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The role of orexin-1 receptor signaling in demand for the

opioid fentanyl

Jennifer E. Fragale', Caroline B. Pantazis', Morgan H. James @'

2 and Gary Aston-Jones

The orexin system is a potential treatment target for drug addiction. Orexin-1 receptor (OxR1) antagonism reduces demand for
cocaine and remifentanil, indicating that orexin-based therapies may reduce demand for many classes of abused drugs. However,
pharmacokinetics vary greatly among opioids and it is unclear if OxR1 antagonism would reduce demand for all opioids, particularly
ones with high abuse liability. Here, we established a behavioral economics (BE) procedure to assess the effects of OxR1 antagonism
on demand for the highly abused opioid fentanyl. We also investigated the utility of our procedure to predict OxR1 antagonism
efficacy and relapse propensity. Demand parameters a (demand elasticity or price sensitivity of consumption, an inverse measure of
drug motivation) and Q, (drug consumption at null cost) were assessed. The OxR1 antagonist SB-334867 (SB) decreased motivation
(increased a) for fentanyl without affecting Q,. Baseline a values predicted SB efficacy, such that SB was most effective at reducing
motivation (increasing a) in highly motivated rats. Baseline a values predicted the amount of cued reinstatement of fentanyl
seeking; this reinstatement behavior was attenuated by SB administration. These results highlight the promise of the orexin system
as a treatment target for opioid addiction and emphasize the usefulness of BE procedures in the study of opioid abuse.

Neuropsychopharmacology (2019) 44:1690-1697; https://doi.org/10.1038/s41386-019-0420-x

INTRODUCTION
Six of every 10 overdose deaths in the US involve opioids [1].
Among the opioids most frequently abused by addicts is fentanyl,
a short-acting synthetic opioid that is 50 times more potent than
heroin [2]. The rapid increase in opioid abuse emphasizes the
need for novel approaches to study addiction and a greater
understanding of the neural mechanisms underlying this disorder.

Pathological demand for drug taking is a key characteristic of
addiction and can be observed in addicts as their willingness to
suffer strongly negative consequences in order to obtain the drug.
Behavioral economics (BE) procedures provide a quantitative
analysis of drug demand that is highly translational [3-7]. Drug
demand can be assessed in humans using hypothetical purchas-
ing tasks [6, 8], and in animal models using operant tasks [9, 10].
BE procedures quantify demand by plotting drug consumption as
a function of price. In operant tasks, price is manipulated by
varying the amount of effort (lever presses) necessary to receive a
fixed amount of drug [11]. A demand curve is fit to the data using
an exponential demand equation [11]. This resulting curve yields
two important variables: Q, depicts the theoretical consumption
of a reinforcer when no effort is required and is also used as a
measure of hedonic set point. Alpha (a) is a measure of demand
elasticity (price sensitivity of consumption) and is an inverse
measure of motivation. Preclinical within-session BE procedures
are readily used to assess pathological demand for a variety of
positive and negative reinforcers [7, 12-15]. However, few such
studies have applied BE procedures to the study of opioid
addiction.

Data from our lab and others indicate that the orexin
(hypocretin) system is a promising treatment target for drug

addiction [16-20], and orexin-based therapies have been listed by
the National Institute on Drug Abuse’s (NIDA) Division of
Therapeutics and Medical Consequences as a high priority
treatment target for opioid abuse [21]. Orexins regulate a wide
range of behaviors by directly acting on two G-coupled protein
receptors, orexin-1 (OxR1) and orexin-2 (OxR2) receptors [22].
OxR1 signaling has been implicated in a variety of drug-seeking
behaviors and plays a role in opioid addiction [23, 24]. Our lab
found that stimulation of a lateral subpopulation of orexin
neurons reinstated extinguished morphine place preference and
that this effect was blocked by systemic pretreatment with the
selective OxR1 antagonist SB-334867 (SB) [25]. Systemic pretreat-
ment with SB also reduced heroin self-administration and
attenuated cue-elicited reinstatement of heroin seeking [26].
More recently, using the within-session BE procedure we found
that OxR1 blockade decreased demand for the short-acting opioid
remifentanil [10]. These findings, together with evidence that
OxR1 antagonists are also effective at blocking addiction-related
behaviors across other drugs of abuse tested including cocaine,
alcohol, and nicotine, led to the hypothesis that orexin-based
therapies might represent a novel treatment approach for
addiction across a wide number of drugs [18, 19, 27].

The effect of OxR1 blockade on fentanyl demand is yet to be
tested. This is important because pharmacokinetic properties such
as receptor binding affinity, rate of transport across the blood
brain barrier, and half-life differ between fentanyl and other
opioids [2, 28, 29], and such differences may alter reward efficacy
[30]. Here, we established a within-session BE procedure to study
the usefulness of OxR1 antagonism in reducing demand for
fentanyl. We also assessed the effectiveness of our within-session
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BE procedure in predicting OxR1 antagonism efficacy as well as
relapse propensity.

METHODS

Animals

Male Sprague Dawley rats were obtained from Charles River
Laboratories (Kingston, NY) at 250-300g. Animals were pair-
housed under a 12:12 h reverse light cycle (lights off 8:00 and on
at 20:00). Animals were given ad libitum access to food and water.
All procedures were approved by Rutgers University New
Brunswick Institutional Animal Care and Use Committee and
conducted in accordance with their guidelines.

Surgery

Animals were anesthetized with 2% isoflurane, administered the
analgesic rimadyl (5mg/kg, s.c.), and implanted with chronic
indwelling catheters jugular vein catheters as previously described
[26]. Following surgery, rats were flushed daily with the antibiotic
cefazolin (0.1 ml; 100 mg/ml) and heparin (0.1 ml; 100 U/ml). Rats
were allowed 1 week to recover prior to self-administration
training.

Drugs

Fentanyl HCl powder and the selective OxR1 antagonist SB-
334867 were generously donated by the National Institute of Drug
Abuse. Fentanyl HCI powder was dissolved in 0.9% sterile saline to
a concentration of 8 ug/ml. SB-334867 was prepared as previously
described and injected i.p. at a volume of 4.0 ml/kg [10, 26, 31].

Self-administration training

Rats were trained in Med Associates operant boxes (Med
Associates, St. Albans, VT, USA) fitted with 2 levers (active and
inactive), a stimulus light located directly above the active lever,
speaker, and house light. Operant boxes were housed in individual
sound-attenuating chambers, and all boxes were controlled by
Med-PC IV software (Med Associates, St. Albans, VT, USA). Rats
were initially trained in 2h sessions on a fixed-ratio 1 (FR-1)
schedule. A response on the active lever resulted in a 3.6 s infusion
of 0.5 pug of fentanyl paired with stimulus light (white light) and
tone (78 dB, 2900 Hz). Each infusion was followed by a 20-s time
out signaled by termination of the house light. Responses on the
inactive lever were not reinforced (no infusion or cues). Rats were
trained for a minimum of 10 sessions and to a criterion of >25
infusion for 3 consecutive sessions.

Mechanical sensitivity test

Rats were placed under plastic containers (25x15x 12cm) on a
stainless-steel grid floor for 15 min prior to testing. Mechanical
sensitivity was assessed by applying von Frey filaments to the
mid-plantar surface of the rat's hind paw for 5s using the
up-down method [32]. A positive response was marked by a
retraction of the hind paw. Baseline paw withdrawal threshold was
determined by measuring withdrawal thresholds for 3 days prior
to FR-1 self-administration training. Thereafter, paw withdrawal
threshold was assessed prior to each self-administration session
(i.e., ~22h withdrawal). Drug-naive rats were weight-matched
controls that were subjected to identical mechanical sensitivity
testing but were not trained to self-administer fentanyl.

Within-session behavioral economics procedure

Demand for fentanyl was determined using a within-session BE
procedure consistent with previous studies [9, 10, 31]. Briefly,
animals were tested in 110-min sessions where the dose of
fentanyl per infusion was decreased in successive 10-min bins on
a quarter logarithmic scale (1.12, 0.63, 0.36, 0.20, 0.11, 0.06, 0.04,
0.02, 0.01, 0.006, 0.004 ug fentanyl per infusion). Demand curves
were fit to the data for each session of individual subjects using an

Neuropsychopharmacology (2019) 44:1690 - 1697

The role of orexin-1 receptor signaling in demand for the opioid fentanyl
JE. Fragale et al.

exponential demand equation [11]. Consistent with our BE
procedure for remifentanil [10], curve fitting was performed by
including all data points up until two bins past the point of
maximal price paid (effort expended) per mg fentanyl (pynax)-

Rats were trained for a minimum of 6 days and until stable
demand was observed before any pharmacological manipulation.
Animals were considered stable when demand parameters (Q,
and a values) differed by less than 25% across three consecutive
sessions. Once stable, rats were given an i.p. injection of vehicle or
SB (3, 10, or 30 mg/kg) 30 min prior to testing. Rats were given a
minimum of 3 days between testing to ensure a return to baseline
demand. Treatment order was assigned pseudorandomly with all
rats receiving 30 mg/kg on their final test. This was done to
alleviate any concerns regarding possible persistent effects of 30
mg/kg SB [33].

Fentanyl 4 SB locomotor control

Following BE testing, a subset of rats were trained to nose poke for
sucrose (45 mg sucrose pellets, Test Diet, Richmond, IN, USA) on
an FR-1 schedule. During each 2 h session, rats also received their
preferred consumption of fentanyl (i.v.) as determined by their
baseline Q, during prior BE testing. This was achieved by replaying
infusions to match those received during each rat’s pia, bin. Rats
were trained for a minimum of 5 sessions and until the number of
responses differed by less than 25% across 3 consecutive sessions.
Thirty minutes before the next session, vehicle or SB (30 mg/kg)
was given in a within-subjects, counterbalanced design with a
minimum of 3 days between tests.

Extinction and cue-induced reinstatement

After BE testing, a subset of rats was exposed to 2-h extinction
sessions during which responses on the active lever were no
longer reinforced (no infusion or cues). Rats were trained for a
minimum of 7 sessions, and until responding in the last 3 sessions
was <25 presses. During reinstatement tests, presses on the active
lever were paired with fentanyl-associated cues (light and tone).
Pretreatment with vehicle or SB (10 and 30 mg/kg) was given in a
within-subjects, counterbalanced design with a minimum of
3 days between reinstatement tests.

Cued-reinstatement locomotor control

After their final reinstatement test, the same rats were trained to
lever press for sucrose (45 mg sucrose pellets, Test Diet, Richmond,
IN, USA) on an FR-1 schedule during 2-h sessions. Presses on the
active lever resulted in pellet delivery that was not paired with
cues. Each pellet delivery was followed by a 20-s time out signaled
by termination of the house light. Presses on the inactive lever
were not reinforced. Rats were trained for a minimum of 5 sessions
and until stable responding was observed. Rats were considered
stable when the number of pellets obtained differed by less than
25% across three consecutive sessions. Vehicle or SB (30 mg/kg)
was given in a within-subjects, counterbalanced design with a
minimum of 3 days between tests.

Data analysis

Data are expressed as mean values + 1 standard error of the mean.
Statistics were performed using GraphPad Prism for Mac (Version
7, GraphPad Software Inc., La Jolla, CA) with an a level of 0.05.
Violations of sphericity determined by Mauchly’s test were
adjusted using the Greenhouse-Geisser correction. FR-1 self-
administration, paw withdrawal thresholds, body weight, and
extinction data were analyzed using mixed-design ANOVAs with
Bonferroni corrections as post hoc tests. One-way repeated
measures ANOVAs were used to examine the effect of SB on
fentanyl demand and reinstatement. Dunnett’s multiple compar-
isons test were used as post hoc tests when permitted. Data from
locomotor controls were analyzed using a paired samples t-tests.
Two-tailed Pearson correlations were used to investigate the
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relationship between baseline demand and SB efficacy as well as
the relationship between baseline demand and reinstatement.

RESULTS

Self-administration of fentanyl

Rats (n=18) were first trained to self-administer fentanyl on an
FR-1 schedule in 2 h sessions. Figure T1a shows self-administration
data from the last 10 acquisition sessions prior to BE training. The
mean data (+SEM) for the final day of self-administration training
were 39.7 £ 4.5 infusions, 64.0 + 9.4 active lever presses, and 3.3 +
0.9 inactive lever presses. On average, rats reached self-
administration criterion in 12+ 0.5 sessions. Rats readily learned
to discriminate between the active and inactive levers (main effect
of lever type F;,7=18.75, p=0.0005 and a lever type X session
interaction Fg 153 = 2.326, p = 0.018) with rats making more active
than inactive lever presses across the final 9 sessions (Bonferroni
correction, p < 0.05).

Assessment of dependence

To assess dependence in rats self-administering fentanyl, changes in
mechanosensitivity (paw withdrawal threshold) were assessed prior
to each FR-1 self-administration session (~22h withdrawal).
Baseline paw withdrawal thresholds (prior to self-administration
training) did not differ between drug-naive and fentanyl self-
administration rats (t;4 = 0.979, p = 0.3438). There was a significant
effect of fentanyl self-administration on paw withdrawal thresholds
(Fig. 1b; drug X session interaction Fg,140 = 2.679, p = 0.005). In rats
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self-administering fentanyl, paw withdrawal threshold significantly
decreased from baseline after the second self-administration session
(Bonferroni correction, p<0.05). Changes in paw withdrawal
thresholds were not observed in drug-naive control rats tested over
a similar time course. Moreover, rats self-administering fentanyl
exhibited reduced weight gain compared to drug-naive control rats
across the 10-day self-administration period (Fig. 1¢; main effect of
drug Fy14=5.9, p=0.0292; main effect of time Fg;,5 =8.876, p <
0.0001). Weights increased compared to baseline in drug-naive
control rats (Bonferroni correction, p < 0.05), but not in rats self-
administering fentanyl.

Economic demand profile of fentanyl

Once fentanyl self-administration was acquired, rats (n = 18) were
trained on a within-session BE procedure for fentanyl. Figure 1d
shows a demand curve generated with this procedure for a
representative rat and session. Overall, curve fits were very good,
with r? values for demand curves between 0.72 and 0.99. Mean r*
values were 0.91 +0.008. The mean (+SEM) baseline a and Q,
values were 0.0834+0.0009 and 3.433+0.351, respectively.
Consistent with demand for cocaine, no relationship was observed
between demand elasticity (a) and preferred intake at null cost
(Qo; Fig. 1e; » =0.1294, p =0.129).

SB increases demand elasticity for fentanyl

To determine if signaling at OxR1s regulate demand for fentanyl,
rats (n = 14) were treated with a systemic injection of vehicle or SB
(3, 10, or 30mg/kg) prior to BE testing. Figure 2a shows
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Fig. 1

Fentanyl self-administration and demand. a Rats (n = 18) were first trained to self-administer fentanyl on an FR-1 schedule. Rats readily

learned to discriminate between the active and inactive levers, and made significantly more active vs inactive lever presses across the final 9
self-administration sessions (mixed-design ANOVA with Bonferroni comparison; *p <0.05). b Rats (n=8/group) exhibited a significant
reduction in paw withdrawal threshold assessed by the von Frey test (mixed-design ANOVA with Bonferroni comparison; *p < 0.05). ¢ Rats self-
administering fentanyl exhibited reduced weight gain compared to drug-naive controls rats (mixed-design ANOVA with Bonferroni
comparison; *p < 0.05). d Demand curve generated from a representative subject from a single BE session. e a and Q, are independent

parameters (Pearson’s r; ns)
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representative demand curves from a subject treated with vehicle
and SB (30 mg/kg) prior to BE testing. SB increased demand
elasticity (increased a; decreased motivation; Fig. 2b; F; 63453 =
8.187, p =0.0007). Post hoc analysis revealed that pretreatment
with SB (30 mg/kg) significantly increased demand elasticity
relative to vehicle pretreatment (Dunnett’s multiple comparisons
test, p=0.005). In contrast, systemic SB pretreatment had
no effect on fentanyl consumption at null cost (Qo; Fig. 2¢;
F2.95,38.33 = 1.155, p = 03391)

Following BE testing, a subset of rats (n =8) were trained to
nose poke for sucrose on an FR-1 schedule while receiving their
preferred consumption of fentanyl (i.v.) as determined by their
baseline Q,. This was done to confirm the effects of SB on demand
elasticity were not due to motor suppressant effects of SB when
combined with fentanyl. SB (30 mg/kg) did not alter nose poking
for sucrose in rats receiving their preferred fentanyl doses (Fig. 2d;
t; =1.958, p =0.0911).

Baseline a values predict SB efficacy
We previously found that baseline demand elasticity for cocaine
predicts the extent to which SB reduces motivation for cocaine,
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such that SB is most effective in rats with inelastic demand (high
motivation, low a) [34]. Accordingly, here we examined the
relationship between baseline demand for fentanyl and the extent
to which SB affected motivation during BE testing. Baseline a was
negatively correlated with SB efficacy (30 mg/kg) such that SB was
most effective at increasing demand elasticity in highly motivated
rats (low a; Fig. 3a; r* =0.3462, p = 0.0269). No relationship was
observed between baseline Q, values and the efficacy of SB in
increasing demand elasticity (Fig. 3b; r? = 0.00052, p = 0.8047).

SB attenuates cue-elicited fentanyl seeking

A subset of rats (n = 10) underwent extinction training and testing
for cued reinstatement of fentanyl seeking. Overall rates of
responding decreased over the first 7 extinction sessions (Fig. 4a;
main effect of session Fgs4=5.793, p=0.0001). Rats initially
responded more on the active vs inactive lever (main effect of
lever type F; g = 66.5, p < 0.0001). However, active vs inactive lever
presses did not differ significantly by day 7 of extinction (although
there was a trend; time X lever type interaction Fgs54 =4.165, p =
0.0016; Bonferroni correction p < 0.05). On average, rats reached
extinction criterion in 11 (+1.18) sessions.
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Fig. 2 OxR1 antagonism decreases demand for fentanyl. Rats (n = 14) were given vehicle or SB (3, 10, or 30 mg/kg) prior to BE testing.
a Shown are representative demand curves from a single subject that received vehicle and SB (30 mg/kg). b SB increased demand elasticity (a)
and was most effective at 30 mg/kg (rm-ANOVA with Dunnett’s multiple comparisons test; *p < 0.05). ¢ SB had no effect on preferred
consumption of fentanyl at null cost (Q,) (rm-ANOVA; ns). d To determine if SB impaired locomotor activity, a subset of rats (n = 8) were
trained to nose poke for sucrose on a FR-1 schedule while receiving their preferred consumption of fentanyl (i.v.). SB (30 mg/kg) had no
significant effect on active lever pressing/sucrose consumption compared to vehicle-treated rats (paired samples t-test; ns)
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Fig. 3 Baseline a values predict SB efficacy. a A negative correlation was observed between baseline a values and SB (30 mg/kg) efficacy to
increase q, indicating that SB was most effective in increasing demand elasticity (decreasing motivation) in highly motivated rats (small o;
Pearson’s r; p =0.0269). b Baseline Q, values did not predict the efficacy of SB in increasing demand elasticity (Pearson’s r; ns)
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Fig. 4 OxR1 antagonism attenuates cue-elicited drug seeking. Following BE testing, lever press responding was extinguished in rats (n = 10).
a Active lever presses gradually decreased across the first 7 extinction sessions (mixed-design ANOVA with Bonferroni comparison; *p < 0.05).
b Next, the effect of SB on cue-elicited drug seeking was assessed in a subset of rats (n = 8). The presentation of fentanyl-associated cues
reinstated active lever pressing, and SB at 30 mg/kg attenuated cue-induced reinstatement (rm-ANOVA with Dunnett’s multiple comparisons
test; *p <0.05). ¢ To confirm that the attenuation of cue-induced reinstatement by SB was not due to locomotor impairments, fentanyl
experienced rats (n = 8) were trained to lever press for sucrose on an FR-1 schedule. Consumption of sucrose did not differ between SB
(30 mg/kg) and vehicle-treated rats (paired samples t-test; ns)
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Fig. 5 Baseline a values predicted cue-induced reinstatement of fentanyl seeking. The relationship between baseline a and Q, values and
reinstatement (% change in active lever responses from final extinction session) was assessed. a Baseline a was negatively correlated with
reinstatement such that highly motivated rats (low a) showed greater drug seeking in response to cues (Pearson’s r; p=0.0414). b No

significant relationship was observed between baseline Q, values and reinstatement responding (Pearson’s r; ns)

After reaching extinction criterion, rats (n=8) were given a
systemic injection of vehicle or SB (10 or 30 mg/kg) prior to testing
for cued reinstatement of responding. SB pretreatment dose-
dependently attenuated cue-induced reinstatement (Fig. 4b;
F137961 =6.796, p =0.0207). Post-hoc analysis revealed that the
presentation of fentanyl-associated cues induced a significant
reinstatement of drug seeking as measured by increased
responding on the active lever (extinction vs vehicle; Dunnett’s
multiple comparisons test, p = 0.0034). Compared to vehicle, SB
(30 mg/kg) significantly reduced active lever presses (Dunnett’s
multiple comparisons test, p = 0.0009). Changes in inactive lever
responding were not observed (F35; = 1.632, p=0.2121).

We investigated the effects of SB (30 mg/kg) on sucrose self-
administration to test whether SB induced a motor impairment in
fentanyl experienced rats [35]. Following their final cued
reinstatement session, rats (n=8) were trained to self-
administer sucrose pellets on an FR-1 schedule. Lever presses

SPRINGERNATURE

did not differ significantly between rats given vehicle vs SB (30
mag/kg) (Fig. 4c; t; = 2.216, p = 0.0623). These results indicate that
lever pressing for a non-drug reinforcer was not impaired by SB
treatment, and that SB effects on reinstatement behavior were not
due to a motor impairment.

Baseline a values predict cue-induced fentanyl seeking

Previous studies found that baseline a values predicted other
DSM-V addiction-like behaviors, including cue-induced reinstate-
ment of cocaine seeking [9, 34]. Accordingly, we sought to
determine if this was also true for fentanyl. Baseline a was
negatively correlated with the degree of cue-induced fentanyl
seeking (percent change in active lever presses from final
extinction session) such that reinstatement behavior was greatest
in highly motivated rats (Fig. 5a; P =04242, p=0.0414). In
contrast, no correlation with reinstatement responding was
observed with baseline Q, (Fig. 5b; r* = 0.1522, p = 0.2650).
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DISCUSSION

The present study sought to determine the role of OxR1 signaling
in demand for the opioid fentanyl using a within-session BE
procedure. We found that rats self-administering fentanyl exhibit
dependence-like behavior as measured by increased mechan-
osensitivity during withdrawal and reduced weight gain com-
pared to drug-naive control rats. Systemic pretreatment with the
OxR1 antagonist SB increased demand elasticity for fentanyl
(decreased motivation) without affecting preferred consumption
of fentanyl at null cost (Q, hedonic setpoint). Baseline
a values predicted SB efficacy, such that SB pretreatment
was most effective at increasing demand elasticity in highly
motivated rats. Consistent with previous findings [36], SB did
not alter lever pressing for sucrose in rats that simultaneously
received fentanyl, indicating that increased demand elasticity
following SB pretreatment is likely not due to sedation or motor
impairment. In addition, baseline a values predicted the degree of
cue-induced reinstatement of drug seeking, and SB dose-
dependently attenuated this reinstatement behavior. These results
implicate OxR1 signaling in fentanyl abuse, and support the utility
of BE procedures in assessing addiction-related behaviors for
this drug.

Evidence of dependence following self-administering fentanyl
Here, we show that rats self-administering fentanyl rapidly
develop dependence-like behavior evident by increased mechan-
osensitivity during withdrawal. This is consistent with previous
studies showing a reduction in paw withdrawal thresholds in
heroin-dependent rats [37, 38]. The orexin system has been
implicated in opioid dependence [24]. Naloxone-precipitated
morphine withdrawal induces Fos expression in orexin neurons
and orexin knock-out mice exhibit attenuated symptoms of
morphine dependence [39]. The relationship between depen-
dence and demand is unclear and thus it is unknown if OxR1
antagonism reduces demand for fentanyl by attenuating symp-
toms of dependence. Given the importance of dependence in the
maintenance of opioid addiction future studies are warranted to
investigate this relationship.

A preferential role for OxR1 signaling in motivation

Here, we show that OxR1 blockade decreases motivation for
fentanyl (increases a) without altering free consumption (Q,).
These results align with previous reports showing a preferential
role for OxR1 signaling in regulating consumption of drug and
natural reward under high-effort schedules of reinforcement
[27, 40-42]. For example, OxR1 blockade reduces cocaine
consumption under progressive ratio (PR) but not FR-1 schedules
of reinforcement [41-43]. Consistent with these findings, SB
increased demand elasticity (a) for cocaine without effecting
preferred consumption at null cost (Qo) [31, 44]. For natural
reinforcers, such as sucrose and high fat diet, OxR1 blockade
preferentially reduced consumption under high-effort schedules
of reinforcement [27, 36]. Together, these results support a role for
OxR1 signaling in motivational verses hedonic processes.

There are, however, examples of OxR1 signaling regulating drug
consumption under low-effort schedules of reinforcement. OxR1
receptor blockade reduces consumption of ethanol under low-
effort schedules of reinforcement as well as homecage ethanol
preference [19, 45, 46]. However, these results were specific to
ethanol-preferring rats [19, 45] and high-takers [46]. This may also
explain why OxR1 blockade reduces consumption of heroin under
both low and high-effort schedules of reinforcement [41]. Using
an identical within-session BE task, we previously found that
systemic SB increased demand elasticity and reduced consump-
tion of remifentanil at null cost [10] in a correlated manner. Given
the diversity in the pharmacokinetics of opioids, future studies
should investigate whether the role of OxR1 signaling in opioid
demand is specific to motivation.
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Future studies should explore the mechanism of action by
which OxR1 signaling regulates motivation for fentanyl. Previous
work indicates that OxR1 signaling in ventral tegmental area (VTA)
is a possibility. Intra-VTA blockade of OxR1s increases demand
elasticity (a) for cocaine without affecting consumption at null cost
(Qo) [42]. However, this has yet to be demonstrated with opioids.
Additional possible targets include the paraventricular thalamus
(PVT) and bed nucleus of the stria terminalis (BNST), as these are
densely innervated by orexin fibers, express OxR1s in abundance,
and have been implicated in a variety of drug-seeking behaviors
(for review see [47]).

OxR1 signaling and cue-induced reward seeking

The orexin system also seems to play a universal role in cue-
induced reward seeking. Orexin neurons are activated in response
to drug-associated cues and contexts [48, 49]. This is consistent
with previously published reports showing that the OxR1 is
necessary for cue-induced reinstatement of seeking for heroin,
remifentanil, cocaine, ethanol, nicotine, and sucrose
[10, 26, 41, 46, 48]. Here, we show that OxR1 antagonism also
attenuates cue-induced reinstatement of extinguished fentanyl
seeking. The role for OxR1 signaling in motivation (above) is
consistent with this role in relapse to drug seeking; evidence from
our lab indicates that the OxR1 may play a particularly important
role in the motivation afforded to drug-associated stimuli [31].
Here, we show that OxR1 antagonism has no effect on responding
for sucrose. This indicates that the effects of SB on cue-induced
reinstatement (or demand responding) were not due to non-
specificc, motoric drug effects. These results indicate that
OxR1 signaling plays a strong role in cue-induced drug seeking,
and OxR1 antagonism may be clinically useful in maintaining
abstinence.

Demand elasticity and the efficacy of orexin-based
pharmacotherapies

We found here that baseline a values for fentanyl are correlated
with SB efficacy. This aligns with previous studies showing that
OxR1 antagonism preferentially reduced drug-seeking behaviors
in highly motivated rats [34, 45, 46]. SB is most effective at
decreasing cocaine motivation in rats with high baseline demand
[34] and highly motivated rats are also more sensitive to lower
doses of SB [44]. Together with the current study, these findings
point to an increased reliance on OxR1 signaling for the
maintenance of motivated behavior in highly motivated
individuals.

It is important to note that OxR2 signaling may also regulate
drug taking in situations of high motivation or dependence, in
addition to OxR1 signaling studied here. For example, systemic
administration of the OxR2 antagonist NBI-80713 reduced heroin
self-administration in highly motivated rats given long, but not
short access to heroin [50]. Given that OxR2 signaling mediates
aspects of stress and arousal, these results may reflect the
recruitment of stress circuits under conditions of increased
motivation [51]. Future studies should explore the role of
OxR2 signaling in demand for fentanyl under conditions of
increased motivation (e.g., long or intermittent access self-
administration).

Demand elasticity and addiction propensity

Demand elasticity provides a potential cross-species behavioral
biomarker of addiction propensity [3-6]. Demand elasticity is
readily assessed in clinical and subclinical populations using
hypothetical purchasing tasks which determine an individual’s
willingness to consume a substance at various price points [3—
6, 8]. Similar to the present study, a demand curve can be fitted to
these data using an exponential demand equation. Demand
elasticity in humans predicts symptom severity as well as relapse
rates for nicotine, alcohol, and cocaine abuse [3, 4, 6]. Moreover,
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demand elasticity for prescription pain relievers predicts DSM-V
symptom severity in young adults [5]. Fentanyl abuse has yet to
be assessed in humans using BE, but this approach should be
considered in future studies given the rise in fentanyl-related
overdose deaths. Here, we show that baseline a values for fentanyl
predict cue-induced fentanyl seeking. This is consistent with
previously published reports showing that baseline a values for
cocaine are predictive of other DSM-V relevant addiction-like
behaviors in rats including compulsive responding, drug seeking
during initial absence, and cue-induced reinstatement [9, 34].

Conclusions

Here, we show that OxR1 signaling regulates motivation to
consume fentanyl and cue-induced fentanyl seeking. We also
show that baseline a values predict SB efficacy and cue-induced
fentanyl seeking. Taken together, our findings support the
promise of OxR1 antagonists as novel pharmacotherapies to
combat the opioid epidemic. Furthermore, our results illustrate the
usefulness of BE procedures in identifying individuals that may
benefit best from orexin-based pharmacotherapies and those with
the most severe cases of opioid abuse.
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