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Abstract

Background: Preclinical rodent studies have demonstrated reduced cocaine taking after
administration of glucagon-like peptide 1 (GLP-1) analogues. We investigated effects of a GLP-1
analogue (exenatide) on behavioral and subjective effects of cocaine in individuals with cocaine
use disorder (CUD).

Methods: Non-treatment-seeking CUD subjects underwent two human laboratory cocaine self-
administration test sessions following an acute 3-hour pre-treatment with exenatide (5 mcg;
subcutaneously) or placebo. Primary outcomes consisted of infusions of cocaine and visual analog
scale self-ratings of euphoria and wanting cocaine. Secondary outcomes consisted of pertinent
hormone levels (GLP-1, insulin, and amylin).

Results: Thirteen individuals completed the study. Acute pretreatment with exenatide versus
placebo did not change cocaine infusions (8.5 + 1.2 vs. 9.1 £ 1.2; p=0.39), self-reported euphoria
(4.4£0.8vs.4.1+£0.8; p=0.21), or wanting of cocaine (5.6 = 0.9 vs. 5.4 + 0.9; £=0.46). Exenatide
vs. placebo reduced levels of GLP-1 (p=0.03) and insulin (p = 0.02). Self-administered cocaine
also reduced levels of GLP-1 (p < 0.0001), insulin (v < 0.0001), and amylin (p < 0.0001).

Conclusions: We did not find evidence that low dose exenatide alters cocaine self-
administration or the subjective effects of cocaine in people with CUD. Limitations such as single
acute rather than chronic pre-treatment, as well as evaluation of only one dose, preclude drawing
firm conclusions about the efficacy of exenatide. Exenatide and cocaine independently reduced
levels of GLP-1 and insulin, while cocaine also reduced levels of amylin.

Keywords

cocaine use disorder; substance-related disorders; addictive behaviors; GLP-1; exenatide; cocaine
self-administration

1. Introduction

According to the National Survey on Drug Use and Health, there are 2.2 million people in
North America who regularly use cocaine and 1 million individuals with cocaine use
disorder (CUD) (SAMHSA, 2018). The lack of effective FDA-approved medications for
CUD despite nearly three decades of research on primarily monoaminergic agents suggests
the need for new approaches and examination of novel medication targets (Amato et al.,
2011; Shorter and Kosten, 2011). Recent insights into the neurobiology of substance use
disorders suggest that peripheral metabolic factors that act centrally like glucagon-like
peptide 1 (GLP-1) are important mediators of drug reward (Hernandez and Schmidt, 2019;
Kenny, 2011; Volkow et al., 2013).

GLP-1 is an incretin hormone secreted from the intestinal L-cells in response to food
ingestion (Creutzfeldt, 1979; Dupre et al., 1973). This hormone lowers glucose level by
stimulating insulin release from pancreatic p-cells in a glucose-depended fashion (Hayes et
al., 2014; Kreymann et al., 1987; Muller et al., 2019), slows gastric emptying, and promotes
satiation with food intake. Thus, GLP-1 analogs were developed to improve glycemic
control in patients with type-2 diabetes mellitus (T2DM) and were subsequently found to
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increase satiety in patients with obesity. Exendin-4 shares considerable sequence homology
with GLP-1 (Chakraborti, 2010). Exenatide (Byetta®) is a synthetic form of Exendin-4 (van
Bloemendaal et al., 2014), currently FDA approved for T2DM.

Clinical trials of exenatide for hyperglycemia/insulin resistance found unexpected “side
effect” of exenatide, weight loss (Amori et al., 2007; DeFronzo et al., 2005; van
Bloemendaal et al., 2014). Reductions in body mass index (BMI) were found to be
independent of effects on glucose (Dushay et al., 2012; Kelly et al., 2013).

In addition to “peripheral” actions mediated by vagal projections to the brain, GLP-1 is
synthesized in the brain (primarily by neurons of the nucleus tractus solitarius; NTS) where
it functions as a neuromodulator (Hayes et al., 2014; Holst, 2007; van Bloemendaal et al.,
2014). GLP-1 receptors are expressed in multiple nuclei, including the NTS, hypothalamus,
ventral tegmental area and nucleus accumbens, regions with important roles in energy
homeostasis, appetite regulation, and food and drug reward (Baggio and Drucker, 2014;
Chambers et al., 2003).

1.1. GLP-1 Receptor Agonism: A Pharmacotherapeutic Strategy for Cocaine Use

Disorder?

Recent preclinical research suggests a potentially important role for GLP-1 in drug-mediated
behaviors. For example, an emerging literature indicates that exendin—4 attenuates cocaine-
induced condition place preference (CPP), cocaine self-administration, and cocaine-primed
as well as cue-primed reinstatement of drug seeking during abstinence (Egecioglu et al.,
2013; Erreger et al., 2012; Graham et al., 2013; Harasta et al., 2015; Hernandez et al., 2018;
Hernandez et al., 2019; Schmidt et al., 2016; Sorensen et al., 2015). Interestingly, doses of
exendin-4 have been identified in cocaine-experienced rats that selectively reduce drug-
taking and drug-seeking and do not produce adverse feeding and malaise-like effects (i.e.,
nausea-like behavior in rodents as measured by their pica response) (Kanoski et al., 2012),
notable side effects of GLP-1 receptor agonists in humans and rodents (Hernandez et al.,
2018). In addition to preclinical studies showing the effects of GLP-1 receptor agonists on
cocaine-mediated behaviors, there are both human (Bouhlal et al., 2017) and rodent (You et
al., 2019) studies showing changes in the expression of different metabolic factors, including
GLP-1, in response to cocaine administration.

Taken together, these findings support a rationale for human studies designed to examine
whether the behavioral and/or subjective effects of cocaine are altered by exenatide in
individuals with CUD. We hypothesized that exenatide would attenuate cocaine taking and
the subjective effects of cocaine. We also explored how cocaine, in the presence or absence
of exenatide, influenced plasma levels of peripheral metabolic hormones of relevance to
food intake and glycemic control, including GLP-1, insulin, and amylin.

2. Material and methods

2.1 Participants

CUD participants were recruited through online and newspaper advertisements and word-of-
mouth referrals. After an initial telephone and in-person screening, eligible individuals were
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admitted to the Clinical Neuroscience Research Unit (CNRU) at the Connecticut Mental
Health Center (CMHC). To participate, non-treatment-seeking individuals needed to be in
good health as assessed by physical examination, electrocardiogram, and laboratory tests.
Other inclusion criteria were: 30 to 55 years old, self-reported use of intravenous or smoked
(crack/freebase) cocaine in excess of quantities used in the current study, detection of urine
benzoylecgonine upon screening, and meeting DSM-5 criteria for moderate to severe CUD.

Candidates were ineligible if they had less than a year of CUD, a lifetime history of a
primary DSM-5 major psychiatric diagnosis unrelated to cocaine use (as ascertained with
the Structured Clinical Interview for the DSM-5 (First et al., 2015)), or a history of
significant medical or neurological illnesses, a fasting glucose level <70 mg/dl, current use
of psychotropic and/or potentially psychoactive medications, known hypersensitivity to
exenatide, a history of or family history of medullary thyroid carcinoma or multiple
endocrine neoplasia syndrome type 2, and, for females, a positive serum hCG pregnancy test
or breastfeeding.

Study was registered on Clinical Trials.gov and all study-related procedures were approved
by the Yale University Human Investigation Committee (HIC) and performed in accordance
with the Declaration of Helsinki. Participants enrolled provided voluntary written informed
consent.

2.2. Study Design

The study was conducted between December, 2014 and July, 2018. Non-treatment-seeking
participants were admitted to the CNRU, an elective 12-bed, locked inpatient clinical
research unit, for the duration of their study involvement. Cocaine self-administration
sessions were conducted on the Yale Center for Clinical Investigation Hospital Research
Unit (HRU), located at Yale-New Haven Hospital (YNHH). The study examined effects of
acute administration of exenatide vs. placebo on behavioral (self-administration) and
subjective (self-reported euphoria/“high” and desire/“wanting”) effects of cocaine, using a
randomized, double-blind, crossover, within-subject design. Participants were paid for
participation.

2.3. Experimental Sessions

All participants partook in a cocaine training session prior to cocaine sessions (Figure 1A).
Cocaine administration was conducted under the auspices of Investigational New Drug
(IND) # 59,121 to the senior author. On the HRU, procedures on experimental training and
cocaine sessions were conducted as described previously (Angarita et al., 2010; Matuskey et
al., 2012), with the addition of a Yellow Spring Instrument (YSI) glucose analyzer to obtain
measures of plasma glucose every 10 minutes.

Training Session: The cocaine training session was identical to cocaine sessions (Figure
1B) with the exception of exenatide/placebo pre-treatment. The purpose of this session was
twofold: 1) to familiarize subjects with experimental study procedures; and, 2) to establish

subjects’ tolerability of intravenous cocaine at study doses.
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2.3.1. Exenatide / Placebo Administration.: An IND was not requested for exenatide as
the intention of the study was not to report to the FDA a clinical study in support of a new
indication for exenatide nor to support a significant change in the advertising of exenatide.
Participants received a single subcutaneous injection of exenatide (5 pg, 0.02 ml) or placebo
(saline, 0.02 ml) 3 hours before cocaine self-administration, on the mornings of the
experimental cocaine sessions (Figure 1C). To minimize risks of hypoglycemia, subjects
were allowed to drink clear liquids with sugar 2 hours before cocaine administration.

2.3.2. Safety Eligibility and Drug-Drug Interaction (DDI) Phase.: The first phase of
each experimental session consisted of a 60-minute period of three sequential nurse-initiated
(via PCA pump) single-bolus injections of intravenous cocaine administered every 20
minutes as a fixed-order, ascending dose regimen of 4, 8, and 16 mg/70 kg. This phase was
called the safety eligibility phase on the training day as it minimized chances of unsafe
cardiovascular responses by establishing the subject’s ability to tolerate cocaine doses
(Matuskey et al., 2012). On experimental cocaine sessions, it consisted of a drug-by-drug
interaction phase (DDI) focused on potential interactions between exenatide (or placebo)
and cocaine. The DDI phase began approximately two hours after study medication.

2.3.3. Self-Administration Phase.: The DDI phase was immediately followed by a 90-
minute period of cocaine self-administration, during which intravenous cocaine (16 mg/
70kg/bolus) was available to participants under a fixed-ratio 1:5-minute time-out (FR1:5
Min TO) schedule (i.e., a press of the PCA pump button produced a single cocaine infusion,
except during ensuing 5-minute factory-set lockout periods) (Figure 1C). Participants were
able to receive up to a total of 18 cocaine doses (16 mg/70kg each dose) per each self-
administration phase.

2.4. Measures

2.4.1. Primary Outcomes—Behavioral outcomes consisted of number of “infusions”
(button presses associated with a cocaine injection) and subjective effects using
computerized VAS self-ratings (i.e., euphoria or “high” and craving/desire for cocaine
or“wanting cocaine”).

2.4.2. Secondary Outcomes

2.4.2.1. Hormonal: Blood samples for hormones (GLP-1, insulin, and amylin) were
obtained at baseline (prior to cocaine administration or time 1), after the first fixed
intravenous bolus of cocaine during DDI phase (time 2), and at the end of the cocaine self-
administration session (time 3). Peptide levels were analyzed with commercially available
ELISA kits from MiliporeSigma.

2.4.3. Safety Measures—Laboratory measures of pancreatic and renal function
(amylase, lipase, creatinine) were collected before and after study procedures. Plasma
glucose levels were measured every 10 minutes during cocaine sessions. Clinician and
patient versions of the UKU Side Effect Rating Scale (Lindstrom et al., 2001; Lingjaerde et
al., 1987) were administered daily.
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2.5. Data Analysis

Analyses were performed with SAS, version 9.4 (Cary, NC). Behavioral and subjective
effects were analyzed using linear mixed models with drug (exenatide, placebo) as a within-
subjects factor. Hormone levels were analyzed using mixed models with drug (exenatide,
placebo) and time (baseline, post bolus, post cocaine-self-administration) included as
within-subjects factors. The drug-by-time interaction effect was also modeled. Effects of
sequence were tested but not significant and dropped for parsimony. In the above mixed
models, correlations of repeated measures within individuals were modeled using structured
variance-covariance and/or random subject effects. The best-fitting model was selected
based on information criteria.

3. Results
3.1. Demographics

Thirty-eight individuals were screened in person (Figure 2). Of these, 16 were found eligible
and 13 completed study procedures (Table 1). There were missing data for one subject for
hormone levels. Some hormone levels were below standard curves (too low to be detected).

3.2. Behavioral Outcomes

Pre-treatment with exenatide (8.5 + 1.2) did not change numbers of infusions in comparison
to pre-treatment with placebo (9.1 + 1.2) (F(1, 12)=0.76, p=0.39) (Figure 3).

3.3. Subjective Outcomes

Exenatide did not change primary subjective outcomes of cocaine-induced subjective effects
of euphoria/“high” (4.4 £ 0.8 vs. 4.0 + 0.8; F(1, 12)=1.73, p=0.21) (Figure 4A) nor wanting
cocaine (5.5+ 0.9 vs. 5.4 £0.9; F(1, 12)=0.58, p=0.46), compared to placebo (Figure 4B).

3.4. Hormones

Pre-treatment with exenatide had an effect on levels of GLP-1 (F(1, 55)=4.65, p=0.03) and
insulin (F(1, 55)=5.69, p=0.02), but not amylin (F(1, 50)=1.17, p=0.28). Both GLP-1 and
insulin were lower following exenatide during cocaine self-administration (GLP-1=22.6+3.3
pg/ml; insulin=9.5+1.4 ulU/ml) as compared to placebo during cocaine self-administration
(GLP-1=26.6+4.3; insulin=13.8+2.1 ulU/ml). Main effects of time indicated overall
decreases related to cocaine administration for GLP-1 (F(2, 55)=18.43, p<0.0001), insulin
(F(2, 55)=14.91, p<0.0001), and amylin (F(2, 50)=14.82, p<0.0001) levels. No exenatide-
by-time interactions were observed (Supplementary Table 1; Supplementary Figure 1).

3.5. Safety Measures

There were no serious adverse events. Pre-treatment with exenatide (92.1 + 2.3 mg/dl) did
not change glucose levels in comparison to placebo (92 + 1.8 mg/dl) (F(1, 12)=0.01, p=0.92)
(Supplementary Figure 2). The lowest glucose measurement after exenatide was 61 mg/dl
(which normalized to 73 mg/dl after 10 minutes), and the lowest glucose measurement after
placebo was 74 mg/dl. Exenatide did not produce hypoglycemia in any subject during
cocaine sessions.
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4. Discussion

The current study is the first to examine effects of a GLP-1 receptor agonist on the
behavioral and subjective effects of cocaine in people with CUD. This is also the first human
study to examine effects of exenatide and cocaine self-administration on GLP-1, insulin, and
amylin levels. In contrast to preclinical studies in rodents, exenatide administered at a
clinically relevant (anti-diabetic) dose did not alter cocaine-related behaviors (infusions) or
subjective effects (euphoria and wanting cocaine) in people with CUD. While this small
pilot study suggests that exenatide has no efficacy in reducing cocaine self-administration in
humans, there are multiple limitations that should be considered when interpreting these
findings and designing follow-up studies.

The main limitations include using a single low dose of exenatide instead of higher doses
and/or subchronic treatment, as higher doses could have led to the potential significant
effects and aditionally subchronic treatment may have achieved stable exenatide levels more
likely to impact cocaine effects. A second main limitation is the cocaine administration
paradigm (i.e., having a drug-drug interaction [DDI] phase before self-administration may
not entirely resemble how humans consume cocaine in a natural environment; only one dose
of cocaine 16mg/70 kg was studied; and there was no access to “placebo cocaine” similar to
preclinical studies examining behavior in response to a vehicle in addition to active cocaine).
A third limitation involves the limited generalizability of results as the sample was
composed of mainly Black men who heavily used cocaine and who were not seeking
treatment. For instance; in other substance use disorders, such as nicotine dependence,
motivation to quit has been found to be associated with successful attempts (Caponnetto and
Polosa, 2008) and treatment efficacy (Ashare et al., 2012; Hughes et al., 2011). It is possible
that the efficacy of GLP-1 receptor agonists in humans with CUD depends on whether
individuals are seeking treatment.

A fourth limitation includes inter-species differences between preclinical and clinical data
(i.e. levels of medication attained or environmental complexities between preclinical and
clinical models (Regier et al., 2020; Roberts et al., 2007).

The half-life of exenatide is 2.4 hours and time to peak plasma concentration is 2.1 hours.
Since behavioral testing occurred 3 hours after exenatide infusion, future studies should
consider higher doses, subchronic pre-treatment and/or alternative GLP-1 receptor agonists
with longer half-lives as a means to fully interrogate the potential of GLP-1
pharmacotherapies for CUD. Notably, once weekly GLP-1 analogues, such as semaglutide
or dulaglutide, may be more suitable in terms of adherence in patients with substance use
disorders.

It is also not clear whether these results may generalize to other GLP-1 receptor agonists,
which are known to have different pharmacokinetic profiles, molecular structures, and
central actions. Clinical trials using GLP-1 receptor agonists in T2DM and obesity have
shown differences in efficacy (Madsbad, 2016). There are currently ongoing studies of
GLP-1 receptor agonists for other substance use disorders (Antonsen et al., 2018; Yammine
et al., 2018), with some trials using repeated administration of the 5 microgram dose of
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immediate-release exenatide for heavy drinking and liraglutide at 3 mg per day for opioid
use disorder and tobacco use disorder. Results from these trials will help ascertain to what
extent different doses, formulations and time courses of administration of GLP-1 receptor
agonists may prove beneficial in helping people with substance use disorders including
CUD.

Exenatide and cocaine each reduced plasma levels of both GLP-1 and insulin, and cocaine
also reduced amylin levels. These results are consistent with clinical studies that showed that
one to three doses of experimenter-administered intravenous injections of cocaine reduced
both GLP-1 and insulin levels (Bouhlal et al., 2017; Rott et al., 2008), with trend reductions
observed for amylin (Bouhlal et al., 2017). Interestingly, reductions of GLP-1, insulin, and
amylin following cocaine administration are in contrast to the effects of cocaine on appetite
for food (i.e., these three hormones are anorexigenic and cocaine suppresses appetite)
(Camilleri, 2015; Ersche et al., 2013; Suzuki et al., 2010). Although this exploratory study
showed reductions of the anorexigenic hormones GLP-1, insulin, and amylin after cocaine
self-administration (Camilleri, 2015; Suzuki et al., 2010), it is still unknown whether cocaine
self-administration affects other hormones such as ghrelin, which stimulates appetite for
food and drugs (Bouhlal et al., 2017).

To the best of our knowledge, this is the first clinical study in cocaine-experienced subjects
showing lower GLP-1 and insulin levels after administration of exenatide during cocaine-
self administration. GLP-1 agents increase insulin secretion in a glucose-dependent fasion.
Baseline values of both insulin (Supplementary Figure 1) and glucose (Supplemental Figure
2) likely reflect the preemptive intake of sugar containig liquids (to minimize risk of
hypoglycemia), preceding cocaine administration. Glucose increased in response to cocaine
self-administration on both the placebo and exenatide day (Supplemental Figure 1),
potentially due to the known effect of cocaine to increase cortisol levels (not measured)
(Heesch et al., 1995). As we did not see a glucose-lowering effect of the exenatide, the dose
may have been too low to show a significant effect, or perhaps cocaine effects on cortisol
had a stronger influence. However; other studies of appetitive behaviors showed reduction in
weight independent of hypoglycemic effects (Dushay et al., 2012; Kelly et al., 2013). Since
glucose levels did not differ between the two groups, a difference in terms of insulin levels
between the two arms would not be expected. Therefore, it is difficult to conclude with
certaintly that the observed differences in insulin levels are a reflection of cocaine or
exenatide, or an interplay of several factors (e.g., intake of different amounts of sugar
containing fluids preceding exenatide vs. placebo or different endogenous levels of GLP-1).
The extent to which these and other possible mechanisms are operating concomitantly in
subjects with CUD warrants more investigation.

In conclusion, while we found no evidence that a single low dose of exenatide influences
cocaine self-administration or cocaine-induced subjective effects in the current model,
multiple study limitations preclude us from drawing firm conclusions on the efficacy of
GLP-1 in CUD treatment. With regard to metabolic factors, cocaine significantly lowered
levels of GLP-1, insulin, and amylin, suggesting that these satiety signals may be
physiologicaly relevant for CUD.
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Highlights

. The effects of a GLP-1 agonist (exenatide) on behavioral and subjective
effects of cocaine were examined

. All subjects participated in a self-regulated cocaine self-administration
paradigm

. Exenatide had no effect on administration and subjective effects of cocaine

. Both exenatide and cocaine decreased levels of GLP-1 and insulin
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Overall Study Design

1B.
Training Session

Cocaine Cocaine
Session  Session
#1 #2

! Voo

Training
Session

Day0 Day 1 Day 2

Safety-Eligibility
Phase

Cocaine 4, 8, 16 mg IV

Page 14

| Self-Administration Phase

Cocaine 16 mg IV
(FR1: 5 min TO)

(F1 20 min)
Vol ob RV
Pretreatment | | DDI Phase | | Self-Administration Phase |
1C. Exenatide 5 pug SQ

Cocaine Session

Vs.

Cocaine 4, 8, 16 mg IV

Cocaine 16 mg IV

Placebo (Saline) (F120 min) (FR 1: 5 min TO)
| Voboob PV
- Time (min)

Figure 1. Study Design, Training, and Cocaine Sessions
1A: Subjects participated in 3 experimental, human laboratory, sessions. Sessions were

separated by > 36 hours.
1B: The training session consisted of a safety-eligibility and a self-administration phase. The
safety-eligibility phase consisted of a 60-minute, fixed-order, fixed-interval (FI; 20 min),
ascending-dose regimen of three, sequential, intravenous (V) cocaine boluses (4, 8, and 16
mg/70 kg). The self-administration phase consisted of a 90-minute period of self-regulated
(“binge”), 1V cocaine administration (16 mg/70kg/infusion) under a fixed-ratio 1, 5-min

time-out (FR1:5minTO) schedule.

1C: Cocaine sessions were identical to the training session with the exception that they were
preceded by pre-treatment with exenatide or placebo. As a result, the safety eligibility phase
is called the Drug-Drug Interaction (DDI) phase.
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Age <30 or > 55 yrs old (19) Telephone Screenings (192)
Exclusionary medical/other
drug use (40)

Not interested/not using (37)
Intranasal use only (21)

* Exclusionary medical/other drug Use (19) In-Person Screenings (38)

* Passed screening but did not present to ii
admission (3)
* Discharged after just

ing training day (1)

Completed Study Procedures (13)

Figure 2. CONSORT Flow Diagram
Flow diagram of the progress from telephone screening to completion of study procedures
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Figure 3. Behavioral Effects
Number of infusions after acute pre-treatment with exenatide vs. placebo. Error bars

represent standard errors of the mean.
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Figure 4. Subjective Effects

4A: Self-reported VAS scores for euphoria after acute pre-treatment with exenatide vs.

placebo. Error bars represent standard errors of the mean.

Acute Placebo

4B: Self-reported VAS scores for wanting cocaine after acute pre-treatment with exenatide

vs. placebo. Error bars represent standard errors of the mean.
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Table 1.

Demographics

Number of Participants 13

Age (mean * SD) 45+7

Sex (Female: Male) 1:12

Race (AA:WH:W) 10:1:2

Years of education (mean + SD) 12+1

Body mass index (mean + SD) 28+4

Lifetime years of cocaine use (mean * SD) 22+10

Dollar amount of money spent per day of cocaine use (mean + SD) | 98 51

Days of cocaine use per month (mean + SD) 19+9

Demographic features of subjects who completed the study

AA = African American; WH = White Hispanic; W = White
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