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Abstract

Background: The hypocretin/orexin system is involved in regulating arousal, and much recent
work demonstrates that decreasing hypocretin receptor-1 (HCRTY1) activity using antagonists
decreases appetitive behavior, including stimulant drug self-administration and reinstatement.

Methods: The present study determined the effects of hypocretin-1 and HCRTr1 antagonists on
responding reinforced by intravenous (i.v.) cocaine self-administration (0.0125 — 0.05 mg/kg/
infusion) in 5 female rhesus monkeys. Responding was examined using 3 schedules of
reinforcement: 1) a Fixed interval 1 min, Fixed ratio 10 Chain schedule [FI 1-min (FR10:S)], 2) a
Progressive Ratio (PR) schedule, and 3) a cocaine vs. candy.

Results: Choice schedule: the HCRTr1 antagonist SB-334867 (8—24 mg/kg, i.m.) decreased
cocaine taking under the Chain schedule and PR schedule in all 5 monkeys and in 4 of the 5
monkeys under the Choice schedule. dcAmphetamine (0.06 — 0.25 mg/kg, i.m.), tested as a control
manipulation, decreased cocaine taking in all 5 monkeys under the Chain schedule. The peptide
hypocretin-1 (0.072 mg/Kkg, i.v.) increased cocaine taking in the monkeys with low rates of cocaine
taking under the Chain (3/4) and Choice (4/5) schedules. Reinstatement of extinguished cocaine
responding following response-independent delivery of a large dose of cocaine (0.3 mg/kg) was
attenuated in 3 of the 5 monkeys by the HCRTr1 antagonist SB-334867.

Conclusions: These data expand upon work accomplished in predominantly male rodents
suggesting that the hypocretin system modulates the response to appetitive stimuli. A better
understanding of this system offers promise as a novel approach in medication development for
appetitive disorders.
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Introduction

The neuropeptides hypocretin-1 and —2 or orexin-1 and orexin-2 (de Lecea et al., 1998;
Sakurai et al., 1998) derive from the lateral hypothalamus and project throughout the brain
(Koob, 2008). Hypocretins interact with the noradrenergic, cholinergic, serotonergic, and
dopaminergic systems as well as with the hypothalamic-pituitary-adrenal (HPA) axis. In
concert, these actions have been shown to modulate sleep-wake regulation, energy
homeostasis, motivational activation, and stress responsivity (Carter et al., 2009; Giardino
and de Lecea, 2014; Sutcliffe and de Lecea, 2002). Given its role in modulating arousal and
appetitive behaviors, the hypocretin system offers promise as a novel approach in medication
development for appetitive disorders.

Data obtained in laboratory rodents demonstrates a role for hypocretin in the development of
sensitization, conditioned-place preference (CPP), self-administration, and reinstatement to
cocaine and amphetamine. For example, an HCRTr1 antagonist blocked the development of
sensitization to cocaine (Borgland et al., 2006) and amphetamine (Winrow et al., 2010) in
rats, and sensitization to amphetamine was associated with increased c-FOS activation in
many hypocretin-containing neurons in the rat brain (McPherson et al., 2007). With respect
to CPP, Harris et al. (2005) trained a place preference for locations that had been paired with
cocaine, morphine, or food in rats and measured c-FOS activation in hypocretin neurons in
the lateral hypothalamus. In each case, the acquisition of a CPP was associated with
increased c-FOS activation of hypocretin neurons in the lateral hypothalamus, and there was
a positive correlation between c-FOS activation and magnitude of the CPP. HCRTr1
antagonism also blocked the development of CPP for an environment paired with cocaine
(Gentile et al., 2018).

Few studies have examined the effects of the peptide hypocretin-1 on cocaine self-
administration (Boutrel et al., 2005; Espafia et al., 2011). Although there are slight
differences across these 2 studies, intracerebroventricular (i.c.v.) infusion of hypocretin-1 did
not alter responding that was reinforced under a Fixed Ratio 1 (FR1) schedule of
reinforcement in both studies, but infusion of hypocretin-1 into the ventral tegmental area
slightly increased responding for cocaine that was reinforced under a progressive ratio (PR)
schedule in both studies.

SB-334867 [SB; (1-(2-methylbenzoxazol-6-yl)-3-[1,5]naphthyridin-4-yl-urea
hydrochloride); Smart et al., 2001] has been the most commonly used HCRTr1 antagonist in
studies assessing the role of hypocretin in cocaine reinforcement. The administration of a
HCRTr1 antagonist reduced i.v. cocaine self-administration by rats most commonly only
when responding was maintained under more complex or effortful schedules of
reinforcement. When cocaine was delivered after every response (FR1), HCRTr1 antagonism
had minimal effects on cocaine self-administration (Espafa et al., 2010; Smith et al., 2009;
Zhou et al., 2012; but see Hutcheson et al., 2011 for an exception). When cocaine was
delivered under a larger FR schedule or a PR schedule of reinforcement, HCRTr1
antagonism consistently decreased cocaine self-administration (Borgland et al., 2009;
Brodnik et al., 2015; Gentile et al., 2018; Hollander et al., 2012; Espafia et al., 2010; Levy et
al., 2017). Assuming that rats who respond with greater effort under more challenging
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reinforcement schedules are more motivated for cocaine, and this increased motivation is a
model for human cocaine abuse, these findings suggest that the hypocretin system may be
involved in the transition from lighter to heavier cocaine use. For example, Schmeichel et al.
(2017) examined the effects of HCRTr1 antagonism on responding for cocaine in rats who
had short-access (ShA) or long-access (LgA) to cocaine during daily sessions. Under the
LgA condition in this model, rats accelerated their cocaine use over days, while rats under
the ShA condition did not. It is hypothesized that the increase in cocaine intake under the
LgA condition is a model for escalating drug use by humans. When cocaine was delivered
under an FR1 schedule, HCRTr1 antagonism decreased cocaine self-administration under
the LgA condition without affecting responding under the ShA condition. The lack of effect
under the ShA condition parallels the earlier studies using a FR1 schedule. Of note, when
cocaine was delivered under a PR schedule, HCRTr1 antagonism decreased cocaine self-
administration under both the LgA and ShA conditions; this effect under an effortful
schedule parallels the above PR studies. In summary, HCRTr1 antagonism significantly
affects cocaine-taking behavior, but the effects in rats appear to be modulated by schedule of
access to cocaine both effort-wise and duration-wise.

The hypocretin system also plays a major role in modulating reinstatement of cocaine
seeking behavior in rats with a history of self-administering i.v. cocaine. The central
administration of hypocretin-1 reinstated cocaine-seeking behavior in rats (Boutrel et al.,
2005; Wang et al., 2009). In contrast, administration of an HCRTr1 antagonist attenuated
cue-induced reinstatement of responding for cocaine in rats (Bentzley and Aston-Jones,
2015; Mahler et al., 2013; Smith et al., 2009, 2010) but had no effect on cocaine-elicited
reinstatement (Mahler et al., 2013). Based on the differential effect of HCRTr1 antagonism
on cue-induced vs. cocaine-induced reinstatement, Bentzley and Aston-Jones (2015) have
suggested that one way that hypocretin systems affect cocaine taking is by modulating the
motivational effects of cues paired with cocaine.

The hypocretin system also affects drug seeking, drug taking, and perhaps transition to
heavy use of other drugs in addition to cocaine (e.g., Baimel et al., 2015; Corrigall, 2009;
Richards et al., 2008; Smith and Aston-Jones, 2012). There is clearly significant data based
on rodent studies supporting an important role for hypocretinergic systems in modulating
both the motivation to consume cocaine and the possible transition from controlled to
uncontrolled patterns of cocaine use. In contrast, there are no data in human and non-human
primates on this topic. The first purpose of this series of studies was to investigate the effects
of pretreatment with HCRTr1 antagonists and the peptide hypocretin-1 on i.v. cocaine self-
administration by experimentally naive rhesus monkeys. In addition, the effects of
pretreatment with an HCRTr1 antagonist on cocaine-induced reinstatement were examined.
Although sex differences have been reported in the hypocretin system in a few studies (e.g.,
Cason and Aston-Jones, 2013; 2014; Grafe et al., 2017; Zhou et al., 2012), the vast majority
of laboratory animal studies have been conducted in males. Therefore, the second purpose of
this series of studies was to investigate the effects of these hypocretin manipulations in
female monkeys.
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2. Methods

2.1. Animals

Five adult female rhesus monkeys (Macaca mulatta) initially weighing between 4.9 and 7.7
kg were fitted with a chronic indwelling catheter in the femoral vein (Access Technologies,
Skokie, IL) that terminated in a subcutaneous vascular access port (VAP) (Wojnicki et al.,
1994; Cooper et al., 2013). Monkeys were housed in customized, squeeze-capable, rack-
mounted, non-human primate cages (Hazleton Systems, Inc., Aberdeen, MD) in the
AAALAC-approved animal care facility of The New York State Psychiatric Institute. Each
monkey had access to 2 identically-sized chambers (61.5 cm wide x 66.5 cm deep x 88 cm
high) connected by a 40 cm x 40 cm opening. Water was freely available from spouts
located on the back wall of both chambers. Fluorescent room lights were controlled by an
automatic timer and were illuminated from 0700 to 1900. All aspects of animal maintenance
and experimental procedures complied with the U.S. National Institutes of Health Guide for
Care and Use of Laboratory Animals and were approved by the New York State Psychiatric
Institute Animal Care and Use Committee. In addition to operant responding during
sessions, other forms of environmental enrichment included access to a variety of other
tactile stimuli (e.g., toys, mirrors, and other objects to manipulate), visual access to the other
monkeys, music, and television.

All monkeys were experimentally naive and were trained in getting in and out of primate
restraint chairs for experimental sessions. Based on daily assessment of menstrual cycle
status, only 2 of the 5 female monkeys exhibited normal menstrual cycles during the period
of data collection; the other 3 cycled intermittently. During the initial study phase, monkeys
earned their daily food ration during operant sessions on weekdays and received a ration of
approximately 7-9 chow each weekend day (High protein monkey diet #5047, 3.37 Kcal/g;
LabDiets®, PMI Feeds, Inc., St. Louis, MO). Food-maintained responding was only
assessed during the initial phase of the study. Upon completion of the first tests with an
HCRTr1 antagonist, operant sessions for food ceased, and all food was given as chow.
Monkeys were not food-restricted, and all gained weight over the course of the study.

2.2. Experimental set-up

For self-administration sessions, monkeys were taken from their home cage and placed into
primate chairs for cocaine self-administration sessions that began at 9:00 A.M. A custom-
designed right-angle Huber needle infusion set was used to connect the VAP to drug and
saline infusion pumps (Multi-Phaser, Model NE-1000, New Era Pump Systems, Inc.,
Farmingdale, NY). The response panel was mounted on the wall in front of each primate
chair. Session lights were evenly spaced around the outside edges of each panel. Each panel
had 2 Lindsley levers (Gerbrands, Arlington, MA) with stimulus lights above each lever, one
for drug and one for candy (for the choice schedule) mounted at the bottom. A food hopper,
a pair of lights over the hopper, and a pellet-dispenser (BRS-LVE model PDC-005,
Beltsville, MD) were mounted on the outside of the panel. The catheters had a volume of
about 0.4 ml that was always filled with saline. Intravenous cocaine reinforcement (0,
0.0125, 0.0250, 0.050, 0.100, and 0.300 mg/kg/infusion) was accomplished by flushing the
0.4 ml of saline through the catheter and then immediately delivering 0.4 ml of cocaine
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solution followed by a 0.4 ml saline flush to leave 0.4 ml of saline in the catheter space;
thus, each infusion consisted of 0.8 ml of fluid delivered over a 20-sec period. A pair of
green lights, located at monkey eye level above the lever, flashed for 20 s (1 s on/1 s off)
during the delivery of cocaine. Candy reinforcement consisted of 5 plain chocolate M and
Ms® (Mars, Hackettstown, NJ; about 4.5 kcal per piece). Red lights above the food hopper
were illuminated during candy delivery. All schedule contingencies were programmed using
Pascal on a Macintosh (Cupertino, CA) computer.

2.3. Schedules of reinforcement

2.3.1. Chain Fl: FR10 schedule—Monkeys were initially trained to respond for food
pellets with the response increasing to 10 (FR10) as responding stabilized. Once responding
was stable, monkeys were fitted with a chronic indwelling VAP for i.v. drug administration;
cocaine was substituted for food pellets, and responding was then shaped under a chain
schedule of reinforcement. Monkeys responded under a 2-chain, second-order operant
schedule of reinforcement that differentiated responding reinforced by only the stimuli
paired with primary reinforcement (conditioned reinforcer) from responding reinforced with
the primary reinforcer and reinforcer-related stimuli. Monkeys were initially trained with 10
trials per session, and then the number of trials increased to 15 once behavior stabilized. The
first chain of the schedule was a 1- min interval (FI1"), and the second chain of the schedule
was a fixed-ratio that required 10 responses (FR10). Monkeys needed to complete the
response requirement of the initial FI schedule in order to gain access to the second FR of
chain. Completion of 10 responses during the initial 1-min interval was reinforced by only
the stimuli paired with primary reinforcement (every 10 responses completed during the 1”-
interval was reinforced by drug-related stimuli (FR10:S; Kelleher, 1966). Completion of a
single FR10 after the interval ended resulted in reinforcer and paired-stimuli delivery [FI1’
(FR10:S)]. If an FR10 was not completed within 2 min after the expiry of the interval
component, then no primary reinforcement occurred. After a 30-second time-out interval,
during which no lever lights were illuminated, the next trial started. The FI was signaled by
illumination of a single white light above the operant lever. If the response requirement was
met, i.e., 10 responses were made after 1 min had elapsed, the FR was signaled by
illumination of 2 white lights above the lever. During this initial part of the study, monkeys
had a morning session with cocaine available (9:00 AM) and then 2 h later a second session
with food pellets available (up to 80) to determine if cocaine self-administration or HCRTr1
antagonist administration affected food intake. Because the initial evaluation of the effects of
a HCRTr1 antagonist on responding during the food session were minimal, the food session
was then removed from the experimental day.

2.3.2. Progressive ratio schedule—During the PR sessions, the response requirement
for a single cocaine infusion increased by 40% after each reinforcer delivery. Because of
baseline differences in the reinforcing efficacy of cocaine, 3 monkeys started with an initial
ratio of 50 (50, 70, 98, 137, 192...), and 2 started with an initial ratio of 25 (25, 35, 49, 69,
96...). There was a 30-second time-out interval after each reinforcer delivery during which
no stimulus lights were illuminated. Each session continued until responding ceased and no
reinforcers were received for a minimum of 30 min; the last completed ratio was the
breakpoint.
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2.3.3. Candy vs. cocaine choice schedule—Responding on the left manipulandum
resulted in cocaine delivery, while responding on the right manipulandum resulted in candy
delivery. Completion of a single FR resulted in the delivery of cocaine or candy and the
presentation of the stimuli paired with reinforcement. Because of baseline differences in the
reinforcing efficacy of cocaine, 3 monkeys were tested using a FR50 schedule, and 2 were
tested with a FR25 schedule for cocaine; a FR10 schedule for candy delivery was used for
all monkeys. Choice sessions consisted of 15 discrete choice trials with a 1-min interval
between choice opportunities. Choices were signaled by the illumination of the lights over
the cocaine lever and over the candy lever. Making a single response on either lever turned
off the light over the non-selected lever and indicated the choice of that option. Once the
choice was made, the ratio on that lever had to be completed for delivery of the reinforcer.
Completion of the FR requirement resulted in the delivery of cocaine or candy and the
presentation of the stimuli paired with reinforcement. There was a 5-min limited hold in
effect for each choice trial. If an animal failed to complete the FR on the selected lever in 5
min, the choice opportunity terminated, and after a 1-min time out both lever lights again
illuminated to signal another choice trial.

2.4. Reinstatement of cocaine-maintained responding

In order to test the effects of an HCRTr1 antagonist on cocaine-induced reinstatement,
reinstatement sessions were accomplished when responding was reinforced with a low dose
of cocaine (0.0125 mg/kg/infusion) and the largest self-administered dose of cocaine (0.05
mg/kg/infusion) using an FR10 schedule of reinforcement with 15 maximal doses.
Extinction sessions closely matched cocaine-reinforced sessions. After being placed in the
chairs, the VAP was punctured with a needle as if the Huber needle was being placed in the
port. During the session, the infusion pumps ran and the lights paired with drug delivery
flashed as usual once the response requirement for cocaine was met even though no drug
was given. Once responding decreased to less than 3 completed response requirements per
session, a 2-day test sequence began. The monkeys were given a “free” response-
independent large dose of cocaine [0.3 mg/kg; in one monkey a smaller cocaine dose (0.1
mg/kg) was used because the larger dose reliably abolished all responding] for 2 consecutive
days. 24 mg/kg of the HCRTr1 antagonist SB or placebo was also given 45 min before the 2
sessions, and SB vs. placebo order was balanced among the 5 monkeys. All monkeys also
experienced a second type of extinction session during which they did not receive a needle
stick into the VAP and there were no stimulus cues (pump sounds, flashing stimulus cues)
paired with completion of the response requirement; the 30-second timeout after completion
of the response requirement was the only stimulus change associated with responding.
Under these conditions, most or all of the monkeys stopped responding entirely in a matter
of days. Because monkeys made so few responses under these conditions, the first extinction
procedure described above (VAP puncture, flashing stimulus cues) was used for assessing
the effects of the HCRTr1 antagonist SB on cocaine-induced reinstatement.

2.5. Procedure

As listed in Table 1, 8 experimental conditions were examined in the presented order. Five
monkeys were tested in each condition, and monkeys were generally tested with the same
cocaine doses as a group. Due to a limited supply of the HCRTr1 antagonist RTIOX-276
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(Condition 8 in Table 1), only 4 monkeys were tested; the largest monkey was not tested.
Drug effects on responding reinforced by cocaine were examined by administering a test
dose of drug before the session at most twice per week with placebo administered
intermittently. Testing occurred in the early morning (9:00 AM) when daily circulating
levels of hypocretin were expected to be low, as hypocretin levels increase across the day in
monkeys (Zeitzer et al., 2003). Complete cocaine dose-response functions were determined
under each reinforcement schedule but not presented here. Different cocaine doses were
tested across the schedules in order to provide a range of cocaine self-administration within
each schedule.

Cocaine hydrochloride (provided by The National Institute on Drug Abuse) was dissolved
into USP sterile saline for injection and filtered using a 0.22 um millipore filter. The
HCRTr1 antagonist SB-334867 [8, 16, 24 mg/kg; ((1-(2-methylbenzoxazol-6-
y1)-3-[1,5]naphthyridin-4-yl-urea hydrochloride)); produced by Dr. Fei Liu] was dissolved in
dimethyl sulfoxide (DMSO; Alfa Aesor, Ward Hill, MA) at a concentration of 35 mg/ml and
injected intramuscularly (i.m.) 45 min prior to the session (Hollander et al., 2012). The
hypocretin agonist, hypocretin-1 (Orexin-A; 0.072 mg/kg; PolyPeptide Group, San Diego,
CA,; courtesy of NIDA) was dissolved in sterile saline at a concentration of 0.6 mg/ml and
injected intravenously (i.v.) 10 or 15 min prior to the session (Deadwyler et al., 2007). The
limited availability of the agonist peptide prevented testing additional doses. D-
Amphetamine (0.06 — 0.5 mg/kg; Sigma-Aldrich, St. Louis, MO) was dissolved in sterile
saline at a concentration of 10 mg/ml and injected i.m. 15 min prior to the session. The
HCRTr1 antagonist RTIOX-276 (4-16 mg/kg; Research Triangle Institute; Research
Triangle Park, NC) was dissolved in DMSO at a concentration of 40 mg/ml and injected i.m.
20 min prior to the session (Levy et al., 2017). HCRTr1 antagonist pretreatment times were
initially selected based on onset of action in rodent studies and then adjusted based on
behavioral effects in the monkeys. Each pretreatment drug dose was tested once. The limited
solubility of the HCRTr1 antagonists prevented testing of larger doses.

3. Results

3.1. Effects of HCRTrl antagonism on cocaine self-administration

3.1.1. Chain Fl: FR10 schedule—Under the Chain schedule of cocaine delivery, only
4 of the 5 monkeys self-administered the 0.0125 mg/kg/infusion cocaine dose (Ginger did
not). Increasing the dose of cocaine from 0.0125 to 0.05 mg/kg/infusion increased the
number of cocaine deliveries in 4 of the 5 monkeys (Fig. 1); 3 of the 5 monkeys self-
administered nearly the maximal number of available doses when 0.05 mg/kg/infusion
cocaine was available. One monkey (Gina) decreased the number of cocaine deliveries when
the higher dose of cocaine was available. Two monkeys (Deena and Gina, shown in open
symbols on all figures) self-administered less cocaine than the other 3 monkeys under all 3
schedules. Administration of the HCRTr1 antagonist SB decreased responding for 0.0125
mg/kg/infusion cocaine in 3 of 4 monkeys and decreased responding for 0.05 mg/kg/
infusion cocaine in 4 of 5 monkeys. Of note, the decreases in cocaine self-administration
following SB administration occurred consistently in the 4 monkeys who were on the
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ascending limb of the cocaine dose-response function. Responding for food pellets 2 h after
the cocaine session was not affected by the HCRTr1 antagonist SB (data not shown).

D-Amphetamine, tested as a positive control, produced dose-dependent decreases in
responding maintained by 0.05 mg/kg/infusion cocaine in 4 of the 5 monkeys (Fig. 2: top
panel) and produced dose-dependent decreases in responding for food pellets 2 h after the
cocaine session in 3 of the 5 monkeys (Fig. 2: bottom panel). The magnitude of effects of the
HCRTr1 antagonist SB and d-amphetamine on cocaine-maintained responding was similar.

3.1.2. Progressive ratio schedule—Under the PR schedule, increasing the cocaine
dose from 0.025 mg/kg/infusion to 0.05 mg/kg/infusion increased the PR breakpoint from a
range of 200 to 450 for the lower dose to a range of 400 to 600 for the higher dose in 3 of
the monkeys (Fig. 3; 0 mg SB). PR breakpoints slightly decreased for Deena and Gina with
the higher dose of cocaine. The effects of the HCRTr1 antagonist SB was first examined
with the lower cocaine dose. Because the PR breakpoints for this dose of cocaine were
increased in 3 monkeys after 8 mg/kg SB administration, the effects of 4 mg/kg SB were
also examined at the lower dose of cocaine. The 4 mg/kg SB dose had minimal effects, and
the 24 mg/kg SB dose only decreased the PR breakpoint for the 0.025 mg/kg cocaine dose in
2 of the 5 monkeys. When SB was tested in combination with the 0.05 mg/kg/infusion
cocaine dose, the 8 mg/kg dose of SB only increased the breakpoint in 1 monkey, and the 24
mg/kg SB decreased the PR breakpoint only in the 3 monkeys with the greater breakpoints.
As observed with the chain schedule, decreases in cocaine self-administration following SB
administration occurred consistently in the 3 monkeys who were on the ascending limb of
the cocaine dose-response function.

After completion of the study with the HCRTr1 antagonist SB, the effects of another
HCRTr1 antagonist, RTIOX-276, on cocaine PR breakpoint was examined in 4 monkeys
(due to a limited drug supply the heaviest animal was not tested). Similar to the pattern that
was observed with SB-334867, RTIOX-276 (Fig. 4) produced dose-dependent decreases in
the PR breakpoint for 0.025 mg/kg/infusion cocaine dose in the 2 monkeys with the greater
breakpoints (425-475) without affecting the breakpoint in the 2 monkeys with the lesser
breakpoints (125-150).

3.1.3. Candy vs. cocaine choice schedule—Prior to testing the effects of the
HCRTr1 antagonist SB on choice behavior, a number of cocaine and candy options were
tested in order to find options that would generate intermediate levels of cocaine choice. The
effects of 8 mg/kg and 24 mg/kg of SB were examined under 3 cocaine dose conditions (Fig.
5): 0 mg/kg/infusion cocaine vs 5 candies; 0.0188 mg/kg/infusion cocaine vs 5 candies;
0.025 mg/kg/infusion cocaine vs 5 candies. The number of cocaine choices increased in all 5
monkeys when cocaine was available (Fig. 5; top panel), while the number of candy choices
decreased in all 5 monkeys when cocaine was available (Fig. 5; bottom panel). Maximal
cocaine choice occurred at the smaller cocaine dose in 3 monkeys and at the larger cocaine
dose in 2 monkeys. [Of note, Gina self-administered more cocaine under the choice schedule
than she did under the chain FR10 schedule or the PR schedule.] Administration of the
HCRTr1 antagonist SB had modest effects on cocaine choices: choices for 0.0188 mg/kg/
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infusion cocaine decreased in 2 of 4 monkeys (Ginger chose no cocaine under this
condition), and choices for 0.025 mg/kg/infusion cocaine decreased in 2 of 5 monkeys.

When 0 mg/kg/infusion cocaine was available, monkeys chose 7-15 candy deliveries. The
number of candy deliveries decreased to 0 in 4 of the 5 monkeys following administration of
the HCRTTr1 antagonist SB. When either dose of cocaine was available, monkeys, with the
exception of Ginger, chose 0-3 candy deliveries. Candy choice was not affected by
administration of the HCRTr1 antagonist SB when cocaine was also available.

3.1.4. Behavioral effects of HCRTrl antagonists—Experienced monkeys readily
climb into their non-human primate chair prior to sessions and quickly return to their home
cage after sessions. Animals were observed after HCRTr1 antagonist dosing and after the
self-administration session for signs of sedation or somnolence. While there were no signs
of sedation, the research technician reported that monkeys were often more “relaxed” and
deliberate in climbing in and out of the chair after HCRTr1 antagonist dosing.

3.2. Effects of Hypocretin-1 on cocaine self-administration

The effects of hypocretin-1 on cocaine self-administration were determined under 3 cocaine
conditions: 0.0125 mg/kg/infusion cocaine under the Chain schedule, 0.05 mg/kg/infusion
cocaine under the Chain schedule (Fig. 6: left panel), and 0.0188 mg/kg/infusion cocaine vs
5 candies under the Choice schedule (Fig. 6: right panel). Administration of 0.072 mg/kg
hypocretin-1 increased responding for 0.0125 mg/kg/infusion cocaine in 3 of 4 monkeys
(Ginger took no cocaine under this condition) and increased responding for 0.05 mg/kg/
infusion cocaine in 1 of the 2 monkeys whose cocaine intake was not already at maximal
levels.

The 3 monkeys who had maximal levels of cocaine intake when 0.05 mg/kg/infusion was
available under the Chain schedule had lower levels of cocaine intake under the 0.0188
mg/kg/infusion vs. candy choice condition. Under the Choice schedule, which generated
lower levels of cocaine taking than the Chain schedule, 0.072 mg/kg hypocretin-1 increased
cocaine taking in all 3 of these monkeys. Hypocretin-1 also increased cocaine intake in 1 of
the other 2 monkeys such that under the choice procedure hypocretin-1 increased cocaine
intake in 4 of 5 monkeys. Hypocretin-1 had less consistent effects on candy choice; candy
choice was unaffected (+ 1) in 3 monkeys, increased from 2 to 4 candy choices in one
monkey, and decreased from 11 to 2 candy choices in the remaining monkey. These data
complement the data above showing that under the same choice conditions the HCRTr1
antagonist SB decreased cocaine intake in 3 of 4 monkeys.

3.3. Effects of HCRTr1 antagonism on cocaine-induced reinstatement

When monkeys had access to 0.0125 mg/kg/infusion cocaine under the Chain schedule, they
completed the response requirement between 5.7 (Deena) and 13.3 (Lilly) times per session
(mean = 9.5 cocaine infusions; data not shown). Within 3 experimental sessions when
cocaine was not given, but the stimuli paired with cocaine were delivered, i.e., EXT, the
number of completed response requirements dropped to less than 3 for all monkeys (Fig. 7).
Giving the monkeys a response-independent dose of 0.3 mg/kg cocaine along with cocaine
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stimulus cues increased the number of completed response requirements in 3 of the 5
monkeys. For these 3 monkeys, when the HCRTr1 antagonist SB was given in combination
with the response-independent dose of cocaine, the number of completed response
requirements increased only slightly relative to the EXT condition, e.g., SB attenuated the
effects of the response-independent dose of cocaine. When monkeys had access to 0.05
mg/kg/infusion cocaine under the Chain schedule, they completed the response requirement
between 3.0 (Deena) and 15 (Tetra) times per session (mean = 10.2 cocaine infusions; data
not shown). Within 4 experimental sessions when cocaine was not given, but the stimuli
paired with cocaine were delivered, the number of completed response requirements
dropped to less than 3 for all monkeys. Giving the monkeys a response-independent dose of
0.3 mg/kg cocaine, along with cocaine stimulus cues, increased the number of completed
response requirements in 4 of the 5 monkeys. Administering the HCRTr1 antagonist SB in
combination with the response-independent dose of cocaine attenuated the effects of
response-independent cocaine in only 2 of these 4 monkeys. The HCRTr1 antagonist SB had
smaller effects on cocaine-induced reinstatement when the monkeys had been responding for
the larger dose of cocaine prior to extinction.

4. Discussion

This is the first study demonstrating the impact of the hypocretin system on drug taking by
non-human primates. Increasing or decreasing hypocretin activity affects i.v. cocaine self-
administration by female rhesus monkeys. The administration of the HCRTr1 antagonist SB
decreased self-administration of 1 or more cocaine doses in all 5 monkeys under a Chain FI:
FR10 schedule and under a PR schedule and in 4 of 5 monkeys under a cocaine vs. candy
choice schedule. The administration of the HCRTr1 antagonist RTIOX-276 decreased self-
administration of 1 or more cocaine doses in the 2 monkeys that had the largest PR
breakpoints. The effects of HCRTr1 antagonists were greater on the ascending limb of the
cocaine dose-response function under the Chain FI: FR10 schedule of reinforcement and
when a greater number of responses were required for reinforcement under the PR schedule.
The administration of hypocretin-1 increased self-administration of 1 or more cocaine doses
in 3 of 5 monkeys under a Chain FI: FR10 schedule and in 4 of 5 monkeys under a cocaine
vs. candy choice schedule. Increases were only observed when baseline levels of cocaine
self-administration were low. Finally, the administration of the HCRTr1 antagonist SB
attenuated reinstatement of extinguished cocaine responding following response-
independent delivery of cocaine in 3 of the 5 monkeys under a Chain FI: FR10 schedule.

Data clearly supports a role for the hypocretin system in modulating cocaine self-
administration in rodents. A consistent observation, when data are combined across
investigators, is that HCRTr1 antagonism decreases cocaine self-administration when self-
administration behavior is maintained under schedules of reinforcement that require more
than a single response to earn a cocaine delivery, i.e., “effortful” schedules (e.g., Borgland et
al., 2009; Brodnik et al., 2015; Gentile et al., 2018; Hollander et al., 2012; Espafia et al.,
2010; Levy et al., 2017; Smith et al., 2009). In the present study, responding reinforced by
cocaine was examined under 3 different effortful schedules of reinforcement (Chain FI:
FR10; PR, choice); under each schedule, administration of a HCRTr1 antagonist decreased
cocaine self-administration in the majority or all of the monkeys. Of note, when we tested
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the HCRTr1 antagonist RTIOX-276 using a PR schedule in 4 monkeys, the antagonist only
decreased cocaine self-administration in the 2 monkeys with the greater PR breakpoints (>
425). The size of the decreases was similar to those observed when amphetamine was
examined under the Chain FI: FR10 schedule. In most cases, we obtained data using several
doses of cocaine and several doses of a HCRTr1 antagonist, and the pattern of antagonist—
induced decreases were variable across cocaine doses, schedule of reinforcement, and
monkeys. More consistent results may have been observed if it had been possible to
administer larger doses of the antagonists. While variable, the effects of HCRTr1 antagonism
on cocaine self-administration were robust across 3 schedules of reinforcement and extend
the patterns of results observed with rodents to non-human primates.

Much less work has examined the effects of hypocretin peptide administration on cocaine
self-administration (Boutrel et al., 2005; Espafia et al., 2011), with increases in cocaine-
reinforced responding using a PR schedule but not an FR1 schedule of reinforcement
following direct infusion into the ventral tegmental area. We examined the effects of a single
dose of i.v. hypocretin-1 on cocaine self-administration under the Chain and Choice
schedules. Although the effects were modest, hypocretin-1 increased cocaine self-
administration under both schedules in the monkeys who had lower baseline levels of
cocaine self-administration. These findings extend the data obtained in rodents with central
administration of hypocretin-1 and complement the decreases in cocaine self-administration
produced by HCRTr1 antagonism.

Multiple studies in rodents clearly support a role for the hypocretin system in modulating
cue-induced reinstatement of cocaine seeking behavior such that HCRTr1 antagonism
attenuates cue-induced reinstatement (Bentzley and Aston-Jones, 2015; Mahler et al., 2013;
Smith et al., 2009, 2010) but not cocaine-induced reinstatement (Mahler et al., 2013). We
had difficulty maintaining stable behavior when neither cues or cocaine were presented
during extinction, so we were unable to assess cue-induced reinstatement. Of interest, a
previous study in rats reported that the HCRTr1 antagonist SB attenuated cue-induced
reinstatement in males but failed to in females (Zhou et al., 2012); thus, this may reflect a
sex difference. The non-human primates in the present study were female, so we could not
directly address this possibility.

We were only able to examine the effects of HCRTr1 antagonism on cocaine-induced
reinstatement. When responding had been reinforced with a low dose of cocaine,
administration of a large single dose of cocaine prior to an extinction session increased
responding in 3 of 5 monkeys; administration of the HCRTr1 antagonist SB blocked this
effect in those 3 monkeys. When responding had been reinforced with a large dose of
cocaine, administration of a large single dose of cocaine prior to an extinction session
increased responding in 4 of 5 monkeys; administration of the HCRTr1 antagonist SB
blocked this effect in only 2 of these 4 monkeys. Thus, HCRTr1 antagonism was effective at
decreasing cocaine-induced reinstatement in only about half of the monkeys. This minimal
effect is similar to the lack of effect of HCRTr1 antagonism on cocaine-induced
reinstatement reported with rodents (Mahler et al., 2013; Zhou et al., 2012). However, the
HCRTr1 antagonist SB attenuated cocaine + cue induced reinstatement in male rats but not
female rats (Zhou et al., 2012), suggesting that there may be sex differences related to the
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interaction between the hypocretin system and cocaine reinforcement. At this time, the effect
of sex on the relationship between the hypocretin system and drug taking has not been
adequately studied. However, there is evidence from other studies that there are sex
differences in the hypocretin system. For instance, one study showed that female rats were
slower to habituate to restraint stress than male rats, and this difference was associated with
greater increases in hypocretin RNA in females than males (Grafe et al., 2017).

Similarly, the hypocretin system modulates food consumption, particularly of palatable food
(e.g., Alcaraz-lborra et al., 2014; Inutsuka et al., 2014, see review by Rodgers et al., 2002).
There is also some evidence that these effects are modulated by sex. In one study, Cason and
Aston-Jones (2013) assessed the effects of the HCRTr1 antagonist SB on saccharin-
reinforced responding and cue-induced reinstatement in males, and in a second study they
(Cason and Aston-Jones, 2014) assessed the effects of the HCRTr1 antagonist SB on
sucrose-reinforced responding and cue-induced reinstatement in females. The effects of
HCRTr1 antagonism were determined when rats were food-restricted or fed ad /ibitum. In
males, the HCRTr1 antagonist SB decreased sweet-food reinforced responding and cue-
induced reinstatement under both feeding conditions. In contrast, in females the HCRTr1
antagonist SB decreased sweet-food reinforced responding only when food-restricted but did
not alter cue-induced reinstatement under either feeding condition. In the present study, we
did not test the effects of hypocretin-1 on candy choice in the absence of cocaine, so it is not
entirely surprising that hypocretin-1 did not increase candy choice when monkeys were not
food-deprived and there was a highly reinforcing alternative (i.e., cocaine). Different results
may have been obtained if we had tested the effects of hypocretin-1 when only candy was
available. Although the HCRTr1 antagonist SB decreased candy choice when the alternative
was saline, when cocaine was available, the HCRTr1 antagonist SB decreased cocaine
choice but did not alter candy choice, perhaps because candy choice was already quite low.
Taken together, there is converging evidence to support a role for the hypocretin system in
part by modulating the motivational value of stimuli paired with reinforcers (e.g., Ho and
Berridge, 2013; Kay et al., 2014; Risco and Mediavilla, 2014) in the maintenance and
escalation of dug taking and palatable food-related behavior.

Limitations of this study are related to the relatively small sample size, the inability to assess
sex differences since only females were included, and the limited dose range of the
hypocretin agents that were tested. In spite of the small sample, behavior of all of the
monkeys was affected by the hypocretin manipulations in the same manner under at least
one cocaine dose maintenance condition. Furthermore, similar effects of the hypocretin
manipulations were observed under 3 different schedules of reinforcement. Other than await
novel compounds, there is little to be done about the solubility and dosing issues related to
the hypocretin agents. Also, by conducting the hypocretin manipulations in the morning
when circulating levels of hypocretin were expected to be low (Zeitzer et al., 2003), we may
have limited the ability to observe greater decreases in cocaine self-administration.

Enthusiasm for the therapeutic potential of hypocretin/orexin manipulations should be
tempered for multiple reasons (Boutrel et al., 2013). While hypocretin antagonists are being
examined for putative use to treat sleep disorders, studies in humans with dual antagonists
have reported side effects including excessive somnolence, postural instability, decreased
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alertness, and visual and motor coordination difficulties (e.g., Bettica et al., 2012; Cruz et
al., 2014; Hoever et al., 2012). Fluctuating hypocretin levels may also modulate emotional
and social “arousal” (Blouin et al., 2013), limiting their usefulness as a medication.

The results of the present study extend findings previously only reported in rodents to non-
human primates about the effects of altering HCRTr1 activity on cocaine self-administration:
decreasing HCRTr1 activity decreases cocaine self-administration, while increasing HCRTr1
activity increases cocaine self-administration. These findings strongly support additional
research on the effects of hypocretin manipulations on complex motivated behavior in
human and non-human primates (e.g.,Giardino and de Lecea, 2014).
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Fig. 1.

Cocaine (mg/kg/infusion)

Number of self-administered cocaine doses as a function of cocaine dose and HCRTr1
antagonist SB-334867 dose in 5 female rhesus monkeys. Responding was maintained under
a Fixed interval 1 min; Fixed ratio 10 chain schedule [FI 1-min (FR10:S)] with a maximum

of 15 drug infusions.
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Fig. 2.

Togp Panel: Number of self-administered cocaine doses as a function of d-amphetamine dose
in 5 female rhesus monkeys. Responding was maintained under a Fixed interval 1 min;
Fixed ratio 10 chain schedule [FI 1-min (FR10:S)] with a maximum of 15 drug infusions.
Bottom Panel: Number of food pellets earned as a function of d-amphetamine dose in 5
female rhesus monkeys. Responding was maintained under a Fixed interval 1 min; Fixed
ratio 10 chain schedule [FI 1-min (FR10:S)] with a maximum of 80 food pellets (8 trials for
10-pellets each). The food pellet session occurred 2 h after completion of the cocaine
session.
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Fig. 3.

Progressive ratio breakpoint for cocaine as a function of cocaine dose and HCRTr1
antagonist SB-334867 dose in 5 female rhesus monkeys.
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Progressive ratio breakpoint for 0.025 mg/kg/infusion cocaine as a function of HCRTr1

antagonist RTIOX-276 dose in 4 female rhesus monkeys.
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Fig. 5.

Number of cocaine dose choices (top panel) and candy choices (bottom panel) as a function
of cocaine dose and HCRTr1 antagonist SB-334867 dose in 5 female rhesus monkeys. There
were 15 discrete choice trials with cocaine as one option and 5 M&M® candies as the other
option.
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Number of self-administered cocaine doses as a function of cocaine dose and 0.072 mg/kg
hypocretin-1 administration in 5 female rhesus monkeys. Left Panel: Chain Schedule.
Responding was maintained under a Fixed interval 1 min; Fixed ratio 10 chain schedule [FI
1-min (FR10:S)] with a maximum of 15 drug infusions. Right Panel: Choice Schedule.
There were 15 discrete choice trials with cocaine as one option and 5 M&M® candies as the

other option.
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Fig. 7.

NSmber of self-administered “saline” doses as a function of cocaine dose that had
previously maintained responding and HCRTr1 antagonist SB-334867 administration in 5
female rhesus monkeys. Responding was maintained under a Fixed interval 1 min; Fixed
ratio 10 chain schedule [FI 1-min (FR10:S)] with a maximum of 15 drug infusions.
Responding was tested under extinction (EXT) conditions when responding resulted in the
presentation of the stimuli associated with cocaine but no drug was infused, then after a
response-independent administration of a 0.3 mg/kg cocaine infusion prior to the session and
after a response-independent administration of a 0.3 mg/kg cocaine infusion and 24 mg/kg
SB-334867 administration (COC + SB) prior to the session: order of testing the latter 2
conditions was counterbalanced across monkeys.
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Order of Testing Experimental Conditions.

Table 1

Hypocretin Manipulation

Cocaine Dose/I nfusion

Chain Schedule - [FI1’ (FR10:S)]

la) HCRTrl antagonist SB-334867 (24 mg/kg)

1b) HCRTr1 antagonist SB-334867 (24 mg/kg)

2)  d-Amphetamine (0.12, 0.25, 0.50 mg/kg)

3a) Hypocretin-1 (0.072 mg/kg)

3b)  Hypocretin-1 (0.072 mg/kg)

Cocaine-induced Reinstatement

4a) HCRTr1 antagonist SB-334867 (24 mg/kg)

4b)  HCRTr1 antagonist SB-334867 (24 mg/kg)
Cocaine vs. Candy Choice

5) Hypocretin-1 (0.072 mg/kg)

6a) HCRTr1 antagonist SB-334867 (8, 24 mg/kg)
6a) HCRTr1 antagonist SB-334867 (8, 24 mg/kg)
Progressive Ratio Schedule

7a) HCRTrl antagonist SB-334867 (4, 8, 24 mg/kg)
7b)  HCRTr1 antagonist SB-334867 (4, 8, 24 mg/kg)
8) HCRTr1 antagonist RTIOX-276 (4, 8, 16 mg/kg)

0.05 mg/kg
0.0125 mg/kg
0.05 mg/kg
0.025 mg/kg
0.018 mg/kg

0.0125 mg/kg
0.05 mg/kg

0.0188 mg/kg
0.0188 mg/kg
0.025 mg/kg

0.05 mg/kg
0.025 mg/kg
0.025 mg/kg

HCRTT1 = hypocretin receptor-1.
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