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Abstract

The orexin/hypocretin (ORX) system plays a major role in motivation for natural and drug
rewards. In particular, a number of studies have shown that ORX signaling through the orexin 1
receptor (OX1R) regulates alcohol seeking and consumption. Despite the association between
ORX signaling and motivation for alcohol, no study to date has investigated what role the ORX
system plays in alcohol dependence, an understanding of which would have significant clinical
relevance. This study was designed to evaluate the effect of the highly selective OX1R antagonist
GSK1059865 on voluntary ethanol intake in ethanol-dependent and control non-dependent mice.
Mice were subjected to a protocol in which they were evaluated for baseline ethanol intake and
then exposed to intermittent ethanol or air exposure in inhalation chambers. Each cycle of chronic
intermittent ethanol (CIE), or air, exposure was followed by a test of ethanol intake. Once the
expected effect of increased voluntary ethanol intake was obtained in ethanol dependent mice,
mice were tested for the effect of GSK1059865 on ethanol and sucrose intake. Treatment with
GSK1059865 significantly decreased ethanol drinking in a dose-dependent manner in CIE-
exposed mice. In contrast GSK1059865 decreased drinking in air-exposed mice only at the highest
dose used. There was no effect of GSK1059865 on sucrose intake. Thus, ORX signaling through
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the OX1R, using a highly-selective antagonist, has a profound influence on high levels of alcohol
drinking induced in a dependence paradigm, but limited or no influence on moderate alcohol
drinking or sucrose drinking. These results indicate that the ORX system may be an important
target system for treating disorders of compulsive reward seeking such as alcoholism and other
addictions in which motivation is strongly elevated.
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1. Introduction

The peptide orexin (ORX, also referred to as hypocretin; HCRT) is produced exclusively by
a population of neurons located in the dorsomedial, perifornical, and lateral regions of the
posterior hypothalamus (de Lecea et al., 1998; Sakurai et al., 1998). The precursor peptide
prepro-orexin is cleaved into two peptide subtypes: ORX-A and ORX-B (also referred to as
HCRT-1 and HCRT-2) (de Lecea et al., 1998; Sakurai et al., 1998). ORX has two known
receptors. The orexin 1 receptor (OX1R) has high selectivity for ORX-A, whereas the orexin
2 receptor (OX2R) is approximately equally selective for ORX-A and ORX-B (Sakurai et
al., 1998). Orexin has shown to play a major role in a wide range of behavioral control
including regulation of sleep and arousal (Kilduff and Peyron, 2000; Mignot, 2004; Sakurai,
2007), stress and anxiety (Berridge et al., 2010; Bonaventure et al., 2015), feeding (Cason et
al., 2010; Sakurai et al., 1998), and motivation (Aston-Jones et al., 2009). We and others
have characterized the function of the ORX system broadly in the context of motivational
activation (Mabhler et al., 2014).

One of the major roles that ORX plays is in driving motivation for highly palatable or salient
reinforcers (Aston-Jones et al., 2009; Aston-Jones et al., 2010; Borgland et al., 2009;
Sakurai, 2014). In particular, ORX plays an important function in driving the seeking of
drugs of abuse, including alcohol (Baimel et al., 2015; Brown and Lawrence, 2013;
Lawrence, 2010; Mahler et al., 2012). The orexin peptide is increased in some animal
models of alcohol drinking and decreased in others (Lawrence et al., 2006; Morganstern et
al., 2010; Olney et al., 2015), and ORX neurons are activated following reinstatement of
alcohol seeking (Dayas et al., 2008; Hamlin et al., 2007). Antagonism of the OX1R
decreases alcohol drinking, notably in higher-drinking alcohol-preferring animals (Anderson
et al., 2014; Moorman and Aston-Jones, 2009; Olney et al., 2015), decreases self-
administration, progressive-ratio, and reinstatement of alcohol seeking (Jupp et al., 2011,
Lawrence et al., 2006; Martin-Fardon and Weiss, 2014a; Richards et al., 2008). Critically,
no study to date has examined the role of the ORX system in alcohol dependence. We and
others have used a chronic intermittent exposure to alcohol method (CIE) to produce animal
models of alcohol dependence (Becker and Lopez, 2004; Griffin et al., 2009; Lopez and
Becker, 2005). This is measured as dramatically elevated alcohol consumption, increased
motivation for alcohol seeking, and alcohol seeking and taking that is resistant to paired
punishment. Given that previous studies have demonstrated that the ORX system is
particularly active in high drinking individuals, we hypothesized that the ORX system would
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be specifically involved in regulating alcohol drinking in alcohol-dependent animals and that
the influence of ORX in these animals would be greater than in non-dependent individuals.

To test the role of the ORX system in drinking in alcohol-dependent individuals, we used
the selective OX1R antagonist GSK1059865 to block the OX1R in alcohol dependent and
non-dependent animals during alcohol and sucrose drinking. Previous studies, including
those noted above, have shown a critical role of the OX1R in alcohol seeking and taking,
typically using the OX1R antagonist SB-334867 (Brown and Lawrence, 2013; Lawrence,
2010). However, the effects of this compound have occasionally been mixed (Winrow and
Renger, 2014), and there has been some concern that SB-334867 exhibits off-target effects
that could confuse interpretations of results. Although SB-334867 exhibits ~50-fold
selectivity for OX1R vs. OX2R (Haynes et al., 2000; Smart et al., 2001), Gotter and
colleagues reported significant binding at a number of non-ORX targets, including the
adenosine A2A and A3 receptors, the serotonin 5-HT2B and 5-HT2C receptors, and
monoamine, norepinephrine, and adenosine transporters (Gotter et al., 2012). Also of note,
SB-334867 did not alter acquisition or expression of alcohol-induced conditioned place
preference (VVoorhees and Cunningham, 2011). For these reasons, we tested the influence of
the highly selective OX1R antagonist GSK1059865 (Gozzi et al., 2013; Merlo Pich and
Melotto, 2014; Piccoli et al., 2012). This compound has slightly higher selectivity for OX1R
vs. OX2R than SB-334867 (~79-fold) and displays none of the significant off-target binding
shown by SB-334867 (Gotter et al., 2012). This compound has also been shown to decrease
cocaine conditioned place preference and compulsive eating (though not homeostatic or
hedonic eating), in the absence of any influence on arousal (Gozzi et al., 2013; Merlo Pich
and Melotto, 2014; Piccoli et al., 2012). Based on these results, we predicted that highly
selective OX1R antagonism would have minimal influences on hedonic alcohol or sucrose
consumption, but would strongly impact dependence-based alcohol drinking, which has
been shown to exhibit elements of compulsivity (Vendruscolo et al., 2012; Vendruscolo and
Roberts, 2014).

Blood ethanol concentration (BEC) registered during the CIE exposure cycle that preceded
the evaluation of the effect of GSK1059865 on alcohol or sucrose intake were analyzed with
ANOVA with GSK1059865 dose as between factor and cycle (6 vs.7) as repeated measure.
The ANOVA did not indicate any difference in BEC between groups based on the dose of
GSK1059865 treatment [F(3,28)=0.52] or the cycle of CIE exposure [F(1,28)=3.14]. The
interaction between these factors also failed to reach significance [F(3,28)=0.01]. BEC
values for cycle 6 were 222.8+17.6, 236.6+18.7, 232.8+18.7, and 216.3+20 for vehicle and
10, 25, 50 mg/kg doses of GSK 1059865, respectively (values are mean + SEM). BEC values
for cycle 7 of CIE exposure were 244.9+12.9, 253.8+13.6, 255.1+13.6, and 239.4+14.6 for
vehicle and 10, 25, 50 mg/kg doses of GSK1059865, respectively (values are mean + SEM).

Preliminary analysis did not indicate any significant daily variations in voluntary alcohol or
sucrose intake on testing days following cycle 6 [interaction between GSK dose and day,
F(12,232)=0.85 and interaction between group, dose and day, F(12, 232)=0.28; both,
p>0.05], indicating no significant development of tolerance to GSK1059865 during testing.
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Similarly, after cycle 7, there were no daily variations on ethanol intake for EtOH and CTL
mice that received different doses of GSK1059865 (or vehicle) before drinking sucrose
[GSK dose X day, F(12,232)=0.32 and the three-way interaction was F(12,232)=0.51; both,
p>0.05]. Therefore, data were averaged over the five days of treatment for test cycles. These
data were analyzed with ANOVA with Group (CTL, EtOH) and GSK1059865 (0, 10, 25, 50
mg/kg) as main factors. There were 7-9 mice assigned to each group and intake data were
averaged over the test days. The analysis of the test cycle 5, prior to the test of GSK’s effect
(Test 6), indicated a main effect of Group [F(1,63)=14.02, p<0.001] due to a higher ethanol
intake of EtOH mice (3.41 + 0.28 g/kg, Mean + SEM) compared to CTL mice (2.74 £ 0.20
g/kg, Mean = SEM), as expected.

On test cycle 6, mice that were previously injected with vehicle were separated into four
groups based on the dose of GSK1059865 they received before receiving access to ethanol.
The analysis of this test indicated a significant interaction between Group and GSK1059865
treatment [F(3,58)=3.65, p<0.025]. Newman-Keuls’ post-hoc comparisons (alpha set at
0.05) indicated that EtOH mice that received vehicle consumed significantly more ethanol
than CTL mice that also received vehicle (Figure 1). However, there was no difference
between EtOH and CTL mice compared within each dose treatment for GSK1059865. This
compound induced a significant decrease in ethanol intake in EtOH mice demonstrated by
the fact mice receiving GSK1059865 (any dose) drank less ethanol than EtOH mice treated
with vehicle. GSK1059865 also produced a significant decrease in intake of CTL mice but
this effect was only observed after the administration of the highest dose tested (Figure 1).

On the last test cycle, mice were given sucrose (5% wi/v) instead of ethanol, vs. water. In this
case, the ANOVA failed to indicate any significant effect of Group [F(1,58)=1.14],
GSK1059865 [F(3,58)=0.09], or their interaction [F(3,58)=0.91] (Figure 2). This indicates
that neither CIE exposure nor GSK1059865 administration has a significant effect on
voluntary intake of sucrose.

3. Discussion

Here we demonstrated for the first time that the ORX system plays a critical role, not just in
the rewarding aspect of alcohol and other drugs of abuse, but specifically in dependence-
related excessive alcohol drinking. As in previous studies, our results demonstrate that CIE
exposure induces a significant increase in voluntary ethanol intake in mice, indicative of
dependence-induced elevated drinking (Becker and Hale, 1993; Becker and Lopez, 2004;
Griffin et al., 2009). The increase in voluntary alcohol intake due to CIE exposure obtained
in this study is comparable to previous work that indicates that this increased amount of
alcohol intake (consumed within 2-hr) results in significantly elevated blood and brain
ethanol levels (Griffin et al., 2009; Lopez and Becker, 2004).

Treatment with the highly selective OX1R antagonist GSK1059865 significantly reduced
voluntary ethanol intake in mice. Ethanol-dependent mice were more sensitive to the effect
of GSK1059865 on ethanol intake than control non-dependent mice: lower doses of
GSK1059865 that reduced ethanol intake in ethanol-dependent mice had no effect on the
ethanol intake of control mice. In addition, the effect was selective to ethanol: treatment
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with GSK1059865 had no influence on voluntary intake of another highly-palatable solution
(sucrose). The evaluation of GSK1059865’s effect on sucrose intake was done after the
evaluation of its effects on alcohol intake. This raises the possibility that the lack of effect of
this drug on sucrose intake can be related to a development of tolerance due to previous
exposure. However, the lack of significant differences on daily values of alcohol or sucrose
intake makes this alternative less likely. In sum, our data show that the main inhibitory
effect of OX1R antagonism was on the elevated alcohol intake induced by chronic
intermittent ethanol exposure.

These results are in line with a wide range of studies indicating that the ORX system is
critically involved in stimuli or outcomes that produce strong degrees of motivated behavior
(Borgland et al., 2009; Merlo Pich and Melotto, 2014). These studies led to our proposal that
a major function of the ORX system is in motivational activation (Mahler et al., 2014). With
respect to alcohol, we previously showed that OX1R antagonism using the compound
SB-334867 reduced alcohol drinking and preference selectively in high alcohol-preferring
rats with few effects on drinking in low alcohol-preferring rats (Moorman and Aston-Jones,
2009). Similarly, rats bred for high alcohol preference exhibit decreased alcohol seeking and
consumption following orexin receptor blockade (Anderson et al., 2014; Dhaher et al., 2010;
Jupp et al., 2011; Lawrence et al., 2006). Particularly relevant is work from our group and
others showing that OX1R antagonism reduced binge-like ethanol drinking using a drinking-
in- the-dark model in C57BL/6J mice (Anderson et al., 2014; Olney et al., 2015), indicating
a significant influence of the ORX system on enhanced motivation as measured by binge-
like ethanol consumption. Indeed, the ORX system also plays a major role in motivation for
other drugs of abuse. Of note with respect to our findings, is the fact that, whereas OX1R
antagonism had no effect on steady maintenance of FR1 cocaine self-administration (Smith
et al., 2009), blockade at these receptors significantly reduced enhanced motivation for
cocaine seen in studies using higher ratios (Hollander et al., 2012), progressive ratios
(Espana et al., 2010), and behavioral economic-type threshold procedures (Bentzley and
Aston-Jones, 2015; Espana et al., 2010). A similar inhibitory influence of OX1R antagonism
has been seen for seeking of heroin (Smith and Aston-Jones, 2012), cannabinoids (Flores et
al., 2014), nicotine (Hollander et al., 2008; Plaza-Zabala et al., 2013), and highly palatable
food rewards (Borgland et al., 2009; Cason and Aston-Jones, 2013b; Cason and Aston-
Jones, 2014; Choi et al., 2010; Kay et al., 2014; Sharf et al., 2010). OX1R antagonism
decreases progressive ratio break points for alcohol in male (though not female) alcohol-
preferring rats (Anderson et al., 2014; Jupp et al., 2011), and the effects on tasks requiring
high effort for natural rewards such as sucrose have been mixed with some studies showing
reductions but others showing no decreases, depending on the behavioral paradigm
employed and the sex studied (Alcaraz-Iborra et al., 2014; Cason and Aston-Jones, 2013a;
Cason and Aston-Jones, 2013b; Cason and Aston-Jones, 2014; Jupp et al., 2011). In line
with our studies, Martin-Fardon and colleagues demonstrated that OX1R antagonism
decreased discriminative stimulus-induced reinstatement of ethanol seeking (Martin-Fardon
and Weiss, 2014a) and cocaine seeking (Martin-Fardon and Weiss, 2014b), but in neither
case had an influence on reinstatement of natural reward seeking (a saccharin/glucose
solution and sweetened condensed milk, respectively).
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The results described above, along with our findings, support the proposal that the ORX
system, particularly via the OX1R, is critically involved in high-levels of motivation for
drugs and rewards. There are additional studies that demonstrate a role for the OX1R in
regulating reward seeking behaviors more broadly, such as some of those described above.
Of note, most of these studies have used the ORX1R antagonist SB-334867. Although this
compound exhibits selectivity for the OX1R, particularly at lower doses, there have been
some reports that the selectivity and/or stability of SB-334867 may be compromised at
higher doses or depending on the preparation (Hollander et al., 2012; McElhinny et al.,
2012; Merlo Pich and Melotto, 2014; Winrow and Renger, 2014). The compound used in the
current study, GSK1059865, is highly selective for OX1R and exhibits high levels of OX1R
occupancy (Bonaventure et al., 2015; Gozzi et al., 2011; Gozzi et al., 2013; Merlo Pich and
Melotto, 2014; Piccoli et al., 2012). The compound has no influence on sleep/wake, in
contrast with the highly selective OX2R antagonist JNJ10397049 (Gozzi et al., 2011; Piccoli
et al., 2012) indicating that behavioral effects of OX1R antagonism are not related to sleep.

Because we did not measure blood alcohol levels in vehicle vs. GSK1059865-treated mice,
we cannot rule out the possibility that the compound may have affected the metabolism of
alcohol. A number of details mitigate this concern however. First, the fact that the
compound had almost no effect on ethanol consumption in non-dependent animals, while
not conclusive, suggests that non-specific effects on alcohol drinking were secondary to the
overall motivational influences on alcohol drinking in CIE-treated animals. In addition, the
fact that previous studies demonstrated that GSK1059865 decreased cocaine conditioned
place preference and compulsive food eating further supports the idea that the prime
influence of the compound is on motivational processes. However, neither of these details
rule out the possibility that there may be an interaction between GSK1059865 and ethanol
metabolism, and indicate that this may be a useful subject for future study.

Importantly, GSK1059865 at 10 and 30 mg/kg did not inhibit highly palatable food intake,
but did inhibit compulsive eating in animals subjected to chronic stress and food restriction
(Piccoli et al., 2012). These results strongly support the hypothesis, consistent with our
results, that signaling via the OX1R regulates the elevated motivation seen in compulsive
reward seeking but not hedonic or homeostatic reward seeking. In general, this series of
findings underscores the role of the ORX system in motivational activation (Mahler et al.,
2014) and compulsive behavior (Merlo Pich and Melotto, 2014), and indicates that ORX
signaling through the OX1R may be particularly relevant for elevated reward-related
motivation. Understanding ORX signaling, therefore, has significant clinical relevance,
particularly in the case of diseases of motivation such as addiction or compulsive eating.
Selective targeting of the OX1R may be an excellent treatment for many of the pathological,
out-of-control aspects of these disorders, while sparing normal functions of reward and
motivation.

4. Experimental Procedure

4.1. Subjects

Adult male C57BL/6J mice (25-30 g) purchased from Jackson Laboratories (Bar Harbor,
ME) were used as subjects. All mice were individually housed with rodent food (Harland
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Teklad, Madison, WI) and water available ad libitum. Mice were maintained in an animal
facility fully accredited by AAALAC, with automated control of temperature, humidity, and
light cycles. Body weight was recorded weekly while mice were drinking but daily during
CIE exposure cycles. Mice were housed under a 12-hr light/dark cycle (lights on at 0200 hr).
All procedures were approved by the Institutional Animal Care and Use Committee and
followed the NIH Guide for the Care and Use of Laboratory Animals (2011).

4.2 General study design and procedures

The general study procedure involved first establishing stable baseline levels of ethanol
intake using a 2-hr limited access procedure (described below). Once stable ethanol intake
was achieved mice were separated into EtOH and CTL groups and exposed to repeated
cycles of chronic intermittent ethanol (CIE) exposure (described below) or control
procedures, respectively. Precautions were taken to distribute mice into each group based on
their baseline intake so that groups did not differ in ethanol intake before CIE or control
exposure. Each cycle of CIE (or control) exposure was followed 72 hours later by a 5-day
testing period for ethanol intake. This pattern of CIE exposure followed by an ethanol intake
test period was repeated for 7 cycles. During baseline and the first 5 test cycles following
CIE (or air) exposure, mice received vehicle (saline) injections (i.p.; 0.01 ml/g body weight)
30 minutes before drinking ethanol. On test cycles 6 and 7 mice received vehicle or
GSK1059865 (10, 25, 50 mg/kg, generously donated by GlaxoSmithKline) before given
access to ethanol 15% v/v (Test 6) or sucrose 5% wi/v (Test 7) versus water. GSK1059865
was dissolved in saline and TWEEN 80 (0.5 % v/v) as vehicle. Doses were chosen based on
those used in previous studies of this compound in which high selectivity and minimal
hypnotic effects were observed at up to 30 mg/kg (Gozzi et al., 2011; Piccoli et al., 2012).

4.3 Ethanol drinking in a limited access situation

A modified sucrose fading procedure (Samson, 1986) was used to train mice to drink
ethanol under a daily limited access schedule (2 hr/day). Mice started drinking a 10%
ethanol and 5% sucrose solution (10%E/5%S). Then, the ethanol concentration was
increased over consecutive days while sucrose was gradually removed from the solution.
The schedule was as follows: 10%E/5%S, 12%E/5%S, 15%E/5%S, 15%E/2%S, 15%E/
1%S, and 15%E/0%S. Mice were presented with each of these solutions for 2 days. The
final concentration used for the remainder of the experiment was 15% ethanol without
sucrose. Solutions were prepared daily by mixing ethanol (v/v) and sucrose (w/v) in
deionized water and presented at room temperature. Thirty minutes before the start of the
dark cycle, a 15 ml graduated tube containing 10 ml of an ethanol solution and a bottle
containing water were introduced in the home cage and the regular water bottle was made
available again. The position of the ethanol and water bottles was alternated daily. Mice
were not food or water deprived at any time during the experiments. Ethanol bottles were
read daily. The amount of ethanol consumed by each mouse was converted to g/kg based on
the milliliters of ethanol consumed (£ 0.1 ml) and body weight (+ 0.1 g). As previously
reported (Becker and Lopez, 2004), C57BL/6J mice will self-administer significant amounts
of ethanol during the 2-hr limited access sessions, with amount consumed (g/kg) correlated
with consequent blood ethanol concentration (BEC) attained at the end of the session. The
amount of water ingested was minimal (between 0.0 and 0.1 ml) during the two hours of the
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limited access to alcohol or sucrose versus water. Intake values for water were not included
in the analysis because these values are not affected by CIE exposure (Becker and Lopez,
2004).

4.4 CIE Exposure

Mice in the EtOH group received CIE vapor exposure in inhalation chambers (16 hr/day for
4 days) while control mice (CTL) were similarly handled, but exposed to air in control
chambers. CIE exposure was administered in inhalation chambers according to procedures
previously described (Becker and Lopez, 2004; Griffin et al., 2009; Lopez and Becker,
2005). Briefly, mice were placed in Plexiglas inhalation chambers (60 x 36 x 60 cm) and
exposed to ethanol vapor or uncontaminated air based on group assignment. Housing
conditions were similar to those in the colony room. Ethanol was volatized by passing air
through an air stone submerged in 95% ethanol. The ethanol vapor was mixed with fresh air
and delivered to the inhalation chambers at a rate of 5 liters/min, which maintained the
ethanol concentration in the chambers at 10-13 mg/I air. The ethanol concentration in the
inhalation chamber was monitored daily. These conditions have been shown to yield stable
blood ethanol concentrations (BEC) in C57BL/6J mice in the range of 175-225 mg/dI
(Becker and Lopez, 2004; Griffin et al., 2009; Lopez and Becker, 2005). Before each
chronic ethanol exposure cycle, intoxication was initiated in EtOH mice by administration of
ethanol (1.6 g/kg), and BEC was stabilized by injection of the alcohol dehydrogenase
inhibitor pyrazole (1 mmol/kg). Both ethanol and pyrazole were administered
intraperitoneally (i.p.) in a volume of 0.02 ml/g body weight. CTL mice were similarly
handled, but administered saline and pyrazole (i.p.) prior to being placed in control
chambers that delivered only air (no ethanol vapor). Thus, all mice received the same
number and timing of pyrazole injections prior to final removal from the inhalation
chambers.
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Highlights

Orexin 1 receptor antagonism decreased ethanol vapor-enhanced ethanol
drinking

Effects were dose-dependent

Orexin 1 receptor antagonism had minimal effects on drinking in air-treated
controls

Orexin 1 receptor antagonism had no effect on sucrose drinking
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Figure 1.
Voluntary ethanol intake (g/kg) for EtOH and CTL mice that received GSK1059865

treatment before drinking ethanol. * EtOH # CTL group; # # from vehicle treated group.
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Voluntary sucrose intake (ml) for EtOH and CTL mice that received GSK1059865 treatment

before drinking sucrose.
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