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Abstract
Rationale Orexin-1 receptor antagonists have been shown to
block the reinforcing effects of drugs of abuse and food.
However, whether blockade of orexin-2 receptor has similar
effects has not been determined. We have recently described
the in vitro and in vivo effects of JNJ-10397049, a selective
and brain penetrant orexin-2 receptor antagonist.
Objective The goal of these studies was to evaluate whether
systemic administration of JNJ-10397049 blocks the re-
warding effects of ethanol and reverses ethanol withdrawal
in rodents. As a comparison, SB-408124, a selective
orexin-1 receptor antagonist, was also evaluated.
Methods Rats were trained to orally self-administer ethanol
(8% v/v) or saccharin (0.1% v/v) under a fixed-ratio 3
schedule of reinforcement. A separate group of rats received
a liquid diet of ethanol (8% v/v) and withdrawal signs were
evaluated 4 h after ethanol discontinuation. In addition,
ethanol-induced increases in extracellular dopamine levels in
the nucleus accumbens were tested. In separate experiments,
the acquisition, expression, and reinstatement of conditioned
place preference (CPP) were evaluated in mice.
Results Our results indicate that JNJ-10397049 (1, 3, and
10 mg/kg, sc) dose-dependently reduced ethanol

self-administration without changing saccharin self-
administration, dopamine levels, or withdrawal signs in rats.
Treatment with JNJ-10397049 (10 mg/kg, sc) attenuated the
acquisition, expression, and reinstatement of ethanol CPP and
ethanol-induced hyperactivity in mice. Surprisingly, SB-
408124 (3, 10 and 30 mg/kg, sc) did not have any effect in
these procedures.
Conclusions Collectively, these results indicate, for the first
time, that blockade of orexin-2 receptors is effective in
reducing the reinforcing effects of ethanol.
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Introduction

The orexin (or hypocretin) system consists of two neuro-
peptides, orexins-A and -B, which are produced almost
exclusively in the lateral hypothalamus (de Lecea et al.
1998; Sakurai et al. 1998) and project to a wide array of
discrete brain regions (Peyron et al. 1998). The orexin
peptides bind to two orexin receptors, the orexin-1 and -2
receptors. Orexin-B binds with similar affinity to both orexin
receptors, while orexin-A has a 20–30-fold-higher affinity
for the orexin-1 receptor (Sakurai et al. 1998). The orexins
were termed for their initially discovered feeding effect
(Sakurai et al. 1998), and were soon after implicated in
narcolepsy (Chemelli et al. 1999; Lin et al. 1999), which
initiated an intense research effort in the field. Indeed, a vital
function for the orexin system in arousal and sleep/wake
states has clearly been established (for a review, see Ohno
and Sakurai 2008). However, the lateral hypothalamic
location of the orexins, their projections to brain areas
involved in emotional processing, and their role in feeding
would also suggest a possible involvement in appetitive
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behaviors, motivation, or reward, and thereby addiction. The
first suggestion of an interaction between the orexin system
and drugs of abuse were findings of an alteration to the
orexin system after nicotine treatment (Kane et al. 2000,
2001) and altered morphine withdrawal in prepro-orexin
knockout mice (Georgescu et al. 2003). More recent
research, focusing on animal models of drug intake, reward,
and reinstatement, has expanded our knowledge of the
orexin system as it relates to addiction. A comprehensive set
of data now suggest that drugs of abuse activate the orexin
system, which in turn enhances drug reward or drug seeking
(for a review, see Aston-Jones et al. 2009), thus presenting
the exciting possibility of treating addiction with novel
therapeutic interventions that target the orexin system.

Most orexin-addiction research has focused on elucidating
the function of the orexin-1 receptor. It has been shown that
the orexin-1 receptor antagonist SB-334867 attenuates
morphine-conditioned place preference (CPP) and reinstate-
ment (Harris et al. 2005, 2007; Narita et al. 2006), stress-
induced cocaine reinstatement (Boutrel et al. 2005); but see
lack of effect of intra-VTA orexin-1 receptor blockade on
stress-induced cocaine reinstatement (Wang et al. 2009), cue-
induced cocaine reinstatement (Smith et al. 2009), cocaine-
induced synaptic plasticity and sensitization (Borgland et al.
2006), and intake and cue- and stress-induced reinstatement
of ethanol (Lawrence et al. 2006; Richards et al. 2008;
Sakurai et al. 1998). In addition, SB-334867 attenuates
precipitated morphine withdrawal (Sharf et al. 2008) and
nicotine self-administration (Hollander et al. 2008).

Due to a previous lack of publicly available selective
orexin-2 receptor antagonists, very little is known about the
specific role of the orexin-2 receptor in addiction, although
it has recently been reported that an orexin-2 receptor
antagonist does not affect cocaine reinstatement or intake
(Smith et al. 2009). Since orexins-A and -B, which have
similar affinities for orexin-2, but different affinities for
orexin-1 (Sakurai et al. 1998), evoke similar increases in
nucleus accumbens dopamine (DA) levels and produce
similar CPP at similar doses (Narita et al. 2007), this
suggests that the orexin-2 receptor may also be involved in
reward pathways. A recent study substantiates this hypoth-
esis, reporting that the effects of orexin-A on dopaminergic
cell firing were only partially blocked by an orexin-1
receptor antagonist, but fully blocked by an orexin-2
receptor antagonist (Malherbe et al. 2009).

Recently, we described a novel orexin-2 receptor
antagonist, JNJ-10397049, which has good brain exposure
following systemic injection and high affinity and selecti-
vity for the orexin-2 receptor (Dugovic et al. 2009). The
aim of the present study was to test JNJ-10397049 in the
oral ethanol self-administration and conditioned place
preference model, in rats and mice, respectively. Further-
more, since an ideal treatment for ethanol addiction would

also prevent relapse and attenuate withdrawal, we also
examined reinstatement of place preference in mice and
ethanol withdrawal signs in rats. Finally, we also measured
ethanol-induced increases in dopamine by microdialysis.
Ethanol is believed to mediate its rewarding or addictive
effects, at least in part, by stimulation of dopamine in the
nucleus accumbens (Imperato and Di Chiara 1986; Pfeffer
and Samson 1988), and the orexins have been shown to
modulate DA cell firing and DA extracellular levels (Baldo
et al. 2003; Malherbe et al. 2009; Narita et al. 2007). In
addition to testing the orexin-2 receptor antagonist, we also
chose to test SB-408124, a selective orexin-1 receptor
antagonist which has been described in the literature.
SB-408124 has similar affinity and selectivity for the
orexin-1 receptor as SB-334867, but also has faster
clearance (Upton 2005), and reaches full orexin-1 receptor
occupancy in rats after 30 mg/kg s.c., which results in brain
levels of only about 1 μM (Dugovic et al. 2009). SB-408124
has less exposure in the mouse, but still reaches a maximum
exposure of 0.5 μM in the brain, with stable levels from
0–60 min, after 30 mg/kg s.c. (unpublished data).

Materials and methods

Subjects

For the CPP studies, male DBA/2 mice (Jackson Labs),
8–12 weeks old were used. For the self-administration,
microdialysis, and ethanol withdrawal studies, male Wistar
rats (Charles River), weighing 200–320 g, were used.

Subjects were housed on a normal 12 h light–dark cycle
(lights on at 06:00) with food and water (or a liquid diet, in
the case of the withdrawal studies) provided ad libitum.
Experiments took place during the light cycle between
08:00 and 15:00. All methods complied with The Guide for
the Care and Use of Laboratory Animals manual and were
approved by the IACUC.

Oral ethanol and saccharin self-administration

Self-administration experiments were conducted in sound
attenuated operant chambers (Med-Associates, St Albans,
VT, USA) equipped with one house light, two retractable
levers, two stimulus lights located above the levers, and
two liquid hoppers.

Sixteen rats were used in this study. Sessions started with
the illumination of the left and right light and lasted for up
to 30 min or until 100 saccharin rewards were delivered,
whichever occurred first. Initially, all rats were trained to
lever press under a fixed-ratio (FR) 1 schedule of
reinforcement. Pressing the active lever, which was
assigned equally right and left, resulted in the delivery of
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0.1 ml of a liquid solution of saccharin (0.1% v/v). Pressing
the inactive lever had no programmed consequence but was
recorded. When the number of saccharin deliveries was
greater than 50 the FR was increased to 2 and, following
the same criterion, to a final FR3. When the number of
saccharin deliveries was stable for three consecutive
sessions (did not change by more than 20%), half of the
animals were switched to a mixed liquid solution of
saccharin (0.1% v/v) and ethanol (8% v/v) and, upon
reaching stability, to a 0.1 ml solution of ethanol (8% v/v)
only. The remaining half continued to respond for saccharin
(0.1% v/v) only. Tests began when stability was reached
under the final schedule of reinforcement. Specifically, JNJ-
10397049 (15 min pretreatment time at 1, 3, and 10 mg/kg,
s.c.), SB-408124 (0 min pretreatment time at 3, 10, and
30 mg/kg, s.c.), or their respective vehicle was administered
using a Latin-square design. In addition, animals received
naltrexone (30 min pretreatment time at 1 mg/kg, s.c.) as a
positive control.

CPP testing apparatus

An un-biased, two-chamber, custom-made CPP apparatus
was used. The apparatus, made of plexiglass, measured
35.6×20.3×35.6 cm (L×W×H) and was separated into two
equally sized chambers by a wall that ran along the width.
The wall contained a door (7.6×7.6×7.6 cm) that could be
opened or closed. The drug-paired chamber was patterned
with white and black checkers and contained a piece of
filter paper (placed out of reach of the animal) scented with
200 μL of almond extract (Kroger Co., Cincinnati, Ohio).
The opposite chamber contained a similar amount of white
and black, in a cow-print pattern, and a piece of filter paper
scented with 200 μl of lemon extract (Kroger Co.,
Cincinnati, Ohio). The apparatus was lined with eight
photobeams (Kinder Scientific, San Diego, CA) along its
length and four along its width, evenly spaced, to determine
the position and locomotor activity (measured as total cm of
distance traveled) of the animal.

Acquisition of ethanol CPP and ethanol-induced
hyperactivity during conditioning

The methods used were similar to published methods
(Cunningham et al. 1992). On day 1, animals were placed
in the apparatus for 15 min with free access to both
chambers as a habituation, and the time spent in each
chamber was recorded. On days 2–11, on alternating days,
animals were injected with vehicle (water; 12.5 ml/kg) and
confined to the cow-print chamber, or injected with ethanol
(2 g/kg, i.p.) and confined to the opposite chamber, for
5 min. To determine the effects of JNJ-10397049 and SB-
408124 on the acquisition of ethanol CPP, JNJ-10397049

(10 mg/kg, s.c.), SB-408124 (30 mg/kg, s.c.), or vehicle
was injected 1 h before ethanol (2 g/kg, i.p.) conditioning,
with only vehicle injected 1 h before vehicle conditioning.
An additional group of control animals were pretreated with
only vehicle and conditioned to only the ethanol vehicle in
each chamber. Locomotor activity was recorded during
each of these five vehicle and five drug conditioning
sessions to determine the effects of JNJ-10397049 and
SB-408124 on ethanol-induced hyperactivity. On day 13,
animals were placed into the apparatus in a drug-free state
for 15 min, with free access to both chambers, and the time
spent in each chamber was recorded as a test for CPP. In a
separate study, to determine if the effects of JNJ-10397049
on ethanol CPP were due to intrinsic aversive properties, a
separate group of animals were conditioned to JNJ-
10397049 (10 mg/kg, s.c.) or its vehicle, without ethanol,
using the same procedure as above.

Expression of ethanol CPP

A separate group of animals were conditioned to 2 g/kg
ethanol as described above and pretreated with JNJ-10397049
(10 mg/kg, s.c.) or vehicle 1 h before, or SB-408124
(30 mg/kg, s.c.) or vehicle 30 min before, a 15 min CPP test
to determine the effects of the orexin antagonists on the
expression of an already-formed ethanol CPP.

Reinstatement of ethanol CPP

A separate group of animals were conditioned to 2 g/kg
ethanol as described above, given a 15 min CPP test, and
then exposed daily to the CPP apparatus, with free access to
both chambers and without vehicle or ethanol injections,
for 30 min a day to extinguish that CPP. Once the CPP was
extinguished (the mean significantly less than the CPP test
for two consecutive days), animals were assigned to three
treatment groups, which were balanced for time spent in the
drug-paired chamber during habituation, the CPP test, and
the last extinction day. Animals were treated with JNJ-
10397049 (10 mg/kg, s.c.) or vehicle 1 h before receiving a
priming injection of ethanol (1 g/kg, i.p.), and then were
immediately placed in the apparatus for another 15 min test
of CPP.

Ethanol withdrawal

Ethanol dependence was induced by providing animals
with a liquid diet containing ethanol (8% v/v). Initially, rats
had access to a liquid nutritionally complete and calorically
balanced diet (0% ethanol diet). The diet (Research Diets
Inc, New Brunswick, NJ, USA) was in the form of a
powder premix, which contains proteins (49 kcal%),
carbohydrate (24 kcal%) and fat (27 kcal%), and was
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prepared fresh every 24–72 h by mixing it with potable
water. For the 0% ethanol diet, sucrose and corn starch
were also added. After 1 week, rats received the diet mixed
with a fixed percentage of ethanol (8% v/v), by substituting
the sucrose and corn starch with ethanol to obtain the same
kcal as the 0% alcohol diet. The liquid diet was the rat’s
only food source, but provided a complete and calorically
balanced food source. Rats were then maintained on this
ethanol-containing liquid diet for at least 2 weeks and until a
stable baseline of intake was obtained. Our data indicated that
the rats on the forced ethanol diet consumed an average of 9 g/
kg/day of ethanol. Although we did not measure the blood
ethanol content of the animals, others have found that an 8%
ethanol diet results in blood ethanol levels of about 100 mg/dl
and induces withdrawal and anxiety when the ethanol is
withheld after chronic consumption (Knapp et al. 2005; Meert
1993). Our data indicated that clearly at least some level of
dependence was achieved, since the animals displayed signs
of physical withdrawal when the ethanol was withheld.

Tests were conducted once or twice per week when
intake was stable (did not vary by more than 20% of
baseline). On test day, ethanol deprivation was initiated by
substituting the ethanol-liquid diet (8% v/v) with an
ethanol-free liquid diet (0% liquid diet, with sucrose and
corn starch substituted for the ethanol to maintain caloric
level). The following signs of withdrawal were observed
and recorded using a visual rating scale: tremors, piloerec-
tion, muscle rigidity, and vocalization. Specifically, the
absence of a withdrawal sign was recorded as 0, whereas
the presence was recorded as 1. Recording was conducted
twice. First, animals were observed for 15 s while they
were freely moving in the cage, then again for an additional
15 s while they were handled. Thus, the withdrawal sign
rating scale ranged from 0 (no signs) to 8 (all four signs
were present during both ratings). These measurements
were taken at 4 h after removal of the ethanol-liquid diet
(this time point was chosen as the peak of withdrawal based
on our preliminary studies) and also before removal of the
ethanol-liquid diet as a baseline measurement. The pre-
treatment time for diazepam (0.3, 1, and 3 mg/kg, s.c.) and
its vehicle was 30 min. The pretreatment time for JNJ-
10397049 (1, 3, and 10 mg/kg, s.c.), SB-408124 (3, 10, and
30 mg/kg, s.c.), and their respective vehicles was 15 min.
Experiments were conducted using a Latin-square design.

Microdialysis

Microdialysis experiments were performed as previously
described (Dugovic et al. 2009) using a guide cannula
(Eicom, Kyoto, Japan) in the nucleus accumbens core
(incisor bar, −3.5 mm, +1.8 mm anterior, 1.6 mm lateral,
and 6.0 mm ventral to Bregma; Paxinos and Watson 1997).
Microdialysis probes (2 mm active membrane length,

Eicom) were perfused with artificial cerebral spinal fluid
(147 mM NaCl, 4.0 mM KCl, 0.85 mM MgCl2, 2.3 mM
CaCl2) at a rate of 1 μl/min and implanted the afternoon
prior to sample collection. The following morning, six 10-
min baseline samples were collected prior to drug injec-
tions. Separate groups of animals were then pretreated with
JNJ-10397049 (10 mg/kg, s.c.), SB-408124 (30 mg/kg, s.
c.), or their respective vehicle, immediately before an
injection of ethanol or its vehicle. Ethanol was diluted to
20% with sterile water and delivered at 15.7 ml/kg (i.p.) for
a dose of 2.5 g/kg. Samples were collected every 10 min for
2-h post dosing into a 96-well plate maintained at 4°C
containing 2.5 μl of antioxidant (0.1 M acetic acid, 1 mM
oxalic acid, and 3 mM L-cysteine in ultra pure water).
Microdialysis samples were analyzed for DA by HPLC
with electrochemical detection (Eicom) as previously
described (Barbier et al. 2007; Bonaventure et al. 2007).

Motor performance

In a follow-up study, to determine if JNJ-10397049 interacted
with ethanol to produce sedative effects that would have
interfered with operant performance, a separate group of rats
were tested on the rotarod (Stoelting, Wood Dale, IL). Briefly,
rats were trained the day before the test to walk on the rotarod
for 60 s. Rats that failed to meet this cutoff criteria of 60 s for
at least three trials (out of a maximum of eight trials) were
excluded from the study. On the following day, animals were
co-injected with vehicle or 10 mg/kg JNJ-1039049 and 0, 1,
or 2 g/kg ethanol, and 15 min later tested on the rotarod with a
single trial. A maximum cutoff time of 60 s was used and 60 s
was averaged in for rats meeting this cutoff. The data from the
rotarod experiment were analyzed using nonparametric
statistics due the non-normal distribution arising from the
imposed cutoff. The data were analyzed with a Kruskal–
Wallis ANOVA followed by Mann–Whitney post-hoc tests
with a Bonferroni correction for multiple comparisons,
comparing JNJ-10397049 to vehicle within each ethanol
group to determine if JNJ-10397049 potentiated ethanol’s
sedative effects, and comparing the two doses of ethanol
(pooled between JNJ-10397049 and vehicle) to its vehicle
group to determine if there was a main effect of ethanol in
producing sedation.

Pharmacological treatments

JNJ-10397049 (1-(2,4-dibromophenyl)-3-[(4S,5S)-2,2-
dimethyl-4-phenyl-1,3-dioxan-5-yl]urea) was formulated
in 5% Pharmasolve, 20% Solutol, 15% hydroxylpropyl-
beta-cyclodextrin and administered at 10 ml/kg to mice
and 1 ml/kg to rats. SB-408124 (1-(6,8-difluoro-2-
methylquinolin-4-yl)-3-[4-(dimethylamino)phenyl]urea)
was formulated in 30% sulphobutylether-beta-cyclodextrin at
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2 ml/kg for rats and in 5% Pharmasolve, 20% Solutol, 15%
hydroxylpropyl-beta-cyclodextrin at 10 ml/kg in mice.
Naltrexone was dissolved in saline and administered at
1 ml/kg. Diazepam was dissolved in 5% dimethylsulfoxide,
20% Cremophor, 75% water and administered at 1 ml/
kg. JNJ-10397049 was synthesized in house, and SB-
408124 was either synthesized in house or purchased
from Tocris (Ellisville, MO, USA). Naltrexone and
diazepam were purchased from Sigma-Aldrich (St Louis,
MO, USA). The doses and pretreatment times of JNJ-
10397049 and SB-408124 were based on their pharma-
cokinetics and ex vivo receptor binding studies (Dugovic et al.
2009).

Data analysis

Self-administration of ethanol and saccharin were measured
as total number of lever presses, using a one-way repeated
measures ANOVA for dose and Duncan post-hoc tests when
appropriate. One-tailed tests were used, since only decreases
in operant respondingwould indicate efficacy. The acquisition
of CPP was analyzed for % time in the drug-paired chamber
using a two-way analysis of variance (ANOVA) for treatment
and test (pre- versus post-conditioning), with repeated
measures on test. Ethanol hyperactivity was measured using
a three-way ANOVA for conditioning session×conditioning
stimulus×treatment, with repeated measures on session and
stimulus, for total distance traveled (cm). Expression and
reinstatement was analyzed for % time in the drug-paired
chamber using a two-way ANOVA for treatment and test
(either expression versus pre-conditioning, or reinstatement
versus extinction), with repeated measures on test. Duncan’s
post-hoc tests were used to detect significant differences,
when appropriate. One-tailed tests were used for the CPP
tests, since the CPP test was used to only measure increases in
time (preference) or increases in activity (hyperactivity).
Microdialysis samples were analyzed as % baseline with a
two-tailed three-way ANOVA for pretreatment, treatment,
and time, with repeated measures on time, and two-tailed
Duncan’s post-hoc tests. Signs of ethanol withdrawal were
analyzed using a two-tailed Kruskal–Wallis ANOVA and
two-tailed Mann–Whitney U tests with Bonferroni correc-
tions as post-hoc tests when appropriate. Data was analyzed
using Graphpad Prism (San Diego, CA) or Statistica (Tulsa,
OK) software.

Results

Ethanol and saccharin self-administration

A one-way repeated measures ANOVA revealed a significant
effect of dose on ethanol responding (Fig. 1a; F(3,15)=3.14,

p=0.03; N=6/group) and further post-hoc analysis revealed
that JNJ-10397049 significantly decreased ethanol self-
administration (total lever presses) at the doses of 3 and
10 mg/kg (p=0.03 and p=0.009, respectively). JNJ-10397049
had no significant effect on the self-administration of
saccharin (Fig. 1b; F(3,21)=1.20, p=0.17; N=8/group). In
contrast, as shown in Figs. 1c and d, SB-408124 (3–30 mg/kg)
had no effect on the number of total lever presses for either
ethanol (F(3,15)=1.39, p=0.14; N=6/group) or saccharin (F
(3,21)=1.15, p=0.18; N=8/group). The positive control
naltrexone (1 mg/kg) decreased ethanol self-administration
(Fig. 1e; F(6)=4.72, p=0.002; N=7/group) and also
decreased saccharin self-administration (Fig. 1f; F(5)=
2.65, p=0.02; N=6/group).

Pre-conditioning

During the habituation test, animals spent 48.6% of their
time in the checker patterned chamber, which was not
significantly different from the hypothetical mean of 50%,
which represents no bias for either chamber (one-sample
t test), indicating that the procedure used was balanced.

Acquisition of CPP

Analyzing %time spent in the drug-paired chamber during the
ethanol CPP test revealed a significant treatment×test
interaction (Fig. 2a; F(3, 38)=2.68, p=0.03; N=12 for
vehicle+vehicle, N=11 for vehicle+ethanol, N=10 for JNJ-
10397049+ethanol, N=9 for SB-408124+ethanol). Post-hoc
tests demonstrated that the vehicle-pretreated, ethanol-
conditioned animals displayed a significant place preference
compared to the vehicle-pretreated, vehicle-conditioned ani-
mals (p=0.03) and compared to their pre-conditioning time
(p=0.04). Animals pretreated with SB-408124 (30 mg/kg)
and conditioned to ethanol likewise displayed a significant
place preference compared to controls (p=0.001) and pre-
conditioning time (p=0.005). JNJ-10397049 (10 mg/kg)
pretreated animals, however, did not display a significant
place preference compared to controls (p=0.23) and did not
change from pre-conditioning time (p=0.48). To determine if
the effects of JNJ-10397049 on ethanol CPP were due to
intrinsic aversive properties, JNJ-10397049 was conditioned
by itself using the same procedure. JNJ-10397049 did not
differ from its vehicle in terms of %time spent in the drug-
paired chamber (Fig. 2b; F(1, 21)=0.02, p=0.45; N=12 for
vehicle, N=11 for JNJ-10397049), indicating that JNJ-
10397049 is void of motivational properties per se. JNJ-
10397049 also did not differ from its vehicle in terms of
locomotor activity during conditioning (F(1, 21)=1.31,
p=0.26, main effect of treatment; F(4, 84)=1.45, p=0.22,
day×treatment interaction;F(1, 21)=1.70, p=0.21, conditioning
session×treatment interaction; F(4, 84)=1.10, p=0.36, day×
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conditioning session×treatment interaction). On average,
animals had a distance traveled of 93±11 cm after vehicle
treatment and 58±12 cm after JNJ-10397049 treatment.

Ethanol hyperactivity

In analyzing the locomotor activity data from the mice
undergoing acquisition of ethanol CPP, the ANOVA revealed
a significant conditioning stimulus×treatment interaction
(Fig. 2c; F(3,38)=2.27, p=0.047), and the post-hoc test
revealed that ethanol significantly stimulated locomotor
activity in vehicle-pretreated animals during conditioning
(p=0.03 comparing vehicle-pretreated, ethanol-conditioned
animals to vehicle-pretreated, vehicle-conditioned animals
during drug conditioning sessions, and p=0.002 comparing
drug conditioning and control conditioning sessions in
vehicle-pretreated, ethanol-conditioned animals). SB-
408124 did not attenuate ethanol-induced locomotor activity
(p=0.005 compared to control animals during drug condi-
tioning sessions, and p=0.001 comparing drug and vehicle
conditioning sessions). JNJ-10397049 pretreated mice did
not, however, display ethanol-induced hyperactivity (p=0.26

compared to control animals and p=0.12 comparing drug
and vehicle conditioning sessions).

Expression of ethanol CPP

Animals that were conditioned to ethanol in the absence of
the orexin antagonists were tested to determine if JNJ-
10397049 (10 mg/kg) or SB-408124 (30 mg/kg) would
block the expression of an already-formed ethanol CPP.
JNJ-10397049 tended to attenuate the expression of ethanol
CPP (Fig. 3a; F(1,28)=2.00, p=0.08, treatment×test
interaction; 66.7±10.31% in the vehicle group (N=16)
and 49.4±11.0% in the JNJ-10397049 group (N=14)
during the expression test). JNJ-10397049 did not alter
locomotor activity during the expression test. Vehicle
treated animals had a distance traveled of 553±102 cm
whereas JNJ-10397049 treated animals had a distance
traveled of 387±109 cm (F(1,28)=1.23, p=0.28). For SB-
408124, there was no such trend on expression of ethanol
CPP (Fig. 3b; F(1,20)=0.20, p=0.4; N=11/group) and both
the vehicle group and SB-408124 treated group spent over
60% of their time in the drug-paired chamber.

Fig. 1 The selective orexin-2 antagonist, JNJ-10397049, decreased
lever pressing for ethanol at the doses of 3 and 10 mg/kg (a), without
significantly affecting lever pressing for saccharin (b), indicating that
the effects were selective and not due locomotor impairments or a
general disruption to motivation. The selective orexin-1 antagonist, SB-

408124, had no significant effects on ethanol (c) or saccharin (d) self-
administration. Naltrexone significantly decreased operant responding
for ethanol (d), to a greater magnitude than JNJ-10397049, but also
decreased responding for saccharin (e). *p<0.05 compared to vehicle.
Doses (mg/kg) are given in parentheses. N’s are six to eight per group
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Reinstatement of ethanol CPP

Vehicle-pretreated animals primed with an ethanol injection
reinstated (F(1, 19)=5.59, p=0.01, group×test interaction;
p=0.02 comparing the extinction and reinstatement tests in
vehicle-pretreated animals, post-hoc test; N=10). As shown
in Fig. 4, JNJ-10397049 (10 mg/kg) pretreatment before the
prime significantly attenuated reinstatement (p=0.007,
post-hoc test comparing the vehicle and JNJ-10397049
groups during the reinstatement test and p=0.14 comparing
the extinction and reinstatement tests in JNJ-10397049
pretreated animals; N=11).

Acute ethanol withdrawal

Neither JNJ-10397049 (1–10 mg/kg) nor SB-408124 (3–
30 mg/kg) had any effect on signs of ethanol withdrawal
(Fig. 5a; H(3,32)=1.47, p=0.69; Kruskal–Wallis for JNJ-
10397049; Fig. 5b; H(3,32)=0.26, p=0.97; Kruskal–Wallis
for SB-408124; N=8/group). In contrast, the positive
control diazepam significantly attenuated signs of ethanol

Fig. 3 When treated with JNJ-10397049 (10 mg/kg; a) or SB-408124
(30 mg/kg; b), or their respective vehicles, before a place preference
test, JNJ-10397049 strongly tended to attenuate the expression of an
already established ethanol place preference (p=0.08), whereas SB-
408124 was clearly without effect. N’s are 11–16 per group

Fig. 2 a Animals conditioned to ethanol and pretreated with vehicle
or SB-408124 (30 mg/kg) displayed a significant place preference
compared to animals pretreated with vehicle and conditioned to
vehicle. Animals pretreated with the selective orexin-2 antagonist JNJ-
10397049 (10 mg/kg) before ethanol conditioning failed to acquire a
significant place preference. b The effect of JNJ-10397049 (10 mg/kg)
on the acquisition of ethanol place preference was not due to intrinsic
aversive properties. JNJ-10397049 produced neither a place aversion
nor place preference on its own. c Ethanol significantly increased
locomotor activity compared to control animals. Pretreatment with
JNJ-10397049 (10 mg/kg), but not SB-408124 (30 mg/kg), blocked
ethanol-induced hyperactivity, so that the animals treated with JNJ-
10397049 and ethanol had similar activity as control animals. *p<
0.05 compared to vehicle+vehicle. N’s are 9–12 per group
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withdrawal (Fig. 5c; H(3,31)=11.64, p=0.009; Kruskal–
Wallis; p=0.009 comparing 3 mg/kg and vehicle, Mann–
Whitney U test with Bonferroni correction; N=8/group).

Extracellular levels of dopamine in the nucleus accumbens

Absolute basal levels of DA in the dialysate (without
adjusting for probe recovery) was 0.473±0.019 pg/μl. In
the JNJ-10397049 experiment, animals treated with ethanol
showed significant increases in extracellular DA levels
compared to animals treated with the ethanol vehicle
(Fig. 6a; F(17,272)=5.84, p=0.000001, treatment×time
interaction; p=0.00005–p=0.01 at each time point from
20–120 min post-injection, post-hoc test; N=5 for vehicle+
vehicle, 5 for vehicle+ethanol, 7 for JNJ-10397049+
vehicle, and 6 for JNJ-10397049+ethanol). There was no
effect of pretreatment or interactions with pretreatment,
indicating that JNJ-10397049 (10 mg/kg) had no effects on
either basal or ethanol-induced increases in dopamine levels
(F(1,19)=0.0049, p=0.94, main effect of pretreatment; F
(1,19)=0.024, p=0.89, pretreatment×treatment interaction;

F(17,323)=0.64, p=0.86, pretreatment×time interaction; F
(17,323)=1.076, p=0.37, pretreatment×treatment×time in-
teraction). Likewise, in the SB-408124 experiment, animals
treated with ethanol showed significant increases in DA
levels (Fig. 6b; F(17,306)=4.34, p=0.00001, treatment×
time interaction; p=0.00003 to p=0.02 from 50–120 min,

Fig. 4 Animals were conditioned to ethanol, tested for place
preference, and then extinguished. In vehicle-pretreated animals, a
priming injection of ethanol (1 g/kg) resulted in a significant, robust
reinstatement of place preference. Animals pretreated with JNJ-
10397049 (10 mg/kg) failed to reinstate following a priming injection.
*p<0.05 compared to vehicle. N’s are 10–11 per group

Fig. 5 Discontinuation of a forced liquid ethanol diet for 4 h resulted
in robust withdrawal signs. Pretreatment with JNJ-10397049 (a) or
SB-408124 (b) had no effect on signs of ethanol withdrawal, whereas

the positive control diazepam significantly decreased ethanol withdrawal
(c). Doses (mg/kg) are given in parentheses. N’s are eight per group

Fig. 6 Ethanol significantly increased DA release in the nucleus
accumbens (p<0.05, a and b). Pretreatment with JNJ-10397049
(10 mg/kg; a) or SB-408124 (30 mg/kg; b) had no effect on basal
DA release or on ethanol-induced DA release. N’s are five to seven
per group
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post-hoc test; N=5 for vehicle+vehicle, N=5 for vehicle+
ethanol, N=5 for SB-408124+vehicle, N=7 for SB-408124
+ethanol), and SB-408124 (30 mg/kg) was without effect
on either basal or ethanol-induced DA increases in DA
levels (F(1,18)=0.57, p=0.46, main effect of pretreat-
ment; F(1,18)=0.26, p=0.62, pretreatment×treatment in-
teraction; F(17,306)=1.02, p=0.44, pretreatment×time
interaction; F(17,306)=0.81, p=0.68, pretreatment×treat-
ment×time interaction).

Motor performance

The Kruskal–Wallis ANOVA revealed a significant difference
between the six groups (Fig. 7; H(5,N=64)=30.97, p=
0.00001). Post-hoc tests revealed that JNJ-10397049 pro-
duced no impairment at any ethanol dose compared to
control animals at the same dose of ethanol (p=2.69, 2.16,
and 2.50 at the doses of 0, 1, and 2 g/kg of ethanol,
respectively, or p=0.99, 0.72, and 0.83 for the uncorrected
values). However, ethanol by itself did produce a significant
impairment in performance at the dose of 2 g/kg (H(2,N=
64)=30.45, p=0.00001, Kruskal–Wallis test; p=2.0 and
0.0002 for 1 and 2 g/kg compared to vehicle, respectively,
or p=1.0 and 0.00009 for the uncorrected values).

Discussion

The goal of these studies was to evaluate the effects of a
selective orexin-2 receptor antagonist in animal models of
alcohol abuse and dependence. Our results demonstrate for
the first time that orexin-2 receptors are involved in
mediating the reinforcing effects of alcohol, and that
blockade of orexin-2 receptors attenuate alcohol reward.

We evaluated the effects of the orexin-2 receptor
antagonist on ethanol self-administration in rats. Our data
indicate that JNJ-10397049 dose-dependently reduced

ethanol-reinforced lever presses at the doses of 3 and
10 mg/kg, but did not alter saccharin self-administration.
These results suggest that the effects of JNJ-10397049 were
selective for ethanol. Consistent with this, JNJ-10397049
produced no impairments on rotarod performance and did
not potentiate the impairments produced by ethanol. It is
indeed interesting that the orexin-2 antagonist did not
decrease lever presses for saccharin or produce motor
impairments on the rotarod, given that orexin-2 receptor
antagonists induce sleep (Dugovic et al. 2009), and may be
expected to decrease operant behavior by inducing sleep.
This suggests that doses of orexin-2 receptor antagonists
that are effective at promoting sleep do not prevent animals
from completing challenging tasks when motivated to do
so. These results suggest that the night time sleep inducing
and maintaining effects of orexin-2 receptor antagonists
may not disrupt daily activities during waking in humans, a
substantial improvement over traditional sleep agents that
target GABA-A receptors (Otmani et al. 2008). If orexin-2
receptor antagonists do allow subjects to remain awake
when motivated to do so, then the sleep promoting effects
of orexin-2 receptor antagonists may not preclude clinical
use for treating alcoholism during the day. In fact, the
sleep promoting effects of an orexin-2 receptor antago-
nist at night could be an additional benefit to drug
addicts, given that sleep disturbances are often associated with
addiction, and treating such sleep disturbances have been
shown to improve abstinence rates (Teran et al. 2008).
Moreover, the occurrence of insomnia with alcoholism is a
significant predictor of relapse to drinking (Brower et al.
2001) and sleep deprivation increases drug use and relapse
(Hamidovic and de Wit 2009). Given that the majority of
alcoholics also have insomnia and that alcoholics often self-
medicate that insomnia with alcohol (Brower et al. 2001),
insomnia itself can promote alcohol abuse in a viscous
cycle. In addition, actual drug intake in the middle of the
night is also high in drug addicts, and night time drug
use is associated with greater dependence, reduced
abstinence, and increased relapse (Bover et al. 2008;
Scharf et al. 2008). Therefore, an orexin-2 receptor
antagonist may provide a novel addiction treatment that
targets both day time and night time drug use to promote
abstinence, while treating the insomnia comorbidity that
promotes drug use and relapse.

Consistent with the data on self-administration, mice
pretreated with the orexin-2 receptor antagonist failed to
develop an ethanol place preference, suggesting that orexin-
2 receptor blockade may have attenuated ethanol reward.
JNJ-10397049 prevented the formation of ethanol place
preference, when given before the ethanol conditionings,
and tended to attenuate the expression of an already-formed
ethanol place preference, when given before a CPP test.
This suggests that orexin-2 receptor blockade may have

Fig. 7 Ethanol produced motor impairment as measured by rotarod
performance (p<0.05). However, JNJ-10397049 produced no impair-
ments by itself and did not affect the motor impairments produced by
ethanol. N’s are 8–16 per group

Psychopharmacology (2011) 215:191–203 199



decreased ethanol intake by directly modulating the
rewarding value of ethanol. The effects of orexin-2 receptor
blockade on ethanol place preference were selective and not
due to sedation since the compound did not modify
locomotor activity by itself during the conditioning session.
In addition, the effects of JNJ-10397049 were not due to
any inherent aversive properties of the compound since
JNJ-10397049 was void of any place conditioning proper-
ties when tested by itself. Due to the positive effects seen
with the orexin-2 receptor antagonist on ethanol CPP and
self-administration, we decided to further characterize it in
a model of ethanol reinstatement. The orexin-2 receptor
antagonist blocked ethanol-induced reinstatement in mice,
suggesting that blockade of orexin-2 receptors may also
promote alcohol abstinence clinically, by preventing lapses
from turning into relapses.

We compared the effects of the orexin-2 receptor
antagonist to naltrexone, a mu opioid receptor antagonist,
one of the treatments currently used in the clinic for
alcoholism. Naltrexone reduced ethanol self-administration,
but also decreased saccharin self-administration and
induced a conditioned place aversion (data not shown),
consistent with clinical data indicating that it has aversive
side-effects and a low compliance rate (Bouza et al. 2004;
Hollister et al. 1981; Mark et al. 2003; Richards et al.
2008). Since JNJ-10397049 lacked these effects in rodents,
it can be hypothesized that future drugs targeting the
orexin-2 receptor might be without such aversive or
dysphoric side-effects in humans, and thus might yield
higher compliance rates and a better chance of successful
treatment than naltrexone. Of course, blockade of orexin-2
receptors may produce a different subset of unwanted side-
effects, since orexins are known to be involved in many
processes and functions, such as arousal, food intake, etc.

We also wanted to evaluate whether orexin-2 receptor
blockade would attenuate alcohol withdrawal signs in
addition to the reinforcing effects. Four hours after ethanol
discontinuation, animals displayed robust signs of with-
drawal. Diazepam significantly and dose-dependently
reduced ethanol withdrawal signs. However, neither JNJ-
10397049 nor SB-408124 had an effect in this assay,
suggesting that orexin-2 and -1 receptor antagonists may
not reverse the stress and anxiety which are often observed
in alcohol-dependent subjects.

In contrast to the orexin-2 receptor antagonist, SB-
408124 did not modify the rewarding or reinforcing effects
of ethanol in rats or mice. It is unlikely that the doses of
SB-408124 used in our studies were not large enough to
produce an effect. In fact, we have demonstrated that SB-
408124 (30 mg/kg) fully occupies the orexin-1 receptor, has
significant exposure in plasma and brain, and is biologi-
cally active in rats (Dugovic et al. 2009). The lack of effect
of SB-408124 is in disagreement with three earlier reports,

which demonstrated effects of SB-334867, another orexin-1
receptor antagonist, on ethanol intake, albeit with maximal
effects at high doses (20–30 mg/kg; Lawrence et al. 2006;
Moorman and Aston-Jones 2009; Richards et al. 2008).
Interestingly, the study by Moorman showed that SB-
334867 only had effects in rats with high ethanol intake and
preference, and the study by Lawrence used rats selectively
bred for high ethanol intake. Although Richards did not
select rats for high ethanol intake or preference, in their
study, control rats lever-pressed ~150 times for 0.1 ml of
10% ethanol on an FR3 schedule, while in our study,
conducted in Wistar rats, control animals lever-pressed ~50
for 0.1 ml of 8% ethanol on the same schedule. Therefore,
it is possible that activity at orexin-1 receptors is only
recruited during very high levels of ethanol intake, or only
involved during very high motivation to consume ethanol.
Consistent with this, a recent paper showed that orexin-1
receptor activation was involved in high effort work for
highly salient rewards (Borgland et al. 2009). However,
future experiments would be needed to further examine this
hypothesis.

Another possibility is that blockade of orexin-1 receptors
may affect ethanol reinstatement to a larger extent than
intake. For example, SB-334867 blocked reinstatement of
food seeking without altering food self-administration
(Richards et al. 2008; but see opposite effects in Nair et
al. 2008) and blocked cocaine reinstatement without
altering cocaine intake, while orexin-A reinstated cocaine
seeking without altering cocaine intake (Boutrel et al. 2005;
Richards et al. 2008; Smith et al. 2009; but see a
regulation of cocaine intake in Borgland et al. 2009 and
Espana et al. 2010). In addition, SB-334867 was more
potent at decreasing ethanol reinstatement (maximal effect
at 5 mg/kg) compared to ethanol self-administration
(maximal effect at 20 mg/kg; Richards et al. 2008). Our
study did not examine the effects of SB-408124 on ethanol
reinstatement, and future experiments are needed to test
this hypothesis.

It is also possible that SB-408124 was ineffective in our
study unlike SB-334867, the orexin-1 receptor antagonist
used in previous studies, due to differences between the two
compounds. Several previous studies tested only a single
high dose of SB-334867 (20 or 30 mg/kg i.p.) or reported
maximum effects at high doses (20–30 mg/kg i.p.; Boutrel
et al. 2005; Harris et al. 2005; Lawrence et al. 2006;
Richards et al. 2008; Sakurai et al. 1998; Sharf et al. 2008).
Brain levels of SB-334867 reach about 14 μM at only
10 mg/kg i.p., which should be more than enough for full
effects in vivo, given its Ki of about 60 nM (Upton 2005).
In fact, our data show near maximal orexin-1 receptor
occupancy (85%) with brain levels of SB-334867 at only
3–5 μM (after dosing with 10 mg/kg s.c., unpublished
results). Therefore, maximum effects in vivo of SB-334867
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should be observed at doses lower than 20–30 mg/kg i.p.,
when the orexin-1 receptor is already fully saturated. Also,
we and others (Nair et al. 2008) have observed a general
disruptive effect in vivo with SB-334867 at 30 mg/kg s.c.
or i.p. (as measured by EEG after 30 mg/kg s.c., our
unpublished results, and abnormal behaviors after 30 mg/kg
i.p. in Nair et al. 2008), while finding no abnormal EEG
pattern or disruptive behavioral effects in vivo with SB-
408124 up to 30 mg/kg s.c.. Therefore, when all of this is
taken together, it is possible that the positive effects seen
only at high doses with SB-334867 might be due to off-target
activity. In fact, since SB-334867 has a Kb of about 1 μM for
the orexin-2 receptor, and 30 mg/kg i.p. SB-334867 results in
brain concentrations of about 25 μM (Upton 2005), it is even
possible that the previously reported positive effects of SB-
334867 on ethanol intake seen at high doses were due in part
to orexin-2 receptor blockade. A recent review raises this
alarm, stating “in vivo studies using high doses [of SB-
334867] should be viewed cautiously because those doses
may block both [orexin] receptors” (Scammell and Winrow
2011). However, further experiments using additional tool
compounds or orexin-1 receptor knockout animals would be
needed to support this hypothesis.

We then tested whether the orexin-2 receptor antagonist
reduced the rewarding effects of ethanol by changing
extracellular levels of DA in the brain, since the effects of
orexin peptides on the reward system seem to be mediated
by DA. For example, it has been shown that orexin peptides
administered to the ventral tegmental area increase extra-
cellular DA levels in the nucleus accumbens and produce a
place preference, whereas prepro-orexin knockout dimin-
ishes drug-induced increases in extracellular levels of DA
and drug-induced locomotor activation (Narita et al. 2006,
2007). Furthermore, orexin-1 antagonists have been shown
to attenuate cocaine-induced increases in extracellular
levels of DA (Espana et al. 2010) and the locomotor
stimulating effects of orexins have been shown to be
mediated by the dopaminergic system (Nakamura et al.
2000). In addition, JNJ-10397049 attenuated ethanol-
induced hyperactivity, which is known to be mediated at
least in part by increases in DA in the nucleus accumbens
(Imperato and Di Chiara 1986; Meyer et al. 2009). Thus, it
was surprising to see that ethanol-induced increases in DA
levels in the nucleus accumbens were not altered by orexin-
2 receptor blockade.

Another likely candidate involved in JNJ-10397049’s
effects on ethanol could be glutamate. For example, recent
electrophysiological studies have demonstrated that the
orexin-B peptide increases glutamatergic transmission and
potentiates NMDAR current in the VTA (Borgland et al.
2008). Therefore, it is entirely possible that JNJ-10397049
attenuated the reinforcing effects of ethanol by modulating
glutamate transmission. An alternative mechanism of action

could be a direct modulation of nucleus accumbens activity
by orexin-2 receptors, since orexin-B directly depolarizes
neurons in the nucleus accumbens (Mukai et al. 2009), and
the firing pattern of the nucleus accumbens is believed to
encode goal-directed behavior and drug-reinforcement
(Carelli 2002; Robinson and Carelli 2008). It will be very
interesting to determine the mechanism of orexin-2 receptor
blockade on ethanol intake, especially if it involves a novel,
non-dopaminergic pathway.

In conclusion, the results of these studies demonstrate for
the first time that selective blockade of orexin-2 receptors
reduce the rewarding and reinforcing effects of ethanol
without changing the responses for a palatable solution of
saccharin and without producing aversive effects as
measured by place aversion. Although the orexin-1 receptor
antagonist was not effective in these same studies, that does
not preclude an involvement of the orexin-1 receptor in
ethanol seeking, especially perhaps during conditions of
high motivation/work effort or during reinstatement, and
certainly does not diminish the already established role of
the orexin-1 receptor in psychostimulant and food reward.
However, these studies do highlight the possibility that
orexins mediate reward processes through the orexin-2
receptor, as well as the orexin-1 receptor, and warrant more
research on the involvement of the orexin-2 receptor in
addiction. Furthermore, these data indicate that orexin-2
receptor antagonists may be useful for the treatment of
alcoholism, especially when associated with sleep disturbances.

References

Aston-Jones G, Smith RJ, Moorman DE, Richardson KA (2009) Role
of lateral hypothalamic orexin neurons in reward processing and
addiction. Neuropharmacology 56(Suppl 1):112–121

Baldo BA, Daniel RA, Berridge CW, Kelley AE (2003) Overlapping
distributions of orexin/hypocretin- and dopamine-beta-
hydroxylase immunoreactive fibers in rat brain regions mediating
arousal, motivation, and stress. J Comp Neurol 464:220–237

Barbier AJ, Aluisio L, Lord B, Qu Y, Wilson SJ, Boggs JD,
Bonaventure P, Miller K, Fraser I, Dvorak L, Pudiak C, Dugovic
C, Shelton J, Mazur C, Letavic MA, Carruthers NI, Lovenberg
TW (2007) Pharmacological characterization of JNJ-28583867, a
histamine H(3) receptor antagonist and serotonin reuptake
inhibitor. Eur J Pharmacol 576:43–54

Bonaventure P, Kelly L, Aluisio L, Shelton J, Lord B, Galici R, Miller
K, Atack J, Lovenberg TW, Dugovic C (2007) Selective
blockade of 5-hydroxytryptamine (5-HT)7 receptors enhances
5-HT transmission, antidepressant-like behavior, and rapid eye
movement sleep suppression induced by citalopram in rodents. J
Pharmacol Exp Ther 321:690–698

Borgland SL, Taha SA, Sarti F, Fields HL, Bonci A (2006) Orexin A
in the VTA is critical for the induction of synaptic plasticity and
behavioral sensitization to cocaine. Neuron 49:589–601

Borgland SL, Storm E, Bonci A (2008) Orexin B/hypocretin 2
increases glutamatergic transmission to ventral tegmental area
neurons. Eur J Neurosci 28:1545–1556

Psychopharmacology (2011) 215:191–203 201



Borgland SL, Chang SJ, Bowers MS, Thompson JL, Vittoz N, Floresco
SB, Chou J, Chen BT, Bonci A (2009) Orexin A/hypocretin-1
selectively promotes motivation for positive reinforcers. J Neurosci
29:11215–11225

Boutrel B, Kenny PJ, Specio SE, Martin-Fardon R,Markou A, Koob GF,
de Lecea L (2005) Role for hypocretin in mediating stress-induced
reinstatement of cocaine-seeking behavior. Proc Natl Acad Sci U S
A 102:19168–19173

Bouza C, Angeles M, Munoz A, Amate JM (2004) Efficacy and safety
of naltrexone and acamprosate in the treatment of alcohol
dependence: a systematic review. Addiction 99:811–828

Bover MT, Foulds J, Steinberg MB, Richardson D, Marcella SW
(2008) Waking at night to smoke as a marker for tobacco
dependence: patient characteristics and relationship to treatment
outcome. Int J Clin Pract 62:182–190

Brower KJ, Aldrich MS, Robinson EA, Zucker RA, Greden JF (2001)
Insomnia, self-medication, and relapse to alcoholism. Am J
Psychiatry 158:399–404

Carelli RM (2002) The nucleus accumbens and reward: neurophysiolo-
gical investigations in behaving animals. Behav Cogn Neurosci Rev
1:281–296

Chemelli RM, Willie JT, Sinton CM, Elmquist JK, Scammell T, Lee
C, Richardson JA, Williams SC, Xiong Y, Kisanuki Y, Fitch TE,
Nakazato M, Hammer RE, Saper CB, Yanagisawa M (1999)
Narcolepsy in orexin knockout mice: molecular genetics of sleep
regulation. Cell 98:437–451

Cunningham CL, Malott DH, Dickinson SD, Risinger FO (1992)
Haloperidol does not alter expression of ethanol-induced condi-
tioned place preference. Behav Brain Res 50:1–5

de Lecea L, Kilduff TS, Peyron C, Gao X, Foye PE, Danielson PE,
Fukuhara C, Battenberg EL, Gautvik VT, Bartlett FS, Frankel
WN, van den Pol AN, Bloom FE, Gautvik KM, Sutcliffe JG
(1998) The hypocretins: hypothalamus-specific peptides with
neuroexcitatory activity. Proc Natl Acad Sci U S A 95:322–327

Dugovic C, Shelton JE, Aluisio LE, Fraser IC, Jiang X, Sutton SW,
Bonaventure P, Yun S, Li X, Lord B, Dvorak CA, Carruthers NI,
Lovenberg TW (2009) Blockade of orexin-1 receptors attenuates
orexin-2 receptor antagonism-induced sleep promotion in the rat.
J Pharmacol Exp Ther 330:142–151

Espana RA, Oleson EB, Locke JL, Brookshire BR, Roberts DC, Jones
SR (2010) The hypocretin-orexin system regulates cocaine self-
administration via actions on the mesolimbic dopamine system.
Eur J Neurosci 31:336–348

Georgescu D, Zachariou V, Barrot M, Mieda M, Willie JT, Eisch AJ,
Yanagisawa M, Nestler EJ, DiLeone RJ (2003) Involvement of
the lateral hypothalamic peptide orexin in morphine dependence
and withdrawal. J Neurosci 23:3106–3111

Hamidovic A, de Wit H (2009) Sleep deprivation increases cigarette
smoking. Pharmacol Biochem Behav 93:263–269

Harris GC, Wimmer M, Aston-Jones G (2005) A role for lateral
hypothalamic orexin neurons in reward seeking. Nature 437:556–559

Harris GC, Wimmer M, Randall-Thompson JF, Ston-Jones G (2007)
Lateral hypothalamic orexin neurons are critically involved in
learning to associate an environment with morphine reward.
Behav Brain Res 183:43–51

Hollander JA, Lu Q, Cameron MD, Kamenecka TM, Kenny PJ (2008)
Insular hypocretin transmission regulates nicotine reward. Proc
Natl Acad Sci U S A 105:19480–19485

Hollister LE, Johnson K, Boukhabza D, Gillespie HK (1981) Aversive
effects of naltrexone in subjects not dependent on opiates. Drug
Alcohol Depend 8:37–41

Imperato A, Di Chiara G (1986) Preferential stimulation of dopamine
release in the nucleus accumbens of freely moving rats by
ethanol. J Pharmacol Exp Ther 239:219–228

Kane JK, Parker SL, Matta SG, Fu Y, Sharp BM, Li MD (2000)
Nicotine up-regulates expression of orexin and its receptors in rat
brain. Endocrinology 141:3623–3629

Kane JK, Parker SL, Li MD (2001) Hypothalamic orexin-A binding
sites are downregulated by chronic nicotine treatment in the rat.
Neurosci Lett 298:1–4

Knapp DJ, Overstreet DH, Breese GR (2005) Modulation of ethanol
withdrawal-induced anxiety-like behavior during later withdrawals
by treatment of early withdrawals with benzodiazepine/gamma-
aminobutyric acid ligands. Alcohol Clin Exp Res 29:553–563

Lawrence AJ, Cowen MS, Yang HJ, Chen F, Oldfield B (2006) The
orexin system regulates alcohol-seeking in rats. Br J Pharmacol
148:752–759

Lin L, Faraco J, Li R, Kadotani H, Rogers W, Lin X, Qiu X, de Jong
PJ, Nishino S, Mignot E (1999) The sleep disorder canine
narcolepsy is caused by a mutation in the hypocretin (orexin)
receptor 2 gene. Cell 98:365–376

Malherbe P, Borroni E, Pinard E, Wettstein JG, Knoflach F (2009)
Biochemical and electrophysiological characterization of almor-
exant, a dual OX1/OX2 antagonist: comparison with selective
OX1 and OX2 antagonists. Mol Pharmacol 76:618–31

Mark TL, Kranzler HR, Song X (2003) Understanding US addiction
physicians' low rate of naltrexone prescription. Drug Alcohol
Depend 71:219–228

Meert TF (1993) Effects of various serotonergic agents on alcohol intake
and alcohol preference in Wistar rats selected at two different levels
of alcohol preference. Alcohol Alcohol 28:157–170

Meyer PJ, Meshul CK, Phillips TJ (2009) Ethanol- and cocaine-
induced locomotion are genetically related to increases in
accumbal dopamine. Genes Brain Behav 8:346–355

Moorman DE, Aston-Jones G (2009) Orexin-1 receptor antagonism
decreases ethanol consumption and preference selectively in
high-ethanol-preferring Sprague–Dawley rats. Alcohol 43
(5):379–386, Ref Type: Abstract

Mukai K, Kim J, Nakajima K, Oomura Y, Wayner MJ, Sasaki K
(2009) Electrophysiological effects of orexin/hypocretin on
nucleus accumbens shell neurons in rats: an in vitro study.
Peptides 30:1487–1496

Nair SG, Golden SA, Shaham Y (2008) Differential effects of the
hypocretin 1 receptor antagonist SB 334867 on high-fat food
self-administration and reinstatement of food seeking in rats. Br J
Pharmacol 154:406–416

Nakamura T, Uramura K, Nambu T, Yada T, Goto K, Yanagisawa M,
Sakurai T (2000) Orexin-induced hyperlocomotion and stereoty-
py are mediated by the dopaminergic system. Brain Res
873:181–187

Narita M, Nagumo Y, Hashimoto S, Narita M, Khotib J, Miyatake M,
Sakurai T, Yanagisawa M, Nakamachi T, Shioda S, Suzuki T
(2006) Direct involvement of orexinergic systems in the
activation of the mesolimbic dopamine pathway and related
behaviors induced by morphine. J Neurosci 26:398–405

Narita M, Nagumo Y, Miyatake M, Ikegami D, Kurahashi K, Suzuki T
(2007) Implication of protein kinase C in the orexin-induced
elevation of extracellular dopamine levels and its rewarding
effect. Eur J Neurosci 25:1537–1545

Ohno K, Sakurai T (2008) Orexin neuronal circuitry: role in the regulation
of sleep and wakefulness. Front Neuroendocrinol 29:70–87

Otmani S, Demazieres A, Staner C, Jacob N, Nir T, Zisapel N, Staner
L (2008) Effects of prolonged-release melatonin, zolpidem, and
their combination on psychomotor functions, memory recall, and
driving skills in healthy middle aged and elderly volunteers. Hum
Psychopharmacol 23:693–705

Paxinos G, Watson C (1997) The rat brain in stereotaxic coordinates.
Academic, San Diego

202 Psychopharmacology (2011) 215:191–203



Peyron C, Tighe DK, van den Pol AN, de Lecea L, Heller HC,
Sutcliffe JG, Kilduff TS (1998) Neurons containing hypocretin
(orexin) project to multiple neuronal systems. J Neurosci
18:9996–10015

Pfeffer AO, Samson HH (1988) Haloperidol and apomorphine effects
on ethanol reinforcement in free feeding rats. Pharmacol
Biochem Behav 29:343–350

Richards JK, Simms JA, Steensland P, Taha SA, Borgland SL, Bonci
A, Bartlett SE (2008) Inhibition of orexin-1/hypocretin-1
receptors inhibits yohimbine-induced reinstatement of ethanol
and sucrose seeking in Long-Evans rats. Psychopharmacology
(Berl) 199:109–117

Robinson DL, Carelli RM (2008) Distinct subsets of nucleus
accumbens neurons encode operant responding for ethanol versus
water. Eur J Neurosci 28:1887–1894

Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka
H, Williams SC, Richardson JA, Kozlowski GP, Wilson S, Arch
JR, Buckingham RE, Haynes AC, Carr SA, Annan RS, McNulty
DE, Liu WS, Terrett JA, Elshourbagy NA, Bergsma DJ,
Yanagisawa M (1998) Orexins and orexin receptors: a family of
hypothalamic neuropeptides and G protein-coupled receptors that
regulate feeding behavior. Cell 92:573–585

Scammell T, Winrow C (2011) Orexin receptors: pharmacology and
therapeutic opportunities. Annu Rev Pharmacol Toxicol 51:243–266

Scharf DM, Dunbar MS, Shiffman S (2008) Smoking during the
night: prevalence and smoker characteristics. Nicotine Tob Res
10:167–178

Sharf R, Sarhan M, DiLeone RJ (2008) Orexin mediates the
expression of precipitated morphine withdrawal and concurrent
activation of the nucleus accumbens shell. Biol Psychiatry
64:175–183

Smith RJ, See RE, Aston-Jones G (2009) Orexin/hypocretin signaling
at the orexin 1 receptor regulates cue-elicited cocaine-seeking.
Eur J Neurosci 30:493–503

Teran A, Majadas S, Galan J (2008) Quetiapine in the treatment of
sleep disturbances associated with addictive conditions: a
retrospective study. Subst Use Misuse 43:2169–2171

Upton N (2005) In vivo pharmacology of orexin (hypocretin)
receptors. In: de Lecea L, Sutcliffe JG (eds) Hypocretins.
Springer, US, pp 205–220

Wang B, You ZB, Wise RA (2009) Reinstatement of cocaine seeking
by hypocretin (orexin) in the ventral tegmental area: indepen-
dence from the local corticotropin-releasing factor network. Biol
Psychiatry 65:857–862

Psychopharmacology (2011) 215:191–203 203


	Selective blockade of the orexin-2 receptor attenuates ethanol self-administration, place preference, and reinstatement
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Subjects
	Oral ethanol and saccharin self-administration
	CPP testing apparatus
	Acquisition of ethanol CPP and ethanol-induced hyperactivity during conditioning
	Expression of ethanol CPP
	Reinstatement of ethanol CPP
	Ethanol withdrawal
	Microdialysis
	Motor performance
	Pharmacological treatments
	Data analysis

	Results
	Ethanol and saccharin self-administration
	Pre-conditioning
	Acquisition of CPP
	Ethanol hyperactivity
	Expression of ethanol CPP
	Reinstatement of ethanol CPP
	Acute ethanol withdrawal
	Extracellular levels of dopamine in the nucleus accumbens
	Motor performance

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


