different
gene transcripts was calculated by the Delta-Delta Ct method and converted to a relative
expression ratio (2-A ACt) for statistical analysis (Livak and Schmittgen 2001). The melting
curve (60°C to 95°C) confirmed that the amplification product was specific. The primers
used for PCR amplification are shown in table 1 and were designed using Primer3 software.

Statistical Analyses—Differences in time spent on the open arms of the elevated plus-
maze or the duration of burying in the shock-probe defensive burying test were analyzed
separately for each post-ethanol time point by two-way analysis of variance (ANOVA) with
ethanol history (dependent, nondependent) and AYOFQ dose as between subjects variables.
The same statistical approach was employed to analyze total arm entries on the elevated plus
maze, duration of freezing and ambulation, as well as shock reactivity in the SPDB test.
Somatic ethanol withdrawal signs were analyzed for differences between ethanol-dependent
and nondependent rats by independent t-test. Differences in RNA expression between
groups within each brain region were analyzed by two-way ANOVA with ethanol history
(dependent, nondependent) and post-ethanol time (one or three weeks) as between-subjects
variables, followed by Newman-Keuls post-hoc tests or planned comparisons between
experimentally naive rats and ethanol history conditions.

Blood alcohol concentrations

Mean (£ SEM) blood alcohol levels on Day 5 of the intragastric intubation procedure,
reached 183.2 + 14.5 mg % following the second dose of ethanol and 252 + 12.7 mg %
following the third daily dose.

Ethanol withdrawal ratings

The overall score (mean £ SEM) for signs of somatic withdrawal in ethanol dependent rats
was 5.2 £ 0.3 and significantly higher (t15; = 21.9, p< 0.0001) than in vehicle controls (0.6
+0.1).

Behavioral measures of anxiety

One-week withdrawal time point

Elevated plus maze: Ethanol-dependent rats treated with N/OFQ vehicle showed
suppressed open arm exploration vs. nondependent controls. N/OFQ dose-dependently
reversed this suppression in dependent rats and increased open arm exploration in vehicle
controls at the highest N/OFQ dose (Figure 1A). Data were expressed as percent open arm
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time, calculated as [seconds in open arms / (seconds in open arms + seconds in closed arms)]
x100. ANOVA revealed a main effect of ethanol history (F1 gg = 9.27; p < 0.01), NVOFQ
dose (F3 68 = 6.22; p< 0.001) and an ethanol history x N/OFQ dose interaction (F3 gg =
2.97, p<0.05). Newman-Keuls tests (p < 0.05) revealed decreased percent open arm time
for ethanol-dependent animals vs. nondependent controls at the vehicle dose of N/OFQ.
Increased percent open arm time was observed in both groups at 2.0 pg of N/OFQ while in
ethanol-dependent rats N/OFQ also increased percent open arm time at 1.0 pg (p < 0.05). No
differences were observed between dependent and nondependent controls with respect to the
number of total arm entries, indicating that motor activity was not significantly altered by
either ethanol history or administration of N/OFQ (see Table S1).

Shock-probe defensive burying: Ethanol-dependent rats exhibited an overall increase in
burying duration. N/OFQ produced differential effects as a function of ethanol treatment
history (Figure 1B). ANOVA revealed main effects of ethanol history (F1 6 = 6.70, p <
0.05), NVVOFQ dose (F3 68 = 11.82, p< 0.0001) and a significant ethanol history x N/OFQ
dose interaction (F3 gg = 3.01, p < 0.05). In the ethanol-dependent group, Newman-Keuls
tests confirmed significant decreases in burying duration at the 1.0 ug and 2.0 pg doses of N/
OFQ. Newman-Keuls tests also confirmed a significant effect of N/OFQ in nondependent
controls but only at the 2.0 pug dose (p < 0.05). A significant increase in burying duration in
ethanol-dependent vs. vehicle control rats receiving N/OFQ vehicle was confirmed by
Newman-Keuls test (p < 0.05). No differences were observed between ethanol-dependent
and nondependent rats treated with N/OFQ vehicle with respect to freezing duration,
ambulation, or shock reactivity (see Table S1).

Three-week withdrawal time point

Elevated plus maze: Ethanol dependent and nondependent rats treated with N/OFQ vehicle
no longer showed differences in open arm exploration at the 3-week withdrawal time point
(Figure 2A). However, with increasing doses of N/OFQ, open arm exploration decreased in
ethanol-dependent rats whereas, in nondependent rats, N/OFQ produced a dose response
profile similar to that at the one-week test point (Figure 2A). These divergent effects of N/
OFQ were confirmed by a main effect of ethanol history (F1 g9 = 15.68, p < 0.001) and a
significant ethanol history x N/OFQ dose interaction (F3 g9 = 7.58, p < 0.001). Newman-
Keuls tests did not reveal any significant differences between ethanol-dependent rats and
nondependent controls at the vehicle dose of N/OFQ. The N/OFQ dose response profile in
nondependent controls remained essentially identical to that recorded one week post-ethanol
where N/OFQ increased percent open arm time only at the 2.0-ug dose. In ethanol-
dependent rats, however, N/OFQ dose-dependently decreased percent open arm time at both
the 1.0 pug and 2.0 pg doses vs. 0 ug (p < 0.05; Newman-Keuls, see Fig. 1A and 2A). No
differences were observed between dependent and nondependent controls with respect to the
number of total arm entries, indicating that motor activity was not significantly altered by
either treatment history or administration of N/OFQ (see Table S2).

Shock-probe defensive burying: As in the elevated plus maze test, differences were no
longer observed in defensive burying between ethanol dependent and nondependent rats
treated with N/OFQ vehicle. However, in contrast to its suppressant effects on burying
behavior at the 1-week withdrawal time point, N/OFQ failed to decrease burying behavior in
ethanol dependent rats at any dose and even significantly increased this behavior at the 1-ug
dose (Figure 2B). ANOVA revealed a significant main effect of ethanol history (F1 g9 =
5.37, p<0.05) and a significant ethanol history x N/OFQ dose interaction (F3 g9 = 3.61, p<
0.05) for burying duration. In ethanol-dependent animals, Newman-Keuls tests confirmed a
significant increase in burying at the 1.0 vs. 0-pug dose of N/OFQ (p < 0.05). Similar to the 1
week abstinence time, Newman-Keuls tests confirmed a significant decrease in burying
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duration as a result of N/OFQ in nondependent rats but only for the 2.0 vs. 0-ug dose (p <
0.05). The highest dose of N/OFQ produced increases in the duration of freezing behavior in
ethanol dependent rats but not in nondependent controls (Table S2). With respect to duration
of freezing, ANOVA revealed a significant ethanol history x N/OFQ dose interaction (F3 g9
= 3.43, p< 0.05). Newman-Keuls tests confirmed a significant increase in freezing duration
at the 2.0 vs. 0-pug dose of N/OFQ (p < 0.05). No differences were observed between
dependent and nondependent controls in shock reactivity or ambulation (Table S2).

Real Time (RT)-PCR

NOP gene expression in the BNST—An overall increase in NOP gene expression in
ethanol-dependent animals vs. controls (Figure 3A) was confirmed by ANOVA revealing a
significant main effect for ethanol history (F1 3g = 23.48, p < 0.0001). Newman-Keuls tests
confirmed a significant increase in expression in ethanol-dependent animals vs. vehicle-
controls at both 1 and 3 weeks of abstinence (p < 0.05). Planned comparisons revealed
significant differences between ethanol-dependent and experimentally naive rats at both 1
week (t1g = 9.32, p<0.0001) and 3 weeks (t19 = 15.67, p < 0.0001) of abstinence.

ppN/OFQ gene expression in the BNST—Increased ppN/OFQ gene expression was
observed for both ethanol- and nondependent animals at 1 vs. 3 weeks of abstinence (Figure
3B). These observations were confirmed by ANOVA showing a significant main effect for
post-ethanol time (F1 3g = 32.67, p < 0.0001) followed by Newman-Keuls tests that revealed
significant differences for both ethanol-dependent and nondependent rats at 1 vs. 3 weeks (p
< 0.05). Planned contrasts also revealed that both ethanol- (t19 = 7.65, p < 0.0001) and
nondependent (t;9 = 13.41, p< 0.0001) animals differed from naive controls at 1 but not 3
weeks of abstinence.

NOP gene expression in the CeA—No significant differences or interactions in NOP
gene expression were found between the experimentally naive, ethanol-dependent and
nondependent animals at 1 vs. 3 weeks of abstinence (Fq 35 = 0.87; NS). As well, differences
between ethanol-dependent and nondependent rats were not statistically different at either 1
or 3 weeks of abstinence (F1 3g = 2.31; NS) (Figure 4A).

ppN/OFQ gene expression in the CeA—Ethanol dependent rats showed increased
ppN/OFQ mRNA levels compared to both nondependent rats and vehicle controls at the 3-
week abstinence point as well as a significant increase vs. ethanol-dependent animals at the
1-week abstinence point (Figure 4B) as reflected by a significant ethanol history x post-
ethanol time interaction (F1 35 = 24.45, p < 0.0001). Significant differences between ethanol
dependent and nondependent rats at the 3-week abstinence time point, as well as between
ethanol-dependent animals at 1 vs. 3 weeks, were confirmed by Newman-Keuls post hoc
tests (p < 0.05). Planned contrasts revealed that ethanol dependent rats also differed
significantly from experimentally naive controls at 3 weeks of abstinence (tjg = 6.4, p<
0.0001).

NOP gene expression in the LH—NOP mRNA levels were increased in both ethanol-
dependent and nondependent rats at 1 week of abstinence and remained elevated in ethanol-
dependent rats at 3 weeks of abstinence (Figure 5A), reflected by a significant main effect of
time (F1 44 = 12.34, p< 0.01) and ethanol history x post-ethanol time interaction (F1 44 =
9.60, p< 0.01). Planned comparisons confirmed elevated mMRNA levels in both ethanol-
dependent (to3 = 11.21, p< 0.0001) and nondependent (to3 = 13.55, p < 0.0001) animals at 1
week vs. naive controls as well as increased expression levels in ethanol-dependent animals
(to3 = 14.5, p< 0.0001) vs. naive controls at 3 weeks of abstinence. Additionally, Newman-
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Keuls tests confirmed the increased expression levels in ethanol-dependent over
nondependent rats at 3 weeks of abstinence (p < 0.05).

ppN/OFQ gene expression in the LH—There were no significant differences or
interactions among the three experimental conditions in ppN/OFQ gene expression at either
1 or 3 weeks of abstinence (Figure 5B). ANOVA revealed no significant main effects or
interaction (F1 44 = 0.77; NS).

Discussion

One week following withdrawal, ethanol dependent rats exhibited increased behavioral
manifestations of anxiety in both the elevated plus maze and defensive burying tests,
consistent with dysregulation of stress regulatory function (e.g., Martin-Fardon et al., 2010
for review). N/OFQ dose-dependently reversed the exacerbated anxiety-like behaviour
observed in ethanol-dependent rats and produced anxiolytic-like effects in nondependent
rats at a high (2 pg) dose, similar to the previously reported anxiety-reducing actions of this
peptide (Ciccocioppo et al., 2004; Jenck et al., 1997, Kamei et al., 2004; Economidou et al.,
2011).

Three weeks following withdrawal, anxiety-like behavior in dependent rats no longer
differed from nondependent rats in either the elevated plus maze or defensive burying tests
(Fig. 2), suggesting that chronic ethanol- or withdrawal-induced dysregulation of N/OFQ-
NOP neurotransmission is transient. However, altered levels of anxiety during protracted
abstinence often are not manifest behaviorally until introduction of external stressors (e.g.,
Zhao et al 2007b; Valdez et al., 2003) or pharmacological manipulations (e.g., Aujla et al.,
2008; Sidhpura et al., 2010). This was evident also in the present data where, despite
identical “baseline” anxiety-like behavior, N/OFQ produced a markedly divergent dose-
response profile in ethanol-dependent vs. nondependent rats, with anxiogenic-like or
anxiolytic-like actions depending on ethanol history. In ethanol dependent rats, N/OFQ
decreased open arm exploration and increased defensive burying at 1.0 ug, consistent with
increased anxiety-like behavior, whereas behavior in nondependent controls was
characterized by the same dose-response profile as in the one-week post-ethanol tests,
continuing to be consistent with anti-anxiety actions of N/OFQ. While the duration of
burying in post-dependent rats decreased to vehicle levels at the 2.0 ug N/OFQ dose, this
effect is unlikely to reflect an anxiolytic action because, at this dose, N/OFQ also produced
significant freezing behavior that interferes with the burying response. A similar inverse
relationship between burying and freezing has been reported in rats treated with the CRF
agonist stressinl-A (Zhao et al., 2007b). At a low dose, this anxiogenic agent increased
burying without inducing freezing responses, but induced significant freezing at a high dose,
with burying behavior returning to vehicle levels (Zhao et al., 2007b). The increased
freezing response produced by the 2.0-ug N/OFQ dose in ethanol-dependent rats does not
reflect alterations in pain sensitivity since no differences were observed in shock reactivity
at this dose compared to animals receiving N/OFQ vehicle. As well, freezing responses
associated with the 2.0-ug dose cannot be attributed to general motor impairment, given the
lack of group differences in either ambulation in the shock-probe burying test or total
number of arm entries in the elevated plus maze test.

The behavioral findings in ethanol-dependent rats at the three-week abstinence time point
may reflect neuroplasticity resulting in a distinct “switch” from an anxiolytic to anxiogenic
action of N/OFQ or, alternatively, an interaction between time-dependent post-ethanol
alterations in N/OFQ-NOP function and biphasic dose-response effects of N/OFQ
previously reported in mice (Kamei et al., 2004) and rats (Sandin et al., 2004). For example,
in the hole-board test, an animal model of anxiety in mice, a low N/OFQ dose (0.01 nmol)
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increased head dips, indicative of anxiolytic action, whereas a high dose (5.0 nmol)
decreased this behavior, reflective of anxiogenic action (Kamei et al. 2004). Both the
anxiolytic- and anxiogenic-like actions of the low vs. high N/OFQ doses were sensitive to
reversal by the NOP-functional antagonist nocistatin, confirming that both actions are
mediated by NOP (Kamei et al., 2004). Such biphasic dose-response effects may also
account for reports of anxiogenic-like effects of N/OFQ in the EPM in rats (Fernandez et al.,
2004). However, while biphasic actions of N/OFQ have been observed with respect to motor
output (Devine et al., 1996; Florin et al., 1996) and learning (Sandin et al., 2004; Liu et al.,
2007), studies examining broad dose ranges that may reveal biphasic effects on anxiety-like
performance in rats are lacking. Considering the evidence that N/OFQ can exert anxiety-like
actions in EPM tests in rats and produce a biphasic dose-response profile in mice, the
emergence of anxiogenic effects at previously anxiolytic NJOFQ doses between the one and
three-week post-ethanol period may reflect a leftward shift of a biphasic N/OFQ dose-
response profile. However, support for this hypothesis would require documentation of
anxiolytic effects at N/OFQ doses of less than 0.5 pg at the three-week post-ethanol time
point and this hypothesis remains for further evaluation.

A more likely alternative explanation for the failure to observe a reduction in anxiety-like
behavior at the 0.5-pug dose in ethanol-dependent rats is that neuroplasticity associated with a
history of ethanol dependence, rather than producing a shift in the dose response profile,
leads to a “switch” from anxiolytic to anxiogenic actions of N/OFQ. Indeed, the differential
actions of N/OFQ on anxiety-like behavior in ethanol nondependent and dependent rats one
week post-ethanol suggest that adaptations in the N/OFQ-NOP system had occurred as a
result of dependence induction, followed by further adaptations over the three-week
withdrawal period. This hypothesis is tentatively supported by alterations in N/OFQ-NOP
function quantified in terms of Prepro-N/OFQ (ppN/OFQ) and NOP gene expression at the
two stages of ethanol withdrawal. These findings revealed changes in both ppN/OFQ and
NOP gene expression in the BNST, CeA, and LH of ethanol-dependent rats. More
specifically, in the CeA, ppN/OFQ gene expression in ethanol-dependent animals was
markedly higher three weeks post-withdrawal compared to both nondependent controls and
experimentally naive rats while there were no differences at the one-week abstinence time
point (Fig. 4B). The differential ppN/OFQ gene expression time-course in the CeA
correlates with the differential behavioral response to N/OFQ at the one and three-week
abstinence time points, although the “baseline” anxiety-like behavior of ethanol-dependent
animals had returned to levels of nondependent controls at three week post-withdrawal.
Thus, at the one-week abstinence time point the status of the N/OFQ-NOP system in CeA
was unmodified as revealed by the absence of ppN/OFQ and NOP gene expression
alterations in this brain area. Conversely, at three weeks, the increase in ppN/OFQ gene
expression in ethanol-dependent rats possibly reflects the presumptive “switch” from
anxiolytic to anxiogenic actions of N/OFQ.

It cannot be ruled out that these time-dependent differential N/OFQ actions depend on
interactions with stress-regulatory systems. For example, the functionally related
extrahypothalamic CRF stress system changes during the transition from acute to protracted
abstinence in a manner that parallels changes in anxiety-like behavior (Zorilla et al., 2001;
Zhao et al., 2007). Given that a functional antagonist relationship exists between CRF and
N/OFQ, with N/OFQ serving an “anti-CRF” role (Ciccocioppo et al., 2002; 2003; 2004), the
differential anxiolytic vs. anxiogenic actions of N/OFQ in ethanol-dependent vs. control rats
three weeks post-withdrawal possibly reflects the consequences of a concurrent
dysregulation in CRF and N/OFQ-NOP neurotransmission. Indeed, CRF release in the CeA
is a factor in alcohol withdrawal-related anxiety since blockade of CRF receptor in the CeA
attenuate the anxiogenic effects of alcohol withdrawal (Rassnick et al., 1993). Moreover, N/
OFQ prevents ethanol-induced increases in GABAergic transmission in the CeA (Roberto
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and Siggins, 2006). In this structure, GABA- and CRF-mediated mechanisms play a role in
motivational effects of ethanol, in anxiety associated with ethanol dependence, and ethanol
seeking during abstinence (Rassnick et al., 1993). Therefore, it is plausible that anti-CRF
actions of N/OFQ occur in the CeA and that the increased ppN/OFQ gene expression in the
CeA at the three week withdrawal time point may represent a neuroadaptive response,
possibly CRF-induced, opposing increased post-ethanol anxiety apparent at the one-week
withdrawal time point. In other words, at the level of the CeA, the NJOFQ-NOP system may
respond to the withdrawal-related increase in anxiety, experienced the first week of
abstinence, with an overproduction of ppN/OFQ, which is revealed at 3 weeks of abstinence.
This adaptation would increase N/OFQ production to counteract the increase in anxiety
occurring at one week withdrawal time point.

The NOP and ppN/OFQ gene expression findings in the CeA are consistent with a recent
report that pronociceptin gene expression is significantly increased on the first day of
alcohol abstinence, and returns to control levels one-week post withdrawal (D’ Addario et
al., 2011). This suggests that the N/OFQ-NOP system in the CeA does not play a significant
role in withdrawal-related anxiety at this time point of the withdrawal progression.
However, the present finding that three weeks post-ethanol ppN/OFQ gene expression was
significantly increased in ethanol-dependent rats compared to nondependent and control
animals suggest that the ppN/OFQ gene expression changes at one day and three week
withdrawal time point may reflect a cascade of neuroadaptive changes triggered by the
ethanol abstinence. However, unlike the alterations observed in ppN/OFQ expression, the
present study, consistent with D’Addario et al. (2011), revealed no changes of NOP gene
expression in the CeA, at these time points (Fig. 4A). While we did not observe any
alteration of CeA NOP as a function of ethanol history or withdrawal duration, increased
NOP expression has been demonstrated in other studies, including that of Green and Devine
(2009) which demonstrated increased NOP mRNA in the CeA in response to acute social
defeat. Thus, the lack of increased NOP gene expression in our study, even when the anxiety
levels were elevated suggests that these alterations are, at least in part, stimulus-dependent
(that is social defeat stress versus ethanol withdrawal triggered anxiety). Also, it is quite
possible that brain regions apart from those examined in our paper may play an important
role in open arm exploration or defensive burying. Further work in future studies will be
required to establish exactly which adaptations contribute to the observed behaviours.

In the LH, ppN/OFQ gene expression was unchanged during abstinence in both
experimental groups. However, NOP gene expression was elevated compared to naive
controls at the one-week time point in both ethanol-dependent and nondependent rats. Thus
this finding remains inconclusive with respect to providing a mechanism for our behavioral
obvservations. While the observed decrease in NOP expression would, at face value, be at
odds with the idea of increased sensitivity to N/OFQ, it is not entirely clear that the
decreased expression in receptors reflects decreased efficiency at these sites. Gene
expression for NOP allows for quantification of the receptors in a steady state situation, but
it does not necessarily indicate other types of changes that may occur within the system that
may mediate, or contribute to, the observed behavioural alterations (e.g. changes in receptor
efficiency as a function of g-protein coupling, alterations in trafficking, etc). Also, it is quite
possible that brain regions apart from those examined in our paper may play an important
role or that the changes are stimulus specific, as discussed earlier.

However, unlike in nondependent controls, NOP gene expression in the LH remained
significantly elevated three weeks post-ethanol in ethanol-dependent compared to
experimentally naive rats (Fig. 5). These changes in LH gene expression can perhaps be
explained in the context of the role of CRF in this brain region. CRF-immunopositive
terminals in the LH establish excitatory synapses with neurons synthesizing hypocretins (de
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Lecea et al., 1998; Winsky-Sommerer et al., 2004). Hypocretins participate in regulating
ethanol reward and re-establishment of ethanol seeking through actions in the LH and VTA
(Dayas et al., 2008; Lawrence et al., 2006). It is plausible that withdrawal associated CRF
activation in the LH elevates hypocretin release (Winsky-Sommerer et al., 2004) altering the
activity of N/OFQ neurons that have recently been discovered to make synaptic contacts
with hypocretin neurons in the LH (Gerashchenko et al., 2011). Indeed, in the LH, N/OFQ
blocks stress-induced analgesia via direct inhibition of hypocretin neurons (Gerashchenko et
al., 2011). It is therefore reasonable to speculate that an analogous mechanism contribute to
anxiety triggered by the ethanol abstinence and that the increased NOP gene expression in
the LH may represent an up-regulation to counteract CRF-induced hyperactivity of
hypocretin neurons during withdrawal. Thus, the differential elevation of ppN/OFQ gene
expression in the CeA at three, but not one week post-withdrawal parallels the differential
effects of N/OFQ on anxiety-like behaviour. This alteration, along with the differential
upregulation of NOP gene expression in the LH, may possibly represent a factor in the
transition of N/OFQ’s actions from anxiolytic to anxiogenic.

In the BNST, ethanol-dependent rats showed increased NOP gene expression at both the
one- and three-week week abstinence time points relative to nondependent controls and
experimentally naive rats. The increased NOP gene expression one week post-withdrawal is
likely to also be linked in part to CRF-dependent regulation of stress and anxiety responses
in the BNST. Stress responses induced by intra-BNST administration of CRF are attenuated
by coadministration of N/OFQ (Ciccocioppo et al., 2004a; Ciccocioppo et al 2003). More
importantly, intracerebroventricular CRF administration increases NOP receptor expression
in the BNST suggesting that stressful stimulation results in elevated NOP expression (Rodi
et al., 2008). Thus, the increased NOP gene expression in the BNST of ethanol-dependent
rats one week post ethanol, a time point associated with high anxiety-like behavior, may
reflect elevated CRF transmission. Inconsistent with this interpretation, however, is the
disappearance of anxiety-like behavior in ethanol-dependent animals three weeks post-
ethanol in the presence of increased NOP gene expression. Understanding of this
discrepancy remains for future research.

What represents a challenge for interpretation is increased ppN/OFQ gene expression in the
BNST, as well as increased expression of NOP in the LH, at the one-week time point in
nondependent animals vs. naive controls. At first glance, these alterations appear to be
linked to the ethanol administration procedure per se. However, a previous experiment
examining this issue failed to find effects of the intubation procedure per se on anxiety-like
behavior on the EPM (Braconi et al., 2010). Thus, the increased expression of ppN/OFQ
gene expression in the BNST and NOP gene expression in the LH appears to be uncoupled
from overt behavioral changes.

In summary, among the many changes in ppN/OFQ and NOP gene expression, only the
differential levels of ppN/OFQ transcript in the CeA and of NOP transcript in the LH at the
one- and three-weeks post-ethanol paralleled the transition of N/OFQ’s actions from
anxiolytic to anxiogenic. Other changes, although substantial, are not clearly conclusive at
present with respect to their significance for the differential behavioral effects of N/OFQ at
the two post-ethanol time points.

Overall, the results confirm that N/OFQ is effective in attenuating anxiety-like behavior in
ethanol nondependent rats, but reveal that N/OFQ produces stronger anxiolytic effects in
rats with a history of ethanol dependence during the early postdependence phase, reflective
of a heightened sensitivity to N/OFQ. However, during a later post-ethanol stage N/OFQ
produces anxiogenic effects. This effect is may be the result of a switch in N/OFQ’s anxiety
regulatory function from anxiolytic to anxiogenic irrespective of dose. Changes in ppN/OFQ
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and NOP gene expression show a different time-course in the CeA, BNST, and LH,
providing evidence of a time-related functional role of the N/OFQ-NOP system in these
brain areas during ethanol withdrawal. Differential ppN/OFQ gene expression in the CeA
paired with differential upregulation of NOP gene expression in the LH may represent a
factor in the transition of N/OFQ’s actions from anxiolytic to anxiogenic, although the exact
mechanism underlying this switch remains to be clarified. Understanding of these issues will
be essential for determining the suitability of the N/OFQ-NOP system as a target for the
treatment of alcohol abuse. Several lines of evidence have implicated the NOP receptor as a
promising pharmacotherapeutic target for various aspects of the ethanol addiction cycle.
These include reduction of ongoing ethanol use (Ciccocioppo et al. 2004b), alleviation of
withdrawal symptoms (Economidou et al., 2011), and interference with craving and relapse
(Martin-Fardon et al., 2000; Ciccocioppo et al. 2004b) associated with both exposure to
stress and ethanol cues (for review, see Martin-Fardon et al., 2010). While the present
findings are consistent with this evidence in terms of treatment target promise of the N/OFQ
system during early stages of ethanol withdrawal and abstinence, the role and the
significance of this system as potential treatment target in long-term craving and relapse
prevention requires further clarification, particularly with respect to appropriate dosing.
Future studies examining the actions of NOP antagonists on anxiety-related performance in
alcohol-dependent animals would be invaluable in differentiating between the alternative
adaptations in the NOP-N/OFQ system that underlie the observed behavioural alterations.
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Effects of N/OFQ on anxiety-like behavior as determined 1 week following termination of
chronic ethanol (ethanol-dependent) or vehicle (nondependent) administration in (A) the

elevated plus maze and (B) defensive burying tests. Ethanol-dependent rats showed

significantly increased behavioral manifestations of anxiety in both the elevated plus maze
(reduced open arm time) and defensive burying (longer burying duration) models. N/OFQ
dose-dependently reversed anxiety-like behavior in ethanol-dependent rats. In nondependent
rats, N/OFQ produced anxiolytic-like effects, but only at the highest (2 pg) dose. * p< 0.05
vs. vehicle (0 dose) within the same group; 8 p< 0.05 vs. nondependent.
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Figure2.

Effects of N/OFQ on anxiety-like behavior measured 3 weeks following termination of
chronic ethanol (ethanol-dependent) or vehicle (nondependent) administration in (A) the
elevated plus maze and (B) defensive burying tests. Overt anxiety-like behavior in ethanol-
dependent rats no longer differed from that of nondependent rats in terms of either elevated
plus maze or defensive burying performance (see zero dose, vehicle condition). As during
the 1-week post-withdrawal test (Figure 1), N/OFQ produced anxiolytic-like effects at the
high (2ug) dose in nondependent rats. In contrast, N/OFQ produced anxiogenic-like effects
at doses of 1.0 ug (elevated plus maze, defensive burying) and 2 pg (elevated plus maze) in
ethanol-dependent rats. * p< 0.05 vs. vehicle (0 dose) within the same group; 8 p< 0.05 vs.
nondependent.
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Figure 3.

Relative gene expression levels of (A) NOP or (B) ppN/OFQ, in the BNST of rats measured
1 week or 3 weeks following termination of chronic ethanol (ethanol-dependent) or vehicle
(nondependent) administration. Data are expressed as mean (£SEM) values relative to
MRNA levels in experimentally-naive age-matched controls. * p< 0.05, ** p< 0.01, *** p
<0.001.
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Figure4.

Relative gene expression levels of (A) NOP or (B) ppN/OFQ, in the CeA of rats measured 1
week or 3 weeks following termination of chronic ethanol (ethanol-dependent) or vehicle
(nondependent) administration. Data are expressed as mean (xSEM) values relative to
mMRNA levels in experimentally-naive age-matched controls. *** p < 0.001.
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Figure5.

Relative gene expression levels of (A) NOP or (B) ppN/OFQ, in the LH of rats measured 1
week or 3 weeks following termination of chronic ethanol (ethanol-dependent) or vehicle
(nondependent) administration. Data are expressed as mean (xSEM) values relative to
mMRNA levels in experimentally-naive age-matched controls. ** p< 0.01.
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Table 1

Primer sequences for real-time (RT)-polymerase chain reaction

Forward (5°- 3) Reverse (5°- 3) Size
GAPDH AGACAGCCGCATCTTCTTGT CTTGCCGTGGGTAGAGTCAT 207
ppN/OFQ | TGCAGCACCTGAAGAGAATG | CAACTTCCGGGCTGACTTC 170
NOP AGCTTCTGAAGAGGCTGTGT | GACCTCCCAGTATGGAGCAG | 101
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