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The purpose of this study was to test the hypothesis that activation of the dynorphin/kappa (k)-opioid system has a role in the increased

consumption of ethanol in dependent animals. The effects of three opioid receptor antagonists with different effects on opioid receptors,

naltrexone, nalmefene, and nor-binaltorphimine (nor-BNI), were compared in their ability to decrease ethanol self-administration in

nondependent and ethanol-dependent male Wistar rats. Nalmefene and naltrexone are both opioid receptor ligands with comparable

molecular weights and pharmacokinetic profiles, but differing specificity for the three opioid receptor subtypes at low doses, while nor-

BNI is a selective k-opioid receptor antagonist. Dependence was induced in half the animals by subjecting them to a 4-week intermittent

vapor exposure period in which animals were exposed to ethanol vapor for 14 h per day. Subsequent to dependence induction,

nalmefene, naltrexone, and nor-BNI were tested for their ability to modulate self-administration of ethanol in vapor-exposed and control

rats. The results indicated that both nalmefene and naltrexone induced a significant dose-dependent decrease in the number of lever

presses for ethanol in both groups of animals. However, in ethanol-dependent animals, nalmefene was significantly more effective in

suppressing ethanol intake than naltrexone. Nor-BNI selectively attenuated ethanol-dependent self-administration while leaving

nondependent ethanol self-administration intact. Because naltrexone is primarily selective for the m-opioid receptor, and nalmefene is

primarily selective for the m- and k-opioid receptor subtypes, the fact that nalmefene demonstrates more suppression in dependent

animals suggests that opioid systems distinct from the m-regulated portion may be involved in the increased drinking seen during

withdrawal in dependent animals. The results with nor-BNI confirm that k-opioid receptor antagonism selectively decreases

dependence-induced ethanol self-administration, which supports the hypothesis that dynorphin/k-opioid systems are dysregulated in

dependence and contribute to the increased drinking seen during acute withdrawal in dependent rats.
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INTRODUCTION

The acute effects of ethanol have been shown to be both
reinforcing and rewarding in animal models such as
operant self-administration (Anderson and Thompson,
1974; Smith and Davis, 1974) and the conditioned place
preference paradigm (Bozarth, 1990; Walker and Ettenberg,
2007). Ethanol produces its effects on the central nervous
system via a variety of pharmacological mechanisms. These
include alterations in the function of the cholinergic,
dopaminergic, g-aminobutyric acid, glutamatergic, opio-
idergic, and serotonergic neurotransmitter systems (for
review see Eckardt et al, 1998). In the case of the
endogenous opioid system and its receptor subtypes (m, d,
kFselective for the three main classes of endogenous

opioids: b-endorphin, enkephalins, and dynorphins, re-
spectively), acute ethanol has been shown to stimulate the
release of b-endorphin, enkephalins, and dynorphin in
humans and rats (Gianoulakis et al, 1996; Marinelli et al,
2003, 2004; Dai et al, 2005; Marinelli et al, 2005, 2006).
Blockade of the receptors for these endogenous ligands by
naltrexone and naloxone has been shown to reliably
decrease ethanol consummatory behaviors (Gonzales and
Weiss, 1998; Stromberg et al, 2001; Coonfield et al, 2002;
Shoemaker et al, 2002). In fact, evidence has led researchers
to postulate that a surfeit of opioidergic activity enhances
the rewarding properties of ethanol (Hubbell et al, 1988;
Marglin et al, 1988; Reid, 1996) and may be related to
continuing ethanol intake once it has begun (ie binge
drinking). Furthermore, b-endorphins and enkephalins
have themselves been shown to be rewarding (ie produce
a positive hedonic state) and reinforcing in that they
produce place preferences (Amalric et al, 1987; Agmo and
Gomez, 1991) and support self-administration behavior
(Belluzzi and Stein, 1977; Goeders et al, 1984).

In contrast, k-opioid receptor agonists produce place
aversions (Mucha and Herz, 1985) and are morphologically
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in a spatial location that enables them to oppose the effects
of m-opioid receptor agonists (Di Chiara and Imperato,
1988b) and directly inhibit motivationally relevant dopa-
mine neurons at both the somatic and terminal regions
within the mesocorticolimbic dopamine system (Di Chiara
and Imperato, 1988a; Margolis et al, 2003, 2006).

An important question is how opioidergic systems change
with the development of dependence when there is an
increase in the motivation to consume ethanol. Aside from
the ability of acute ethanol to activate endogenous opioids,
numerous investigations have evaluated the effects of
chronic ethanol on opioid peptide systems. In both humans
and animals, chronic ethanol exposure has induced changes
in opioid peptide systems that generally reflect down-
regulation of the positive and upregulation of the negative
hedonic portion of the systems. These changes range from
alterations in the levels of the peptides themselves
(Gianoulakis et al, 1996; Lindholm et al, 2000), changes in
receptor densities and effector systems (Turchan et al, 1999;
Chen and Lawrence, 2000), as well as modifications of
mRNA coding for both the peptides and receptors
(Przewlocka et al, 1997; Rosin et al, 1999; Cowen and
Lawrence, 2001). Therefore, the purpose of the present
series of experiments was to test the hypothesis that
alterations in k-opioid-regulated systems have a role in
mediating the increased ethanol consumption associated
with dependence.

To evaluate ligands with differential affinity for the opioid
receptor subtypes for their ability to attenuate ethanol self-
administration, the present experiment compared the
effects of three opioid receptor antagonists (ie naltrexone,
nalmefene, and nor-binaltorphimine (nor-BNI)) on non-
dependent and ethanol-dependent self-administration of
ethanol during acute withdrawal. Naltrexone is now an
approved drug for the treatment of alcoholism based on its
efficacy in reducing craving for and consumption of ethanol
(Volpicelli et al, 1992), and nalmefene has shown clinical
utility in the treatment of alcoholism (Mason et al, 1994;
Anton et al, 2004). However, naltrexone, although classified
as a general opioid receptor antagonist, actually has a
higher affinity for the m-opioid receptor subtype than the d
and k subtypes at low doses (Abbott et al, 1986; Millan,
1989; Millan et al, 1989; Walker et al, 1994; Stromberg et al,
1998). Nalmefene is also classified as a general opioid
receptor antagonist and is equipotent with naltrexone at the
m-opioid receptor, but unlike naltrexone, has a higher
affinity for the k and d receptors in rats (Michel et al, 1985)
and the k receptor in humans (Bart et al, 2005). Therefore,
even at low doses, nalmefene can be considered a ‘true’
general opioid receptor antagonist.

Thus, based on the fact that naltrexone and nalmefene
have dissociable binding profiles at the opioid receptors,
and that previous research has shown acute changes in b-
endorphin, met-enkephalin, and dynorphin in response to
ethanol (Gianoulakis et al, 1996; Marinelli et al, 2003, 2004,
2005, 2006; Dai et al, 2005), the purpose of the present study
was to compare ligands with mechanisms of action that are
either m-opioid (ie naltrexone) or m-, d-, and k-opioid (ie
nalmefene) receptor based for their ability to attenuate
ethanol self-administration in nondependent and ethanol-
dependent rats during acute withdrawal. Furthermore, to
test directly the contribution of dynorphin systems to the

increased ethanol self-administration observed during acute
withdrawal, central k-opioid receptors were selectively
targeted for antagonism in nondependent and ethanol-
dependent rats. Therefore, in one experiment, nalmefene
and naltrexone were peripherally administered, and in the
second, the selective k-opioid receptor antagonist nor-BNI
was administered intracerebroventricularly (ICV) immedi-
ately before operant ethanol self-administration sessions in
nondependent rats and ethanol vapor-exposed rats during
acute withdrawal.

METHODS

Animals

Twenty-eight male Wistar rats (Charles River Laboratory,
Kingston, NY) weighing approximately 200 g upon arrival
were communally housed (2–3 per cage) with food and
water available ad libitum. The animals were housed within
a temperature-controlled (21.51C) vivarium that was main-
tained on a 12 h light/dark cycle (lights on at 0800). On their
arrival in the vivarium, animals were gently handled daily
over a 1-week period (until the onset of operant condition-
ing). The work described herein adheres to the guidelines
stipulated in the NIH Guide for the Care and Use of
Laboratory Animals and was reviewed and approved by The
Scripps Research Institute’s Institutional Animal Care and
Use Committee.

Operant Chambers

The operant chambers (Coulbourn Instruments, Allentown,
PA) utilized in the present study had two retractable levers
located 4 cm above a grid floor and 4.5 cm to each side of a
two-well acrylic drinking cup that allowed for up to two
solutions to be administered upon the pressing of the
appropriate lever. Recording of operant responses and
subsequent fluid delivery were controlled by custom soft-
ware running on a PC computer. A lever press resulted in
the activation of a 15 r.p.m. Razel syringe pump (Stanford,
CT) which delivered 0.1 ml of fluid to the appropriate well
over 0.5 s. During the 0.5 s of pump activation, no responses
were recorded. Operant chambers were individually housed
in ventilated, sound-attenuated cubicles to minimize
environmental disturbances.

Acquisition of Operant Ethanol Self-Administration

The initial operant training was based on an adaptation of
Samson’s sweetened fading procedure (Samson, 1986) and
allowed animals to initially respond for a ‘SuperSacc’
solution (SS) consisting of 3% glucose and 0.125%
saccharin. This solution serves as a potent reinforcer and
makes it unnecessary to water restrict animals to induce the
initial lever pressing behavior. For 1 week, animals were
trained to press on a continuous schedule of reinforcement
(fixed-ratio 1) for SS alone. The animals were then switched
to a two-lever condition with SS + 10% ethanol (w/v; 10E)
resulting from an operant response on one of the levers and
water resulting from a response on the alternate lever,
with the position of the SS + 10E lever and water lever being
alternated from left to right each session. After 1 week of SS
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+ 10E, animals were allowed to self-administer a 0.125%
saccharin + 10E solution for four sessions at which point the
animals were switched to a 10E solution. Animals were
allowed to self-administer 10E and water until stable self-
administration rates were established before the onset of
intermittent ethanol vapor exposure. A total of 16 animals
were allocated for the naltrexone/nalmefene dose-response
curve experiment, while 12 animals were designated for use
in the nor-BNI experiment. Once stable ethanol self-
administration had occurred, the animals designated for
each experiment were split into two groups that were
matched for their ethanol self-administration over 26 (ie
nalmefene/naltrexone experiment, n¼ 8 per group) or 23 (ie
nor-BNI experiment, n¼ 6 per group) sessions, with one
group designated as ‘ethanol vapor exposed’ and the other
as ‘air exposed’.

Surgical Procedures

Following stable ethanol self-administration, those animals
used in the nor-BNI experiment were implanted with
bilateral guide cannulae into the lateral ventricles. Surgeries
were conducted under deep gas anesthesia produced by
inhalation of 2% isofluorane gas (Savmart Pharmaceutical
Services Inc., San Diego, CA). Bilateral stainless steel guide
cannulae (24 gauge; Plastics One, Roanoke, VA) were
implanted using standard stereotaxic techniques and the
coordinates (from dura) of AP�0.36, DV�4.4 and ML73.7
at �201 from verticle (Paxinos and Watson, 2005). The
guide cannulae were secured in place by the use of acrylic
dental cement and stainless steel jeweler’s screws that were
affixed to the animal’s skull and served as anchor points.
The open ends of the guide cannulae were sealed by
inserting obdurators (31 gauge; Plastics One, Roanoke, VA);
this served to maintain cannula patency and reduce the risk
of infection. Following surgery, the animals were allowed to
recover for 1 week before being placed into the vapor
chambers for dependence induction.

Ethanol Vapor Chamber Process

Ethanol vapor exposure has been shown to reliably allow for
the titration of blood alcohol levels (BALs) that are
sufficient for inducing ethanol dependence (Roberts et al,
1996, 2000; O’Dell et al, 2004). In this paradigm, BALs can
be easily titrated by the experimenter to fit established
criterion and the animals show normal weight gain and are
freely moving (Rogers et al, 1979). Standard rat cages were
housed in separate clear plastic chambers that were sealed
and ethanol vapor or air was pumped through the
chambers. Ethanol vapor was created by dripping 95%
ethanol into 2000 ml Erlenmeyer flasks that remained at
501C due to a warming tray. Air (11 l/min) was passed over
the bottom of the flask so that when the ethanol contacted
the warm glass and was vaporized, the air carried it into the
vapor chamber. Alteration of the ethanol vapor concentra-
tion was accomplished by modulating the airflow into the
chamber. Target BALs were 150–200 mg% across the 4-week
exposure period and were determined by sampling blood
collected from the tail (0.5 ml) twice a week and assaying it
for ethanol content using the Analox microstat GM7
(Analox Instruments Ltd., Lunenberg, MA).

In these experiments, animals were subjected to inter-
mittent vapor exposure (14 h on/10 h off) over the course of
4 weeks. Intermittent vapor exposure has been shown to be
more effective at inducing dependence (ie enhanced ethanol
self-administration) compared to continuous ethanol vapor
exposure (O’Dell et al, 2004).

Post-Vapor Pharmacological Challenge of Ethanol
Self-Administration Responding

Following the 4-week dependence induction period result-
ing from ethanol vapor exposure, all animals were tested in
self-administration sessions on Tuesdays and Fridays at a
time point corresponding to 6 h into withdrawal for the
ethanol vapor-exposed animals (ie 6 h after the ethanol
vapor was terminated for that day) to confirm differences in
baseline ethanol self-administration responding between
the ethanol vapor- and air-exposed groups and to allow for
stable ethanol self-administration behavior. Following each
test session, the animals were returned to the vapor
chambers and allowed to reexperience ethanol vapor or
air as described above.

Nalmefene/Naltrexone Pharmacological Challenges

When ethanol self-administration was stable for 3 days, a
s.c. saline injection was given 30 min before the next
self-administration session to determine whether such an
injection would affect baseline self-administration. Once it
was deemed ineffective at altering baseline self-administra-
tion, pharmacological challenges ensued. Initially, a
nalmefene dose-response curve (0.0, 0.025, 0.05, and
0.1 mg/kg, s.c.) was conducted according to a Latin
square-design with test days being carried out on Tuesdays
and Fridays to minimize drug carryover effects. On all test
days, blood was collected before the ethanol vapor
termination for the test day to confirm that target BALs
were met. Following the test trials, the animals were
returned to the vapor chambers.

Once the nalmefene dose-response curve for ethanol-
dependent and -nondependent animals was completed, the
animals were allowed to reestablish baseline ethanol self-
administration over three sessions (over 1 week) that was
comparable to their pre-nalmefene dose-response curve
performance. Subsequently, a naltrexone dose-response
curve (0.0, 0.1, 0.5, and 1 mg/kg, s.c.) was conducted
according to a Latin square design with test days being
carried out on Tuesdays and Fridays at a time point
corresponding to 6 h of ethanol withdrawal.

Nor-Binaltorphimine Pharmacological Challenge

After 2 days of post-dependence induction ethanol self-
administration sessions, an ICV vehicle infusion was
injected immediately before the next self-administration
session. After habituation to the injection procedure,
pharmacological challenges ensued. Nor-BNI (0.5, 1, and
2 mg/side) was administered immediately before ethanol
self-administration sessions according to a Latin square
design. On all test days, blood was collected before the
ethanol vapor termination for the test day to confirm that
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target BALs were met. Following the test trials, the animals
were returned to the vapor chambers.

Drugs

Naltrexone was purchased from Sigma Chemical Co. (St
Louis, MO), and nalmefene was donated by Mallinckrodt
Inc. (Hazelwood, MO). Both compounds were soluble in
0.9% physiological saline and were injected via a SC route of
administration 30 min before the operant ethanol self-
administration sessions.

Nor-binaltorphimine was purchased from Tocris
Bioscience (Ellisville, MO). Nor-BNI was soluble in 0.9%
physiological saline and was injected via an ICV route of
administration immediately before the operant ethanol self-
administration sessions. Nor-BNI was administered into the
lateral ventricles in a volume of 0.5 ml/side over 90 s, using a
syringe pump fitted with a 10 ml syringe. Internal cannulae
(31 gauge, extending 2 mm beyond cannula guide; Plastics
One, Roanoke, VA) were left in place for 60 s following the
termination of the infusion to ensure drug diffusion away
from the cannula tip.

Data Analysis

To confirm statistically appropriate dependent-like acute
withdrawal behavior, responding on the last three post-
vapor ethanol self-administration sessions before the
pharmacological testing were compared in ethanol vapor-
and air-exposed animals using a mixed-factor two-way
analysis of variance (ANOVA). The between-subjects factor
was level of dependence (ie vapor exposed or air exposed)
and the within-subjects factor was session.

Data Analysis: Nalmefene/Naltrexone

One animal was removed from the nondependent group due
to health complications. Dependent and nondependent
ethanol and water self-administration data following
nalmefene and naltrexone administration were first indivi-
dually analyzed using a mixed factor two-way ANOVA
with level of dependence (ie vapor exposure or air
exposure) as the between-subjects factor and dose as the
within-subjects factor. Next, nalmefene and naltrexone
dose-response curves for ethanol and water responding
were analyzed using a one-way ANOVA. Post hoc least
significant difference (LSD) tests were conducted if a
main effect for dose was found. The dose ranges for
nalmefene and naltrexone were constructed so that at least
one dose of each drug was overlapping (based on the
molecular weights), which allowed for direct comparisons.
A two-way mixed-factor ANOVA was computed on the
effects of 0.1 mg/kg nalmefene and naltrexone in nonde-
pendent and ethanol-dependent animals with level of
dependence as the between-groups factor and drug as the
within-subjects factor. Post hoc paired-sample t-tests
were conducted on the appropriate pairings if an interaction
was found.

Data Analysis: Nor-Binaltorphimine

Due to loss of a cannula guide, one animal in the dependent
group was removed from the study. Of the remaining eleven

animals, three from the nondependent group and one
from the ethanol-dependent group had missing values.
To prevent loss of all data from those animals using a
within-subjects analysis, five missing observations for
ethanol and water reinforced lever pressing following nor-
BNI administration (11% of the data matrix) were imputed
using the Gibbs sampler algorithm for a multivariate mixed
model with incomplete data, as previously described
(Schafer, 1999; Schafer and Graham, 2002). Ten complete
data sets were imputed, and each was analyzed with a
mixed-model two-way ANOVA using PROC MIANALYZE
of SAS 9.1 (SAS Institute, Cary, NC). Parameter estimates
from each analysis were then combined to obtain a single
set of results following procedures described elsewhere
(Rubin, 1987, 1996).

RESULTS

Nalmefene/Naltrexone

The data from the last three post-vapor period self-
administration sessions before the onset of pharmacological
challenges (Figure 1, right panel) was analyzed using a
mixed factor two-way ANOVA which identified a main
effect for vapor exposure (F(1, 13)¼ 5.173; po0.05)
indicating the induction of dependence was successful.
Additionally, since the response pattern across days was
stable, the ANOVA did not find significant differences for
session (F(2, 26)¼ 0.049; p40.05) or a Session�Vapor
interaction (F(2, 26)¼ 0.044; p40.05).

Figure 2 illustrates the effects of nalmefene and naltrex-
one on ethanol-dependent and nondependent self-admin-
istration of ethanol. The two-way ANOVA analyzing the
effects of nalmefene on ethanol responding identified a
main effect of Vapor (F(1, 13)¼ 11.048; po0.01) and Dose
(F(3, 39)¼ 15.686; po0.001). The results of the repeated-
measures one-way ANOVA computed on the effects of
nalmefene on ethanol self-administration indicated a main
effect of Dose in both the ethanol-dependent (F(3, 24)¼
11.086; po0.001) and nondependent (F(3, 18)¼ 7.603;
po0.01) animals. Post hoc LSD tests confirmed that
nalmefene dose-dependently reduced ethanol self-adminis-
tration compared to vehicle with the 0.025 (po0.05 for
ethanol-dependent and 0.01 for nondependent), 0.05
(po0.01), and 0.1 mg/kg (po0.01) doses producing
significant effects. The two-way ANOVA computed on
the naltrexone data identified a main effect of Vapor
(F(1, 13)¼ 4.927; po0.05), Dose (F(3, 39)¼ 26.835;
po0.001) and a Vapor�Dose interaction (F(3, 39)¼ 5.594;
po0.01). The repeated measures one-way ANOVA identi-
fied that the effects of naltrexone on ethanol self-adminis-
tration in ethanol-dependent and nondependent groups
showed a main effect of Dose (F(3, 21)¼ 19.482; po0.001
and F(3, 18)¼ 11.39; po0.001, respectively). Furthermore,
post hoc LSD tests confirmed that compared to vehicle, the
0.1 (po0.05), 0.5 (po0.01) and 1.0 mg/kg (po0.01)
naltrexone doses significantly reduced responding in
nondependent animals, whereas only the 0.5 (po0.01) and
1.0 mg/kg (po0.01) doses significantly affected ethanol-depen-
dent self-administration of ethanol. Neither nalmefene nor
naltrexone affected water self-administration for ethanol-
dependent and -nondependent animals (see Figure 3).
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Figure 2 Mean ( + SEM) responses for ethanol following nalmefene (0.0–0.1 mg/kg) and naltrexone (0.0–1.0 mg/kg) administration in nondependent and
ethanol-dependent animals during acute withdrawal. Both nalmefene and naltrexone-induced dose-dependent decreases in ethanol self-administration
(*po0.05 and **po0.01 compared to vapor-exposed vehicle dose; #po0.05, and ##po0.01 compared to air-exposed vehicle dose).

Figure 3 Mean ( + SEM) responses for water following nalmefene (0.0–0.1 mg/kg) and naltrexone (0.0–1.0 mg/kg) administration in nondependent and
ethanol-dependent animals during acute withdrawal.

Figure 1 Left panel: Mean (7SEM) responses for ethanol and water prior to dependence induction for the ethanol vapor- and air-exposed groups. Right
panel: Mean (7SEM) responses for ethanol and water at a time point corresponding to 6 h into withdrawal (ie, acute withdrawal) following dependence
induction. The vapor-exposed animals display escalated responding compared to the air-exposed controls.
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Figure 4 depicts the effect of 0.1 mg/kg nalmefene and
naltrexone on nondependent and ethanol-dependent self-
administration of ethanol. A mixed-factor two-way ANOVA

identified a significant main effect for Vapor and Drug (F(1,
13)¼ 4.847; po0.05 and F(1, 13)¼ 8.444; po0.05, respec-
tively), as well as a significant Vapor�Drug interaction
(F(1, 13)¼ 5.379; po0.05). Consequently, paired-sample
t-tests were computed for the effects of nalmefene and
naltrexone on ethanol-dependent self-administration of
ethanol. The results showed that 0.1 mg/kg nalmefene was
significantly (p¼ 0.014) more effective than 0.1 mg/kg
naltrexone in suppressing ethanol self-administration in
ethanol-dependent rats.

Nor-Binaltorphimine

The data from the three post-vapor self-administration
sessions before the onset of pharmacological challenges was
analyzed using a mixed factor two-way ANOVA. A main
effect for level of Vapor (F(1, 9)¼ 23.655; po0.001) was
identified, which showed that the induction of dependence
was successful.

The effect of nor-BNI on ethanol self-administration for
nondependent and ethanol-dependent animals at a time
point corresponding to 6 h into withdrawal is displayed in
Figure 5. The parameter estimates computed from the
results of the mixed-model two-way ANOVAs that were
conducted on the imputed data sets for ethanol self-
administration following nor-BNI administration identified
a main effect of Vapor (t(1, 9)¼�2.75; po0.05), Dose
(t(3, 27)¼�3.59; p40.01), and a significant Vapor�Dose
interaction (F(3, 27)¼ 4.12–5.77; po0.01). Post hoc com-
parisons identified that responding for ethanol after
infusions of the 0.5, 1, and 2 mg/side doses of nor-BNI in
ethanol-dependent animals was significantly reduced com-
pared to vehicle-treated sessions (po0.01), although none
of the doses statistically differed from each other. Nor-BNI
failed to affect nondependent ethanol self-administration at
any dose. As seen in Figure 6, neither nondependent nor
ethanol-dependent water self-administration was altered by
nor-BNI.

DISCUSSION

The primary purpose of this study was to compare the
effects of three opioid antagonists, naltrexone, nalmefene,
and nor-BNI, on operant responding for ethanol during
acute withdrawal in ethanol-dependent rats. Following 1
month of intermittent ethanol vapor exposure and when
tested at a time point equal to 6 h into withdrawal, the
vapor-exposed groups displayed increased responding for
ethanol compared to the air-exposed controls which is
consistent with previous studies from this laboratory
(Roberts et al, 1996, 2000; O’Dell et al, 2004; Walker and
Koob, 2007).

Naltrexone dose-dependently reduced ethanol self-ad-
ministration at a time point corresponding to 6 h into
withdrawal (acute withdrawal) for both the ethanol-
dependent and -nondependent animals, without affecting
water self-administration. Nalmefene also induced a dose-
dependent decrease in ethanol self-administration behavior
in both the nondependent and ethanol-dependent animals
during acute withdrawal, also without affecting water self-
administration. These results are consistent with the

Figure 4 Mean (7SEM) responses for ethanol in nondependent and
ethanol-dependent animals following 0.1 mg/kg nalmefene or naltrexone.
Nalmefene attenuated responding for ethanol significantly more than
naltrexone (*po0.05) in ethanol-dependent animals.

Figure 5 Mean ( + SEM) responses for ethanol in nondependent and
ethanol-dependent animals during acute withdrawal following nor-BNI
treatment before self-administration sessions. Nor-BNI selectively attenu-
ated ethanol self-administration in dependent animals (**po0.01,
***po0.001 compared to vapor-exposed vehicle dose).

Figure 6 Mean ( + SEM) responses for water in nondependent and
ethanol-dependent animals during acute withdrawal following nor-BNI
treatment before self-administration sessions.
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published literature which identifies that both nalmefene
(June et al, 1998, 2004) and naltrexone (Stromberg et al,
1998, 2001; Coonfield et al, 2002; Shoemaker et al, 2002;
Stromberg, 2004) have the ability to attenuate ethanol
consummatory behaviors.

As noted above, naltrexone and nalmefene have a
differential profile in binding to opioid receptors. When a
direct comparison was made between naltrexone and
nalmefene on opioid receptor binding affinity, it was clearly
shown that while both nalmefene and naltrexone had
equipotent binding affinities for the m-opioid receptor,
nalmefene had a twofold increase in potency at the k-opioid
receptor compared to naltrexone (Michel et al, 1985) at low
doses. The affinity of nalmefene for the k-opioid receptor
has also been observed in humans (Bart et al, 2005). In the
present experiment, a dose-to-dose comparison was made
possible by the fact that nalmefene and naltrexone have
virtually identical molecular weights (339.4 and 341.4,
respectively) and pharmacokinetic profiles (Advanced
Chemistry Development, 2006). Equivalent doses (0.1 mg/
kg) of nalmefene and naltrexone attenuated ethanol self-
administration similarly in nondependent animals which
presumably reflects their comparable binding profiles at the
m-opioid receptor. Conversely, when those same doses of
nalmefene and naltrexone were tested in ethanol-dependent
animals during acute withdrawal, nalmefene significantly
decreased responding for ethanol, whereas naltrexone did
not. It was only when the dose of naltrexone was raised that
it had the ability to reduce the responding of ethanol-
dependent animals, reflecting that at higher concentrations
there was increased binding at non-m-opioid receptors. The
dissociation found between nalmefene and naltrexone at
low doses suggests that some adaptation had occurred in
the opioid peptide systems that only became evident when
two ligands with differential affinities for the opioid
receptors were used. Since the primary difference between
the two compounds is their binding profile (ie k-opioid
receptor binding or not), a putative explanation for the
differential effects on ethanol consumption would be that
changes in the non m-opioid receptor-regulated portion of
the opioid peptide system are occurring during the
transition to dependence. Thus, by administering a
compound that can antagonize the k-opioid receptor in
addition to antagonizing the m-opioid receptor (ie nalme-
fene), the result was significantly more suppression of
ethanol responding.

Because the naltrexone dose-response curve was estab-
lished after the nalmefene dose-response curve, it could be
that the decreased efficacy of naltrexone at low doses was
the result of an order effect. However, there were a number
of factors that helped to mitigate such a concern. First,
nalmefene challenges only occurred three times with at least
3 days between each challenge, which should protect against
any drug-induced neuroadaptations. Second, the animals
were allowed to reestablish ethanol self-administration that
was comparable to rates observed before the nalmefene
challenge before naltrexone was tested. Third, the naltrex-
one experiment’s vehicle-treated responding was virtually
identical to that observed in the nalmefene component.
Lastly, if three acute tests of nalmefene did somehow affect
the responsivity of the system to naltrexone, one might
expect those effects to occur in both nondependent and

dependent animals. However, the dissociation observed was
restricted to dependent animals only, while the nondepen-
dent animal’s level of responding was relatively comparable
for both nalmefene and naltrexone. In summary, the three
acute tests of nalmefene did not appear to alter the later
response to naltrexone.

If the acute reinforcing properties of ethanol are in part
mediated by the m-opioid receptor as suggested by the
common effect of both nalmefene and naltrexone on
nondependent ethanol self-administration, as well as the
published literature (Hyytia, 1993; Krishnan-Sarin et al,
1998; Stromberg et al, 1998; Koob et al, 2003), then
compensatory alterations in the dynorphin system would
fit well with the opponent-process theory (Solomon and
Corbit, 1974) and contemporary theories of allostasis (Koob
et al, 1997; Roberts et al, 2000; Koob and Le Moal, 2001)
when applied to animals in an ethanol-dependent state.
Thus, if m-opioid receptor stimulation produces positive
hedonic states (Amalric et al, 1987), then one putative
compensatory mechanism that could occur would be an
increase in the function of dynorphin and/or the k-opioid
receptors, stimulation of which produces negative hedonic
states (Mucha and Herz, 1985). The dynorphin/k-opioid
receptor system is morphologically in a spatial location that
enables it to oppose the effects of m-opioid receptor agonists
(Di Chiara and Imperato, 1988b) and directly inhibit
motivationally relevant dopamine neurons at both the
somatic and terminal regions within the mesocorticolimbic
dopamine system (Di Chiara and Imperato, 1988a; Margolis
et al, 2003, 2006).

To directly test the hypothesis that alterations in
dynorphin systems are involved in the increased responding
for ethanol in dependence, nor-BNI, a selective k-opioid
receptor antagonist was administered ICV before ethanol
self-administration sessions in nondependent and ethanol-
dependent animals during acute withdrawal. The results
showed a selective effect of nor-BNI on alcohol self-
administration in dependent animals, whereas nondepen-
dent animals were unaffected by nor-BNI treatment.
Nor-BNI has been shown to have long-term effects (Jewett
and Woods, 1995; Picker et al, 1996), however, in the
present experiment it was of interest to see whether a
dose-response curve could be established and thus, the
injection regimen was conducted according to a Latin
square design. Although the doses of nor-BNI were
statistically different from vehicle in dependent animals,
the doses did not differ from each other. These results are
consistent with the hypothesized upregulation of dynorphin
systems observed following chronic ethanol as suggested by
decreased mRNA for k-opioid receptors in the NAc and
VTA (Rosin et al, 1999), as well as increased expression
of dynorphin B in the NAc (Lindholm et al, 2000). The
present data are also consistent with previous research
which found that nor-BNI did not affect nondependent
ethanol self-administration (Doyon et al, 2006) or con-
sumption of ethanol within the context of the alcohol
deprivation effect (Holter et al, 2000).

The effects of nor-BNI also fit well with early theories of
motivation such as the Opponent-Process Theory (Solomon
and Corbit, 1974), which provides an explanation for
changes in the hedonic effects of drugs of abuse with
chronic intake. Essentially, this theory states that an
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increase in hedonic state will be followed by a compensatory
decrease in hedonic state. Furthermore, over time, the
positive hedonic state is reduced while the negative affective
component is enhanced to compensate for the continued
perturbation of the affective system. These opponent-
process changes have been linked to allostatic mechanisms
(Koob and Le Moal, 1997, 2001), which are hypothesized to
reflect a new set point from which an individual would be
required to continue ingesting drugs of abuse to maintain a
normal emotional state that without drug is severely
attenuated.

This opponent-process hypothesis for ethanol depen-
dence is supported by the fact that intracranial self-
stimulation thresholds are increased (reflecting anhedo-
nia/dysphoria) during acute withdrawal following chronic
ethanol (Schulteis et al, 1995), as well as the fact that in the
present experiment, blockade of k-opioid receptors and
presumably endogenous dynorphins by nor-BNI was able to
suppress selectively ethanol self-administration in depen-
dent rats while leaving nondependent self-administration
intact. Thus, nor-BNI could be modulating the anhedonia/
dysphoria that occurs during withdrawal in dependent
animals.

The exact nature of the changes in dynorphin systems
that occur during ethanol dependence and withdrawal
remains to be established. However, in support of the
hypothesis that upregulated dynorphin systems could be
contributing to increased ethanol self-administration dur-
ing withdrawal in dependent animals, there is considerable
evidence that blockade of dynorphin systems has efficacy in
animal models of depression, such as the forced swim test
(Pliakas et al, 2001; Mague et al, 2003) and the learned
helplessness paradigm (Newton et al, 2002; Shirayama et al,
2004). Furthermore, not only do models of depression
induce changes in the immunoreactivity of dynorphin in
limbic structures such as the NAc, but certain stressors do
as well (Shirayama et al, 2004) and blockade of dynorphin
ameliorates stress-induced enhancement of cocaine-condi-
tioned place preferences (McLaughlin et al, 2003). There-
fore, it could be that these affect- and stress-related systems
are being modified during dependence and withdrawal and
that the efficacy of nor-BNI is through blockade of these
systems.

In summary, the present experiment identified that
intermittent ethanol vapor exposure was able to induce
dependent-like behavior in Wistar rats as expressed by
increased ethanol intake. Nalmefene suppressed ethanol
self-administration in ethanol-dependent animals when
compared to naltrexone, whereas nalmefene and naltrexone
affected nondependent self-administration comparably.
This dissociation suggested that opioid peptide systems
distinct from m-regulated functioning were undergoing
neuroadaptation during the transition to dependence. In
direct support of this hypothesis, blockade of endogenous
dynorphins by nor-BNI was found to selectively decrease
ethanol self-administration in dependent animals, with no
apparent effects of nor-BNI in nondependent animals. This
suggests that endogenous dynorphin/k-opioid receptor
function is altered in ethanol dependence and withdrawal
and that these alterations could be targeted to alleviate the
negative emotional states associated with ethanol with-
drawal and dependence.
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