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ARTICLE
Activation of GLP-1 receptors attenuates oxycodone taking

and seeking without compromising the antinociceptive effects
of oxycodone in rats

Yafang Zhang'?, Michelle W. Kahng'?, Jaclynn A. Elkind?, Vanessa R. Weir
Heath D. Schmidt'?

2 Nicole S. Hernandez'?3, Lauren M. Stein' and

Despite the effectiveness of current medications to treat opioid use disorder, there is still a high rate of relapse following
detoxification. Thus, there is critical need for innovative studies aimed at identifying novel neurobiological mechanisms that could
be targeted to treat opioid use disorder. A growing body of preclinical evidence indicates that glucagon-like peptide-1 (GLP-1)
receptor agonists reduce drug reinforcement. However, the efficacy of GLP-1 receptor agonists in attenuating opioid-mediated
behaviors has not been thoroughly investigated. Using recently established models of opioid-taking and -seeking behaviors, we
showed that systemic administration of the GLP-1 receptor agonist exendin-4 reduced oxycodone self-administration and the
reinstatement of oxycodone-seeking behavior in rats. We also identified behaviorally selective doses of exendin-4 that reduced
opioid-taking and -seeking behaviors and did not produce adverse feeding effects in oxycodone-experienced rats. To identify a
central site of action, we showed that systemic exendin-4 penetrated the brain and bound putative GLP-1 receptors on dopamine
D1 receptor- and dopamine D2 receptor-expressing medium spiny neurons in the nucleus accumbens shell. Consistent with our
systemic studies, infusions of exendin-4 directly into the accumbens shell attenuated oxycodone self-administration and the
reinstatement of oxycodone-seeking behavior without affecting ad libitum food intake. Finally, exendin-4 did not alter the analgesic
effects of oxycodone, suggesting that activation of GLP-1 receptors attenuated opioid reinforcement without reducing the thermal

antinociceptive effects of oxycodone. Taken together, these findings suggest that GLP-1 receptors could serve as potential
molecular targets for pharmacotherapies aimed at reducing opioid use disorder.
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INTRODUCTION

Prescription opioid misuse and abuse are significant public health
concerns, costing over US$78.5 billion annually in lost productiv-
ity, healthcare costs, and criminal justice costs [1]. Since the late
1990s, the prevalence of prescription opioid use disorder has
escalated rapidly in the United States. In 2017, ~1.7 million
Americans 12 years of age and older had a prescription opioid use
disorder, and the number of recent initiates of prescription opioid
misuse (~2.0 million) was the second highest among the illicit
drugs [2]. Unfortunately, there is evidence indicating a relationship
between increased abuse of prescription opioid analgesics and
development of heroin use disorder [2]. Sadly, an estimated
47,600 Americans died from opioid overdose in 2017, representing
a 12% increase from 2016 [3]. Despite the effectiveness of current
medications to treat opioid use disorder [4], there is still a high
rate of relapse following detoxification [5, 6]. Thus, there is a
critical need for research investigating the neurobiological
mechanisms contributing to opioid use disorder that could lead
to the development of novel pharmacotherapies to treat this
disease [7].

Glucagon-like peptide-1 (GLP-1) is an incretin hormone
produced peripherally from L cells of the small intestine and
centrally by preproglucagon neurons in the nucleus tractus
solitarius of the hindbrain [8, 9]. Recent preclinical studies have
demonstrated an important role for GLP-1 receptors in addiction-
like behaviors [10, 11]. Specifically, systemic administration of the
GLP-1 receptor agonist exendin-4 has been shown to attenuate
cocaine self-administration in mice [12] and cocaine priming-
induced reinstatement of drug-seeking behavior in rats [13].
Systemic infusions of exendin-4 also reduce the rewarding effects
of alcohol [14], nicotine [15, 16], cocaine [17, 18], and ampheta-
mine [18] in mice. While these results suggest that GLP-1 receptor
agonists, which are FDA-approved for treating type Il diabetes and
obesity, could be re-purposed to treat substance use disorders, no
studies to date have examined the efficacy of GLP-1 receptor
agonists to reduce opioid-taking and -seeking behaviors.

Oxycodone is a widely prescribed semisynthetic opioid
analgesic and one of the most commonly abused drugs today
[2, 19]. Recently, we established rodent models of oxycodone
taking and seeking in order to study the neurobiological
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mechanisms underlying these behavioral responses and screen
the efficacy of novel pharmacotherapies to treat opioid use
disorder. The present study had four main goals: (1) to assess the
ability of the GLP-1 receptor agonist exendin-4 to attenuate
oxycodone self-administration and reinstatement; (2) to identify
behaviorally selective doses of exendin-4 that reduce oxycodone
reinforcement and do not produce adverse feeding effects; (3) to
characterize the effects of exendin-4 on oxycodone-induced
analgesic responses; and (4) to identify a central mechanism of
action by which exendin-4 reduces oxycodone-taking and
-seeking behaviors. Our findings indicate that both systemic and
intra-accumbens shell infusions of exendin-4 attenuate oxycodone
taking and seeking without altering the thermal antinociceptive
effects of oxycodone. We also provide the first evidence indicating
site- and cell type-specific actions of central GLP-1 receptors in
reducing opioid-mediated behaviors. Taken together, the present
findings support further studies examining the efficacy of GLP-1
receptor agonists to reduce opioid-mediated behaviors and the
central mechanisms regulating these effects.

MATERIALS AND METHODS

Details regarding all drugs used, surgeries, oxycodone self-
administration/reinstatement, ad libitum food intake, sucrose
self-administration, verification of cannula placements, and
immunohistochemical analyses are available in the Supplement.

Animals and housing

Male Sprague-Dawley rats (Rattus norvegicus) weighing 250-300 g
were obtained from Taconic Laboratories (Germantown, NY, USA).
Transgenic rats expressing Cre recombinase under the rat GAD1
promoter (LE-Tg(Gad1-iCre)30ttc), Drd1a promoter (LE-Tg(Drd1a-
iCre)30ttc), or the rat Drd2 promoter (LE-Tg(Drd2-iCre)10ttc) were
purchased from the Rat Resource and Research Center (RRRC
P400D011062; University of Missouri, Columbia, MO). Rats were
housed individually with food and water available ad libitum in
their home cages. A 12/12 h light/dark cycle was used with the
lights on at 1900 h. All experimental 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.

Oxycodone self-administration

Initially, rats were placed in operant conditioning chambers and
allowed to lever press for intravenous infusions of oxycodone
(0.06 mg/kg/59 pl saline, infused over 5s) under a fixed-ratio 1
(FR1) schedule of reinforcement. The training dose of oxycodone
was based on our pilot studies (Fig. S1) as well as previous studies
of oxycodone self-administration in rats [20-22]. Once a rat
achieved >15 infusions of oxycodone 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 oxycodone 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 3 h in duration
[23, 24] and were conducted 5 days per week. Rats continued to
respond for oxycodone on a FR5 schedule for ~14 additional days
prior to behavioral testing (i.e., a total of 21-28 days of oxycodone
self-administration sessions). Each oxycodone infusion was paired
with a 20s contingent light cue illuminated directly above the
active lever (i.e., drug-paired lever). For all FR schedules, a 20-s
time-out period followed each oxycodone infusion, during which
time active lever responses were tabulated, but had no scheduled
consequences. Responses made on the inactive lever, which had
no scheduled consequences, were also recorded during the self-
administration sessions.

SPRINGERNATURE

Effects of systemic exendin-4 on oxycodone self-administration
The effects of systemic exendin-4 were examined in rats that
acquired stable oxycodone self-administration on a FR5 schedule
as described above. A between-session, within-subjects design
was used to screen the efficacy of exendin-4 in reducing
oxycodone taking. Each test day was separated by 1-2 days of
oxycodone self-administration to ensure that drug taking had
stabilized between test sessions. In all experiments, rats were
pretreated with vehicle or exendin-4 (0.3 or 3.0 pg/kg, intraper-
itoneally (i.p.) 10 min prior to the beginning of the operant
session. All doses were counterbalanced and based on previous
studies identifying behaviorally relevant doses of exendin-4 that
reduce drug-taking and -seeking behaviors in rats [13, 25].

Motivation to self-administer oxycodone was tested in separate
groups of rats responding on a progressive-ratio (PR) schedule of
reinforcement. Once rats had acquired stable oxycodone self-
administration on a FR5 schedule of reinforcement, they were
switched to a PR schedule. Under a PR schedule the response
requirement for each subsequent infusion increased exponentially
until the rat failed to meet a requirement in 60 min [26, 27]. The
response requirement for the ith reinforcement was given by R(i) =
[5e®% — 5]. The breakpoint was operationally defined as the last
response requirement completed before the termination of the PR
test session. To investigate the effects of exendin-4 on motivation
to self-administer oxycodone, rats were pretreated with vehicle or
exendin-4 (0.3 or 3.0 ug/kg, i.p.) 10 min prior to PR test sessions
using a within-subjects, counterbalanced design. Between PR test
sessions, oxycodone self-administration was maintained on a
FR5 schedule to ensure stable responding.

Effects of intra-accumbens shell exendin-4 on oxycodone self-
administration

To determine the effects of GLP-1 receptor activation in the
nucleus accumbens shell on oxycodone-taking behavior, rats were
infused with vehicle or exendin-4 (0.005 and 0.05 ug) bilaterally
into the shell 10 min prior to oxycodone self-administration test
sessions. Separate groups of rats were used to study the effects of
intra-accumbens  shell exendin-4 on oxycodone self-
administration maintained on FR5 and PR schedules of reinforce-
ment. Initially, obturators were removed from the guide cannulas
and 33-gauge stainless-steel microinjectors (Plastics One) were
inserted. Bilateral infusions into the shell were performed in a total
volume of 500 nl with 1.0 yl/min flow rate. Following infusion,
microinjectors were left in place for an additional 1 min in order to
allow for diffusion of the drug solution away from the tips of the
microinjectors. Using a within-subjects design, each rat served as
its own control. To control for potential rank-order effects of drug
and vehicle administrations, all treatments were counterbalanced
across FR5 and PR test sessions. Doses and time course of
administration were based on previous studies of intra-cranial
exendin-4 on drug-mediated behaviors [13, 25, 27].

Effects of exendin-4 on the reinstatement of oxycodone-seeking
behavior

Oxycodone self-administration was extinguished, and the rein-
statement of drug-seeking behavior was assessed in separate
groups of rats as described in the Supplement. The effects of
systemic vehicle and exendin-4 (0.3 and 3.0 pg/kg, i.p.) on drug-
and cue-primed reinstatement of oxycodone-seeking behavior
were tested using a within-subjects, counterbalanced design. A
separate cohort of rats was used to assess the effects of intra-
accumbens shell exendin-4 on the reinstatement of oxycodone-
seeking behavior. Using a within-subjects design, rats were
pretreated with vehicle or exendin-4 (0.005 or 0.05ug) 10 min
prior to an acute priming injection of oxycodone (0.25 mg/kg, i.p.).
Rats were then placed immediately into the operant conditioning
chambers and allowed to respond for cue lights as described
above. Doses of exendin-4 were counterbalanced to avoid
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rank-order effects of drug treatment and were based on previous
studies of systemic and intra-cranial exendin-4 on drug-mediated
behaviors [13, 25, 27]. Reinstatement of oxycodone-seeking
behavior elicited by cues alone was assessed in a separate group
of rats as described in the Supplement.

Thermal nociceptive tests

The effects of exendin-4 on oxycodone-induced analgesic
responses were measured using the tail immersion test according
to previously described protocols [28-30]. Briefly, each rat was
mildly restrained in a clear plastic restrainer that allowed free
movement of the tail while limiting movement of the rest of the
body. Rats were habituated to the restrainers prior to thermal
nociceptive tests. Tail-flick/withdrawal responses to a noxious
thermal stimulus were measured before exendin-4 pretreatment
(baseline latency) and immediately following oxycodone self-
administration and reinstatement test sessions (post-session
latencies). The distal 2.5 cm tail was rapidly immersed in a water
bath maintained at 51+ 0.5 °C. Using a hand stopwatch, tail-flick
latency was recorded from the time of submersion to the first tail-
flick or withdrawal response. The mean of three consecutive
latencies, taken at 10s intervals, was recorded as the tail-flick
latency. A cutoff time of 12's was used to avoid excessive tissue
injury following multiple tests. Tail-flick/withdrawal responses
were not affected by repeated testing on the same day (Fig. S2).
Oxycodone-induced analgesia was calculated by converting the
tail-flick latency to percentage of Maximum Possible Effect (%MPE)
using the following formula: %MPE = [(post-session latency —
baseline latency)/(cutoff latency — baseline latency)] x 100%.

Statistics

For all oxycodone self-administration and reinstatement experi-
ments, total active and inactive lever responses were analyzed
with repeated-measures (RM) two-way analyses of variance
(ANOVAs). Analyses of total infusions, breakpoints, and total
oxycodone infused were performed using RM one-way ANOVAs.
For feeding behavior, cumulative chow intake was analyzed with
RM two-way ANOVAs, while body weight changes and water
intake were analyzed with RM one-way ANOVAs. For hot water
immersion tests, tail-flick latencies were analyzed with RM two-
way ANOVAs and %MPE were analyzed with RM one-way
ANOVAs. Pairwise comparisons were made with Bonferroni post
hoc tests (p < 0.05). All data are presented as mean + SEM.

RESULTS

Systemic administration of exendin-4 dose-dependently
attenuates oxycodone self-administration

Initially, we established a rodent model of oxycodone self-
administration in order to screen the efficacy of novel pharma-
cotherapies to treat opioid use disorder (Fig. S1). Using this model,
we determined the efficacy of exendin-4 to reduce opioid taking
in rats (n=20/treatment) self-administering oxycodone on a
FR5 schedule of reinforcement (Fig. 1a). Total lever responses in
Fig. Tb were analyzed with a RM two-way ANOVA, which revealed
a significant dose x lever interaction [F(2,38) = 16.87, p <0.0001].
Total oxycodone infusions in Fig. 1c were analyzed with a RM one-
way ANOVA, which revealed a significant main effect of treatment
[F(2,38) =15.68, p<0.001]. Subsequent pairwise analyses indi-
cated that total active lever responses and total oxycodone
infusions were significantly decreased in rats pretreated with 0.3
and 3.0 ug/kg exendin-4 compared to vehicle-treated controls
(Bonferroni, p < 0.05).

Next, the efficacy of exendin-4 in reducing motivation to self-
administer oxycodone was determined in rats (n = 8/treatment)
self-administering oxycodone on a PR schedule of reinforcement
(Fig. 1a). Training data for all self-administration/reinstatement
experiments are shown in Fig. S3. Total lever responses are shown
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in Fig. 1d and were analyzed with a two-way RM ANOVA, which
revealed a significant drug x lever interaction [F(2,14) =7.77, p<
0.01]. Subsequent pairwise analyses showed that total active lever
responses were decreased in rats pretreated with 0.3 and 3.0 ug/
kg exendin-4 versus vehicle-treated controls (Bonferroni, p < 0.05).
Separate RM one-way ANOVAs showed significant main effects of
exendin-4 on total number of oxycodone infusions [F(2,14) = 5.47,
p <0.05] (Fig. 1e) and breakpoints [F(2,14) = 8.47, p < 0.01] (Fig. 1f).
Subsequent post hoc tests revealed a significant decrease in total
oxycodone infusions in rats pretreated with 0.3 ug/kg exendin-4
compared to vehicle-treated controls (Bonferroni, p <0.05). In
addition, there was a significant decrease in breakpoints in rats
pretreated with 3.0 ug/kg exendin-4 versus vehicle-treated con-
trols (Bonferroni, p < 0.05).

Systemic administration of GLP-1 receptor agonists reduces
food intake and body weight in both humans and animal models
[31]. To control for potential adverse feeding effects, we examined
the effects of systemic exendin-4 on ad libitum chow intake, water
intake, and body weight in some of the oxycodone-experienced
rats (n = 9/treatment) used in the FR5 study above. Cumulative
chow intake was analyzed with a RM two-way ANOVA, which
revealed significant main effects of treatment [F(2,16) =5.97, p<
0.01] and time [F(3,24) = 363.2, p < 0.0001]. Subsequent pairwise
analyses indicated that food intake was significantly decreased 1
and 3 h post session in rats pretreated with 0.3 and 3.0 pg/kg
exendin-4 compared to vehicle-treated controls (Bonferroni, p <
0.05). The effects of 0.3 pg/’kg exendin-4 on food intake were
transient as no significant effects were observed 6 and 24 h post
session (Fig. S4A). No significant effects of systemic exendin-4 on
24-h water intake (Fig. S4B) or body weight (Fig. S4C) were noted.

To examine potential nonspecific effects of exendin-4 on
operant responding, a separate cohort of rats (n = 12/treatment)
was pretreated with vehicle and exendin-4 prior to sucrose self-
administration test sessions. No effects of exendin-4 were found
on sucrose self-administration (Fig. S5). These results combined
with our ad libitum food and water studies, indicate that the
suppressive effects of exendin-4 on oxycodone self-administration
are not due to deficits in operant responding, locomotor
suppression or nonspecific sedative effects.

Systemic exendin-4 does not alter the thermal antinociceptive
effects of oxycodone

Responsivity to thermal nociceptive stimuli was measured in rats
self-administering oxycodone to determine if exendin-4 pretreat-
ment affects opioid-induced analgesic responses. Thermal noci-
ception was measured in a subset of rats (n = 9/treatment) stably
self-administering oxycodone on a FR5 schedule. Tail-flick
latencies (Fig. 1g) were analyzed with a RM two-way ANOVA,
which revealed a significant main effect of oxycodone self-
administration [F(1,8) =39.63, p<0.0001] but no effect of
exendin-4 [F(2,16) = 2.94, p = 0.09]. Consistent with these findings,
a RM one-way ANOVA showed no effect of exendin-4 on %MPE [F
(2,16) = 1.610, p = 0.23] (Fig. 1h). Collectively, these data indicate
that systemic exendin-4 does not alter the thermal antinociceptive
effects of oxycodone at doses that significantly attenuated
oxycodone self-administration.

Systemic administration of exendin-4 dose-dependently
attenuates the reinstatement of oxycodone-seeking behavior

To screen the efficacy of systemic exendin-4 to reduce oxycodone-
seeking behavior during abstinence, rats (n = 12/treatment) were
pretreated with exendin-4 prior to reinstatement test sessions
(Fig. 2a). Total lever responses were analyzed with a RM two-way
ANOVA, which revealed a significant drug X lever interaction [F
(2,22) = 8.42, p <0.01] (Fig. 2b). A RM one-way ANOVA revealed a
significant main effect of treatment on total infusions during
reinstatement test sessions [F(2,22) =9.32, p<0.01] (Fig. 20).
Subsequent post hoc analyses indicated that both total active
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Fig. 1 Systemic administration of exendin-4 attenuates oxycodone self-administration in rats and does not alter the thermal antinociceptive
effects of oxycodone. Rats were pretreated with systemic infusions of vehicle or exendin-4 prior to oxycodone self-administration test sessions
maintained on FR5 or PR schedules. Food intake, water consumption, and body weight were measured up to 24 h post infusion and thermal
nociception was measured before exendin-4 pretreatment and after oxycodone self-administration test sessions (a). In FR5 test sessions, total
active lever responses (b) and total oxycodone infusions (c) were significantly decreased in rats (n = 20/treatment) pretreated with 0.3 and 3.0
ug/kg exendin-4 versus vehicle (*p < 0.05, Bonferroni). In PR test sessions, total active lever responses (d) in rats (n = 8/treatment) pretreated
with 0.3 and 3.0 ug/kg exendin-4 were significantly decreased compared with vehicle (*p < 0.05, Bonferroni). Total oxycodone infusions (e) in
rats pretreated with 0.3 pg/kg exendin-4, and breakpoints (f) in rats pretreated with 3.0 ug/kg exendin-4 were decreased compared with
vehicle (*p < 0.05, Bonferroni). Tail-flick latencies were significantly increased after oxycodone self-administration test sessions compared to
baseline measurements (g), indicating a thermal analgesic response (*p < 0.05; n = 9/treatment). Percentage maximum possible effect (%MPE)
was not significantly different between rats pretreated with exendin-4 and those pretreated with vehicle, indicating no effect of exendin-4 on

oxycodone-induced analgesic responses in this model (h)

lever responses and total infusions were significantly different
between rats pretreated with vehicle and 3.0 ug/kg exendin-4
(Bonferroni, p < 0.05). The effects of systemic exendin-4 on food
intake (Fig. 2d), water intake (Fig. 2e), and body weight (Fig. 2f)
were also assessed following reinstatement test sessions (n =6/
treatment). No significant effects of exendin-4 were found on any
of these measures. We also investigated the ability of exendin-4 to
attenuate the reinstatement of oxycodone-seeking behavior
elicited by re-exposure to cues alone. Consistent with the
effects above, 3.0 ug/kg exendin-4 pretreatment significantly
reduced cue-induced reinstatement of oxycodone-seeking beha-
vior (Fig. S6). In addition, we showed that exendin-4 itself did
not reinstate oxycodone-seeking behavior in the absence of
reinstating stimuli (Fig. S7). Taken together, these findings indicate
that systemic exendin-4 attenuates oxycodone-seeking
behavior at doses that do not produce adverse feeding or
drinking effects.

SPRINGERNATURE

GLP-1 receptors are expressed on D1R- and D2R-expressing MSNs
in the nucleus accumbens shell

GLP-1 receptors are expressed throughout the brain including the
nucleus accumbens [32], a brain region known to play an
important role in opioid reinforcement [33-36]. Our results
indicate that systemic fluoro-Ex-4 crosses the blood-brain barrier
and binds putative GLP-1 receptors expressed on GABAergic MSNs
in the accumbens shell (Fig. 3a). Further characterization revealed
that GLP-1 receptors are expressed on both dopamine D1
receptor (D1R)- and D2R-expressing MSNs in the shell (Fig. 3a),
indicating that GLP-1 receptors are expressed on the two main
output pathways of the ventral striatum. Moreover, fluoro-Ex-4
was internalized in D1R- and D2R-expressing MSNs, an event that
requires binding of an intact peptide and activation of the
cognate receptor (Fig. 3b, d). Our results also indicate that ~64.1%
of D1R-expressing MSNs and ~67.5% of D2R-expressing MSNs
were bound by fluoro-Ex-4 (Fig. 3¢, e).
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Fig. 2 Systemic administration of exendin-4 attenuates oxycodone and cue priming-induced reinstatement of drug-seeking behavior. Rats
were pretreated with systemic infusions of vehicle or exendin-4 prior to oxycodone and cue-primed reinstatement test sessions. Food intake,
water consumption, and body weight were measured up to 24 h post infusion and reinstatement test sessions (a). Total active lever responses
(b) and total infusions (c) were attenuated in rats (n = 12/treatment) pretreated with 3.0 ug/kg exendin-4 versus vehicle (*p < 0.05, Bonferroni).
Cumulative chow intake (d), water intake (e), and body weight (f) were not altered in a subset of oxycodone-experienced rats (n =6/

treatment) pretreated with systemic exendin-4 during withdrawal

Activation of GLP-1 receptors in the nucleus accumbens shell
decreases oxycodone self-administration

To investigate the role of accumbens shell GLP-1 receptors in
oxycodone taking, rats (n = 12/treatment) were pretreated with
vehicle or exendin-4 directly into the shell prior to oxycodone self-
administration test sessions maintained on FR5. Intra-accumbens
infusion sites are shown in Fig. 4a. Total lever responses (Fig. 4b)
were analyzed with a RM two-way ANOVA, which revealed a
significant dose X lever interaction [F(2,22) =18.52, p <0.0001].
Total oxycodone infusions (Fig. 4c) were analyzed with a RM one-
way ANOVA, which revealed a significant main effect of treatment
[F(2,22) = 18.86, p <0.0001]. Subsequent pairwise analyses indi-
cated that total active lever responses and total oxycodone
infusions were significantly decreased in rats pretreated with 0.05
Ug exendin-4 compared to vehicle-treated controls (Bonferroni,
p <0.05).

To determine the effects of accumbens GLP-1 receptor
activation on motivation to self-administer oxycodone, exendin-
4 was infused directly into the shell of rats (n = 10/treatment) self-
administering oxycodone on a PR schedule. Intra-accumbens
infusion sites are shown in Fig. 4a. Total lever responses (Fig. 4d)
were analyzed with a RM two-way ANOVA, which revealed a
significant dose x lever interaction [F(2,18) =13.05, p <0.001].
Subsequent pairwise analyses revealed a significant decrease in
active lever responses in rats pretreated with 0.05 ug exendin-4
compared to vehicle-treated controls (Bonferroni, p < 0.05). Total
oxycodone infusions (Fig. 4e) and breakpoints (Fig. 4f) were
analyzed with separate RM one-way ANOVAs, which revealed
significant main effects of treatment ([F(2,18) = 18.27, p < 0.0001]
and [F(2,18) = 18.35, p <0.001], respectively). Post hoc analyses
showed that both 0.005 and 0.05ug exendin-4 significantly
reduced total oxycodone infusions and breakpoints compared
to vehicle.

With regard to food intake in oxycodone-experienced rats (n =
10/treatment) pretreated with intra-accumbens shell exendin-4, a
RM two-way ANOVA revealed a significant dose x time interaction
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[F(10,90) = 2.68, p < 0.01] (Fig. S8A). Subsequent pairwise analyses
showed that 0.05ug exendin-4 significantly decreased chow
intake at all time points compared to controls (Bonferroni, p <
0.05). Water intake was analyzed with a RM one-way ANOVA,
which revealed a significant main effect of treatment [F(2,18) =
21.06, p<0.0001] (Fig. S8B). Post hoc analyses revealed a
significant decrease in water intake in rats pretreated with 0.05
pg exendin-4 versus vehicle (Bonferroni, p < 0.05). Body weight
was analyzed with a RM one-way ANOVA, which revealed a
significant main effect of treatment [F(2,18)=6.45 p<0.01]
(Fig. S8C). However, post hoc analyses did not reveal significant
differences in body weight between treatments.

Activation of GLP-1 receptors in the nucleus accumbens shell does
not alter the thermal antinociceptive effects of oxycodone

To determine whether GLP-1 receptor activation in the shell alters
oxycodone-induced analgesic responses, thermal nociception was
measured before exendin-4 treatments and after oxycodone self-
administration test sessions (n = 7/treatment). Tail-flick latencies
(Fig. 4g) were analyzed with a RM two-way ANOVA, which
revealed a significant main effect of oxycodone self-administration
[F(1,6) = 36.26, p <0.001], but no effect of exendin-4 [F(2,12) =
0.76, p=0.49]. Consistent with these findings, no effect of
exendin-4 was found on %MPE [F(2,12) = 1.27, p = 0.32] (Fig. 4h).
Collectively, these findings indicate that activation of GLP-1
receptors in the shell decreases oxycodone reinforcement without
altering oxycodone-induced analgesia.

Activation of GLP-1 receptors in the accumbens shell attenuates

the reinstatement of oxycodone-seeking behavior

Rats (n = 16/treatment) were pretreated with intra-shell exendin-4
prior to reinstatement test sessions to determine if activation of
GLP-1 receptors in the shell reduces oxycodone-seeking behavior
during abstinence. Intra-accumbens shell infusion sites are shown
in Fig. 5a. Total lever responses (Fig. 5b) were analyzed with a RM
two-way ANOVA, which revealed a significant dose X lever
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Fig. 3 Systemic fluoro-exendin-4 crosses the blood-brain barrier, distributes to the nucleus accumbens shell, and binds putative GLP-1
receptors expressed on D1R- and D2R-expressing MSNs. Transgenic rats expressing Cre recombinase under the GAD1 promoter, Drd1a
promoter, or Drd2 promoter were infused with AAV2-hSyn-DIO-mCherry into the nucleus accumbens shell. Three weeks following viral
infusion, rats were pretreated with fluoro-Ex-4 (3.0 ug/kg, i.p.) and perfused 3 h later. White arrows highlight neurons colabeled with Cre
recombinase (mCherry; red) and fluoro-exendin-4 (green fluorescence). DAPI-labeled cell nuclei are indicated by blue fluorescence. Fluoro-Ex-
4 was internalized by D1R-expressing MSNs (b) and D2R-expressing MSNs (d) 3 h post infusion. Approximately 64.1% of D1R-expressing MSNs
(c) and 67.5% of D2R-expressing MSNs (e) in the accumbens shell were bound by fluoro-Ex-4 (n = 3/group) (FLEX=fluoro-Ex-4)
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Fig.4 Administration of exendin-4 into the nucleus accumbens shell attenuates oxycodone self-administration and does not alter the thermal
antinociceptive effects of oxycodone. Microinjection sites in the ventral striatum for oxycodone self-administration experiments in which rats
were pretreated with vehicle or exendin-4 (a). In FR5 test sessions, total active lever responses (b) and total oxycodone infusions (c) were
significantly attenuated in rats (n = 12/treatment) pretreated with 0.05 pg exendin-4 versus vehicle in the shell (*p < 0.05, Bonferroni). In PR
test sessions, total active lever responses (d) were significantly decreased in rats (n = 10/treatment) pretreated with 0.05 pg exendin-4 versus
vehicle in the shell (*p < 0.05, Bonferroni). Total oxycodone infusions (e) and breakpoints (f) were decreased in rats pretreated with 0.005 and
0.05 ug exendin-4 versus vehicle in the shell (*p < 0.05, Bonferroni). g Tail-flick latencies were significantly increased following oxycodone self-
administration test sessions compared to baseline measurements (*p < 0.05), indicating a thermal analgesic response. h No effects of intra-
accumbens shell exendin-4 were found on the percentage of maximum possible effect (%MPE), indicating that activation of GLP-1 receptors

in the shell does not alter oxycodone-induced analgesic responses in this model (n = 7/treatment)

interaction [F(2,30) =27.21, p<0.0001]. Subsequent pairwise
analyses showed that both 0.005 and 0.05 ug exendin-4 treat-
ments significantly reduced active lever response compared to
vehicle-treated controls (Bonferroni, p <0.05). Total infusions
(Fig. 5¢) during reinstatement test sessions were analyzed with a
RM one-way ANOVA, which revealed a significant main effect of
treatment [F(2,30) = 23.93, p < 0.0001]. Post hoc analyses showed
that total infusions were significantly decreased in rats pretreated
with 0.005 and 0.05 ug exendin-4 compared to vehicle-treated
controls (Bonferroni, p < 0.005).

Food intake, water consumption, and body weight were also
assessed in rats (n=11/treatment) during the reinstatement
phase. No effects of exendin-4 were found on cumulative chow
intake (Fig. 5d). In contrast, a RM one-way ANOVA revealed a
significant main effect of treatment on water intake [F(2,20) =
6.36, p<0.01] (Fig. 5e). Subsequent pairwise analyses revealed
that water intake was significantly decreased in rats pretreated
with 0.05 ug exendin-4 in the shell compared to vehicle-treated
controls (Bonferroni, p <0.005). No effects of exendin-4 were
found on body weight (Fig. 5f).

Neuropsychopharmacology (2020) 45:451 - 461

DISCUSSION

In the current study, oxycodone maintained robust self-
administration in rats and this behavioral response was attenuated
by buprenorphine, similar to previously published reports [20-
22, 371. Using this preclinical model of opioid use disorder, we
showed that activation of GLP-1 receptors attenuated oxycodone-
taking and -seeking behaviors in rats. Specifically, we identified
systemic doses of the GLP-1 receptor agonist exendin-4 that
selectively reduced oxycodone self-administration and reinstate-
ment in rats and did not produce adverse feeding effects
commonly associated with these doses in drug-naive rodents
[38, 39]. Moreover, oxycodone-induced thermal antinociceptive
responses were maintained in rats pretreated with exendin-4,
suggesting that GLP-1 receptor activation reduces opioid reinfor-
cement without affecting opioid-induced analgesic responses. We
also discovered that systemic exendin-4 penetrates the brain and
binds putative GLP-1 receptors expressed on both D1R- and D2R-
expressing MSNs in the nucleus accumbens shell, providing the
first insights into the central mechanisms and circuits mediating
the effects of systemic exendin-4 on oxycodone-taking and
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Fig. 5 Administration of exendin-4 into the nucleus accumbens shell attenuates oxycodone and cue priming-induced reinstatement of drug-
seeking behavior. Microinjection sites in rats pretreated with vehicle and exendin-4 in the shell prior to reinstatement test sessions (a). Total
active lever responses (b) and total infusions (c) were attenuated in rats (n = 16/treatment) pretreated with 0.005 and 0.05 pg exendin-4 versus
vehicle in the shell (*p < 0.05, Bonferroni). Exendin-4 infusions in the shell had no effect on cumulative chow intake (d) or body weight change
(f) in rats during abstinence (n = 11/treatment). In contrast, 24-h water intake (e) was significantly decreased in rats pretreated with 0.05 pg

exendin-4 versus vehicle in the shell (*p < 0.05, Bonferroni)

-seeking behaviors. Consistent with our systemic studies, direct
infusions of exendin-4 into the accumbens shell reduced
oxycodone self-administration and reinstatement at doses that
did not affect ad libitum food intake [40, 41]. Collectively, these
findings highlight a novel role for GLP-1 receptors in opioid-
mediated behaviors and suggest that central GLP-1 receptors
could serve as targets for novel medications aimed at treating
opioid use disorder.

GLP-1 receptors and opioid-mediated behaviors

Here, we showed that the net effect of systemic exendin-4
pretreatment in rats self-administering oxycodone was an overall
attenuation of responding. Specifically, systemic exendin-4
decreased oxycodone consumption in rats responding on FR5
and PR schedules of reinforcement. Taken together, these findings
suggest that GLP-1 receptor activation reduces the reinforcing
efficacy of oxycodone and motivation to self-administer oxyco-
done in rats [42]. However, the current studies examined the
effects of exendin-4 on only one unit dose of oxycodone, making
it difficult to draw firm conclusions about how exactly GLP-1
receptor agonists shift the oxycodone dose-response curve (e.g.,
downward versus leftward shifts) [43]. Regardless, the present
findings are consistent with a growing literature showing that
GLP-1 receptor activation reduces the reinforcing effects of licit
and illicit drugs [10, 11].

One potential limitation to re-purposing GLP-1 receptor
agonists for substance use disorders is their ability to suppress
food intake and produce malaise-like effects in rodents and
humans [38, 39]. Previous studies in drug-naive rats found that
acute administration of exendin-4 at doses higher than 0.25 pg/kg
reduced cumulative chow intake for at least 24h [38, 39].
Interestingly, both doses of exendin-4 (0.3 and 3.0 ug/kg) that
reduced oxycodone self-administration in the present study only
produced transient decreases in ad libitum food intake in
oxycodone-experienced rats. Despite a previous study that
showed reduced 24-h water intake in drug-naive rats treated
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with 3.0 ug/kg exendin-4 [44], neither dose of exendin-4 reduced
water consumption in our study. Moreover, neither dose of
exendin-4 altered 24-h body weight in oxycodone-experienced
rats, consistent with previous findings in drug-naive rats [38, 45].
Taken together, these results highlight behaviorally selective
doses of systemic exendin-4 that reduce oxycodone reinforce-
ment and do not affect food intake or body weight.

Systemic exendin-4 also attenuated the reinstatement of
oxycodone-seeking behavior at doses that did not affect food
intake, water consumption, and body weight during abstinence.
Moreover, exendin-4 reduced oxycodone-seeking behavior eli-
cited by both a priming infusion of oxycodone and conditioned
light cues as well as re-exposure to cues alone. These findings add
to an emerging literature identifying behaviorally selective doses
of exendin-4 that reduce both drug- and cue-mediated drug-
seeking behaviors [13]. It will be interesting to extend these
findings and determine if GLP-1 receptor agonists also reduce
somatic and affective withdrawal behaviors during abstinence
[46, 47].

The suppressive effects of exendin-4 on oxycodone self-
administration and reinstatement are not likely due to motor
impairments or deficits in operant responding. We identified
systemic (0.3 and 3.0 ug/kg) and intra-cranial (0.005 and 0.05 pg)
doses of exendin-4 that attenuated oxycodone self-administration
and did not affect 24-h ad libitum food and water intake in opioid-
dependent rats. We also showed that systemic exendin-4 (0.3, 1.0,
and 3.0 pg/kg) did not affect sucrose self-administration in drug-
naive rats. While not statistically significant, there was a trend (p =
0.06) towards decreased sucrose self-administration in rats
pretreated with 3.0 ug/kg exendin-4. These results are consistent
with previous studies showing that systemic doses of exendin-4
>1.2 pg/kg are required to reduce self-administration of palatable
foods (i.e., sweetened vegetable shortening and sucrose pellets)
on FR and PR schedules in rats [48, 49]. While doses of exendin-4
higher than 0.6 pg/kg reduced locomotor activity, this effect did
not preclude rats from self-administering food (i.e., there was no
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effect on food self-administration) [48, 49]. Moreover, doses of
systemic exendin-4 as high as 2.4 pg/kg did not affect latency to
first lever press in a food self-administration paradigm [49]. With
regard to intra-cranial infusions of exendin-4, we showed
previously that infusions of 0.05pug exendin-4 directly into the
VTA and nucleus accumbens did not affect sucrose self-
administration and reinstatement [25, 27]. These effects are
consistent with a previous study that showed no effect of
intracerebroventricular and intra-accumbens shell 0.03 g
exendin-4 on sucrose self-administration [48]. Moreover, intra-
cranial infusions of 0.03 ug exendin-4 did not alter locomotion in
rats [48]. Taken together, these findings indicate that exendin-4
attenuates oxycodone self-administration and reinstatement at
doses that do not affect operant responding for nondrug rewards
and are subthreshold for inhibiting locomotor activity and
producing nonspecific sedative effects.

While our study identified systemic doses of exendin-4 that
attenuated oxycodone self-administration and reinstatement in
rats, a recent paper showed no effects of systemic exendin-4 on
remifentanil self-administration in mice [50]. These discordant
findings are not easily explained, but may be due to differences in
experimental designs. For example, operant responding for
remifentanil in Bornebusch et al. [50] 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 intake levels when the response
requirement was increased and failed to self-administer more
remifentanil than saline during subsequent PR tests [50]. 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. While the
pharmacokinetics of exendin-4 are well described in rats [51],
there is a paucity of published data describing these parameters in
mice. It is also possible that these discordant findings may be due
to potential species differences in the pharmacokinetics (i.e., renal
clearance, half-life, etc.) of exendin-4 [52]. Thus, more studies are
needed to determine the exact role of GLP-1 receptors in opioid-
mediated behaviors.

Central GLP-1 circuits and opioid-mediated behaviors

A growing body of evidence indicates that the nucleus
accumbens shell is an important node in the neural circuits
regulating opioid-mediated behaviors [34, 53, 54]. For example,
opioid self-administration is associated with increased dopa-
mine release in the shell, but not core, subregion of the nucleus
accumbens [55-57]. Consistent with these effects, a recent study
found that chemogenetic inhibition of VTA dopamine neurons
that project to the medial shell attenuates heroin reinforcement
in mice [34]. In addition, the nucleus accumbens shell plays an
important role in the reinstatement of opioid-seeking behavior
[53, 54, 58]. Here, we showed that infusions of exendin-4 directly
into the accumbens shell reduces oxycodone self-administration
and reinstatement. Consistent with our systemic studies, we
identified a behaviorally selective dose of intra-accumbens shell
exendin-4 (0.005 ug) that reduced opioid-taking and -seeking
behaviors and did not affect ad libitum chow intake, water
consumption, or body weight in oxycodone-experienced rats.
Interestingly, the high dose of exendin-4 (0.05 pg) used in our
study attenuated ad libitum chow intake in oxycodone-
experienced rats, effects not observed in drug-naive rodents
[40]. Collectively, these results indicate that the efficacy of GLP-1
receptor agonists in reducing food intake differs between drug-
naive and opioid-experienced rats. Infusion of 0.05 pg exendin-4
into the shell decreased water intake in oxycodone-experienced
rats during oxycodone self-administration and withdrawal,
consistent with previous studies showing that intra-
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cerebroventricular infusions of doses of exendin-4 as low as
0.1 ug reduced water intake [44, 59].

The two primary output pathways of the nucleus accumbens
consist of GABAergic medium spiny neurons (MSNs) expressing
D1Rs (D1R-expressing MSNs) and D2Rs (D2R-expressing MSNs)
[60]. Our study reveals that fluoro-Ex-4 binds to both D1R- and
D2R-expressing MSNs in the nucleus accumbens shell, indicating
that both cell populations express GLP-1 receptors. These two cell
populations have opposing functional roles in reward-related
behaviors [60, 61]. Activation of D1R-expressing MSNs promotes
reward seeking, while activation of D2R-expressing MSNs pro-
duces aversive effects and decreases drug reinforcement [60, 61].
With regard to opioid-mediated behaviors, a recent study showed
that repeated morphine exposure augments synaptic strength
and AMPA receptor-mediated transmission exclusively in D1R-
expressing MSNs in the accumbens shell [58]. In contrast, repeated
morphine weakens excitatory input at D2R-expressing MSNs,
indicating separate roles for these two MSN cell populations in
opioid-mediated behaviors [58]. Acute morphine administration
exclusively activates D1R-expressing MSNs in the nucleus accum-
bens, while withdrawal following chronic morphine exposure
activates D2R-expressing MSNs [62], results that further support a
divergent role for D1R- and D2R-expressing MSNs in opioid-
mediated behaviors. Consistent with these effects, remifentanil
self-administration desensitizes p opioid receptor function in D1R-
expressing MSNs, but not D2R-expressing MSNs, in the accumbens
shell [63]. Taken together, these findings indicate that D1R-
expressing MSNs play a greater role in opioid reinforcement and
acquisition of opioid taking [62, 63], whereas D2R-expressing
MSNs play a more prominent role in opioid-seeking behavior
during withdrawal. Since GLP-1 receptors are expressed on both
D1R- and D2R-expressing MSNs (present findings), it is possible
that exendin-4 attenuates opioid taking by blocking opioid-
induced activation of D1R-expressing MSNs and reduces opioid-
seeking behavior by inhibiting activation of D2R-expressing MSNs
during opioid withdrawal. To validate this hypothesis, future
experiments should address how GLP-1 receptor activation
regulates D1R- and D2R-expressing MSN function following opioid
self-administration and withdrawal.

GLP-1 receptor activation and the antinociceptive effects of
oxycodone

Previous studies showed that activating GLP-1 receptors produces
analgesic responses in drug-naive rodents. For example, admin-
istration of a GLP-1 receptor agonist or exogenous GLP-1 blocked
pain hypersensitivity in rats exposed to chronic, but not acute,
pain [64, 65]. In agreement with these findings, our results indicate
that exendin-4 does not alter the thermal antinociceptive effects
of oxycodone, indicating that activation of GLP-1 receptors
decreases opioid reinforcement while maintaining the antinoci-
ceptive effects of oxycodone. However, it is possible that
activating GLP-1 receptors could augment oxycodone-induced
analgesic responses in oxycodone-dependent rats exposed to
chronic pain. One limitation of the current study is that the
antinociceptive effects of exendin-4 were examined in only one
pain model. Since pain is a heterogenous condition that differs
widely based on the affected tissue(s) and the mechanism of
injury [66], a more comprehensive analysis of the analgesic effects
of GLP-1 receptor agonists in opioid-dependent rats using other
pain models is required to further our understanding of how GLP-
1 receptor activation may influence opioid-induced analgesic
responses.

GLP-1 receptor expression is increased in spinal microglia, but
not astrocytes and neurons, in rats exposed to chronic pain
[64, 65]. Activating GLP-1 receptors on spinal microglia releases (3-
endorphin, which in turn activates opioid receptors on neurons to
produce an analgesic response [64]. While it is not clear if similar
mechanisms occur in brain nuclei known to regulate drug
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reinforcement and pain responsivity, it is intriguing to speculate
that the efficacy of exendin-4 in reducing oxycodone taking and
seeking may be due, in part, to activating GLP-1 receptors
expressed on microglia. Indeed, microglial dysregulation has been
found to impair reward-related behaviors. Microglial activation
decreases reward-related behaviors and inhibition of microglial
activation restores reward-related behaviors in opioid-dependent
mice [67]. These findings suggest that the suppressive effects of
exendin-4 on oxycodone-taking and -seeking behaviors may be
mediated via activation of GLP-1 receptors on microglia and
regulation of microglial function.

CONCLUSION

The present study identifies a novel role for GLP-1 receptors in
opioid-taking and -seeking behaviors. The thermal antinociceptive
effects of oxycodone were not altered by exendin-4, indicating
that activation GLP-1 receptors reduced opioid reinforcement and
drug seeking without affecting opioid-induced analgesic
responses. While the present study focused on acute exendin-4
administration, future experiments examining repeated adminis-
tration of exendin-4 are required to determine if tolerance
develops to the suppressive effects of exendin-4 in opioid-
dependent rats. In addition, the efficacy of GLP-1 receptor
agonists with different pharmacokinetic profiles should also be
evaluated. Together, these findings support further preclinical
studies of the role of central GLP-1 signaling in opioid-mediated
behaviors.
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