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Abstract

There has been a dramatic increase in illicit fentanyl use in the United States over the last decade.
In 2018, more than 31,000 overdose deaths involved fentanyl or fentanyl analogues, highlighting
an urgent need to identify effective treatments for fentanyl use disorder. An emerging literature
shows that glucagon-like peptide-1 receptor (GLP-1R) agonists attenuate the reinforcing efficacy
of drugs of abuse. However, the effects of GLP-1R agonists on fentanyl-mediated behaviors are
unknown. The first goal of this study was to determine if the GLP-1R agonist exendin-4 reduced
fentanyl self-administration and the reinstatement of fentanyl-seeking behavior, an animal model
of relapse, in rats. We found that systemic exendin-4 attenuated fentanyl taking and seeking at
doses that also produced malaise-like effects in rats. To overcome these adverse effects and
enhance the clinical potential of GLP-1R agonists, we recently developed a novel dual agonist of
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GLP-1Rs and neuropeptide Y2 receptors (Y2Rs), GEP44, that does not produce nausea-like
behavior in drug-naive rats or emesis in drug-naive shrews. The second goal of this study was to
determine if GEP44 reduced fentanyl self-administration and reinstatement with fewer adverse
effects compared to exendin-4 alone. In contrast to exendin-4, GEP44 attenuated opioid taking and
seeking at a dose that did not suppress food intake or produce adverse malaise-like effects in
fentanyl-experienced rats. Taken together, these findings indicate a novel role for GLP-1Rs and
Y2Rs in fentanyl reinforcement and highlight a potential new therapeutic approach to treating
opioid use disorders.
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1. Introduction

Opioid overdoses, many of which involve illicit fentanyl use, are currently one of the leading
causes of death in the United States. In 2018, approximately 47,000 Americans died from
opioid overdoses, of which 67% were associated with synthetic opioids including fentanyl
and its analogues (Wilson et al., 2020). Despite this overdose epidemic, little is known about
how available FDA-approved medications for opioid use disorder (i.e., buprenorphine,
methadone, and naltrexone) reduce illicit fentanyl use (Comer and Cahill, 2019). Moreover,
there is a paucity of preclinical studies investigating fentanyl-taking and -seeking behaviors
and their underlying neurobiological mechanisms (Molkow et al., 2019).

Neuropeptides of the gut-brain axis and their cognate receptors play important roles in drug-
mediated behaviors (Hayes and Schmidt, 2016; Hernandez and Schmidt, 2019; Jerlhag,
2018). For example, systemic administration of a GLP-1 receptor (GLP-1R) agonist reduces
the rewarding and reinforcing effects of cocaine (Egecioglu et al., 2013b; Graham et al.,
2013; Schmidt et al., 2016; Sgrensen et al., 2015), nicotine (Egecioglu et al., 2013a; Tuesta
etal., 2017), alcohol (Egecioglu et al., 2013c; Shirazi et al., 2013; Sgrensen et al., 2016;
Thomsen et al., 2017; Vallof et al., 2020), and amphetamine (Egecioglu et al., 2013b; Sirohi
et al., 2016) in rodents. Recently, we expanded this literature and showed that systemic
administration of the GLP-1R agonist exendin-4 attenuated voluntary oxycodone taking and
seeking in rats (Zhang et al., 2019). While these findings suggest that GLP-1R agonists,
which are FDA-approved for treating type Il diabetes and obesity, could be re-purposed to
treat opioid use disorders, there is some evidence that the efficacy of GLP-1R agonists may
differ depending on the opioid self-administered (Bornebusch et al., 2019). Indeed, the
pharmacology of fentanyl differs from other p-opioid receptor agonists and this may impact
the efficacy of medications used to treat fentanyl use disorder (Comer and Cahill, 2019;
Volpe et al., 2011). Thus, one objective of this study was to determine if exendin-4
attenuates fentanyl taking and seeking in rats.

Type 2 neuropeptide Y receptors (Y2Rs) are expressed throughout the brain (Parker and
Herzog, 1999) and are activated by endogenous ligands, including neuropeptide Y (NPY)
and peptide YY (PYY) (Brothers and Wahlestedt, 2010; Mittapalli and Roberts, 2014). PYY
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is a hormone produced by the same L-cells of the distal Gl tract that secrete GLP-1
(Batterham and Bloom, 2003). PY'Y3_3¢, the most common form of circulating PY', crosses
the blood brain barrier and selectively activates central Y2Rs (Grandt et al., 1994; Murphy
and Bloom, 2006; Nonaka et al., 2003). While studies of Y2Rs and behavior have focused
mainly on food intake (Batterham and Bloom, 2003; Batterham et al., 2003; Batterham et
al., 2002; Batterham et al., 2006; Chandarana and Batterham, 2008), emerging evidence
suggests that Y2Rs may also play an important role in mediating behavioral responses to
drugs of abuse. For example, repeated infusions of morphine or codeine are associated with
decreased levels of NPY in the hypothalamus, striatum, and adrenal glands, suggesting a
potential role for Y2Rs in opioid dependence (Pages et al., 1991; Pages et al., 1992).
Consistent with these findings, central infusions of PY'Y attenuated naloxone-precipitated
withdrawal from morphine in rats (Woldbye et al., 1998). While these results suggest that
Y2Rs may play an important role in opioid-mediated behaviors, the effects of Y2R
activation on opioid taking and seeking are unknown.

Recent studies indicate that dual agonists of GLP-1Rs and Y2Rs produce greater behavioral
responses and less adverse effects than either monotherapy alone. For example,
coadministration of GLP-1 and PY'Y produced additive effects on food intake in humans (De
Silva et al., 2011; Neary et al., 2005; Schmidt et al., 2014), and synergistic effects on blood
glucose homeostasis, food intake, and body weight in rodent models (Fenske et al., 2012;
Reidelberger et al., 2011; Talsania et al., 2005). In addition, coadministration of exendin-4
and PYYY activated neural circuits in a synergistic manner, suggesting that PYY may
enhance the effects of GLP-1R agonists (Kjaergaard et al., 2019). Recently, we designed and
synthesized a monomeric peptide, GEP44, that binds to and activates both GLP-1Rs and
Y2Rs (rat GLP-1R EC59=480 pM; Y2R EC5g=10 nM) (Milliken et al., 2021). GEP44 dose-
dependently reduced food intake and body weight to a greater extent than exendin-4 alone in
drug-naive rats (Milliken et al., 2021). Importantly, we showed that GEP44 did not produce
adverse emetic or malaise-like effects commonly associated with GLP-1R agonists in
humans and rodents (Bergenstal et al., 2010; Kanoski et al., 2012; Kendall et al., 2005).
Based on these pilot studies, it is provocative to think that combinatorial therapies, like
GEP44, that target multiple neuropeptide systems may be more efficacious in reducing
substance use disorders than monotherapies targeting single neuropeptide receptors. Thus, a
second objective of this study was to screen the efficacy of GEP44 to reduce fentanyl taking
and seeking in rats.

Here, we screened the efficacy of novel pharmacotherapies to treat fentanyl use disorder in
rodent models of fentanyl taking and seeking and study the neurobiological mechanisms
underlying fentanyl reinforcement. The present study had three main goals: 1) to determine
whether the FDA-approved GLP-1R agonist exendin-4 attenuates fentanyl self-
administration and the reinstatement of fentanyl-seeking behavior in rats; 2) to compare the
effects of exendin-4 to our novel GLP-1R/Y2R dual agonist GEP44 in our preclinical
models of fentanyl taking and seeking; and 3) to screen potential feeding effects and adverse
malaise-like effects of exendin-4 and GEP44 in fentanyl-experienced rats. We hypothesized
that both exendin-4 and GEP44 would attenuate fentanyl taking and seeking, but that GEP44
would do so at doses that produced less adverse effects in fentanyl-experienced rats
compared to GLP-1R monotherapy.
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2. Materials and Methods

2.1. Drugs

Fentanyl citrate was obtained from Covetrus (Dublin, OH) and diluted in bacteriostatic 0.9%
saline. Doses of fentanyl used in the self-administration and reinstatement experiments were
based on our pilot studies (Figure 1) as well as previously published fentanyl self-
administration studies in rats (Ezeomah et al., 2020; Fragale et al., 2019; Townsend et al.,
2019; Wade et al., 2015). Buprenorphine hydrochloride (Sigma-Aldrich, MO) was dissolved
in bacteriostatic 0.9% saline. Doses and route of administration of buprenorphine were based
on previous operant studies in rats (Carrera et al., 1999; Chen et al., 2006; Zhang et al.,
2019). Exendin-4 (American Peptide Company, Sunnyvale, CA) was dissolved in
bacteriostatic 0.9% saline. GEP44 was synthesized by Genscript (Piscataway, NJ) or in the
Doyle lab using a CEM library Blue peptide synthesizer. GEP44 purity and identity were
confirmed in-house by reverse-phase HPLC (Zorbax Cg; 300 A column) and electron spray
mass spectrometry, respectively (Milliken et al., 2021). Samples were flash-frozen, freeze-
dried and shipped as lyophilized powders. GEP44 was dissolved in bacteriostatic 0.9%
saline for us /n vivo. The doses and time courses of exendin-4 and GEP44 administration
were based on our previous experiments in rats (Hernandez et al., 2018; Hernandez et al.,
2019; Milliken et al., 2021; Zhang et al., 2019).

2.2. Animals and Housing

Male Sprague-Dawley rats (Rattus norvegicus) weighing 250-300 g were obtained from
Taconic Laboratories (Germantown, NY, USA). Rats were housed individually with food
and water available ad /ibitum in their home cages. A 12/12 h light/dark cycle was used with
the lights on at 1900 h. All behavioral procedures were performed during the dark cycle. The
experimental protocols were consistent with the guidelines issued by the National Institutes
of Health and were approved by the Institutional Animal Care and Use Committee of the
University of Pennsylvania.

2.3. Surgery

Rats were handled daily and allowed one week to acclimate to their home cages upon
arrival. Rats were then anesthetized using 100 mg/kg ketamine (Midwest Veterinary Supply,
Valley Forge, PA) and 10 mg/kg xylazine (Akron Animal Health, Lake Forest, IL). An
indwelling catheter (SAI Infusion Technologies, Lake Villa, IL) was inserted into the right
jugular vein and sutured in place. The catheter was routed to a mesh backmount platform
that was implanted subcutaneously dorsal to the shoulder blades. To prevent infection and
maintain patency, catheters were flushed daily with 0.2 ml of the antibiotic Timentin (0.93
mg/ml; Fisher, Pittsburgh, PA) dissolved in heparinized 0.9% saline. When not in use,
catheters were sealed with plastic obturators.

2.4. Fentanyl self-administration

Rats were allowed seven days to recover from surgery before behavioral testing commenced.
Initially, rats were placed in operant conditioning chambers and allowed to lever-press for
intravenous infusions of fentanyl (2.5 ug/kg/59 ul saline, infused over 5 s) under a fixed-
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ratio 1 (FR1) schedule of reinforcement. Once a rat achieved >15 infusions of fentanyl in
three consecutive self-administration sessions under the FR1 schedule, the subject was
switched to a fixed-ratio 3 (FR3) schedule of reinforcement. When a rat achieved >15
infusions of fentanyl in three consecutive sessions under the FR3 schedule, the subject was
subsequently switched to and maintained on a fixed-ratio 5 (FR5) schedule of reinforcement.
All self-administration sessions were three-hours in duration and were conducted five days
per week. Rats continued to respond for fentanyl on a FR5 schedule for ~14 additional days
prior to behavioral testing (i.e., a total of 21-28 days of fentanyl self-administration
sessions). Each fentanyl infusion was paired with a 20 s contingent light cue illuminated
directly above the active lever (i.e., drug-paired lever). For all FR schedules, a 20-s time-out
period, during which time active lever responses were tabulated but had no scheduled
consequences, followed each fentanyl infusion. Responses made on the inactive lever, which
had no scheduled consequences, were also recorded during the self-administration sessions.

To comprehensively characterize fentanyl self-administration in rats, a dose-response curve
was generated in rats stably self-administering the training dose of fentanyl (2.5 pg/kg/
infusion) on a FR5 schedule. Using a between-sessions, within-subjects design rats were
allowed to self-administer different unit doses of fentanyl (0, 0.001, 0.125, 1.25, 2.5 and 5.0
ug/kg/infusion) similar to previous opioid self-administration studies (Zhang et al., 2019).
Fentanyl doses were counterbalanced, and rats were allowed to self-administer each dose for
three consecutive days. After each test dose, rats were returned to the training dose for an
additional three days to assess the stability of fentanyl taking at this dose. Total active and
inactive lever responses and total infusions were recorded and the three-day mean of each
measure for each unit dose of fentanyl was calculated.

To determine the predictive validity of our model, a separate group of rats stably self-
administering fentanyl (2.5 pg/kg/infusion) on a FR5 schedule was pretreated with
buprenorphine (0, 0.01 and 0. 2 mg/kg, s.c.) 10 minutes prior to self-administration test
sessions using a within-subjects, counterbalanced design.

A between-sessions, within-subjects design was used to screen the efficacy of exendin-4 and
GEP44 in reducing opioid consumption in separate groups of rats stably self-administering
fentanyl on a FR5 schedule. Each test day was separated by 1-2 days of fentanyl self-
administration to ensure that drug taking had stabilized between test sessions. Rats were
pretreated with vehicle or exendin-4 (0.072 or 0.72 nmol/kg, i.p.) 10 min prior to the
beginning of the operant test sessions. Separate rats self-administering fentanyl were
pretreated with vehicle or GEP44 (0.3 or 2.4 nmol/kg, s.c.) 30 min prior to the beginning of
the operant test sessions.

2.5. Reinstatement of fentanyl-seeking behavior

Following 21-28 days of fentanyl self-administration sessions, drug taking was extinguished
by replacing the fentanyl solution with saline and turning off the drug-paired cue light. Daily
extinction sessions continued until responding on the active lever was <20% of the total
active lever responses completed on the last day of fentanyl self-administration. Typically, it
took 6-9 days for rats to meet this criterion. Once fentanyl taking was extinguished, rats
entered the reinstatement phase of the experiment. The ability of an acute priming injection
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of fentanyl (45 pg/kg, i.p.) and re-exposure to the cue light to reinstate drug-seeking
behavior was assessed. The priming dose of fentanyl was based on previous reinstatement
studies in rats (Wager et al., 2014). During reinstatement test sessions, every 5 lever press
resulted in an infusion of saline and illumination of the cue light previously paired with
fentanyl infusions during the self-administration phase of the experiment. The effects of
vehicle, exendin-4 (0.072 and 0.72 nmol/kg, i.p.) and GEP44 (0.3 and 2.4 nmol/kg, s.c.) on
the reinstatement of fentanyl-seeking behavior were investigated using a within-subjects,
counterbalanced design. Using a between-sessions reinstatement paradigm, each
reinstatement test session was followed by extinction sessions until responding was again
<20% of the total active lever responses completed on the last day of fentanyl self-
administration. Generally, 1-2 days of extinction were necessary to reach extinction
criterion between reinstatement test sessions.

The ability of exendin-4 and GEP44 to reinstate drug-seeking behavior was tested in a
separate group of rats. Identical self-administration and extinction procedures were used as
described above. Rats were pretreated with vehicle, exendin-4 (0.72 nmol/kg, i.p.) or GEP44
(2.4 nmol/kg) prior to an extinction test session. Light cues previously paired with fentanyl
infusions during the self-administration phase were not turned on during the reinstatement
test sessions. Thus, the unique ability of exendin-4 and GEP44 to reinstate fentanyl-seeking
behavior was assessed in the absence of reinstating stimuli (i.e., conditioned light cues and
priming injection of fentanyl).

2.6. Ad libitum food intake

2.7.

Some of the rats in the aforementioned self-administration and reinstatement experiments
were housed in custom-made, hanging wire cages in order to determine if systemic infusions
of exendin-4 or GEP44 reduced food intake in fentanyl-experienced rats. Immediately
following self-administration and reinstatement tests, rats were returned to the hanging wire
cages and given ad /ibitum access to normal chow (Purina LabDiet 5001, Purina, St. Louis,
MO). Food spillage was collected by papers placed beneath the hanging wire cages.
Cumulative chow intake was measured as the difference in weight of the food hoppers
between two time points minus the weight of crumbs. Feeding measurements were recorded
1, 3, 6, and 21 hours post session (4, 6, 9, and 24 hours post exendin-4 or GEP44
pretreatment). Total body weight and water intake were measured 24 hours post infusion.

Pica/kaolin intake

Pica, a model of malaise-like behavior (Andrews and Horn, 2006; Kimmey et al., 2014;
Mitchell et al., 1976), was also measured in fentanyl-experienced rats housed in hanging
wire cages. Pica is the consumption of a non-nutritive substance, such as kaolin clay, in
response to an emetic agent. Rats maintained on standard chow were habituated to ad
libitum kaolin clay in their hanging wire cages for four days before self-administration and
reinstatement test sessions. Kaolin intake was measured before and 24 hours after systemic
administration of vehicle, exendin-4 (0.072 and 0.72 nmol/kg, i.p.) or GEP44 (0.3 and 2.4
nmol/kg, s.c.) and subsequent fentanyl self-administration and reinstatement test sessions.
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2.8. Statistics

For all fentanyl self-administration and reinstatement experiments, total active and inactive
lever responses were analyzed with repeated measures (RM) two-way analyses of variance
(ANOVAS). RM one-way ANOVAs were used to analyze total number of infusions and total
fentanyl infused. Cumulative chow intake was analyzed with RM two-way ANOVAs. Body
weight changes, water intake and kaolin intake were analyzed with separate RM one-way
ANOVAs. Pairwise comparisons were made with Bonferroni post hoc tests (p<0.05). All
data are presented as mean £ SEM. To ensure robust and reliable results, the behavioral
effects of exendin-4 and GEP44 were tested in at least two cohorts of rats per experiment.
Experimenters were blinded to treatment assignments during the testing phase of each
experiment.

3. Results

3.1. Fentanyl self-administration dose-response curve

Rats (n=11/treatment) acquired and maintained stable fentanyl self-administration on the
training dose (2.5 pg/kg/infusion) prior to self-administering different unit doses of fentany!.
Total lever responses are shown in Figure 1A. A RM two-way ANOVA revealed a
significant lever x unit dose interaction [F(4,40)=13.02, p<0.01]. Subsequent pairwise
analyses revealed that total active lever responses were significantly different between rats
self-administering 0.001 versus 0.125 and 1.25 pg/kg/infusion fentanyl, rats self-
administering 0.125 versus 5.0 pg/kg/infusion fentanyl, rats self-administering 1.25 versus
2.5 and 5.0 pg/kg/infusion fentanyl, and rats self-administering 2.5 versus 5.0 pg/kg/infusion
fentanyl (Bonferroni, p<0.05). No significant differences in inactive lever responding were
revealed for any dose. Total number of infusions are shown in Figure 1B and were analyzed
with a RM one-way ANOVA, which revealed a significant main effect of treatment
[F(4,40)=21.66, p<0.0001]. Post hoc analyses revealed significantly more infusions earned
between rats self-administering 0.001 versus 0.125, 1.25 and 2.5 ug/kg/infusion fentanyl,
rats self-administering 0.125 versus 5.0 pg/kg/infusion fentanyl, rats self-administering 1.25
versus 2.5 and 5.0 pg/kg/infusion fentanyl, and rats self-administering 2.5 versus 5.0 pg/kg/
infusion fentanyl (Bonferroni, p<0.05). Total fentanyl self-administered is shown in Figure
1C and these data were analyzed with a RM one-way ANOVA, which revealed a significant
main effect of treatment [F(4,40)=78.16, p<0.0001]. Subsequent pairwise analyses revealed
that total fentanyl infused was significantly different between rats self-administering 0.001
versus 0.125, 1.25, 2.5 and 5.0 pg/kg/infusion fentanyl, rats self-administering 0.125 versus
1.25, 2.5, and 5.0 pg/kg/infusion fentanyl, and rats self-administering 1.25 versus 2.5 and 5.0
ug/kg/infusion fentanyl (Bonferroni, p<0.05).

To test the predictive validity of our behavioral model, rats (n=11/treatment) were pretreated
with buprenorphine, a partial agonist of |1 opioid receptors and antagonist of x opioid
receptors. Total lever responses are shown in Figure 1D and were analyzed with a RM two-
way ANOVA, which revealed a significant buprenorphine x lever interaction
[F(2,20)=48.42, p<0.0001]. Post hoc analyses showed that active lever responses were
significantly decreased in rats pretreated with 0.01 and 0.2 mg/kg buprenorphine versus
vehicle-treated controls (Bonferroni, p<0.05). Total number of infusions are shown in Figure
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1E and were analyzed with a RM one-way ANOVA, which revealed a significant main effect
of treatment [F(2,40)=49.75, p<0.0001]. Subsequent pairwise analyses showed that total
fentanyl infusions were decreased in rats pretreated with 0.01 and 0.2 mg/kg buprenorphine
compared to vehicle-treated controls (Bonferroni, p<0.05).

3.2. Systemic administration of exendin-4 attenuates fentanyl self-administration

The efficacy of exendin-4 was tested in rats (n=27/treatment) self-administering fentanyl on
a FR5 schedule of reinforcement. Total lever responses are shown in Figure 2A and were
analyzed with a RM two-way ANOVA, which revealed a significant dose x lever interaction
[F(2,52)=52.42; p<0.0001]. Total fentanyl infusions are shown in Figure 2B and were
analyzed with a RM one-way ANOVA, which revealed a significant main effect of treatment
[F(2,52)=37.48, p<0.0001]. Separate pairwise analyses indicated that total active lever
responses and total fentanyl infusions were significantly decreased in rats pretreated with
0.72 nmol/kg exendin-4 compared to vehicle-treated controls (Bonferroni, p<0.05).

Systemic administration of exendin-4 has been shown to produce malaise-like effects in
drug-naive rats (Kanoski et al., 2012). Therefore, pica was evaluated by measuring kaolin
consumption in a subset of fentanyl-experienced rats (n=16/treatment) used in
aforementioned self-administration tests. 24-hour kaolin intake is shown in Figure 2C and
was analyzed with a RM one-way ANOVA, which revealed a significant main effect of
treatment [F(2,30)=7.492, p=0.0059]. Subsequent pairwise analyses revealed that rats
pretreated with 0.72 nmol/kg exendin-4 consumed significantly more kaolin than vehicle-
treated controls (Bonferroni, p<0.05).

Exendin-4 decreases food intake and body weight in humans and animal models (Hayes et
al., 2010). Next, we examined the effects of systemic exendin-4 on ad /ibitum chow intake,
water intake, and body weight in a subset of rats (n=16/treatment) used in above self-
administration tests. Cumulative chow intake is shown in Figure 2D and was analyzed with a
RM two-way ANOVA, which revealed significant main effects of treatment [F(2,30)=26.61,
p<0.0001] and time [F(3,45)=281.6, p<0.0001]. Subsequent pairwise analyses indicated that
food intake was significantly decreased 1, 3, 6, and 21 h post-session in rats pretreated with
0.72 nmol/kg exendin-4 compared to vehicle-treated controls (Bonferroni, p<0.05). No
effects of exendin-4 on 24-hour water intake were noted (Figure 2E). 24-hour body weight is
shown in Figure 2F. These data were analyzed with a RM one-way ANOVA, which revealed
a significant main effect of treatment [F(2,30)=8.855, £<0.01]. Subsequent pairwise analyses
indicated that 24-hour body weight was significantly decreased in rats pretreated with 0.72
nmol/kg exendin-4 compared to vehicle-treated controls (Bonferroni, p<0.05). Taken
together, these results indicate that 0.72 nmol/kg exendin-4 decreased opioid taking, body
weight, and ad /ibitum food intake in fentanyl-experienced rats, effects that were associated
with drug-induced malaise.

3.3. Systemic administration of GEP44 attenuates fentanyl self-administration

The efficacy of GEP44 was tested in separate rats (n=24/treatment) stably self-administering
fentanyl on a FR5 schedule of reinforcement. Total lever responses are shown in Figure 3A
and were analyzed with a RM two-way ANOVA, which revealed a significant dose x lever
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interaction [F(2,46)=61.85; p<0.0001]. Total fentanyl infusions are shown in Figure 3B and
were analyzed with a RM one-way ANOVA, which revealed a significant main effect of
treatment [F(2,46)=49.83, p<0.0001]. Subsequent pairwise analyses indicated that total
active lever responses and total fentanyl infusions were significantly decreased in rats
pretreated with 0.3 and 2.4 nmol/kg GEP44 compared to vehicle-treated controls
(Bonferroni, p<0.05).

Pica was evaluated in a subset of rats (n=10/treatment) used in the aforementioned self-
administration tests. There were no differences in 24-hour kaolin intake as shown in Figure
3C. These results indicate that the suppressive effects of GEP44 on operant responding for
fentanyl are not due to malaise-like effects in rats.

Effects on food intake were also examined in a subset of rats (n=13/treatment) used in the
above self-administration tests. Cumulative chow intake is shown in Figure 3D and was
analyzed with a RM two-way ANOVA, which revealed significant main effects of treatment
[F(2,24)=39.65, p<0.0001] and time [F(3,36)=444.5, p<0.0001]. Subsequent pairwise
analyses indicated that food intake was significantly decreased 1, 3, 6, and 21 h post-session
in rats pretreated with 2.4 nmol/kg GEP44 compared to vehicle-treated controls (Bonferroni,
p<0.05). No significant effects of GEP44 on 24-hour water intake were noted (Figure 3E).
24-hour body weight is shown in Figure 3F. These data were analyzed with a RM one-way
ANOVA, which revealed a significant main effect of treatment [F(2,24)=4.325, p<0.05].
Subsequent pairwise analyses indicated that 24-hour body weight was significantly
decreased in rats pretreated with 2.4 nmol/kg GEP44 compared to vehicle-treated controls
(Bonferroni, p<0.05). Taken together, these results indicate that GEP44 dose-dependently
attenuates fentanyl taking and ad /ibitum food intake in rats but does not induce malaise-like
effects.

3.4. Systemic administration of exendin-4 attenuates the reinstatement of fentanyl-
seeking behavior

To determine if GLP-1R activation reduces fentanyl-seeking behavior during abstinence, rats
(n=13/treatment) were pretreated with exendin-4 prior to reinstatement test sessions. Total
lever responses are shown in Figure 4A and were analyzed with a RM two-way ANOVA,
which revealed a significant drug x lever interaction [F(2,24)=22.22, p<0.0001]. Total
infusions are shown in Figure 4B and were analyzed using a RM one-way ANOVA, which
revealed a significant main effect of treatment [F(2,24)=30.11, p<0.0001]. Separate pairwise
analyses indicated that both total active lever responses and total infusions were significantly
different between rats pretreated with 0.072 or 0.72 nmol/kg exendin-4 and vehicle
(Bonferroni, p<0.05).

The effects of exendin-4 on pica were measured following reinstatement test sessions (n=13/
treatment). Total kaolin intake is shown in Figure 4C and was analyzed using a RM one-way
ANOVA, which revealed a significant main effect of treatment [F(2,24)=4.052, p<0.05].
Post hoc analyses showed that only the high dose of exendin-4 (0.72 nmol/kg) significantly
increased 24-hour kaolin intake in fentanyl-experienced rats during abstinence.
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We also investigated the effects of exendin-4 on food intake, water intake, and body weight
following reinstatement test sessions (n=13/treatment). Cumulative food intake is shown in
Figure 4D and was analyzed with a RM two-way ANOVA, which revealed significant main
effects of treatment [F(2,24)=26.69, p<0.0001] and time [F(3,36)=605.7, p<0.0001].
Subsequent pairwise analyses indicated that food intake was significantly decreased 1, 3, 6,
and 21 hours post session in rats pretreated with 0.72 nmol/kg exendin-4 compared to
vehicle-treated controls (Bonferroni, p<0.05). No effects of exendin-4 were found on water
intake (Figure 4E). Body weight is shown in Figure 4F and was analyzed with a RM one-
way ANOVA, which revealed a significant main effect of treatment [F(2,24)=6.909, p<0.01].
Post hoc analyses revealed a significant decrease in body weight in rats pretreated with 0.72
nmol/kg exendin-4 versus vehicle (Bonferroni, p<0.05). Taken together, these studies
highlight a behaviorally selective dose of exendin-4 (0.072 nmol/kg) that attenuated opioid
seeking in rats and did not produce adverse malaise-like effects in fentanyl-experienced rats
during abstinence.

3.5. Systemic administration of GEP44 attenuates the reinstatement of fentanyl-seeking

behavior

The effects of GEP44 on fentanyl seeking were tested in separate rats (n=13/treatment).
Total lever responses are shown in Figure 5A and were analyzed with a RM two-way
ANOVA, which revealed a significant drug x lever interaction [F(2,24)=20.72, p<0.001].
Subsequent pairwise analyses showed that both 0.3 and 2.4 nmol/kg GEP44 treatments
significantly reduced active lever response compared to vehicle-treated controls (Bonferroni,
p<0.05). Total number of infusions are shown in Figure 5B and were analyzed with a RM
one-way ANOVA, which revealed a significant main effect of treatment [F(2,24)=27.22,
p<0.0001]. Post hoc analyses showed that rats pretreated with 0.3 and 2.4 nmol/kg GEP44
self-administered less fentanyl infusions than vehicle-treated controls (Bonferroni, p<0.05).

With regard to pica, no effect of GEP44 was found on 24-hour kaolin intake in fentanyl-
experienced rats (n=13/treatment) during abstinence (Figure 5C). Food intake, water
consumption, and body weight were also assessed during the reinstatement phase.
Cumulative food intake is shown in Figure 5D and was analyzed with a RM two-way
ANOVA, which revealed significant main effects of treatment [F(2,24)=21.44, p<0.0001]
and time [F(3,36)=698.00, p<0.0001]. Post hoc analyses showed that 2.4 nmol/kg GEP44
significantly reduced food intake 1, 3, 6, and 21 hours post reinstatement test sessions
compared to vehicle-treated controls (Bonferroni, p<0.05). No effects of GEP44 were found
on water intake (Figure 5E) and body weight (Figure 5F). Collectively, these findings
highlight a behaviorally selective dose of GEP44 (0.3 nmol/kg) that reduced fentanyl
seeking and did not produce adverse malaise-like effects in rats during abstinence.

3.6. Exendin-4 and GEP44 do not reinstate opioid-seeking behavior during abstinence

Rats (n=11/treatment) were pretreated with vehicle, 0.72 nmol/kg exendin-4 or 2.4 nmol/kg
GEP44 prior to extinction test sessions. There were no effects of exendin-4 or GEP44 on
total lever responses (Figure 6A) or total number of infusions earned (Figure 6B). These
results clearly indicate that exendin-4 and GEP44 do not reinstate drug-seeking behavior in
the absence of priming stimuli during abstinence following fentanyl self-administration.
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4. Discussion

To date, preclinical studies of opioid use disorders have focused almost exclusively on
morphine and heroin. However, in light of the current fentanyl overdose epidemic, there is
an urgent need for studies of fentanyl taking and seeking. In the present study, fentanyl
maintained robust self-administration in rats. When given access to different unit doses of
fentanyl, rats self-administered intravenous infusions of fentanyl according to an inverted U-
shaped dose-response curve, consistent with dose-response studies in humans self-
administering opioids (Comer et al., 2008; Haney, 2009; Haney and Spealman, 2008). Peak
responding and total infusions were similar to previous fentanyl self-administration studies
in rats (Ezeomah et al., 2020; Wade et al., 2015). To further validate our behavioral model,
we showed that buprenorphine dose-dependently reduced voluntary fentanyl taking.
Buprenorphine is a mixed opioid receptor agonist-antagonist that is FDA-approved for
treating opioid use disorders (Strang et al., 2020). Buprenoprhine decreases opioid self-
administration in rodents, non-human primates and humans (Chen et al., 2006; Haight et al.,
2019; Mello et al., 1983; Mello and Mendelson, 1980; Mello et al., 1982; Mello and Negus,
1998; Zhang et al., 2019). Specifically, buprenorphine shifts the opioid self-administration
dose-response curve downward reflecting a decrease in the reinforcing efficacy of opioids
(Comer et al., 2001; Mello and Mendelson, 1985). Our buprenorphine results are consistent
with these findings and support the predictive validity of our model of fentanyl use disorder
(Haney and Spealman, 2008).

Using this preclinical model, we found that both the FDA-approved GLP-1R agonist
exendin-4 and our novel dual GLP-1R/Y2R agonist GEP44 attenuated fentanyl self-
administration and reinstatement in male rats. However, in contrast to exendin-4, GEP44 did
not produce malaise-like effects at doses shown to reduce fentanyl taking and seeking. Given
that the training dose of fentanyl is on the descending limb of the self-administration dose-
response curve, these results suggest that exendin-4 and GEP44 shift the fentanyl dose-
response curve downward. This interpretation is consistent with previous studies showing
similar effects of GLP-1R agonists in rodents self-administering licit and illicit drugs
(Hernandez and Schmidt, 2019). It should be noted, however, that decreased responding
could be indicative of a generalized behavior suppression not picked up in the kaolin test.
Collectively, these findings highlight novel roles of GLP-1Rs and Y2Rs in fentanyl-
mediated behaviors and suggest that chimeric peptides that simultaneously activate both
neuropeptide receptors could serve as potential treatments for opioid use disorders.

4.1. GLP-1receptors and voluntary opioid taking

GLP-1R agonists attenuate drug-motivated behaviors in a variety of preclinical models of
substance use disorders. Systemic infusions of exendin-4 reduce the rewarding and
reinforcing effects of alcohol, nicotine, cocaine, and amphetamine in mice and rats
(Egecioglu et al., 2013a, b; Egecioglu et al., 2013c; Graham et al., 2013; Hernandez et al.,
2018; Hernandez et al., 2019; Schmidt et al., 2016; Sgrensen et al., 2015; Thomsen et al.,
2017; Tuesta et al., 2017). Consistent with this literature, we recently discovered that
systemic exendin-4 attenuates oxycodone self-administration in rats (Zhang et al., 2019).
The current study extends our previous findings and reveals that exendin-4 also attenuates
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fentanyl self-administration in rats. Collectively, these results indicate that activation of
GLP-1Rs is sufficient to attenuate the reinforcing efficacy of different classes of abused
drugs including opioids.

While our findings clearly show that exendin-4 reduces oxycodone (Zhang et al., 2019) and
fentanyl (present study) self-administration in rats, Bornebusch et al. (2019) found no effect
of exendin-4 on remifentanil self-administration in mice. These discordant findings could be
due to multiple reasons. First, there may be species-specific differences in the efficacy of
exendin-4. Central GLP-1R expression is different in mice and rats (Cork et al., 2015a;
Graham et al., 2020; Gu et al., 2013; Merchenthaler et al., 1999) and this may affect the
ability of GLP-1R agonists to suppress drug-induced dopamine release in the striatum
(Fortin and Roitman, 2017; Jensen et al., 2020). In addition, the pharmacokinetic profile of
exendin-4 is not as well characterized in mice as in rats (Chen et al., 2013). Thus, there are
potential species-specific pharmacokinetic and pharmacodynamic differences that may affect
the efficacy of exendin-4 and other GLP-1R agonists in these behavioral models. These
opposite findings may also be due to differences in experimental designs. For example,
operant responding for remifentanil in Bornebusch et al. (2019) was facilitated by prior food
training and varying the dose of remifentanil every 3—4 days during the acquisition phase in
mice responding on a FR1 schedule of reinforcement. Moreover, mice did not titrate their
responding to maintain remifentanil intake levels when the response requirement was
increased and failed to self-administer more remifentanil than saline during subsequent PR
tests (Bornebusch et al., 2019). Together with a small sample size (n = 4—7/treatment), these
limitations produced “strong variability” in responding that make drawing firm conclusions
regarding the efficacy of exendin-4 in reducing opioid-mediated behaviors in mice difficult
at best. Future studies investigating the role of GLP-1Rs in opioid-mediated behaviors
should carefully consider these factors in their experimental designs.

In our previous oxycodone study, we identified doses of exendin-4 as low as 0.072 nmol/kg
that attenuated oxycodone self-administration (Zhang et al., 2019). However, in the present
study, 0.072 nmol/kg exendin-4 did not alter fentanyl self-administration. While it is not
clear why exactly the efficacy of exendin-4 differs between studies, it is possible and likely
that the different pharmacokinetic profiles of opioids may impact therapeutic responses. For
example, fentanyl is more lipophilic than oxycodone which enables it to quickly cross over
the blood brain barrier (BBB) and produce a rapid onset of action (Comer and Cahill, 2019).
In addition, patterns of drug-evoked dopamine release in the nucleus accumbens differ
dramatically following intravenous self-administration of different opioids (Vander Weele et
al., 2014). The intrinsic efficacies of different opioid agonists also differ resulting in ligand
bias at p opioid receptors (Williams et al., 2013). These findings indicate that opioids exert
different effects on the mesocorticolimbic dopamine system that could influence motivated
behaviors and treatment responses. Therefore, it is possible that higher doses of exendin-4
(i.e., greater GLP-1R activation) are required to reduced fentanyl versus oxycodone
reinforcement in rats. However, as discussed below, higher doses of exendin-4 may produce
adverse effects that could limit patient compliance in humans with fentanyl use disorder.

Re-purposing GLP-1R agonists for treating substance use disorders is potentially limited by
the ability of these medications to induce nausea/malaise. While not as concerning as the
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induction of nausea and vomiting, an additional consideration that has been discussed is the
fact that acute administration of exendin-4 at doses higher than 0.06 nmol/kg reduces food
intake in drug-naive rats (Hayes et al., 2011a; Kanoski et al., 2012). In the current study, the
dose of exendin-4 (0.72 nmol/kg) that reduced fentanyl self-administration also decreased
food intake and body weight over 24 h. In contrast, 0.72 nmol/kg exendin-4 transiently
suppressed food intake in oxycodone-experienced rats (Zhang et al., 2019). These findings
suggest that fentanyl-experienced rats may be more sensitive to the food intake suppressive
effects of GLP-1R agonists, which could limit the therapeutic potential of GLP-1R agonists
as a monotherapy for treating fentanyl use disorder. Exendin-4 also induces a pica response
as measured by increased kaolin intake in rats (Hayes et al., 2011a; Kanoski et al., 2012) and
nausea/emesis in humans (Vilsbgll et al., 2012). Our findings indicate that, in addition to
reducing fentanyl taking and food intake, 0.72 nmol/kg exendin-4 increased 24-hr kaolin
intake in fentanyl-experienced rats. This pica response is a potential confound to interpreting
the self-administration data as it suggests that reduced fentanyl consumption may be due to
exendin-4-induced malaise-like effects and not direct effects on fentanyl reinforcement.

4.2. GLP-1receptors and opioid-seeking behavior during abstinence

Consistent with our previous oxycodone studies (Zhang et al., 2019), we found that 0.72
nmol/kg exendin-4 attenuated fentanyl reinstatement. However, this dose of exendin-4 also
reduced food intake and produced significant (albeit mild) pica in fentanyl-experienced rats.
Interestingly, in contrast to our self-administration studies, we identified a behaviorally
selective dose of exendin-4 (0.072 nmol/kg) that reduced fentanyl seeking and did not affect
food intake, water consumption or body weight during abstinence. Moreover, 0.072 nmol/kg
exendin-4 did not induce pica in fentanyl-experienced rats during abstinence. These findings
add to an emerging literature identifying behaviorally selective doses of exendin-4 that
reduce drug-seeking behaviors during abstinence/withdrawal (Hernandez et al., 2018; Zhang
etal., 2019). It is interesting to note that exendin-4 exerts differential effects on food intake
and pica depending on whether a rat is self-administering fentanyl versus after fentanyl
taking has been extinguished (i.e., during abstinence).

In our previous cocaine studies, we identified systemic doses of exendin-4 as low as 0.024
nmol/kg that attenuated cocaine seeking in rats (Hernandez et al., 2018). Together with our
opioid studies, these results suggest that exendin-4 is more potent in reducing cocaine-
versus opioid-seeking behaviors. While we did not test exendin-4 doses lower than 0.072
nmol/kg in our opioid studies, the magnitude of reduced responding in cocaine-experienced
rats treated with 0.024 nmol/kg exendin-4 is greater than that seen in opioid-dependent rats
treated with 0.072 nmol/kg exendin-4. In addition, the low dose of exendin-4 (0.072
nmol/kg) that attenuated fentanyl seeking did not affect fentanyl self-administration
suggesting that higher doses of exendin-4 may be required to suppress compulsive opioid
taking versus opioid seeking during abstinence.

4.3. Simultaneous activation of GLP-1Rs and Y2Rs and opioid-mediated behaviors

As discussed above, exendin-4 attenuates fentanyl reinforcement at a dose that elicits
nausea-like behavior in rats. This limitation may preclude the development of GLP-1R
agonists for treating fentanyl use disorder. One potential alternative strategy is to develop
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chimeric peptides that simultaneously activate both GLP-1Rs and Y2Rs. Here, we showed
that GEP44, a novel dual agonist of GLP-1Rs and Y2Rs, dose-dependently attenuated
fentanyl taking and seeking in rats. Importantly, GEP44 was well-tolerated in fentanyl-
experienced rats. While the high dose of GEP44 (2.4 nmol/kg) reduced ad /ibitum food
intake in rats during the self-administration phase and during abstinence, the low dose of
GEP44 (0.3 nmol/kg) selectively attenuated fentanyl-taking and -seeking behaviors and did
not affect food intake, water intake, or body weight in rats. To our knowledge, these are the
first studies investigating the role of GLP-1R and Y2R co-activation on opioid
reinforcement. Our findings are consistent with recent studies showing that coactivation of
GLP-1Rs and Y2Rs produces less adverse effects and greater behavioral responses
compared to monotherapy alone (De Silva et al., 2011; Fenske et al., 2012; Milliken et al.,
2021; Neary et al., 2005; Reidelberger et al., 2011; Schmidt et al., 2014; Talsania et al.,
2005). While the central mechanisms underlying the effects of GEP44 on motivated
behaviors including drug taking and seeking are not clear, there is some evidence that
suggests that different neural circuits are engaged by simultaneous activation of GLP-1Rs
and Y2Rs versus GLP-1R activation alone (Kjaergaard et al., 2019). An interesting future
study will be to compare patterns of immediate early gene expression throughout the brains
of fentanyl-experienced rats pretreated with GEP44 versus exendin-4 to identify the unique
effects of each pharmacotherapy on network-level opioid-induced changes in neuronal
activity.

The lack of malaise-like effects in fentanyl-experienced rats treated with GEP44 supports
the translational potential of chimeric peptides targeting GLP-1Rs and Y2Rs for treating
substance use disorders. The absence of pica in fentanyl-experienced rats treated with
GEP44 is likely due to the low potency of GEP44 at GLP-1Rs (Milliken et al., 2021). This
hypothesis is supported by studies demonstrating that the adverse behavioral effects of
exendin-4 are dose-dependent. For example, exendin-4 administration dose-dependently
elicits conditioned taste avoidance and pica and attenuates locomotor activity in drug-naive
rats (Kanoski et al., 2012; Talsania et al., 2005). It is also possible that Y2R agonism reduces
GLP-1R-induced pica through interactions between Y2R and GLP-1R signaling pathways.
While GLP-1Rs are predominantly coupled to Gs proteins (Hayes et al., 2011b; Holst,
2007), Y2Rs interact with Gi and Gq proteins (Freitag et al., 1995). Depending on the
phenotypes of GLP-1R- and Y2R-expressing cells and distributions of these two receptors
(Broberger et al., 1997; Cork et al., 2015b; Fetissov et al., 2004; Graham et al., 2020;
Gustafson et al., 1997), GLP-1R and Y2R co-activation could enhance or weaken the effects
of each monotherapy depending on the neural circuits engaged. It is possible that activation
of Y2Rs potentiates the effects of GLP-1R agonists on drug taking and seeking and
antagonizes the effects of GLP-1R agonists on nausea-like behavior. Future studies
investigating GLP-1R- and Y2R-expressing cell types and intra-cellular signaling pathways
will be required to unravel the central mechanisms underlying the effects of GEP44 on
motivated behaviors and nausea/emesis.

In addition to regulating food intake (Karra et al., 2009), Y2Rs may also play an important
role in drug-mediated behaviors. Our GEP44 results suggest that activation of Y2Rs may
reduce the reinforcing efficacy of fentanyl. However, it is not clear whether Y2R activation
alone is sufficient to reduce fentanyl taking and seeking or if coactivation of GLP-1Rs is
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required to produce these behavior responses. To our knowledge, no studies to date have
investigated the efficacy of Y2R agonists alone in attenuating opioid-taking and - seeking
behaviors. Activation of Y2Rs may regulate drug taking and seeking by altering activity of
the mesolimbic dopamine system. Systemic administration of PY'Y3_zg induces c-fos
expression in the nucleus accumbens, dorsal striatum, and central nucleus of the amygdala in
mice and rats (Blevins et al., 2008; Stadlbauer et al., 2013; Stadlbauer et al., 2014).
Consistent with these preclinical findings, functional magnetic resonance imaging studies in
humans demonstrate that Y2R agonism increases neuronal activity in the ventral striatum
and orbital frontal cortex (Batterham et al., 2007; Schloegl et al., 2011). Since these brain
nuclei are known to regulate the reinforcing effects of drugs of abuse, it is likely that Y2R
activation in these circuits affects drug-taking and -seeking behaviors. With regard to
opioids, repeated exposure to morphine and codeine is associated with decreased NPY levels
in the striatum, hypothalamus, and adrenal glands in rats (Pages et al., 1991; Pages et al.,
1992). Moreover, central infusions of NPY and PYYY attenuate morphine-related withdrawal
phenotypes in rats (Woldbye et al., 1998). Since NPY and PY'Y are ligands for Y2Rs
(Gerald et al., 1995), these results indicate that opioid exposure alters endogenous central

Y 2R signaling and that activation of Y2Rs may prevent or reduce opioid-withdrawal
symptoms. Collectively, these studies suggest that Y2R activation plays an important role in
modulating opioid-mediated behaviors, and potentially contributes to the suppressive effects
of GEP44 on fentanyl-taking and -seeking behaviors in rats.

5. Conclusion

The present study screened the efficacy of two potentially novel treatments for fentanyl use
disorder in rodent models of voluntary fentanyl taking and seeking. We found that exendin-4
reduced fentanyl self-administration and reinstatement but also produced adverse malaise-
like effects in opioid-dependent rats. In contrast, GEP44 attenuated fentanyl taking and
seeking at a dose that did not elicit nausea-like behavior in rats. While the present study
focused on acute administration of exendin-4 and GEP44, future experiments evaluating
repeated administration of these drugs are necessary to determine if tolerance develops to
both their intake suppressive effects and their adverse effects in fentanyl-dependent rats.
Future studies should also examine potential sex differences in therapeutic responses by
investigating the efficacy of exendin-4 and GEP44 in female rats. Overall, these findings
support further preclinical studies of GLP-1Rs and Y2Rs in opioid-mediated behaviors and
highlight the translational potential of dual agonists of GLP-1Rs and Y2Rs to treat opioid
use disorders.
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Highlights
. Exendin-4 attenuates voluntary fentanyl taking and seeking in rats.
. Exendin-4 produces malaise-like effects in fentanyl-experienced rats.

. GEP44, an agonist of GLP-1Rs & Y2Rs, reduces fentanyl taking and seeking
in rats.

. GEP44 does not produce malaise-like effects in fentanyl-experienced rats.
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Figure 1. Fentanyl self-administration in rats.
Dose-response curves showing total lever responses (A), total infusions (B), and total

fentanyl infused (C) in rats self-administering different unit doses of fentanyl on a FR5
schedule (a=significant increase compared to 0.001 pg/kg/infusion fentanyl; b=significant
increase compared to 0.125 pg/kg/infusion fentanyl; c=significant increase compared to 1.25
pg/kg/infusion fentanyl; g=significant increase compared to 2.5 pg/kg/infusion fentanyl:
p<0.05, Bonferroni; n=11/treatment). Total lever responses (D) and total fentanyl infusions
(E) were significantly decreased in rats (n=11/treatment) pretreated with buprenorphine
compared to vehicle-treated controls (*p<0.05, Bonferroni).
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Figure 2. Exendin-4 attenuates fentanyl self-administration in rats.
Rats were pretreated with systemic infusions of vehicle or exendin-4 prior to fentanyl self-

administration test sessions. Food intake, water consumption, and body weight were
measured up to 24 hours post infusion. In self-administration tests, total active lever
responses (A) and total fentanyl infusions (B) were significantly decreased in rats pretreated
with 0.72 nmol/kg exendin-4 versus vehicle (n=27/treatment; *p<0.05, Bonferroni). (C) 24-
hour kaolin intake was significantly increased in rats pretreated with 0.72 nmol/kg exendin-4
compared to vehicle (n=16/treatment; *p<0.05, Bonferroni). (D) Exendin-4 significantly
decreased cumulative chow intake in fentanyl-experienced rats compared to controls (n=16/
treatment; *p<0.05, Bonferroni). (E) No effects of systemic exendin-4 were found on 24-
hour water intake in fentanyl-experienced rats. (F) Exendin-4 significantly decreased body
weight in fentanyl-experienced rats compared to controls (n=16/treatment; *<0.05,

Bonferroni).
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Figure 3. GEP44 attenuates fentanyl self-administration in rats.
Rats were pretreated with systemic infusions of vehicle or GEP44 prior to fentanyl self-

administration test sessions. Food intake, water consumption, and body weight were
measured up to 24 hours post infusion. In self-administration tests, total active lever
responses (A) and total fentanyl infusions (B) were significantly decreased in rats pretreated
with 0.3 and 2.4 nmol/kg GEP44 versus vehicle (n=24/treatment; *p<0.01, Bonferroni). (C)
GEP44 did not affect 24-hour kaolin intake in fentanyl-experienced rats (n=10/treatment).
(D) GEP44 significantly decreased cumulative chow intake in fentanyl-experienced rats
compared to vehicle-treated controls (n=13/treatment; *p<0.05, Bonferroni). (E) No effects
of systemic exendin-4 were found on 24-hour water intake in fentanyl-experienced rats. (F)
GEP44 significantly decreased body weight in fentanyl-experienced rats compared to
vehicle-treated controls (n=13/treatment; *p<0.05, Bonferroni).
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Figure 4. Exendin-4 attenuates fentanyl seeking in rats.
Rats were pretreated with vehicle or exendin-4 prior to fentanyl and cue-primed

reinstatement test sessions. Total active lever responses (A) and total number of infusions
(B) were attenuated in rats pretreated with 0.072 and 0.72 nmol/kg exendin-4 versus vehicle
(n=13/treatment; *p<0.05, Bonferroni). (C) 24-hour kaolin intake was significantly
increased in rats pretreated with 0.72 nmol/kg exendin-4 compared with vehicle (n=16/
treatment; *p<0.05, Bonferroni). (D) Cumulative chow intake in rats pretreated with 0.72
nmol/kg exendin-4 were significantly decreased compared to vehicle (n=13/treatment;
*p<0.05, Bonferroni). (E) 24-hour water intake was not altered in fentanyl-experienced rats
(n=13/treatment) pretreated with exendin-4 during abstinence. (F) Body weight in rats
pretreated with 0.72 nmol/kg exendin-4 was significantly decreased compared to vehicle

(n=13/treatment; *p<0.05, Bonferroni).
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Figure 5. GEP44 attenuates fentanyl seeking in rats.
Rats were pretreated with vehicle or GEP44 prior to fentanyl and cue-primed reinstatement

test sessions. Total active lever responses (A) and total number of infusions (B) were
attenuated in rats pretreated with 0.3 and 2.4 nmol/kg GEP44 versus vehicle (n=13/
treatment; *p<0.05, Bonferroni). (C) GEP44 did not affect 24-hour kaolin intake in rats
during abstinence (n=13/treatment). (D) Cumulative chow intake was significantly decreased
in rats pretreated with 2.4 nmol/kg GEP44 compared to vehicle-treated controls (n=13/
treatment, *p<0.05, Bonferroni). Water intake (E) and body weight (F) were not altered in
fentanyl-experienced rats (n=13/treatment) pretreated with GEP44 during abstinence.
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Figure 6. Systemic administration of exendin-4 or GEP44 does not reinstate drug-seeking
behavior.
The unique effects of exendin-4 and GEP44 on drug seeking were tested in rats (n=11/

treatment) pretreated with vehicle, 0.72 nmol/kg exendin-4, or 2.4 nmol/kg GEP44 prior to

extinction test sessions. In the absence of a priming injection of fentanyl and light cues
previously paired with fentanyl infusions during the self-administration phase, neither

exendin-4 or GEP44 reinstated drug-seeking behavior. There were no effects of either drug

on total active lever responses (A) or total number of infusions (B) during reinstatement test
sessions.
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