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Abstract
Orexin (or hypocretin) has been implicated in mediating drug addiction and reward. Here, we
investigated orexin's contribution to morphine-induced behavioral sensitization and place preference.
Orexin -/- (OKO) mice and littermate wild-type (WT) controls (n= 56) and C57BL/6J mice (n=67)
were tested for chronic morphine-induced locomotor sensitization or for conditioned place preference
(CPP) for a morphine- or a cocaine-paired environment. C57BL/6J mice received the orexin receptor
1 (Ox1r) antagonist, SB-334867, prior to test sessions. OKO mice did not significantly differ from
WT controls in locomotor activity following acute- or chronic-morphine treatments. Similarly, mice
treated with the Ox1r antagonist did not differ from vehicle controls in locomotor activity following
acute- or chronic-morphine treatments. In contrast, while OKO mice did not differ from WT controls
in preference for a morphine-paired environment, the Ox1r antagonist significantly attenuated place
preference for a morphine-, but not a cocaine-paired, environment. These data suggest that orexin
action is not required for locomotor responses to acute and chronic morphine, but Ox1r signaling
can influence morphine-seeking in WT animals.
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1. Introduction
Orexin- (or hypocretin-) containing neurons in the lateral hypothalamus (LH) project widely
throughout the brain (Date et al., 1999; Nambu et al., 1999; Peyron et al., 1998). The orexin
receptors, Ox1r and Ox2r, are located in multiple brain regions, including the ventral tegmental
area (VTA) and nucleus accumbens (Acb) (Marcus et al., 2001), that are known to regulate
drug addiction and reward processes. Behavioral analysis also supports a role for orexin in
different components of drug addiction. We have shown that a mutation of the orexin gene
(Georgescu et al., 2003) and blockade of Ox1r (Sharf et al., 2008) result in attenuated somatic
withdrawal symptoms in morphine-dependent mice. Evidence suggests that orexin is also
involved in drug reward and reinstatement. Preference for an environment previously paired
with morphine, cocaine, or food is positively correlated with activation of orexin-producing
neurons in the LH (Harris et al., 2005). Intra-VTA blockade of Ox1r dose-dependently reduced
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morphine-induced conditioned place preference (CPP) in rats and genetic deletion of orexin
resulted in an attenuation of morphine-induced CPP (Narita et al., 2006). Orexin is also
important for stress-mediated reinstatement of cocaine seeking (Boutrel et al., 2005). These
results suggest a role for orexin in mediating dependence and behavioral plasticity that occurs
in the absence of the actual drugs (i.e. during states of withdrawal or seeking).

Studies of locomotor activity also implicate orexin in response to both acute and chronic drug
exposure. Orexin -/- (OKO) mice have been reported to display reduced locomotor activity in
response to acute morphine (Narita et al., 2006) and intra-VTA Ox1r blockade attenuated the
development, but not the expression, of cocaine sensitization (Borgland et al., 2006). It is,
however, not known if orexin mediates sensitization to other drugs of abuse, such as morphine.

Here, we report that OKO animals display normal morphine sensitization, and in contrast to
previous reports (Narita et al., 2006), normal locomotor response and CPP to morphine. The
Ox1r antagonist also failed to block locomotor responses to morphine, but did attenuate
morphine, but not cocaine, CPP. Together these data demonstrate that orexin may not be
necessary for morphine-induced hyperlocomotion, but that altered orexin signaling can
nonetheless modify drug-context associations.

2. Results
Orexin -/- mice display normal acute locomotor and sensitization responses to morphine

Locomotor activity was assessed during a one hour habituation session, during which naïve
OKO mice and WT controls were first expose to the locomotor chambers. After habituation,
animals received a saline injection and locomotor activity was measured for one hour.
Following the saline session, animals received a morphine injection (10 mg/kg, s.c.) and
locomotor activity was again assessed for one hour. Surprisingly, OKO mice did not differ
from WT controls in locomotor activity during any of these phases (Fig. 1a). Repeated
morphine treatments and locomotor tests were then conducted to determine if orexin was
required for sensitization. Locomotor activity following the fifth morphine injection was
significantly greater than that following the first morphine injection (Session effect, F(2, 28) =
33.57, P<0.0001; Day 1 vs. Day 5, P<0.002 by Tukey's LSD), suggesting the development of
locomotor sensitization (Fig. 1b). However, there was no significant effect of genotype nor a
significant interaction between genotype and session indicating normal sensitization in orexin
mutant mice.

Pharmacological blockade of Ox1r fails to affect acute locomotor and sensitization
responses to morphine

To complement the mutant studies, the Ox1r antagonist SB-334867 was administered to naïve
C57BL/6J mice prior to each 10 mg/kg morphine treatment. Overall, total activity counts for
OKO mice and their littermate WT controls were lower when compared to the C57BL/6J mice
used the pharmacological experiment. This reduced general locomotion may be the result of
age differences among the cohorts as it has previously been reported that age can contribute
to locomotor activity differences (Ingram et al., 1981). SB-334867 did not affect locomotor
activity compared to saline and had no affect on acute hyperlocomotion to morphine (Fig 2a),
as confirmed by statistical analysis between SB-334867 and saline treated animals (F(1,11) =
0.34, P=0.57). While sensitization was clear (Session effect, F(2, 22) = 47.78, P<0.0001; Day
1 vs. Day 5, P< 0.0001 by Tukey's LSD), there were no significant SB-334867 or interaction
effects (Fig 2b). This suggests that, in normal animals, Ox1r blockade during morphine
exposure does not influence motor response or the development of sensitization.
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To further ascertain that orexin does not contribute to morphine-induced locomotor responses,
a separate group of C57BL/6J mice underwent locomotor analysis with 5mg/kg morphine
injections and morphine-induced locomotor responses were recorded for two hours. As seen
with the higher morphine dose, SB-334867 failed to effect acute morphine induced
hyperlocomotion (Fig 3a). Although morphine significantly enhanced locomotion on day 1
(F(2,20)=23.44, P<0.000), locomotor activity on day 5 was not significantly different than on
day 1 (P<.09), suggesting that animals did not sensitize to the lower morphine dose (Fig 3b).
However, no significant interactions were found, thus further supporting that orexin is not
required for morphine-induced locomotion at this lower dose.

Pharmacological blockade of Ox1r, but not genetic mutation of the orexin gene, attenuates
morphine CPP

Based on previous reports on the role of orexin in morphine responsiveness (Narita et al.,
2006), the minimal effects of genetic and pharmacological treatments on locomotor responses
were unexpected. To explore further orexin-morphine interactions, Pavlovian reward
responses to morphine were assessed using the conditioned place preference (CPP) paradigm.
Here, animals were placed in an enclosed environment divided into two chambers, each
containing distinctive environmental cues. During the habituation session, animals were
allowed to freely explore both chambers. On days 1, 3 and 5 animals received an injection of
saline or morphine (5 or 10 mg/kg, s.c.) and were confined to one of the chambers. On days 2,
4, and 6, mice received the alternate drug treatment and were confined to the other chamber.
On the test day, animals were once again allowed to freely roam among the chambers and the
time spent in each was recorded. Male OKO and WT mice showed statistically comparable
preferences for an environment previously paired with either a 5 mg/kg or 10 mg/kg dose of
morphine (Fig. 4a, Table 1). We also tested female OKO mice and their WT controls for the
expression of morphine CPP to the higher morphine dose and again found no behavioral
differences based on genotype (Fig. 4b). Furthermore, no significant gender differences were
observed (Fig. 4a-b).

In contrast, C57BL/6J mice treated with SB-334867 demonstrated significantly reduced
preference for a chamber previously paired with morphine (t(24) = 2.30, P<0.03; Fig. 5a).
However, SB-334867 failed to alter CPP to cocaine (Fig. 5b), suggesting that SB-334867's
effects are restricted to Pavlovian responses to opiates, and may not play a role in conditioned
responses to psychostimulants.

3. Discussion
The present study investigates orexin's contribution to morphine locomotor sensitization and
CPP. Surprisingly, we found that in response to acute morphine, OKO mice do not differ from
WT controls in locomotor activity. Similarly, both genotypes displayed normal sensitization
in response to chronic morphine administration. Pharmacological blockade of Ox1r also failed
to affect acute morphine-induced locomotor enhancement and locomotor sensitization.
Together, these data suggest that orexin does not play a role in locomotor responses to
morphine, in contrast to previously published data (Narita et al., 2006).

As previous reports suggest a role for orexin in morphine locomotor enhancement (Narita et
al., 2006) and Pavlovian responses (Harris et al., 2005; Harris et al., 2007; Narita et al.,
2006), we also tested for the expression of CPP in OKO mice and mice treated with an Ox1r
antagonist. While OKO mice again demonstrated a morphine-induced CPP comparable to WT
controls, pharmacological blockade of Ox1r significantly attenuated preference for an
environment previously paired with morphine. These data are consistent with previous reports
that Ox1r blockade attenuates the expression of place preference for morphine (Harris et al.,
2005), and that coincident unilateral lesions of LH orexin neurons and contralateral intra-VTA
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Ox1r pharmacological blockade block the development of morphine-induced CPP (Harris et
al., 2007).

The current data suggest that the Ox1r is not involved in expression of place preference to a
cocaine-paired environment. While Ox1r has been implicated in cocaine sensitization
(Borgland et al., 2006), the role of Ox1r in cocaine CPP has not yet been reported. It has been
demonstrated that preference for an environment previously paired with cocaine is correlated
with enhanced c-Fos expression in the LH (Harris et al., 2005), and it might have been predicted
that SB-334867 would affect the expression of cocaine CPP. It is possible that Ox1r plays a
more important role during conditioning. Moreover, since SB-334867 has a higher binding
affinity and ∼50-fold selectivity for the Ox1r over the Ox2r (Duxon et al., 2001), it is also
possible that orexin action via the Ox2r contributes to cocaine CPP. Chronic cocaine has been
associated with increased Ox2r in the Acb (Zhang et al., 2007) whereas such a change following
chronic morphine administration has yet to be investigated. Further investigation into the role
of Ox2r in cocaine CPP is warranted and is dependent upon the use of selective Ox2r
pharmacological agents. A possible mechanism of action may be that activation of Ox2r at the
level of VTA enhances glutamatergic transmission (Borgland et al., 2008).

Orexin's role in the expression of morphine-, but not cocaine, CPP is notable and may be
explained by the different mode of action of the drugs. While both increase dopamine (DA) in
the Acb (Carboni et al., 1989; Di Chiara and Imperato, 1988; Imperato and Di Chiara, 1986),
cocaine acts by blocking the DA re-uptake transporter (Ritz et al., 1987) whereas morphine
enhances DA transmission by inhibiting VTA GABAergic interneurons that would normally
inhibit DAergic neurons (Gysling and Wang, 1983). This differential primary mode of action
of the two drugs likely produces distinct cellular and molecular mechanisms of long-term
plasticity. While both drugs are known to engage the VTA, the current CPP data suggest that
orexin in more critical for morphine's effects in the drug-free state. Additionally, while orexin
cells may be activated during expression of cocaine CPP, as previously reported by c-Fos
analysis (Harris et al., 2005), but the functionality of such activation may not be directly related
to the expression of cocaine place preference. In contrast to the CPP data, the current work
suggests a more minimal role for Ox1r in the development of morphine sensitization, whereas
Ox1r has been implicated in cocaine sensitization (Borgland et al., 2006). This could be due
to the models used (rat vs. mouse) in the studies or may simply reflect a more direct role in
cocaine sensitization processes. Again, while the VTA plays an integral role in sensitization
to both psychostimulants (Henry et al., 1989) and opiates (Kalivas and Duffy, 1987), the
differential mode of action of cocaine and morphine may be relevant. Orexin excites both DA-
and GABA-containing neurons in the VTA (Korotkova et al., 2003; Nakamura et al., 2000),
raising the possibility of orexin's interactions with morphine take place in both dopamine and
non-dopamine neurons.

The differences between data reported here and data previously published (Narita et al.,
2006) are difficult to explain. While both studies use male mice, we also evaluated female
OKO animals and found no differences in CPP or locomotor response to morphine. In addition
to genotyping, the orexin knockout in our cohorts was confirmed via immunodetection and no
orexin was detected in OKO mice (data not shown). There are, however, some differences in
procedures where our conditioning sessions are for 30 minutes whereas Narita et al. used 60
minute pairings. It is also unclear whether previous experiments were conducted during the
light cycle. It has been previously demonstrated that OKO mice display bouts of behavioral
arrests during the dark (Chemelli et al., 1999), which would contribute to decreased activity
and altered behavioral responses.

The contrasting data obtained from the OKO and the Ox1r antagonist treated mice suggests
that some developmental compensatory mechanism may exist in OKO mice, such that the
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relevant function served by Ox1r stimulation is acquired by another neural and/or molecular
mechanism in mice lacking orexin. This is often seen in knockout animals and these data are
not the first to suggest behavioral differences due to Ox1r blockade and genetic manipulations
of the orexin system. We have previously reported that in response to morphine withdrawal
both OKO mice and SB-334867 treated mice display attenuated somatic withdrawal symptoms;
however, different symptoms were affected. For instance, OKO mice, but not SB-334867
treated animals, displayed significant reductions in jumps whereas SB-334867 treated animals
displayed significant reductions in wet dog shakes, which were normal in OKO mice
(Georgescu et al., 2003; Sharf et al., 2008). Furthermore, ongoing experiments in our laboratory
suggest that food reward and food-related learning is regulated differently in OKO mice and
SB-334867 treated mice (Sharf et al., Submitted).

Together, these data suggest that while morphine-induced hyperlocomotion or sensitization
can occur in the absence of orexin, Ox1r can modulate morphine-seeking in WT animals when
the drug is no longer available (e.g. during the CPP test). A role for orexin, and Ox1r, in the
expression of somatic morphine withdrawal symptoms has been demonstrated (Georgescu et
al., 2003; Sharf et al., 2008; Zhou et al., 2006). Moreover, previous work with Ox1r blockade
(Harris et al., 2005) and the current CPP data suggest a role for Ox1r in drug-abstinent states.
Here, we suggest that orexin may contribute to opiate-induced neural plasticity, which becomes
evident following cessation of drug-treatment, such as during withdrawal or drug-seeking.
Orexin function may not directly affect morphine-induced locomotor responses, but once
morphine is no longer present, morphine withdrawal and place preference depend on orexin
action on Ox1r. This may be consistent with a general role for orexin in activating or
coordinating behavior (Aston-Jones et al., 2009; Sharf et al., 2009; Sutcliffe and De Lecea,
2002; Willie et al., 2001), which includes withdrawal or drug-seeking behaviors. More recent
evidence further suggests that orexin signaling via the Ox1r contributes to attentional
performance (Boschen et al., 2009), which could include attentive responses to environmental
cues previously associated with morphine.

4. Experimental Procedure
Subjects

Subjects were male C57BL/6J mice (n=67), between 10-12 weeks of age, and male (n=44) and
female (n=12) pre-pro-orexin knock out (OKO) mice and wild-type (WT) controls, between
16-24 weeks of age, that have been backcrossed to C57BL/6J for six generations(Chemelli et
al., 1999). OKO mice and their littermate WT controls were bred and housed in groups of three
to five. C57BL/6J mice were obtained from Jackson Laboratories and housed in groups of five.
Female OKO mice were tested only for morphine-induced place preference. All mice were
maintained on a 12:12 hour light:dark cycle (7am-7pm). Experimental sessions occurred during
the light phase as OKO mice exhibit behavioral arrests similar to narcoleptic episodes during
the dark phase, but fail to display any overt abnormalities during the light cycle (Chemelli et
al., 1999). All animal procedures were approved by the Yale Animal Care and Use Committee.

Locomotor Activity
Locomotor activity was monitored in standard cages (17″× 8.5″× 8″) in chambers equipped
with infrared photocells. Locomotor activity was measured by consecutive beam breaks in 5
minute intervals using MicroPro software (Columbus, OH, USA). To habituate animals, mice
were placed in the locomotor chambers for one hour. Following habituation, OKO mice were
injected with saline and C57BL/6J mice were injected with SB-334867 or vehicle and returned
to the locomotor chambers for one hour. Locomotor activity during this hour served as baseline.
Mice were then injected with morphine and returned to the locomotor chambers for one hour.
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To assess morphine sensitization, mice received five morphine injections, one per day, prior
to placement in the locomotor chambers for one hour sessions. C57BL/6J mice received
SB-334867 or vehicle one hour prior to each morphine injection.

Conditioned Place preference
Conditioned place preference (CPP) was performed using Med Associates (Georgia, VT) place
conditioning boxes consisting of two chambers with retractable doors. One chamber consisted
of a wire mesh floor with vertical black and white stripes on the wall. The other consisted of
a grid floor with gray marble and diagonal black stripes on the wall. The conditioning chambers
were separated by a gray neutral chamber. Time spent in each chamber was calculated using
Med-PC IV software by photocell beam breaks.

During habituation, mice were placed in the neutral chamber for 15 minutes with both doors
retracted so that mice could freely explore both chambers. During the conditioning phase, mice
were treated with either morphine or cocaine immediately prior to placement into the CPP
apparatus. On days 1, 3, and 5, mice received either a saline or drug injection and were confined
to one of the conditioning chambers for 30 minutes. On days 2, 4, and 6, mice received the
opposite treatment and were confined to the opposite chamber. On day 7, mice were placed in
the neutral chamber and were allowed free access to both chambers for 15 minutes. C57BL/
6J mice received SB-334867 or vehicle 20 minutes prior to the test session.

Drugs
Morphine sulfate and cocaine hydrochloride (NIDA, Bethesda, MD, USA) were dissolved in
saline. Morphine was administered at a dose of 10 mg/kg via s.c. injections. Cocaine was
administrated at a dose of 15 mg/kg via s.c. injections. SB-334867 (1-(2-methylbenzoxazol-6-
yl)-3-[1,5]naphthyridin-4-yl urea hydrochloride) (Tocris, Ellisville, Missouri) was dissolved
in 10% (w/v) (2-hyroxypropyl)-β-cyclodextrin/10% dimethyl sulfoxide (DMSO) in sterile
water and was administrated at a dose of 20 mg/kg via i.p. injections. This dose of SB-334867
is consistent with other recent studies (Harris et al., 2005; Lawrence et al., 2006), and is not
associated with locomotor deficits often seen when higher doses are administered (Rodgers et
al., 2001). SB-334867 was administrated one hour prior to each locomotor activity session and
20 minutes prior to each CPP test session. SB-334867 has been found to reach peak plasma
and brain concentrations at 30 minutes post-dosing and to maintain good exposure over four
hours post-dosing (Ishii et al., 2005).

Data Analysis
For sensitization data, mixed design analyses of variance (ANOVAs) were conducted with
either genotype or dose of SB-334867 as the between-subjects factor and session as the within-
subjects factor. Significant results (p<0.05) were followed by Tukey's LSD post hoc analyses.
For the CPP data, preference scores were measured as the difference in time spent in the paired
chamber compared to the unpaired chamber (paired minus unpaired) and separate independent
samples t-tests were conducted to analyze preference scores.
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Figure 1. Orexin -/- mice (n=8) display normal acute locomotor and sensitization responses to
morphine compared to WT controls (n=8)
(A) Activity measured in 5 minute intervals during habituation, saline, and morphine treatment
sessions. (B) Activity following saline, first morphine, and fifth morphine treatment session.
Vertical lines represent the standard error of the mean (SEM). * indicates significant differences
from all other sessions.
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Figure 2. Pharmacological blockade of Ox1r in mice treated with SB-334867 (n=7) fails to affect
acute locomotor and sensitization responses to morphine (10 mg/kg, s.c.) compared to mice treated
with vehicle (n=6)
(A) Activity measured in 5 minute intervals during habituation, saline, and morphine treatment
sessions. (B) Activity following saline, first morphine, and fifth morphine treatment session.
Vertical lines represent the standard error of the mean (SEM). * indicates significant differences
from all other sessions.
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Figure 3. Pharmacological blockade of Ox1r in mice treated with SB-334867 (n=6) fails to affect
acute locomotor and sensitization responses to morphine (5 mg/kg, s.c.) compared to mice treated
with vehicle (n=6)
(A) Activity measured in 5 minute intervals during habituation, saline, and morphine treatment
sessions. (B) Activity following saline, first morphine, and fifth morphine treatment session.
Vertical lines represent the standard error of the mean (SEM). * indicates significant differences
from all other sessions. ** indicates significance from baseline only.
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Figure 4. Genetic mutation of the orexin gene fails to affect preference for an environment
previously paired with morphine
Difference in time spent in the drug-paired environment compared with time spent in the
unpaired environment (paired minus unpaired) for (A) male OKO mice (n=14) and WT controls
(n=14) and (B) female OKO mice (n=6) and WT controls (n=6) conditioned with morphine.
Vertical lines represent the standard error of the mean (SEM).
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Figure 5. Pharmacological blockade of Ox1r attenuates preference for an environment previously
paired with morphine, but not cocaine
Difference in time spent in the drug-paired environment compared with time spent in the
unpaired environment (paired minus unpaired) for (A) SB-334867 treated mice (n=13) and
vehicle treated controls (n=13) conditioned with morphine, and (B) SB-334867 treated mice
(n=8) and vehicle treated controls (n=8) conditioned with cocaine. Vertical lines represent the
standard error of the mean (SEM). * represents a significant SB-334867 effect on preference
for drug-paired side (P<0.03).
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Table 1

Time spent in drug-paired and saline-paired chambers and final preference scores during conditioned place
preference test session. Scores are divided by experimental groups.

Group Treatment Paired Unpaired Preference

WT (males) Morphine (5 mg/kg) 440.0 (±12.9) 215.8 (±10.7) 224.2 (±21.8)

WT (males) Morphine (10 mg/kg) 445.9 (±24.5) 207.8 (±19.5) 238.5 (±43.8)

OKO (males) Morphine (5 mg/kg) 424.2 (±39.3) 220.2 (±33.5) 204.0 (±67.8)

OKO (males) Morphine (10 mg/kg) 423.6 (±22.1) 247.5 (±22.9) 176.2 (±40.4)

WT (females) Morphine (10 mg/kg) 405.0 (±37.8) 243.0 (±13.9) 162.0 (±48.9)

OKO (females) Morphine (10 mg/kg) 365.9 (±35.7) 191.9 (±24.4) 174.0 (±49.5)

C57BL/6J (Veh) Morphine (10 mg/kg) 404.0 (±22.9) 202.6 (±18.4) 201.4 (±31.5)

C57BL/6J (SB) Morphine (10 mg/kg) 343.0 (±18.4) 226.6 (±15.3) 116.4 (±19.0)

C57BL/6J (Veh) Cocaine (15 mg/kg) 419.4 (±31.8) 202.5 (±12.4) 216.9 (±35.4)

C57BL/6J (SB) Cocaine (15 mg/kg) 443.8 (±36.7) 198.7 (±35.2) 245.2 (±68.1)
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