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Abstract

The orexin / hypocretin system is involved in several addiction-related behaviors. The present
experiments examined the involvement of orexin in heroin reinforcement and relapse by
administering the orexin 1 receptor antagonist SB-334867 prior to heroin self-administration or
prior to cue- or heroin-induced reinstatement of extinguished heroin seeking in male Sprague
Dawley rats. SB-334867 (30 mg/kg, i.p.) reduced heroin intake during self-administration under
fixed ratio-1 (FR-1) and progressive ratio (PR) schedules. SB-334867 also attenuated
reinstatement of heroin seeking elicited by cues, but not reinstatement elicited by a heroin prime.
These results indicate that orexin antagonism reduces heroin self-administration, and they support
a role for orexin in cue-triggered drug relapse.
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Introduction

The orexin, or hypocretin, system has been implicated in drug reinforcement and relapse
(Aston-Jones et al., 2010; Martin-Fardon et al., 2010; Sharf et al., 2010c; Kenny, 2011), in
addition to its role in promoting arousal (Siegel, 2004; Sakurai, 2007). Signaling at orexin 1
receptors (OX1Rs), in particular, is involved in a variety of addiction-related behaviors. In a
cocaine self-administration paradigm in rats, the OX4R antagonist SB-334867 reduced drug
seeking triggered by drug-associated cues, contexts, and stressors (Boutrel et al., 2005;
Smith et al., 2009; Smith et al., 2010). SB-334867 also reduced cue-induced reinstatement
of seeking for other rewards, such as ethanol and sucrose, indicating a universal role for
orexin in cue-elicited motivation across reward types (Lawrence et al., 2006; Cason et al.,
2010; Jupp et al., 2011b).

Despite a consistent involvement of orexin in reward-seeking driven by external stimuli, the
role of OX4R signaling in self-administration (or drug intake) appears to vary across reward
types. Under fixed ratio (FR) schedules of self-administration, SB-334867 reduced intake of
ethanol and nicotine, but had no effect on cocaine self-administration (Lawrence et al.,
2006; Hollander et al., 2008; Richards et al., 2008; Smith et al., 2009; Espana et al., 2010;
LeSage et al., 2010; Jupp et al., 2011a). However, under progressive ratio (PR) schedules of
self-administration, which require increasing amounts of effort to obtain successive rewards,
SB-334867 reduced responding for ethanol, nicotine, and cocaine (Hollander et al., 2008;
Borgland et al., 2009; Espana et al., 2010; Jupp et al., 2011a). The role of OX4R signaling
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in food self-administration varies under FR and PR schedules, and depends heavily on the
type of food reward (Hollander et al., 2008; Nair et al., 2008; Richards et al., 2008;
Borgland et al., 2009; Cason et al., 2010; Choi et al., 2010; Espana et al., 2010; LeSage et
al., 2010; Sharf et al., 2010b; Jupp et al., 2011a). The involvement of orexin signaling in
opiate self-administration and relapse has not been explored to date.

Previous studies investigating the relationship between orexin and opiates found that OX;R
signaling is involved in the acquisition and expression of a conditioned place preference for
morphine (Harris et al., 2005; Narita et al., 2006; Harris et al., 2007; Sharf et al., 2010a).
Additionally, orexin has been implicated in the expression of morphine withdrawal
symptoms (Georgescu et al., 2003; Sharf et al., 2008). Here, we sought to investigate the
role of OX4R signaling in heroin self-administration behaviors by evaluating the effects of
SB-334867 on drug intake under FR and PR schedules, as well as reinstatement of
extinguished heroin seeking elicited by cues or a heroin prime. Our results support a
common role for OX4R signaling in cue-induced reinstatement of drug seeking, and indicate
that SB-334867 reduces heroin self-administration under FR-1 and PR conditions.

Materials and Methods

Animals

Male Sprague Dawley rats (n=39; initial weight 250-300 g; Charles River, Raleigh, NC,
USA) were pair-housed in a temperature- and humidity-controlled facility at the Medical
University of South Carolina accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care. Rats were housed under a reversed 12-hr light/
dark cycle (lights off at 6 a.m.), with ad libitum food and water access. All experiments were
approved by the Institutional Animal Care and Use Committee at the Medical University of
South Carolina and conducted according to specifications of the National Institutes of
Health as outlined in the Guide for the Care and Use of Laboratory Animals.

Catheter implantation

Following acclimation to the animal facility, rats were anesthetized with ketamine/xylazine,
given a non-steroidal anti-inflammatory analgesic (meloxicam, 1 mg/kg), and implanted
with chronic indwelling intravenous catheters, as previously described (Smith et al., 2009).
Beginning three days after surgery, catheters were flushed once daily with 0.1 ml each of the
antibiotic cefazolin (100 mg/ml) and heparin (100 U/ml). Self-administration sessions began
after one week of recovery from surgery.

Self-administration - fixed ratio (FR)

Operant chambers were housed in sound-attenuating cubicles and controlled via MED-PC
IV (Med-Associates, St. Albans, VT, USA). During 2-hr daily sessions, presses on an active
lever resulted in a heroin infusion (FR-1; 50 ul via motorized pump) paired with tone and
light cues (78 dB, 2900 Hz; white stimulus light above the active lever), followed by a 20-
sec timeout. Presses on an inactive lever had no consequence. Rats were first given 2
sessions of FR-1 self-administration at a higher dose of heroin (0.04 mg/infusion), and then
given 10-12 sessions at a lower dose (0.02 mg/infusion; > 8 infusions per session). To
evaluate the role of orexin signaling in established FR-1 self-administration, a subset of
animals received SB-334867 (30 mg/kg, i.p.) 30 min prior to the tenth session of heroin self-
administration (0.02 mg heroin/infusion), followed by two additional sessions of self-
administration. Following FR-1 self-administration, separate groups of animals then were
moved to PR self-administration or extinction/reinstatement.
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Self-administration - progressive ratio (PR)

Following FR-1 self-administration, a subset of animals was placed on a PR schedule of
reinforcement, in which successive heroin infusions (0.02 mg each) were earned at the
completion of steps that required increasing ratios of lever presses, according to the
logarithmic function [5e(Step number x 0.2)] _ 5 (Rjchardson & Roberts, 1996). However, to
reduce sedation or satiation from excessive heroin exposure, some of the earlier PR steps
were omitted (steps 2, 3, 5, and 6), so that a modified step sequence was used (1, 4, 7, 8, 9,
10...), which resulted in the following lever press ratio requirements (1, 6, 15, 20, 25, 32,
40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, 603...). All rats completed step 7,
at a minimum, during testing. PR breakpoint was taken as the last step completed prior to a
lapse of one hour with no infusions earned or the last step completed in five hours,
whichever occurred first. Once rats showed stable daily PR self-administration, the role of
orexin in PR responding was evaluated during three test sessions, for which SB-334867 (10
or 30 mg/kg, i.p.) or vehicle was given 30 min prior. Rats were assigned test order in a
counterbalanced design, and were given additional PR self-administration sessions between
testing to ensure a return to baseline responding.

Reinstatement

Drugs

Following FR-1 self-administration, a subset of rats was given daily extinction sessions,
during which lever presses had no consequence (no drug or cues). Some of these rats
previously received SB-334867 on the tenth session of FR-1 self-administration; these
animals had an additional two days of self-administration after SB-334867 treatment before
extinction sessions commenced. Prior to reinstatement testing, rats were required to meet an
extinction criterion of > 25 active lever presses for two consecutive days, with at least seven
extinction sessions prior to the first reinstatement session and two extinction sessions prior
to subsequent reinstatement sessions. For cue-induced reinstatement, active lever presses
resulted in presentation of tone and light cues in the same manner as during self-
administration. For heroin-induced reinstatement, rats were injected with heroin (0.25 mg/
kg, s.c.) immediately prior to an extinction session. To evaluate the role of orexin in
reinstatement, SB-334867 (10 or 30 mg/kg, i.p.) was administered 30 min prior to
reinstatement sessions. Each animal was given only two reinstatement sessions of each type
(two cue, followed by two heroin prime), for which they were pretreated with only one dose
of SB-334867 for one session and vehicle for the other session for each type of
reinstatement in a counterbalanced order.

Heroin HCI (National Institute on Drug Abuse, Rockville, MD, USA) was dissolved in 0.9%
sterile saline. SB-334867 (generously donated by National Institute on Drug Abuse or by Eli
Lilly, Indianapolis, IN, USA) was suspended in 2% dimethylsulfoxide and 10% 2-
hydroxypropyl-B-cyclodextrin in sterile water, and administered at a volume of 4 ml/kg (i.p.)
30 min prior to testing. SB-334867 has 50-fold selectivity for OX;R over OX;,R and 100-
fold selectivity over approximately 50 other molecular targets (Porter et al., 2001; Smart et
al., 2001), and has a half-life of approximately four hours in vivo (Ishii et al., 2005).

Data analyses

FR-1 and PR self-administration data were analyzed via repeated-measures one-way
ANOVASs (within-subject design) with Tukey-Kramer post-hoc analyses. Reinstatement data
were analyzed via paired t tests between vehicle and SB-334867 sessions (within-subject
design). Reinstatement with vehicle pretreatment was not different across groups, so data
were pooled into single bars for graphs (Figure 3); however, data were analyzed separately
for groups as within-subject comparisons. Time course data were analyzed via mixed-model
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Results

two-way ANOVAs with Bonferroni posttests. One animal was excluded from analyses of
SB-334867 on FR-1 self-administration because active and inactive lever pressing was more
than 3 SDs different from the group mean. Animals were excluded from reinstatement
analyses if they showed <10 active lever presses on both reinstatement sessions (vehicle and
SB-334867 sessions) or fewer active lever presses on the vehicle reinstatement as compared
to the extinction session; this resulted in the exclusion of four animals from cue-induced
reinstatement experiments and eight animals from heroin-induced reinstatement
experiments. Three additional animals were excluded from heroin-induced reinstatement
experiments because they made >200 active lever presses during reinstatement and were
more than 2.5 SDs different from the group mean.

For all rats combined (n=39 total), the means ( SEM) for the last two days of FR-1 self-
administration were 19.6 (+1.4) and 20.8 (x1.5) infusions (~ 1 mg/kg per day), and 72.3
(+10.7) and 87.8 (+£17.8) active lever presses. There were no significant differences between
groups for the last two days of self-administration. For animals that received extinction/
reinstatement following FR-1 self-administration (n=29 total), the mean (+ SEM) active
lever presses for Sessions 1 and 7 of extinction were 84.9 (£9.9) and 18.0 (x2.4),
respectively. All groups showed significant reinstatement triggered by cues or a heroin
prime, as compared to extinction (p<0.05 each).

SB-334867 reduced heroin intake when administered prior to Session 10 of established FR-1
self-administration (n=14). SB-334867 (30 mg/kg) reduced the number of heroin infusions
earned on Session 10, as compared to the two days before and two days after (F4 9=18.80;
p<0.0001; Figure 1). Post-hoc analyses revealed that the number of infusions earned on
Session 10 was different from all other days (p’s<0.001). SB-334867 also reduced active
lever pressing (F4 69=5.37; p=0.0011), and post-hoc analyses revealed a difference on
Session 10 as compared to Sessions 8, 9, and 12 (p<0.01 for each), but not Session 11. There
was no effect on inactive lever pressing (F4 g9=1.05; p=0.39).

SB-334867 also reduced heroin intake under a PR schedule of self-administration (n=10).
When administered prior to PR self-administration, SB-334867 reduced the breakpoint,
represented by the highest step completed (F; 27=3.85; p=0.041), and post-hoc analyses
revealed a significant effect at the 30 mg/kg dose as compared to vehicle (p<0.05; Figure 2).
Administration of vehicle alone had no effect on PR breakpoint, as compared to the PR
session on the day before when no injection was given (tg=0.71; p=0.50; not shown).
SB-334867 (30 mg/kg) also reduced the total number of infusions earned (F 27=3.85;
p=0.041; p<0.05); the number of infusions earned was different from the highest step
completed due to the fact that some of the earlier steps were omitted by design (see
Methods). There was no effect of SB-334867 on the time of the last infusion (F, 27=0.72;
p=0.50), indicating that animals worked for a similar amount of time but earned fewer
infusions overall. This parallels the slower rate of intake observed for FR-1 sessions
following SB-334867 administration.

When animals were tested for reinstatement of heroin seeking following extinction (n=29
total), we found that SB-334867 reduced reinstatement elicited by cues, but not that elicited
by a heroin prime. For all reinstatement testing, each animal received only one dose of
SB-334867 pretreatment, and this reinstatement session was compared to vehicle
pretreatment in a within-subject design. Cue-induced reinstatement was attenuated by
SB-334867 at 30 mg/kg (t1,=2.96; p=0.01, significant after Bonferroni correction) but not
10 mg/kg (t12=0.06; p=0.95), as compared to vehicle (Figure 3). Due to significant results of
30 mg/kg on cue-induced reinstatement, we conducted additional analyses using a one-way
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repeated-measures ANOVA that compared the reinstatement sessions to extinction
(F2,38=11.19; p<0.001); post-hoc analyses showed no significant difference between
extinction and the reinstatement session with SB-334867 pretreatment, but did show a
difference between vehicle and SB-334867 (p<0.01). In contrast to cue-induced
reinstatement, SB-334867 had no effect on heroin-induced reinstatement at 10 mg/kg
(t7=0.27; p=0.79) or 30 mg/kg (tg=0.51; p=0.63), as compared to vehicle. There were no
significant effects of SB-334867 on inactive lever pressing.

Examination of the time courses for heroin self-administration and reinstatement (Figure 4)
reveals that SB-334867 (30 mg/kg) reduced heroin intake consistently throughout the FR
self-administration session, as compared to the control session (F1 5,=43.61; p<0.0001).
Post-hoc analyses revealed significant effects at all time points for FR (p<0.05). For PR self-
administration (F1 45=10.31; p=0.002), post-hoc analyses showed significant differences
between vehicle and SB-334867 at 60 and 120 min (p<0.05), when most of the infusions
were earned. In effect, SB-334867 increased the time between heroin infusions (i.e., the
inter-infusion interval) under both FR and PR schedules of reinforcement. Although analysis
of cue-induced reinstatement found a significant difference between vehicle and SB-334867
sessions (F1 45=12.53; p=0.0009), post-hoc analyses did not reveal significant differences
for the individual time points. Finally, analysis of heroin-induced reinstatement found no
effect of SB-334867. In all time course analyses, there was a significant effect of time
(p<0.05 for each).

Discussion

We found that the OX;R antagonist SB-334867 reduced heroin self-administration under FR
and PR schedules of reinforcement (Figures 1 and 2). SB-334867 decreased the number of
heroin infusions consistently throughout the FR session, and at the beginning of the PR
session when infusions were most frequent (Figure 4). We also found that SB-334867 (30
mg/kg) attenuated reinstatement of extinguished heroin seeking induced by cues, but had no
significant effect on reinstatement elicited by a heroin prime (Figure 3). These results
support a universal role for orexin signaling at OX1Rs in reward seeking elicited by
conditioned cues, and indicate that pharmacotherapies aimed at OX1Rs might be beneficial
for prevention of at least some types of heroin relapse.

Role of orexin in reinstatement

We found that orexin signaling at OX;Rs is necessary for cue-induced reinstatement of
heroin seeking, which corroborates previous studies showing that orexin is involved in
reward seeking elicited by conditioned stimuli. SB-334867 reduced cue- or context-induced
reward seeking for cocaine, ethanol, and sucrose in the self-administration paradigm
(Lawrence et al., 2006; Smith et al., 2009; Cason et al., 2010; Smith et al., 2010; Jupp et al.,
2011b). Additionally, SB-334867 reduced preference for contextual cues associated with
morphine or cocaine in the conditioned place preference paradigm (Harris et al., 2005;
Sartor & Aston-Jones, 2010). This corresponds with observations that orexin neurons were
Fos-activated after exposure to drug- and food-associated environments (Harris et al., 2005;
Harris & Aston-Jones, 2006; Dayas et al., 2008). Importantly, orexin appears to be involved
specifically in reward seeking triggered by external stimuli, and not in basic sensory
processing of these stimuli, as indicated by the fact that SB-334867 did not affect learning
about Pavlovian cues associated with cocaine or sucrose (Borgland et al., 2009; Smith et al.,
2009).

In contrast to the cue-induced reinstatement findings, SB-334867 did not reduce
reinstatement of heroin seeking elicited by a heroin prime, which mimics our results for
cocaine seeking after a cocaine prime (Mahler et al., submitted). This lack of effect indicates
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that reductions in heroin self-administration or cue-induced reinstatement of heroin seeking
caused by SB-334867 cannot be explained by general impairments in arousal or operant
behavior, consistent with prior observations that SB-334867 is not sedating (Richards et al.,
2008; Smith et al., 2009; Voorhees & Cunningham, 2011). Together with previous findings,
these results show that orexin is involved specifically in drug seeking or relapse triggered by
conditioned cues, but not by a drug prime.

Role of orexin in self-administration

We found that SB-334867 reduced heroin intake on FR and PR schedules of self-
administration. One potential caveat to note is that a vehicle injection was not given prior to
the control session for FR self-administration; however, given that we observed no effect of
vehicle injection for PR self-administration, it is unlikely that it could account for the
reductions in FR responding. Previous studies evaluating FR schedules of self-
administration or home cage consumption found that SB-334867 reduced intake of nicotine
and ethanol, but not cocaine (Lawrence et al., 2006; Hollander et al., 2008; Richards et al.,
2008; Moorman & Aston-Jones, 2009; Smith et al., 2009; Espana et al., 2010; LeSage et al.,
2010; Jupp et al., 2011a). However, studies using PR schedules showed that SB-334867
reduced self-administration for nicotine, ethanol, and cocaine (Hollander et al., 2008;
Borgland et al., 2009; Espana et al., 2010; Jupp et al., 2011a). Taken together with the
current heroin results, these studies indicate that SB-334867 does not have equal effects
across drug types in FR self-administration, but that it does cause a consistent reduction in
PR self-administration for drugs of abuse (but not necessarily PR self-administration for
food; see Hollander et al., 2008; Borgland et al., 2009; Choi et al., 2010; Espana et al.,
2010; Sharf et al., 2010b; Jupp et al., 2011a).

It is tempting to speculate, therefore, that SB-334867 reduces PR self-administration for all
drug types due to a singular effect on high-effort motivation. However, analysis of the time
course for SB-334867 effects on heroin self-administration indicates that this is not the case
(Figure 4). SB-334867 reduced PR self-administration primarily in the first two hours of the
session, when effort is lowest and the majority of infusions are earned. SB-334867 did not
decrease the average number of infusions earned later in the PR session, which is likely due
to a floor effect in responding and/or the half-life of SB-334867 (4 hours). Importantly, this
resulted in a reduced breakpoint with SB-334867 without a significant change in the time to
reach breakpoint (i.e., when the last infusion was earned). This contrasts with cocaine
studies, which showed that reduced breakpoint following SB-334867 was due to an effect on
the high-effort responding required later in the session, and that SB-334867 did not affect
PR responding at the beginning of the session (Borgland et al., 2009; Espana et al., 2010).
This indicates that different mechanisms underlie the effects of SB-334867 on PR self-
administration for cocaine and heroin.

The time course data indicates that SB-334867 effects on PR heroin self-administration
cannot be explained by reduced high-effort motivation. Rather, the reductions to PR self-
administration appear to parallel the effects of SB-334867 on FR-1 self-administration.
During FR-1 self-administration, animals still exhibited loading behavior (more infusions at
the beginning of the session, as compared to later in the session), but showed lower intake
throughout the entire session as compared to the control FR session. In other words,
SB-334867 increased the time between heroin infusions (i.e., the inter-infusion interval)
under both schedules of reinforcement, indicating that SB-334867 is acting via the same
mechanism in both cases. Although FR and PR schedules are designed to measure different
aspects of reinforcement, it is possible for both measures to be affected equally by a single
factor.
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For heroin, an increase in the inter-infusion interval following SB-334867 administration
may indicate that the subjective effects of heroin have been altered. Numerous studies have
investigated shifts in the inter-infusion interval, also known as the “trigger point,” “post-
infusion pause,” or “satiety threshold,” and found, typically, that the response rate for a
reward is inversely proportional to the unit dose (Pickens & Thompson, 1968; Gerber &
Wise, 1989; Wise et al., 1995; Lynch et al., 1998; Tsibulsky & Norman, 1999; Panlilio et
al., 2003). In other words, increasing the dose of a self-administered drug will result in a
decreased response rate, or longer inter-infusion interval. This indicates that SB-334867 may
increase the strength of the reinforcing or rewarding properties of each heroin infusion. The
exact underlying mechanisms responsible for the change in heroin intake observed here may
be difficult to pinpoint, however, because there are several factors that may contribute to
such an effect (Lynch & Carroll, 2001).

Hypothesized role of orexin in addiction

Here, we found that SB-334867 reduced cue- but not heroin-induced reinstatement of heroin
seeking. These results align with the hypothesis that orexin is involved in behaviors
requiring glutamate-evoked increases in dopaminergic (DA) cell firing in ventral tegmental
area (VTA) (Aston-Jones et al., 2009; Bonci & Borgland, 2009; Borgland et al., 2010).
Glutamatergic signaling in VTA is likely necessary for cue-induced reinstatement of heroin
seeking, as is the case for cue-induced reinstatement of cocaine seeking and context-induced
reinstatement of heroin seeking (Bossert et al., 2004; Mahler et al., submitted). Recent data
show that orexin signaling in VTA also is necessary for cue-induced reinstatement of
cocaine seeking (James et al., 2011; Mahler et al., submitted). In contrast to a cocaine prime,
where DA release occurs by actions directly at DA terminals, a heroin prime elicits DA
release by activation of DA neural activity. This activation of DA neurons by heroin most
likely stems from inhibition of GABA neurons leading to disinhibition, and not via
increased VTA glutamate (Johnson & North, 1992); this may explain why orexin is not
necessary for heroin-primed reinstatement. Notably, VTA and DA are necessary for heroin-
induced reinstatement of drug seeking (Shaham & Stewart, 1996; LalL.umiere & Kalivas,
2008; Rogers et al., 2008; See, 2009).

The current studies also found that SB-334867 reduced heroin self-administration. The exact
role of DA in heroin reinforcement is complex and unresolved (see Xi & Stein, 2002b for
review). However, given that the mechanism for DA cell activation by opiates is thought to
be via GABA actions and not glutamate, we initially hypothesized that orexin antagonism
would not affect heroin intake during self-administration. In fact, if orexin or glutamate is
involved in heroin reinforcement, one might expect an increase in heroin intake (to
compensate for the decreased effectiveness of heroin) when these transmitter systems are
blocked (Xi & Stein, 2002a). Instead, we observed a decrease in heroin intake following
SB-334867 administration. Therefore, the increased inter-infusion interval in our study after
SB-334867 administration may be attributable to DA-independent mechanisms, such as a
reduction in opiate withdrawal symptoms (Georgescu et al., 2003; Zhou et al., 2006) or
slowed metabolism of heroin.

In conclusion, the current studies show that OX;R antagonism reduces opiate self-
administration and reinstatement, indicating that the orexin system might be an important
target for addiction pharmacotherapies. Our finding that SB-334867 reduced cue-induced
reinstatement of heroin seeking supports a general role for orexin signaling in cue-triggered
reward seeking.
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Figure 1.

Heroin self-administration under a fixed ratio-1 (FR-1; 20-sec timeout) schedule of
reinforcement is reduced by the OX4R antagonist SB-334867 at 30 mg/kg. A) When
administered prior to the tenth session of self-administration, SB-334867 reduced the mean
number of heroin infusions earned (0.02 mg/inf), as compared to the sessions before and
after (n=14; ***p<0.001). B) Heroin intake for individual animals shows a consistent effect
of SB-334867 among all subjects. C) SB-334867 also reduced active lever presses on
Session 10 of self-administration, as compared to Sessions 8, 9, and 12 (**p<0.01), but had
no effect on inactive lever presses.
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Heroin self-administration under a progressive ratio (PR) schedule of reinforcement is
reduced by the OX1R antagonist SB-334867 at 30 mg/kg, but not 10 mg/kg. A) SB-334867
reduced the breakpoint (or last step completed) for heroin PR self-administration (0.02 mg/
inf) as compared to vehicle (n=10; *p<0.05). To reduce total heroin exposure, some early
PR steps were omitted, so that a modified step sequence was used (1, 4, 7, 8, 9, 10..., as
shown on left y-axis). Corresponding ratios for each step are shown on the right y-axis. B)
SB-334867 did not significantly affect the time of the last infusion (when the breakpoint

occurred), indicating a slower rate of intake overall.
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Figure 3.

Reinstatement elicited by cues, but not a heroin prime, is attenuated by the OX;R antagonist
SB-334867 at 30 mg/kg. A) SB-334867 attenuated cue-induced reinstatement of
extinguished heroin seeking at 30 mg/kg (n=13; *p<0.05), but not 10 mg/kg, (n=13), as
compared to vehicle. Extinction (ext) levels of responding prior to reinstatement are also
shown. B) SB-334867 had no significant effect on heroin-induced reinstatement when
administered at 10 mg/kg (n=8) or 30 mg/kg (n=9).
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Figure 4.

Time courses for the number of heroin infusions (A, B) or active lever presses (C, D) during
A) fixed ratio-1 (FR-1) self-administration (n=14), B) progressive ratio (PR) self-
administration (n=10), C) cue-induced reinstatement of extinguished heroin seeking (n=13),
and D) heroin-induced reinstatement (n=9), following administration of SB-334867 (30 mg/
kg) or vehicle. Significant overall effects are indicated by # (## p<0.01, ### p<0.001, n.s. =
not significant), and significant post-hoc effects for individual time bins are indicated by *
(*p<0.05, **p<0.01).
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