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Abstract
Background

Studies have shown that ‘satiety’ agents such as exendin-4 (a glucagon-like peptide-1 analog)
reduce responding for addictive drugs (e.g., cocaine, nicotine, alcohol). In this study we tested
the effect of exendin-4 on cue-induced and drug-induced reinstatement of heroin seeking

behavior in rats.

Methods

This study consisted of three phases: In Phase 1, 55 male Sprague-Dawley rats had 15 daily
pairings of saccharin with heroin self-administration. In Phase 2, rats experienced a 16-day
home cage abstinence period and daily treatment with vehicle or exendin-4. On day 17, an
extinction/reinstatement test was performed to assess drug seeking. In Phase 3, rats
experienced 9 days of extinction followed by a reinstatement only test. Finally, expression of
MRNA for various receptors in the nucleus accumbens shell (NAcS) was measured using
RTgPCR.

Results

In Phase 1, rats that avoided intake of the heroin-paired saccharin cue exhibited shorter latency
to obtain the first infusion. In Phase 2, treatment with exendin-4 decreased cue-induced, but not
drug-induced heroin seeking. In Phase 3, saccharin avoiders previously treated with exendin-4
increased acceptance of saccharin, and 1-hour pretreatment with Exendin-4 abolished drug-
induced heroin seeking. Finally, exendin-4 treatment increased expression of mRNA for the
Orexin 1 receptor (OX1) in the NAcS, but did not affect expression of dopamine D2 receptors,

GLP-1 receptors, or leptin receptors in this same structure.

Conclusion

Exendin-4 reduced cue- and drug-induced heroin seeking and increased acceptance of the
drug-associated saccharin cue. These changes in behavior were accompanied by an increase

in the expression of the OX1 receptor in the NAcS.
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INTRODUCTION

Drug addiction is a chronic disease that is difficult to treat due to its relapsing nature [1].
Overdose-related deaths tripled from 1999 to 2014 and, in 2017, about 70% of drug overdose
deaths involved opioid use [2]. Currently, misuse of prescription pain relievers, heroin, and
synthetic opioids causes the death of more than 130 people a day in United States alone, a
tragedy of epidemic proportion and a major concern for the Centers for Disease Control and
Prevention (CDC) [3]. It is, then, imperative to find effective treatments for drug addiction, more
specifically, to mitigate the craving and withdrawal that precipitates relapse and, thereby,

vulnerability to opioid overdose [4, 5].

Addiction is recognized as the pathological usurpation of neural systems associated with
reward-related learning [6-10]. In this context, drug becomes the prominent goal, and in turn,
natural rewards are devalued. This shift in motivation can be observed in individuals with
substance use disorder (SUD) who fail to provide care to their children [11], show loss of
productivity in the workplace [12], and decreased sensitivity to monetary rewards [13, 14].
Reward devaluation also has been observed in animal models, as cocaine-exposed female rats
show greater preference for drug-associated stimuli than for their pups [15] and hungry and
thirsty rats avoid intake of a palatable solution when it predicts the availability of a drug of abuse
[16-20]. This insight led to the first animal model to study drug-induced devaluation of natural
rewards [21, 22]. In this model, rats that most greatly avoid intake of a saccharin cue that
predicts the availability of drug, show greater aversive reactions when the taste cue is intra-
orally infused, show greater drug-seeking, drug-taking, willingness to work for the drug, and
greater susceptibility to cue- and drug-induced relapse [18, 23-26]. Moreover, avoidance of the
taste cue is associated with blunted levels of dopamine [27], high levels of corticosterone [28],
and loss of body weight [29]. Collectively, these findings suggest that, by serving as a predictor
of imminent drug access, the taste cue elicits the onset of a conditioned aversive state involving

craving and/or withdrawal that can be corrected only by the taking of drug [21].

We have postulated that the metabolic state associated with craving a drug of abuse is similar
to the state observed in animals seeking food when starved, water when thirsty, and salt when
sodium-deficient. When such a state is reached, there is one goal and there is no substitute
[21]. Such motivated behaviors are guided by the internal state of the individual and persist until
the goal is obtained and an optimal homeostatic state is attained [30]. In this way, behavior
healthfully switches from one motivated state to another depending on the needs of the system
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at any particular time. Drugs of abuse, on the contrary, engage one motivated behavior (i.e.,

drug seeking/taking) to the exclusion of the others [31].

That said, scientists have shown that hormones that modulate hunger and satiety can modulate
responding for drugs of abuse [32-34]. The most studied so far has been Glucagon-like peptide-
1 (GLP-1), an incretin hormone [35] essential for regulation of food intake in both animals and
humans. GLP-1 also is a neurohormone released by neurons located in the nucleus tractus
solitarius (NTS) that project to different brain regions, including key structures in the reward
pathway such as the ventral tegmental area (VTA) and the nucleus accumbens (NAc) [36-39].
Exendin-4 (Ex-4) is a natural GLP-1R agonist and, due to its incretin and appetite suppressant
action, has been used to treat type 2 diabetes mellitus and obesity [40-43]. Exogenous
treatment with Ex-4 also has been observed to reduce conditioned place preference (CPP) and
accumbens dopamine release by nicotine, cocaine and amphetamine; and to reduce cocaine
self-administration and seeking in rats [44-49] and relapse-like drinking in mice [50]. Thus far,
only one study investigated the effect of GLP-1R agonists on opioid addiction [51], finding Ex-4

not to be effective in reducing abuse-related effects of the opioid remifentanil in mice.

Not expecting opioids to be an exception, the present study used the model of reward
devaluation to reexamine the effects of chronic treatment with Ex-4 on the response to a natural
reward, cue-induced heroin seeking, and heroin-induced reinstatement of heroin seeking
behavior (i.e. relapse) in rats. In addition, we analyzed mRNA expression in the NAc shell
(NACS), a crucial structure in reward modulation, to assess long-lasting changes in receptors
associated with homeostatic regulation and reward. We hypothesize that chronic treatment with
Ex-4 will reduce cue- and drug-induced heroin-seeking behavior following a period of

abstinence, and will facilitate recovery of responding for the natural reward.
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METHODS AND MATERIALS

Fifty-five male Sprague-Dawley rats were implanted with jugular catheters and were trained and
tested in self-administration chambers where they had access to three spouts. For more

information about subjects, surgeries, solutions and apparatus see Supplemental Information.

Phase 1: Acquisition of heroin self-administration behavior

Taste-drug pairings

Two hours into the light cycle, rats were placed in the self-administration chambers where they
had 5-minute access to 0.15% saccharin via the leftmost spout. Thereafter, the house light was
turned off and the middle and right empty spouts advanced. Licking on the inactive spout
(middle spout) did not have any consequence. The active spout (rightmost spout) was signaled
by a cue light located above and completion of a fixed ratio of 10 (FR=10) licks on this spout led
to a 6-second iv infusion of either saline (n=15) or 0.3 mg/infusion heroin (n=40) for a period of 6
hours. Each infusion was followed by a 20-second time-out period during which the cue light
turned off, the house light turned on, the spouts retracted and the sound of a tone signaled drug
unavailability. Rats were trained using this protocol 5 days a week for a total of 15 trials
(Figurel). Due to lack of catheter patency, seven animals in the saccharin-heroin group were

excluded from the experiment after Phase 1.

Behavioral stratification

In this paradigm, some rats avoid the drug-paired saccharin cue and greater avoidance is
associated with greater drug-seeking and taking [18, 52]. Consequently, we used terminal
saccharin intake (i.e. mean saccharin licks in trials 14 and 15) to separate the heroin self-
administration group into large and small suppressors. Large suppressors (LS) emitted, on
average, <200 licks/5min (n=19), while small suppressors (SS) emitted >200 licks/5min (n=21)

during trails 14 and 15. Saccharin-saline (Sac-sal) controls were not stratified.

Phase 2: Abstinence, treatment and drug-seeking tests
Abstinence

A 16-day abstinence period followed immediately after the last taste-drug pairing. During this

period, rats remained in their home cage with ad-lib access to water and food and were injected
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intraperitoneally (ip) once daily with either vehicle (Veh) or 2.4ug/kg of Ex-4 one hour into the
light cycle.

Cue-induced seeking and drug-induced reinstatement test 1

During this test, rats received their respective Vehicle or Ex-4 injection one hour prior to
placement in the chamber. They then had 5 minutes access to saccharin followed by a 5-hour
extinction test during which all cues associated with the drug (cue light, tone, etc.) were
presented, but contacts on the active spout did not deliver infusion of drug. Immediately after
the fifth hour, a non-contingent iv heroin infusion was automatically delivered by the computer
and subsequent contacts with the spouts were recorded to assess drug-induced reinstatement
of heroin seeking behavior. Due to lack of catheter patency, five additional rats in the saccharin-
heroin group were excluded of the experiment after Phase 2. In addition, one rat in the Sac-sal

group developed an infection and had to be euthanized.

Phase 3: Extinction across days and drug-induced reinstatement test 2

In Phase 2, our standard protocol led to a 6-hour delay between Ex-4 treatment and the drug-
prime. Since, Ex-4 has a half-life of around 150 minutes [53] by the time the drug prime was
delivered, the levels of Ex-4 in the system are expected to be low. In order to more effectively
assess the impact of Ex-4 on drug-induced reinstatement, rats were subjected to a protocol of
extinction across days to reduce cue-induce seeking, and Ex-4 was administered 1 hour prior to

drug-induced reinstatement test 2.

Extinction across days
Two hours into the light cycle rats were placed in the chamber and given 5 minutes access to
saccharin, followed by a 6-hour extinction test in which contacts with the active spout were

without consequence. During this 9-day period no Ex-4 or vehicle was administered.

Drug-induced reinstatement test 2

On day 10, and two hours into the light phase, the rats had 5 minutes access to saccharin.
Because cue-induced seeking was not fully extinguished across the 9-day period, rats were
exposed to 3 hours of extinction within session on Day 10. At the beginning of hour 2, rats were

injected ip with either saline or Ex-4. One hour thereafter, rats received a non-contingent iv
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infusion of heroin and reinstatement of heroin seeking was examined across the next hour. The

Sac-sal group was not subjected to this final test.

Sacrifice, dissection and molecular analysis

One hour after the last test, all rats were sacrificed by live decapitation, the skull was removed
and the brain dissected. The harvested right NAcS was flash frozen and stored at —80 °C until
MRNA was extracted and analyzed by real time quantitative polymerase chain reaction (RT-

gPCR). For more details see Supplemental Information.
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RESULTS
Phase 1: Acquisition of heroin self-administration behavior
Saccharin intake
As shown in Figure 2A, the number of saccharin licks/5min increased across trials in both Sac-
sal and SS, but not LS. Support for this conclusion was provided by post-hoc assessment of a
significant 3 x 15 mixed factorial ANOVA varying group (Sac-sal, SS and LS) and trials (1-15)
(F28,726=10.52, p<0.0001) showing a significant reduction in intake of the saccharin cue on trials
7 to 15 for the LS vs. both the Sac-sal and the SS (ps<0.05).

Heroin self-administration

There were no significant differences in the mean number of infusions/6 hours across the 15
trials of self-administration behavior between SS and LS, and both groups self-administered
more infusions than the Sac-sal (Figure 2B). This conclusion was supported by a 3 x 15 mixed
factorial ANOVA showing a significant Group x Trial interaction (F,g546=3.18, p<0.0001). Post-
hoc tests revealed a greater number of heroin infusions by both the SS and LS compared to
number of saline infusions by Sac-sal, beginning on trial 9 for the LS and on trial 10 for the SS
(ps<0.05). In addition, LS evidenced a shorter terminal latency, averaged across trials 14 and
15, to obtain the first infusion (Figure 2C) compared with SS and Sac-sal. This was confirmed
by post-hoc analysis of a One-Way ANOVA (F,5,=5.78; p=0.005, ps<0.05).

Phase 2: Abstinence, treatment and drug-seeking tests

Saccharin intake after abstinence

Ex-4 treatment during abstinence did not affect body weight (see Supplemental Figure 1) or
saccharin intake at test (Figure 3A). Number of licks/5min during test 1 was analyzed using a 3
x 2 ANOVA varying group (Sac-sal, SS and LS) and treatment (Veh vs. Ex-4). The results
revealed a significant main effect of group (F,40=29.29, p<0.0001), with LS group emitting fewer
saccharin licks/5min than SS or Sac-sal (p<0.05). There was, however, no significant main

effect of treatment (Fy 4=1.77, p=0.28) or group X treatment interaction (F<1.0).

Cue-induced Seeking

Figure 3B shows that treatment with Ex-4 increased the mean log latency to the first infusion
attempt. In support, the 3 x 2 ANOVA varying group and treatment found a significant main
effect of treatment (F; 4,=29.83, p<0.001). The main effect of group also attained statistical

significance (F,4,=9.116, p=0.001), while the group x treatment interaction did not
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(F2,41=2.12,p=0.132). Post-hoc analysis of group (ps<0.005) confirmed a longer latency to the
first infusion attempt by Sac-sal vs. SS and LS (p < 0.05).

Exendin-4 significantly reduced infusion attempts during the 1* hour of seeking after abstinence
(i.e. during cue-induced reinstatement) in both LS and SS (Figure 3C). Support for this
conclusion was provided by a significant group x treatment interaction (F, 4=8.53, p<0.001) and

confirmed by a post-hoc analysis (ps<0.05).

Drug-induced reinstatement test 1

Treatment with Ex-4 six hours earlier had no effect in the number of infusions attempted during
the hour following the heroin prime (Figure 3D). While Sac-sal rats treated with Veh or Ex-4 did
not attempt any infusions, both vehicle-treated SS and LS showed a higher number of infusion
attempts than Sac-sal. Thus, a 3 x 2 ANOVA showed a significant main effect of group
(F238=9.48, p=0.0005) and a post-hoc analysis showed significantly greater infusion attempts by
both SS and LS groups vs. Sac-sal (p<0.05). Neither the main effect of treatment (F<1.0) nor

the group x treatment interaction (F<1.0) was significant.

Phase3: Extinction across days and drug-induced reinstatement test 2

Saccharin intake across extinction days.

A history of treatment with Ex-4 significantly increased the number of saccharin licks/5min
across 9 days of extinction in the LS (Figure 4A). In support, a 2 x 3 ANOVA revealed a
significant group x treatment interaction (F,,45=3.97, p=0.02). Post-hoc tests (ps<0.005)
confirmed a significant increase in saccharin intake by the Ex-4 vs. Veh-in the LS and Sac-sal

groups.

Drug seeking across extinction days

History of treatment with Ex-4 did not have an effect on number of infusion attempts/6h during
the 9-day extinction period (Figure 4B). This conclusion is confirmed by a 3 x 2 ANOVA showing
no significant main effect of treatment (F; 44,=2.39, p=0.128) or group x treatment interaction
(F2,44=1.05, p=0.36). A significant main effect of group (F,44,=37.15, p<0.0001) and post-hoc

analysis (ps<0.005) showed a significant difference between the three group..
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Drug-induced Reinstatement Test 2

Figure 4C shows that acute-pretreatment with Ex-4 completely abolished heroin seeking during
the heroin-induced reinstatement test 2. Vehicle-treated SS and LS showed an increased
number of infusion attempts, while groups pre-treated with Ex-4 did not attempt any infusions at
all. This conclusion was supported by a 2 x 2 ANOVA showing a significant main effect of
treatment (F;,,=7.15;p=0.014). Neither the main effect of group (F<1.0), nor the group X

treatment interaction (F<1.0), were significant.

Molecular Analysis

To further explore the effects of Ex-4, mRNA expression of different genes associated with
reward and feeding behaviors were examined in the NAcS. Figure 5 shows the relative
expression of 4 such genes in rats that self-administered heroin and were treated with Veh or
Ex-4. No significant difference in fold change expression was observed in GLP-1R (Figure 5A),
D2R (Figure 5B), or leptin receptors (Figure 5C). However, the expression of Orexin receptor 1
(OX1) (Figure 5D) was significantly higher in heroin self-administering rats with a history of Ex-4

treatment compared to vehicle-treated controls (t=4.56; p=0.001).
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DISCUSSION

This study examined the effects of the Ex-4 on heroin addiction-like behaviors in rats.
Specifically, we showed that chronic, systemic treatment with Ex-4 during abstinence
significantly attenuated heroin seeking when the animals were re-exposed to the heroin-
associated cues without affecting body weight. Moreover, Ex-4 abolished drug-induced
reinstatement of heroin seeking behavior when administered 1 hour, but not 6 hours, prior to the
drug challenge. Furthermore, a history of treatment with Ex-4 increased acceptance of the
heroin-paired saccharin cue, particularly in the most vulnerable LS population. Finally, reduced
reinstatement of heroin seeking by Ex-4 treated rats was accompanied by an increase in the
expression of the OX1 mRNA in the NAcS.

Individual differences

In Phase 1 of the present study we did not observe differences in heroin taking between SS and
LS. As mentioned, it is well established that rats will avoid intake of a taste cue when paired with
drugs of abuse [17, 18, 20, 26, 54, 55], and greater avoidance can predict greater susceptibility
to drug addiction [18, 24]. Although this is true for several drugs, the differences in drug-taking
between SS and LS using heroin are, at times, not as robust as those observed with cocaine,
for example [18, 25, 52]. That said, in this model, the taste cue is thought to elicit a conditioned
withdrawal state of ‘need’ [21]. Thus, a better measure of this ‘need’ state may be the latency to
obtain the first infusion of drug. In accordance, while the SS and LS rats self-administered the
same amount of heroin, LS took less time to obtain the first infusion, consistent with a greater

state of ‘need’ in this subpopulation.

GLP-1R agonist effects on drug seeking.

In phase 2 of this study, we showed that chronic treatment with 2.4 pug/kg of Ex-4 did not affect
body weight. Moreover, it reduced cue-induced but not drug-induced seeking of heroin. As
mentioned, the injection of Ex-4 was delivered more than twice the half-life of the drug prior to
the heroin prime. Although the expectation of the treatment protocol was to achieve long-lasting
effects, the protective properties of this dose of Ex-4 clearly did not carry over across days. For
this reason, in Phase 3, the effects of Ex-4 were tested directly on drug-induced reinstatement

by reducing the pre-treatment time to one hour. Using this protocol, we showed for the first time
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that Ex-4 completely abolished heroin-induced reinstatement of heroin-seeking behavior (i.e.,
‘relapse’) in both SS and LS.

Effects of Ex-4 on drug-paired saccharin intake

As stated in the Introduction, part of our hypothesis was that the reduction in heroin seeking
would be accompanied by an increase responding for the natural reward. This hypothesis was
partially correct, since a history of chronic treatment with Ex-4 did increase acceptance of the
saccharin solution in group LS, but only during extinction training when the saccharin cue was
paired with the absence of heroin self-administration. In addition, while this Ex-4 dose can
reduce responding for sucrose [56], those effects were not observed using saccharin in this
experiment, as evidenced in the Sac-sal and SS groups. Moreover, high responses to saccharin
suggest that Ex-4 has a specific effect on drug-seeking that is not due to a general reduction in
locomotor activity. Overall, increased responding for saccharin in the LS is a promising finding,
as natural rewards are our best natural defense against addiction. Future studies will need to
determine whether extended treatment with Ex-4 restores the perceived palatability of the
saccharin per se, or increased intake by reducing the onset of cue-induced craving and/or

withdrawal.

Molecular data

In the molecular analysis, we showed that treatment with Ex-4 increased mRNA expression for
OX1 in the NACcS, but did not change the expression for GLP-1R, D2R or LepR1. The
integrative nature of NAc, receiving inputs from different parts of the brain, including regions that
control reward and feeding-motivated behaviors [57, 58], makes it a candidate area to look for
long-term changes produced by Ex-4 treatment. Indeed, GLP-1 producing neurons in the NTS
project to the NAc [59]. Moreover, systemic administration of Ex-4 reaches the NAc, and
infusion of a GLP-1R agonist directly into the NAcS dose-dependently reduces cocaine seeking
[60] without affecting food intake [61]. It was therefore expected that prolonged, chronic
treatment with Ex-4 may affect the expression of GLP-1R in the NAcS. This, however, was not

observed by gPCR analysis.


https://doi.org/10.1101/730408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/730408; this version posted October 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

13

Another important source of input to the NAc are the dopaminergic projections from the VTA.
GLP-1R are found in this area [36] and intra-VTA injections of Ex-4 have been shown to reduce
drug-primed reinstatement of cocaine-seeking behavior. In addition, systemic injections of Ex-4
were found to attenuate amphetamine-, cocaine-, and nicotine-induced accumbal dopamine
release [45, 62], showing that activation of GLP-1R can modulate drug-associated dopaminergic
release in the NAc. Moreover, the protective effects of systemic Ex-4 on cocaine-seeking are
blocked by infusion of a GLP-1R antagonist directly into the VTA [49]. Interestingly, we did not

find changes in the expression of D2 receptors in the NAcS associated with Ex-4 treatment.

Finally, we focused on the expression of receptors associated with the homeostasis-related
hormones leptin and orexin. Leptin is an adipose-derived peptide hormone that can attenuate
drug-related behaviors such as cocaine-induced CPP, cocaine seeking and stress-induced
reinstatement of heroin seeking [34, 63, 64]. However, in this experiment, Ex-4 did not have an
effect on LepR1 mRNA expression in the NAcS. On the other hand, we did see a marked
increase in the expression of OX1 in the NACS. This receptor is exclusively activated by Orexin
A [65], which is produced mainly by neurons within the lateral hypothalamus [65, 66], and has
an important role in arousal and feeding motivated behavior. Orexins increase food intake [66,
67], but its modulating role also has been extended to non-feeding reward-related processes
such as addiction [68, 69]. Our results suggest that treatment with Ex-4 might reduce the
release of orexin in the NAcCS, leading to an increase in the expression of the OX1. This is
consistent with previous research showing that GLP-1Rs in the lateral hypothalamus are critical
for the control of ingestive behaviors, body weight, and food reinforcement in rats [70]. In
addition, blocking the effects of OX1 with systemic administration of OX1 antagonist SB-334867
dose-dependently blocked reinstatement of seeking for cocaine [71], alcohol [72, 73], nicotine
[74] and remifentanil [75]. Future studies will need to parse the roles of the GLP-1R and the
OX1 in the eventual acceptance of the natural reward and in the reduction in both cue- and
drug-induced reinstatement of heroin-seeking behavior.

Inconsistent findings

The effects of Ex-4 on opioid addiction have been addressed in only one study so far [51].
Contrary to our findings, Bornebusch et al. did not find Ex-4 to be effective in protecting mice
from remifentanil seeking and taking. Besides using different subjects (mice vs. rats) and a

different drug (remifentanil vs. heroin), they performed their studies in the dark, while our study
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was conducted during the light phase of the cycle. It has been shown that heroin access during
the light phase leads to a full reversal of sleep/wake cycle [76]. If the effects of Ex-4 are
dependent on the circadian activity of orexin neurons, the time of treatment or testing might be
crucial for the effectiveness of the drug [77, 78]. Bornebusch et al. did not observe effects of Ex-
4 on self-administration using FR1, FR3 or FR5, however they did see a trend for central GLP-1
KO mice to show higher responding on a progressive ratio paradigm. In addition, they did not
see Ex-4 effects on CPP when administered during the conditioning phase. This is consistent
with the hypothesis that Ex-4 acts via the orexin system to reduce opioid seeking. The orexin
system is engaged in situations of high motivational relevance [79], hence it is expected to be
involved during expression rather than acquisition of CPP [80, 81], or in self-administration
when the task requires more effort (FR>5 or PR) [81, 82]. If this interpretation is correct, then
treatment with Ex-4 is effective in our paradigm that requires higher motivation (FR10), but not
when using FR<5. Further experiments need to be performed to elucidate the true cause of the
discrepancy and to address the extent to which the effects of Ex-4 are dependent on the orexin

system.

CONCLUSION

Our results demonstrate that treatment with the GLP-1R agonist, Ex-4, attenuates cue-induced
heroin seeking and drug-induced reinstatement of heroin seeking in rats. The molecular results
are consistent with the notion that drugs of abuse not only highjack the reward system, but also
generate a homeostatic dysregulation that is associated with a compelling state of physiological
‘need’ for drug. In this context, Ex-4 might be reducing the release of orexin associated with
drug-craving, which in turn leads to an increase in OX1 expression in the NAcS. The orexin
system is activated by stimuli of high motivational relevance such as stress, reward
opportunities, or physiological need states [79]. Thus, treatment with an agent that can
modulate the physiological state of the rat from *hungry’ (i.e. craving) to ‘sated’ (i.e., no
motivation to seek), such as Ex-4, is effective in reducing relapse to opioid seeking in rats. As
such, GLP-1 R agonists have great potential as a novel treatment for opioid misuse and
addiction in humans, especially since these drugs already are FDA-approved for the treatment
of type Il diabetes mellitus and obesity in humans [40-42]. Indeed, given the urgency of the
situation, the effort to test whether treatment with a GLP-1R agonist can reduce craving and

relapse in humans with an opioid use disorder is under way.


https://doi.org/10.1101/730408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/730408; this version posted October 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

15

ACKNOWLEDGMENTS AND DISCLOSURES
The authors thank the National Institute on Drug Abuse for generously providing heroin. Support
for this research was provided by NIH grants DA009815 (to PSG). Support also was provided
by a grant from the Pennsylvania Department of Health, Tobacco Settlement Funds SAP#
410007972 (to PSG) and by the Elliot S. Vesell Professorship in Pharmacology (to KEV). Part of
these data have been presented at the annual meeting of the Society for the Study of Ingestive

Behavior (SSIB). We thank Sarah Ballard for her technical assistance.
This manuscript was submitted as preprint on bioRxiv server.

The authors report no financial interest or conflicts of interests.


https://doi.org/10.1101/730408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/730408; this version posted October 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

16
REFERENCES
1. Leshner, A.l. and G.F. Koob, Drugs of abuse and the brain. Proceedings of the Association of
American Physicians, 1999. 111(2): p. 99-108.
2. Rudd, R.A,, et al., Increases in Drug and Opioid-Involved Overdose Deaths - United States, 2010-
2015. Mmwr-Morbidity and Mortality Weekly Report, 2016. 65(50-51): p. 1445-1452.
3. Centers for Disease control and Prevention. 2017 8/13/17 [cited 2018 5/29/18]; Available from:
https://www.cdc.gov/drugoverdose/epidemic/index.html.
4. Woody, G.E., et al., Extended vs short-term buprenorphine-naloxone for treatment of opioid-
addicted youth: a randomized trial. JAMA, 2008. 300(17): p. 2003-11.
5. Binswanger, |.A., et al., Release from prison--a high risk of death for former inmates. The New
England journal of medicine, 2007. 356(2): p. 157-65.
6. Hyman, S.E., R.C. Malenka, and E.J. Nestler, Neural mechanisms of addiction: the role of reward-
related learning and memory. Annual review of neuroscience, 2006. 29: p. 565-98.
7. Di Chiara, G., et al., Drug addiction as a disorder of associative learning - Role of nucleus

accumbens shell/extended amygdala dopamine. Advancing from the Ventral Striatum to the
Extended Amygdala, 1999. 877: p. 461-485.

8. Wise, R.A. and G.F. Koob, The Development and Maintenance of Drug Addiction.
Neuropsychopharmacology, 2014. 39(2): p. 254-262.
9. Koob, G.F. and M. Le Moal, Drug abuse: hedonic homeostatic dysregulation. Science, 1997.

278(5335): p. 52-8.
10. Koob, G.F. and E.J. Nestler, The neurobiology of drug addiction. The Journal of neuropsychiatry
and clinical neurosciences, 1997. 9(3): p. 482-97.

11. Nair, P., et al., Risk factors for disruption in primary caregiving among infants of substance
abusing women. Child Abuse & Neglect, 1997. 21(11): p. 1039-1051.

12. Jones, S., S. Casswell, and J.F. Zhang, The economic costs of alcohol-related absenteeism and
reduced productivity among the working population of New Zealand. Addiction, 1995. 90(11): p.
1455-61.

13. Wilson, S.J., et al., Effect of smoking opportunity on responses to monetary gain and loss in the
caudate nucleus. Journal of abnormal psychology, 2008. 117(2): p. 428-34.

14. Goldstein, R.Z., et al., Subjective sensitivity to monetary gradients is associated with frontolimbic
activation to reward in cocaine abusers. Drug and alcohol dependence, 2007. 87(2-3): p. 233-
240.

15. Seip, K.M. and J.I. Morrell, Increasing the incentive salience of cocaine challenges preference for

pup- over cocaine-associated stimuli during early postpartum: place preference and locomotor
analyses in the lactating female rat. Psychopharmacology, 2007. 194(3): p. 309-19.

16. Twining, R.C., et al., The role of dose and restriction state on morphine-, cocaine-, and LiCl-
induced suppression of saccharin intake: A comprehensive analysis. Physiology & behavior, 2016.
161: p. 104-115.

17. Grigson, P.S., R.C. Twining, and R.M. Carelli, Heroin-induced suppression of saccharin intake in
water-deprived and water-replete rats. Pharmacology, biochemistry, and behavior, 2000. 66(3):
p. 603-8.

18. Grigson, P.S. and R.C. Twining, Cocaine-induced suppression of saccharin intake: a model of

drug-induced devaluation of natural rewards. Behavioral neuroscience, 2002. 116(2): p. 321-33.
19. Cappell, H., A.E. LeBlanc, and L. Endrenyi, Aversive conditioning by psychoactive drugs: effects of
morphine, alcohol and chlordiazepoxide. Psychopharmacologia, 1973. 29(3): p. 239-46.
20. Cappell, H. and A.E. LeBlanc, Conditioned aversion to saccharin by single administrations of
mescaline and d-amphetamine. Psychopharmacologia, 1971. 22(4): p. 352-6.


http://www.cdc.gov/drugoverdose/epidemic/index.html�
https://doi.org/10.1101/730408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/730408; this version posted October 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

aCC-BY-NC-ND 4.0 International license.

17

Grigson, P.S., Reward Comparison: The Achilles' heel and hope for addiction. Drug discovery
today. Disease models, 2008. 5(4): p. 227-233.

Grigson, P.S., Conditioned taste aversions and drugs of abuse: A reinterpretation. Behavioral
neuroscience, 1997. 111(1): p. 129-136.

Wheeler, R.A., et al., Behavioral and electrophysiological indices of negative affect predict
cocaine self-administration. Neuron, 2008. 57(5): p. 774-85.

Twining, R.C., M. Bolan, and P.S. Grigson, Yoked delivery of cocaine is aversive and protects
against the motivation for drug in rats. Behavioral neuroscience, 2009. 123(4): p. 913-25.
Colechio, E.M., C.G. Imperio, and P.S. Grigson, Once is too much: conditioned aversion develops
immediately and predicts future cocaine self-administration behavior in rats. Behavioral
neuroscience, 2014. 128(2): p. 207-16.

Wise, R.A., R.A. Yokel, and H. DeWit, Both positive reinforcement and conditioned aversion from
amphetamine and from apomorphine in rats. Science, 1976. 191(4233): p. 1273-5.

Grigson, P.S. and A. Hajnal, Once is too much: Conditioned changes in accumbens dopamine
following a single saccharin-morphine pairing. Behavioral neuroscience, 2007. 121(6): p. 1234-
1242.

Abreu, P., et al., Measurement of the semileptonic b branching fractions and average b mixing
parameter in Z decays. European Physical Journal C, 2001. 20(3): p. 455-478.

Nyland, J.E. and P.S. Grigson, A drug-paired taste cue elicits withdrawal and predicts cocaine self-
administration. Behavioural brain research, 2013. 240: p. 87-90.

Cabanac, M., Emotion and phylogeny. Japanese Journal of Physiology, 1999. 49(1): p. 1-10.
Grigson, P.S., Like drugs for chocolate: separate rewards modulated by common mechanisms?
Physiology & behavior, 2002. 76(3): p. 389-95.

Kenny, P.J., Common cellular and molecular mechanisms in obesity and drug addiction. Nature
reviews. Neuroscience, 2011. 12(11): p. 638-51.

Engel, J.A. and E. Jerlhag, Role of appetite-regulating peptides in the pathophysiology of
addiction: implications for pharmacotherapy. CNS drugs, 2014. 28(10): p. 875-86.

Shalev, U., J. Yap, and Y. Shaham, Leptin attenuates acute food deprivation-induced relapse to
heroin seeking. The Journal of neuroscience : the official journal of the Society for Neuroscience,
2001. 21(4): p. RC129.

Novak, U., et al., Identical mRNA for preproglucagon in pancreas and gut. European journal of
biochemistry, 1987. 164(3): p. 553-8.

Merchenthaler, I., M. Lane, and P. Shughrue, Distribution of pre-pro-glucagon and glucagon-like
peptide-1 receptor messenger RNAs in the rat central nervous system. The Journal of
comparative neurology, 1999. 403(2): p. 261-80.

Holst, J.J., The physiology of glucagon-like peptide 1. Physiological reviews, 2007. 87(4): p. 1409-
39.

Baggio, L.L. and D.J. Drucker, Biology of incretins: GLP-1 and GIP. Gastroenterology, 2007.
132(6): p. 2131-57.

Alvarez, E., et al., Expression of the glucagon-like peptide-1 receptor gene in rat brain. Journal of
neurochemistry, 1996. 66(3): p. 920-7.

Shukla, A.P., W.I. Buniak, and L.J. Aronne, Treatment of obesity in 2015. Journal of
cardiopulmonary rehabilitation and prevention, 2015. 35(2): p. 81-92.

Blonde, L., J. Rosenstock, and C. Triplitt, What are incretins, and how will they influence the
management of type 2 diabetes? Journal of Managed Care Pharmacy, 2006. 12(7): p. S2-S12.
Lovshin, J.A. and D.J. Drucker, Incretin-based therapies for type 2 diabetes mellitus. Nature
reviews. Endocrinology, 2009. 5(5): p. 262-9.


https://doi.org/10.1101/730408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/730408; this version posted October 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

aCC-BY-NC-ND 4.0 International license.

18

Eng, J., et al., Isolation and characterization of exendin-4, an exendin-3 analogue, from
Heloderma suspectum venom. Further evidence for an exendin receptor on dispersed acini from
guinea pig pancreas. The Journal of biological chemistry, 1992. 267(11): p. 7402-5.

Sorensen, G., et al., The glucagon-like peptide 1 (GLP-1) receptor agonist exendin-4 reduces
cocaine self-administration in mice. Physiology & behavior, 2015. 149: p. 262-8.

Egeciogluy, E., J.A. Engel, and E. Jerlhag, The glucagon-like peptide 1 analogue, exendin-4,
attenuates the rewarding properties of psychostimulant drugs in mice. PloS one, 2013. 8(7): p.
€69010.

Egecioglu, E., J.A. Engel, and E. Jerlhag, The glucagon-like peptide 1 analogue Exendin-4
attenuates the nicotine-induced locomotor stimulation, accumbal dopamine release, conditioned
place preference as well as the expression of locomotor sensitization in mice. PloS one, 2013.
8(10): p. €77284.

Reddy, I.A., et al., Glucagon-like peptide 1 receptor activation regulates cocaine actions and
dopamine homeostasis in the lateral septum by decreasing arachidonic acid levels. Translational
psychiatry, 2016. 6: p. e809.

Schmidt, H.D., et al., Glucagon-Like Peptide-1 Receptor Activation in the Ventral Tegmental Area
Decreases the Reinforcing Efficacy of Cocaine. Neuropsychopharmacology : official publication of
the American College of Neuropsychopharmacology, 2016. 41(7): p. 1917-28.

Hernandez, N.S., et al., Glucagon-like peptide-1 receptor activation in the ventral tegmental area
attenuates cocaine seeking in rats. Neuropsychopharmacology : official publication of the
American College of Neuropsychopharmacology, 2018. 43(10): p. 2000-2008.

Thomsen, M., et al., The glucagon-like peptide 1 receptor agonist Exendin-4 decreases relapse-
like drinking in socially housed mice. Pharmacology Biochemistry and Behavior, 2017. 160: p. 14-
20.

Bornebusch, A.B., et al., Glucagon-Like Peptide-1 Receptor Agonist Treatment Does Not Reduce
Abuse-Related Effects of Opioid Drugs. eNeuro, 2019. 6(2).

Imperio, C.G. and P.S. Grigson, Greater avoidance of a heroin-paired taste cue is associated with
greater escalation of heroin self-administration in rats. Behavioral neuroscience, 2015. 129(4): p.
380-8.

Parkes, D., et al., Pharmacokinetic actions of exendin-4 in the rat: Comparison with glucagon-like
peptide-1. Drug Development Research, 2001. 53(4): p. 260-267.

Grigson, P.S., et al., Chronic morphine treatment exaggerates the suppressive effects of sucrose
and cocaine, but not lithium chloride, on saccharin intake in Sprague-Dawley rats. Behavioral
neuroscience, 2001. 115(2): p. 403-16.

Liu, C., J. Showalter, and P.S. Grigson, Ethanol-induced conditioned taste avoidance: reward or
aversion? Alcoholism, clinical and experimental research, 2009. 33(3): p. 522-30.

Dickson, S.L., et al., The Glucagon-Like Peptide 1 (GLP-1) Analogue, Exendin-4, Decreases the
Rewarding Value of Food: A New Role for Mesolimbic GLP-1 Receptors. Journal of Neuroscience,
2012.32(14): p. 4812-4820.

Noori, H.R., R. Spanagel, and A.C. Hansson, Neurocircuitry for modeling drug effects. Addiction
Biology, 2012. 17(5): p. 827-64.

Park, Y.S., et al., Anatomical review of the ventral capsule/ventral striatum and the nucleus
accumbens to guide target selection for deep brain stimulation for obsessive-compulsive
disorder. World neurosurgery, 2019.

Alhadeff, A.L., L.E. Rupprecht, and M.R. Hayes, GLP-1 neurons in the nucleus of the solitary tract
project directly to the ventral tegmental area and nucleus accumbens to control for food intake.
Endocrinology, 2012. 153(2): p. 647-58.


https://doi.org/10.1101/730408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/730408; this version posted October 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

aCC-BY-NC-ND 4.0 International license.

19

Hernandez, N.S., et al., Activation of glucagon-like peptide-1 receptors in the nucleus accumbens
attenuates cocaine seeking in rats. Addiction Biology, 2019. 24(2): p. 170-181.

Dossat, A.M., et al., Glucagon-like peptide 1 receptors in nucleus accumbens affect food intake.
The Journal of neuroscience : the official journal of the Society for Neuroscience, 2011. 31(41):
p. 14453-7.

Egecioglu, E., J.A. Engel, and E. Jerlhag, The Glucagon-Like Peptide 1 Analogue Exendin-4
Attenuates the Nicotine-Induced Locomotor Stimulation, Accumbal Dopamine Release,
Conditioned Place Preference as well as the Expression of Locomotor Sensitization in Mice. PloS
one, 2013. 8(10).

You, Z.B., et al., Reciprocal Inhibitory Interactions Between the Reward-Related Effects of Leptin
and Cocaine. Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology, 2016. 41(4): p. 1024-33.

Opland, D.M., G.M. Leinninger, and M.G. Myers, Modulation of the mesolimbic dopamine
system by leptin. Brain research, 2010. 1350: p. 65-70.

Sakurai, T., et al., Orexins and orexin receptors: a family of hypothalamic neuropeptides and G
protein-coupled receptors that requlate feeding behavior. Cell, 1998. 92(5): p. 1 page following
696.

de Lecea, L., et al., The hypocretins: hypothalamus-specific peptides with neuroexcitatory
activity. Proceedings of the National Academy of Sciences of the United States of America, 1998.
95(1): p. 322-7.

Sweet, D.C., et al., Feeding response to central orexins. Brain research, 1999. 821(2): p. 535-8.
Harris, G.C., M. Wimmer, and G. Aston-Jones, A role for lateral hypothalamic orexin neurons in
reward seeking. Nature, 2005. 437(7058): p. 556-9.

Boutrel, B., et al., Role for hypocretin in mediating stress-induced reinstatement of cocaine-
seeking behavior. Proceedings of the National Academy of Sciences of the United States of
America, 2005. 102(52): p. 19168-73.

Lopez-Ferreras, L., et al., Lateral hypothalamic GLP-1 receptors are critical for the control of food
reinforcement, ingestive behavior and body weight. Molecular psychiatry, 2018. 23(5): p. 1157-
1168.

Smith, R.J., P. Tahsili-Fahadan, and G. Aston-Jones, Orexin/hypocretin is necessary for context-
driven cocaine-seeking. Neuropharmacology, 2010. 58(1): p. 179-84.

Jupp, B., et al., Discrete cue-conditioned alcohol-seeking after protracted abstinence: pattern of
neural activation and involvement of orexin(1) receptors. British journal of pharmacology, 2011.
162(4): p. 880-9.

Lawrence, A.J., et al., The orexin system regulates alcohol-seeking in rats. British journal of
pharmacology, 2006. 148(6): p. 752-9.

Plaza-Zabala, A., et al., Hypocretins regulate the anxiogenic-like effects of nicotine and induce
reinstatement of nicotine-seeking behavior. The Journal of neuroscience : the official journal of
the Society for Neuroscience, 2010. 30(6): p. 2300-10.

Porter-Stransky, K.A., B.S. Bentzley, and G. Aston-Jones, Individual differences in orexin-I
receptor modulation of motivation for the opioid remifentanil. Addiction Biology, 2017. 22(2): p.
303-317.

Coffey, A.A., et al., Reversal of the sleep-wake cycle by heroin self-administration in rats. Brain
research bulletin, 2016. 123: p. 33-46.

Estabrooke, I.V., et al., Fos expression in orexin neurons varies with behavioral state. The Journal
of neuroscience : the official journal of the Society for Neuroscience, 2001. 21(5): p. 1656-62.


https://doi.org/10.1101/730408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/730408; this version posted October 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

20
78. Yoshida, Y., et al., Fluctuation of extracellular hypocretin-1 (orexin A) levels in the rat in relation
to the light-dark cycle and sleep-wake activities. The European journal of neuroscience, 2001.
14(7): p. 1075-81.
79. Mabhler, S.V., et al., Motivational activation: a unifying hypothesis of orexin/hypocretin function.
Nature neuroscience, 2014. 17(10): p. 1298-303.
80. Steiner, M.A,, H. Lecourt, and F. Jenck, The dual orexin receptor antagonist almorexant, alone

and in combination with morphine, cocaine and amphetamine, on conditioned place preference
and locomotor sensitization in the rat. The international journal of neuropsychopharmacology,
2013.16(2): p. 417-32.

81. Hutcheson, D.M.,, et al., Orexin-1 receptor antagonist SB-334867 reduces the acquisition and
expression of cocaine-conditioned reinforcement and the expression of amphetamine-
conditioned reward. Behavioural pharmacology, 2011. 22(2): p. 173-81.

82. Smith, R.J., R.E. See, and G. Aston-Jones, Orexin/hypocretin signaling at the orexin 1 receptor
regulates cue-elicited cocaine-seeking. The European journal of neuroscience, 2009. 30(3): p.
493-503.


https://doi.org/10.1101/730408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/730408; this version posted October 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

21

FIGURE LEGENDS

Figure 1. Timeline of the study. The study consisted of 3 phases. During Phase 1, rats had 5
min access to a saccharin cue followed by the opportunity to self-administered either heroin or
saline 5 days a week for 15 trials. Phase 2 consisted of a 16-day period of home cage
abstinence followed by Cue-induced seeking/Drug-induced Reinstatement Test 1. During this
period rats were treated with a daily ip injection of either Veh (saline) or 2.4ug/kg Ex-4. During
phase 3 rats were subjected to a daily paring of saccharin with a 6-h extinction period for 9
days. During Drug-induced Reinstatement Test 2, the rats were given 5 min access to the
saccharin cue, followed by three hours of extinction testing. The small and large suppressor rats
were injected ip with Veh or Ex-4 at the end of h 2, the iv heroin prime injection was infused at
the end of h 3, and reinstatement of heroin seeking behavior was examined for 1 h thereafter.

Figure 2. Acquisition of drug-taking behavior. A) Meant SEM number of licks/5min of 0.15%
saccharin across trials 1 — 15 for rats in the saccharin-saline, small suppressor and large
suppressor group. B) Mean+ SEM number of heroin infusions/6h across trials 1 — 15 for rats in
the saccharin-saline, small, and large suppressor groups. C) Mean+ SEM terminal log latency to
1% infusion for saccharin-saline, small, and large suppressor groups. (saccharin-saline controls:
n=15, small suppressors: n=21, large suppressors: n=19). *Significant difference between large
suppressors and small suppressors; Significant difference between large suppressors and
saccharin-saline controls. # Significant difference between small suppressors and saccharin-
saline controls. For any given symbol: «<0.05; +<0.01; »<0.001.

Figure 3. Effect of Ex-4 treatment on cue- and drug-induced reinstatement. A) Saccharin
intake on test day. Mean + SEM number of licks/5min of 0.15% saccharin for rats in the
saccharin-saline controls, small suppressors and large suppressors groups treated with Veh or
Ex-4 on cue-induced seeking and drug-induced reinstatement test 1. B) Latency to 1% infusion
attempt. Mean+ SEM log latency to 1% infusion attempt for saccharin-saline, small and large
suppressor groups treated with Veh or Ex-4. C) Cue-induced seeking. Meant SEM number of
infusion attempts/60min for saccharin-saline, small and large suppressors groups treated with
Veh or Ex-4 during the first hour of seeking. D) Drug-induced reinstatement test 1. Meant SEM
number of infusion attempts during the 60 minutes after the drug prime for saccharin-saline,
small and large suppressors groups treated with Veh or Ex-4 six hours prior to the drug prime.
*Significant difference between groups.*p<0.05, ***p<0.001; #Significant difference between veh
and Ex-4 treatment. Different letters indicate significant differences

Figure 4. Extinction across days and drug-induced reinstatement test 2. A) Saccharin
intake during extinction. Meant SEM number of licks/5min of 0.15% saccharin averaged across
the 9 days of extinction for rats in the saccharin-saline, small suppressors and large
suppressors groups with history of treatment with Veh or Ex-4. B) Heroin seeking during
extinction. Mean +SEM number of infusion attempts/6h averaged across 9 days of extinction
testing for saccharin-saline, small and large suppressors with a history of treatment with Veh or
Ex-4. C) Drug-induced reinstatement test 2. Mean+ SEM number of infusion attempts/60min for
small and large suppressors treated with Veh or Ex-4 1 hour prior to the drug prime. #Significant
difference between veh and Ex-4 treatment. Different letters indicate significant differences.

Figure 5. mRNA expression. Relative mRNA expression of GLP-1 receptor (A), dopamine D2
receptor (B) leptin receptor 1 (C) and orexin receptor 1 (D) in rats with a history of heroin self-
administration and treatment with Veh or Ex-4 throughout the abstinence period and test. The n
indicates the number of biological replicates. *p<0.05
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Figure 4
Extinction across days
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Figure 5 MRNA Expression in the NAcShell
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