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Abstract

Given that the search for effective pharmacotherapies for cocaine use disorder has, thus far, been
fruitless, there remains a critical need for conceptually innovative approaches toward identifying
new medications to treat this disease. A better understanding of the neurocircuits and
neurobiological mechanisms underlying cocaine taking and seeking may identify molecular
substrates that could serve as targets for novel pharmacotherapies to treat cocaine use disorder.
Recent preclinical evidence suggests that glucagon-like peptide-1 (GLP-1) receptor agonists could
be re-purposed to treat cocaine craving-induced relapse. This review endeavors to
comprehensively summarize the current literature investigating the efficacy of GLP-1 receptor
agonists in reducing the rewarding and reinforcing effects of cocaine in animal models of cocaine
use disorder. The role of central endogenous GLP-1 circuits in voluntary cocaine taking and
seeking is also discussed. Behavioral, neurochemical, electrophysiological and molecular biology
studies indicate that central GLP-1 receptor activation functionally modulates the mesolimbic
reward system and decreases addiction-like phenotypes in rodents. Overall, an emerging
preclinical literature provides compelling evidence to advance GLP-1 receptor agonists into
clinical trials testing the efficacy of these medications in preventing cocaine craving-induced
relapse.
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1. Introduction

1.1 Cocaine Use Disorder

Cocaine use disorder continues to be a significant public health concern in the United States
with approximately 5.9 million Americans (2.2% of the population) aged 12 years or older
reporting having used cocaine in the past year [1]. Recent epidemiological data indicate that
the prevalence of cocaine use is increasing [2]. For example, ~2% of all young adults (18-25
years of age) were classified as current users of cocaine in 2017, the highest rate reported for
this age group in the past 10 years [1]. One hallmark of cocaine use disorder is the high rate
of relapse following detoxification [3, 4]. Unfortunately, there are no FDA-approved
medications to treat cocaine craving-induced relapse despite decades of focused preclinical
and clinical research that have advanced our understanding of the anatomical, neurochemical
and molecular bases of drug addiction [4, 5]. Thus, there is a clear need for innovative
research aimed at identifying novel neurobiological mechanisms underlying cocaine
addiction and new therapeutic drug targets to treat this disease.

1.2 Animal Models of Cocaine Use Disorder

Preclinical studies utilizing rodent models of addiction-like behaviors are critical towards
identifying molecular substrates that could serve as targets for novel pharmacotherapies
aimed at preventing or reducing relapse in human cocaine addicts. The conditioned place
preference (CPP) paradigm is a popular behavioral model used to study the rewarding
effects of drugs of abuse [6, 7]. Drug-induced CPP is rooted in classical Pavlovian
conditioning and reflects a preference (or avoidance) for a context based on the contiguous
pairing of the context with drug delivery. In the CPP paradigm, the rewarding properties of a
drug serve as an unconditioned stimulus (US) that is repeatedly paired with a neutral set of
environmental stimuli which acquire, during the conditioning phase, secondary rewarding
properties such that these stimuli now function as conditioned stimuli (CS). In subsequent
CPP tests, CS exposure in the absence of the US elicits either a preference or aversion for a
previously drug-paired environment depending on whether the US produced primary
motivational properties that were rewarding or aversive, respectively [6, 7]. Thus, CPP
measures drug-induced learned associations that are fundamentally distinct from voluntary
drug taking. However, it is important to note that CPP lacks face validity as a model of drug
reward in humans [7].

Cocaine craving and relapse of drug-taking behavior in abstinent human addicts are
precipitated by three major stimuli: stressful life events, re-exposure to environmental cues
previously associated with drug taking, and re-exposure to the previously self-administered
drug itself [8-11]. Craving-induced relapse of drug taking/seeking in humans is typically
modeled in laboratory animals as follows: after a period of drug self-administration and the
subsequent extinction of the drug-reinforced operant behavior, the ability of stress exposure,
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drug-associated stimuli, or re-exposure to the drug itself to reinstate drug-seeking behavior
is assessed [12-14]. For example, after extinction of cocaine self-administration,
administration of relatively low doses of cocaine reinstate operant responding in the absence
of drug reinforcement in both non-human primates and rodents [8, 15-17]. As the most
commonly used animal model of relapse, the reinstatement model has proven invaluable for
elucidating the neural circuits and neurobiological mechanisms underlying cocaine-seeking
behavior [18, 19].

1.3 Neurocircuitry Mediating the Rewarding and Reinforcing Efficacy of Cocaine

Cocaine functions, in part, as a non-selective biogenic amine transporter inhibitor that binds
to and inhibits dopamine, serotonin and norepinephrine transporters [20]. Biogenic amine
transporters are directly coupled to transmembrane Na*/CI~ gradients and convey
neurotransmitters from the extracellular space into the presynaptic nerve terminal [21].
Indeed, the primary mechanism by which dopamine, serotonin and norepinephrine signaling
is inactivated in the brain is through high-affinity transporter-mediated uptake [21]. Thus,
cocaine’s main pharmacological mechanism of action in the brain is to increase extracellular
concentrations of dopamine, norepinephrine and serotonin resulting in enhanced
transmission of these biogenic amines.

Drugs of abuse including cocaine produce their reinforcing effects through actions in the
mesolimbic reward system, a circuit of functionally and anatomically interconnected nuclei
that are responsible for the influence of motivational, emotional, contextual and affective
information on behavior [18, 22]. Limbic nuclei, including the amygdala, hippocampus, and
medial prefrontal cortex (mPFC), send major glutamatergic projections to the nucleus
accumbens, which functions as a hub integrating this information with midbrain dopamine
innervation that encodes motivational information pertaining to the rewarding and
reinforcing properties of drugs of abuse [23]. The nucleus accumbens is broadly divided into
two main subregions, the accumbens shell and core [24]. The nucleus accumbens sends
segregated efferent GABAergic projections to the ventral pallidum and ventral tegmental
area (VTA)/substantia nigra [24, 25]. Both the ventral pallidum and VTA, in turn send
GABAergic efferent projections to the medial dorsal thalamus. Glutamatergic projections
from the medial dorsal thalamus to the mPFC close this limbic circuit [26-28].
Dopaminergic neurons in the VTA innervate the nucleus accumbens, amygdala,
hippocampus, mPFC, and ventral pallidum, and changes in dopaminergic transmission play
a critical role in modulating the flow of information through the mesolimbic reward system
[29-32]. Thus, excitatory input from cortical and subcortical structures to the nucleus
accumbens is filtered and integrated by dopamine-mediated mechanisms, thereby shaping
information output to the basal ganglia [18].

Midbrain dopamine neurons exhibit distinctive firing patterns including occasional, high-
frequency trains of action potentials known as bursts [33, 34]. Bursts of action potentials
from midbrain dopamine neurons and their associated release of dopamine in target nuclei
are collectively termed “phasic” dopamine signaling [35]. Phasic burst firing of midbrain
dopamine neurons and subsequent phasic release of dopamine in the nucleus accumbens are
key neurophysiological mechanisms that implicate mesolimbic dopamine signaling as
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critical for goal-directed behaviors including drug reinforcement [36-41]. Phasic
mesolimbic dopamine signaling is thought to reinforce learned associations between
predictive stimuli and primary reward [39, 42]. Based on a large literature examining reward
prediction error, phasic dopamine is commonly referred to as a “teaching” signal that
functionally regulates motivational aspects of behavior [35, 43, 44]. Phasic dopamine
signaling is also believed to play an important role in the incentive-sensitization theory of
addiction [for further review, please see 45, 46, 47].

The reinforcing effects of cocaine are primarily dependent upon activation of the mesolimbic
dopamine system [22, 48, 49]. Dopaminergic projections from the VTA to limbic nuclei
including the nucleus accumbens play a critical role in cocaine self-administration and the
reinstatement of cocaine-seeking behavior [19, 22, 49-51]. Additionally, recent studies have
begun to examine how the mesolimbic dopamine system is modulated by downstream
nuclei. For example, regions such as the lateral septum, laterodorsal tegmental nucleus
(LDTQ), habenula, and lateral hypothalamus project to the VTA and regulate cocaine-
mediated behaviors by modulating dopamine transmission in midbrain and forebrain nuclei
[52-58].

In addition to regulating drug craving and relapse, the mesolimbic dopamine system also
plays an important role in regulating the hedonic value of food and consequently behaviors
directed towards the consumption of food [59-62]. Moreover, the neurobiological
mechanisms underlying food intake and drug seeking overlap to a degree [63]. For example,
neuropeptide-mediated signaling in the VTA plays a key role in modulating mesolimbic
dopamine transmission and the rewarding properties of both food and drugs of abuse [61,
63]. These findings suggest that the same biochemical and molecular mechanisms that play a
role in the control of food intake may also influence voluntary drug taking and seeking.
Indeed, the idea that shared neural mechanisms regulating both food intake and drug seeking
has informed basic science approaches toward identifying novel pharmacotherapies for drug
addiction.

1.4 Metabolic Factors Regulate the Mesolimbic Reward System and Food Intake

Identifying endogenous modulators of the mesolimbic reward system may provide new
targets for drug discovery programs aimed at developing novel medications to treat obesity
and substance use disorders [61, 64]. Over the last two decades, it has become clear that
peripheral and central homeostatic regulators of hunger, satiety and body weight interact
with and influence the mesolimbic reward system [63, 65, 66]. These metabolic factors
regulate the mesolimbic reward system directly by stimulating or inhibiting VTA dopamine
neurons through cognate receptors or indirectly through downstream nuclei projecting to the
VTA [67-71]. Indeed, metabolic factors such as insulin, leptin, glucagon-like peptide-1
(GLP-1) and amylin inhibit VTA dopamine neurons and decrease food intake [64, 72].
Furthermore, central administration of both leptin and insulin are known to decrease striatal
dopamine release as well as act directly on dopamine neurons to regulate food intake [68,
73-75]. In contrast, the feeding hormone ghrelin promotes ad /ibitum food intake through
actions on ghrelin receptors expressed in the VTA and nucleus accumbens [76, 77]. The
effects of ghrelin on mesolimbic dopamine signaling and food intake, however, are complex.
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For example, infusions of ghrelin directly into the VTA, but not the nucleus accumbens,
increase food motivated behaviors (i.e. operant responding for food) adding further
complexity to how the mesoaccumbens dopamine system integrates feeding signals [71, 78,
79]. These divergent effects may be due to poly-synaptic connections between feeding-
relevant nuclei as infusions of ghrelin directly into the lateral hypothalamus, but not VTA,
potentiate phasic dopamine release in the nucleus accumbens in response to food reward and
food-predictive cues [80, 81]. Based on their ability to modulate the mesolimbic reward
system, it has been hypothesized that metabolic factors may regulate non-drug motivated
behaviors including addiction-like phenotypes [82, 83].

1.5 Glucagon-like Peptide-1 (GLP-1)
Glucagon-like peptide-1 (GLP-1) is an incretin hormone and satiation factor that is released
predominantly from L cells of the small intestine and neurons in the nucleus tractus
solitarius (NTS) of the caudal brainstem [65, 84, 85]. GLP-1 is the primary posttranslational
product of the preproglucagon (PPG) gene [86, 87]. PPG-expressing neurons in the NTS are
the primary central source of GLP-1 and these neurons project to many midbrain and
forebrain areas including those implicated in goal-directed behaviors (e.g., VTA and nucleus
accumbens) [67, 88, 89]. Peripheral GLP-1 has a relatively short plasma half-life of ~2
minutes in both humans and rodents as it is rapidly degraded by the enzyme dipeptidyl
peptidase-1V (DPP-1V), which is highly expressed in tissue compartments throughout the
body including the central nervous system [90-93]. The GLP-1 receptor is a G-protein
coupled receptor that is expressed on both pre- and post-synaptic sites throughout the brain
[84, 88, 94]. The GLP-1 receptor couples to different G proteins, including Gs, Gq, and Gi
subunits, that stimulate or inhibit intra-cellular second messenger systems [95-97].
However, most intra-cellular signaling is initiated predominately by Gs subunits [97].
Studies have shown that activation of GLP-1 receptors increases intracellular calcium levels
and activity of downstream signaling molecules such as adenylate cyclase, phospholipase C
(PLC), protein kinase A (PKA), protein kinase C (PKC), phosphoinositide 3-kinase (PI3K)
and mitogen-activated protein kinase (MAPK) [84, 94, 98].

GLP-1 plays an important role in energy homeostasis and food intake in both humans [99,
100] and animal models [101, 102]. Activation of GLP-1 receptors produces a number of
physiological responses including increased insulin secretion from pancreatic p-cells,
inhibition of gastric emptying and reduced food intake [84, 103-106]. With regard to energy
homeostasis, GLP-1 receptor agonists reduce food intake, in part, by activating central
GLP-1 receptors [104, 107, 108]. Based on their ability to regulate blood glucose levels,
food intake and body weight, GLP-1 receptor agonists are FDA-approved for the treatment
of type Il diabetes mellitus [106] and obesity [109].

Of interest to the drug addiction field is a body of research showing that GLP-1 receptor
activation influences the hedonic value of palatable food by direct modulation of the
mesolimbic reward system [66]. GLP-1-producing neurons in the NTS send monosynaptic
projections to the VTA and nucleus accumbens and direct infusions of GLP-1 receptor
agonists into these brain regions have been shown to reduce consumption of palatable food
[66, 67, 94, 110-112]. Interestingly, some of these studies identified intra-cranial doses of
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GLP-1 receptor agonists that selectively reduced intake of palatable food but not intake of
normal chow [67, 110]. These findings indicate that activation of GLP-1 receptors in the
mesolimbic reward system selectively modulates the hedonic value of food and not
homeostatic feeding [82]. Given that the reinforcing effects of drugs of abuse, including
cocaine, are regulated by neural circuits that include the VTA and nucleus accumbens, these
findings suggest that central GLP-1 receptor activation may also reduce non-feeding
motivated behaviors including drug taking and seeking. Indeed, an emerging body of
evidence reviewed below highlights a novel role for central GLP-1 receptor-expressing
circuits in regulating the reinforcing efficacy of cocaine and the behavioral mechanisms
underlying cocaine taking-and seeking-behaviors.

2. GLP-1 Receptor Agonist Efficacy in Animal Models of Cocaine Use

Disorder

Emerging evidence indicates that GLP-1 receptors play an important role in preclinical
models of substance use disorder and that systemic administration of GLP-1 receptor
agonists reduces the rewarding and reinforcing effects of drugs of abuse [83]. Indeed, a
growing literature has investigated the effects of GLP-1 receptor activation on cocaine-
mediated behaviors as described below and summarized in Table 1.

2.1 Systemic Administration of a GLP-1 Receptor Agonist Attenuates Cocaine-Mediated

Behaviors

Initial studies showed that systemic administration of a GLP-1 receptor agonist attenuated
psychostimulant-induced conditioned place preference (CPP) and that these effects were
associated with reduced extracellular dopamine levels in the nucleus accumbens of mice
[113, 114]. Cocaine-induced CPP was significantly decreased in mice pretreated with
exendin-4 (10.0, 30.0 and 100.0 pg/kg, i.p.) compared to vehicle-treated controls [114].
Consistent with these effects, another study found that a lower dose of exendin-4 (2.4 ug/kg,
i.p.) attenuated cocaine-induced CPP in mice [113]. Together, these results indicate that
peripheral administration of a GLP-1 receptor agonist is sufficient to reduce the rewarding
effects of cocaine. The efficacy of exendin-4 in reducing voluntary cocaine taking has also
been examined. Systemic administration of exendin-4 (30.0 and 100.0 pg/kg, i.p.)
significantly decreased tail-delivered cocaine in restrained mice oriented toward a single
nose poke aperture during a single self-administration session [115]. In a repeated self-
administration paradigm that used freely moving mice with jugular catheters, exendin-4 (10
ug/kg, i.p.) pretreatment shifted the cocaine dose-response curve downward by decreasing
the total number of infusions earned for various unit doses of cocaine, suggesting a decrease
in the reinforcing efficacy of cocaine [116]. However, caution is warranted when interpreting
findings from these studies. Systemic doses of exendin-4 (2.4 — 30.0 pg/kg) have been
shown to reduce the locomotor activating effects of cocaine [113, 115]. Therefore, it is
possible that the effects of exendin-4 on cocaine CPP and self-administration in restrained
and freely moving mice are due to suppression of locomotor activity and not specific effects
on drug reward and reinforcement, respectively. Indeed, doses of exendin-4 as low as 0.3
nag/kg suppress locomotor activity in both mice and rats [116-118]. This potential limitation
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is further highlighted by reduced self-administration of all unit doses of cocaine on both the
ascending and descending limbs of the cocaine dose-response curve in mice [116].

Another notable caveat to the above studies is the exceedingly high doses of exendin-4
tested have been shown to produce nausea and malaise-like symptoms in addition to
suppressing locomotion Doses of exendin-4 as low as 0.25 ug/kg produce nausea/malaise in
rodents [119]. These results clearly indicate that doses of exendin-4 greater than 0.25 pg/kg
produce malaise-like adverse effects associated with high doses of peripherally administered
GLP-1 receptor agonists in humans [120]. Since the doses of exendin-4 (2.4 — 100.0 pg/kg)
shown to reduce cocaine CPP and self-administration are likely producing malaise-like
effects in mice, it is impossible to draw firm conclusions about the exact role of GLP-1
receptors in addiction-like behaviors from these previous studies [113-115].

Administration of a GLP-1 receptor agonist during abstinence following cocaine self-
administration is sufficient to reduce cocaine-seeking behavior in rats. Specifically, systemic
administration of exendin-4 (0.1 and 0.2 pg/kg, i.p.) significantly attenuated the
reinstatement of drug-seeking behavior elicited by both a priming injection of cocaine and
re-exposure to conditioned cues previously paired with cocaine taking [121]. Importantly,
these doses of exendin-4 did not affect ad /ibitum food intake (cumulative chow intake, meal
size or meal frequency) or body weight in cocaine-experienced rats [121]. Moreover, these
behaviorally-relevant doses of exendin-4 do not produce nausea/malaise-like adverse effects
in rodents [119] further highlighting the selectivity of this behavioral response at these
doses. This is the first study to our knowledge identifying systemic doses of a GLP-1
receptor agonist that selectively attenuate cocaine-mediated behaviors and do not produce
adverse effects commonly associated with higher doses in rodents. The translational
implications of these findings are profound in that they support potential therapeutic
approaches toward the specific use of GLP-1 receptor agonists for the treatment of cocaine
craving and relapse. These findings are also provocative in that they suggest that drug and
non-drug motivated behaviors can be differentially modulated by GLP-1 receptor activation
in a cocaine-experienced animal.

2.2 Potential Mechanisms Underlying the Effects of Systemic GLP-1 Receptor Agonists
on Cocaine-Mediated Behaviors

The suppressive effects of systemic GLP-1 receptor agonists on cocaine-mediated behaviors
are due, in part, to activation of GLP-1 receptors in the brain. Microdialysis experiments in
mice have shown that peripheral infusions of exendin-4 (2.4 and 30.0 pg/Kkg, i.p.)
significantly decrease cocaine-evoked dopamine release in the nucleus accumbens and the
dorsal striatum [113, 116]. Moreover, systemic exendin-4 (30.0 ug/kg, i.p.) attenuated
dopamine D1 receptor agonist-mediated hyperlocomotion, which suggests that the
suppressive effects of GLP-1 receptor agonists on cocaine-mediated behaviors may be due to
inhibition of dopamine D1 receptor signaling in the ventral striatum [115]. Further support
for this hypothesis comes from studies showing that systemic exendin-4 blocks cocaine-
induced c-fos expression in the striatum [115]. Taken together, these findings suggest that
exendin-4 attenuates cocaine reward and reinforcement by reducing dopamine signaling in
the striatal complex. A recent study expands these findings and showed that systemic
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administration of exendin-4 (1.0 and 30.0 pg/kg, i.p.) attenuated cocaine-evoked dopamine
release in the lateral septum [122], a nucleus known to regulate cocaine-mediated behaviors
through its connections with the VTA [123, 124]. Interestingly, lower doses of exendin-4
(1.0 pg/kg in mice and 0.01 pg/kg in rats) had the same magnitude of effect as higher doses
(30.0 pg/kg in mice and 1.0 pg/Kkg in rats) in reducing cocaine-evoked dopamine release in
the lateral septum [122]. Together with previous data identifying behaviorally-selective
doses of exendin-4 that reduce cocaine seeking, these studies indicate that lower doses of
exendin-4 reduce cocaine-evoked dopamine release, do not impact feeding and do not
induce malaise-like effects in cocaine-experienced rats [121]. Thus, future studies should
utilize behaviorally-selective doses of exendin-4 that attenuate drug-evoked dopamine
release when elucidating the neural mechanisms that cause these effects.

The mechanisms by which peripheral GLP-1 receptor agonists reduce cocaine-evoked
dopamine release in the brain remain unclear. A recent study showed that application of
GLP-1 ex vivo upregulates dopamine transporter (DAT) surface expression and increases
dopamine uptake in the lateral septum [122]. These results suggest that GLP-1 receptor
activation may decrease the duration of dopamine signaling in the synapse following cocaine
exposure by enhancing dopamine reuptake into presynaptic terminals [122]. These effects
were associated with decreased levels of the retrograde messenger endocannabinoid 2-
arachidonylglycerol (2-AG) and its cleaved form arachidonic acid in the lateral septum
[122]. Since cannabinoid CB1 receptor antagonists decrease the reward effects of cocaine
(analogous to reduced 2-AG levels) and arachidonic acid reduces function of the dopamine
transporter [125, 126], these findings suggest that GLP-1 receptor activation enhances
dopamine uptake in the lateral septum by decreasing arachidonic acid levels, which may
reduce cocaine-evoked increases in lateral septum dopamine levels as well as cocaine-
mediated behaviors [122]. It is important to note, however, that this mechanism may only be
specific to the lateral septum due to exendin-4 treatment failing to decrease 2-AG and
arachidonic acid levels in the striatum [122]. Additionally, the functional significance of
reduced 2-AG and arachidonic acid levels in cocaine-mediated behaviors has not been
determined. It should also be emphasized that these studies only examined the effects of
GLP-1 receptor activation on an acute injection of cocaine. It remains to be determined
whether similar neural mechanisms mediate the behavioral effects of GLP-1 receptor
agonists in drug-dependent animals that have been stably self-administering cocaine for a
prolonged period of time. Finally, although strong evidence indicates that the suppressive
effects of GLP-1 receptor agonists on cocaine-mediated behaviors are due to reduced
dopamine signaling in the brain, further studies are needed to elucidate the exact
mechanisms by which systemic GLP-1 receptor agonists modulate neural activity.

3. Central GLP-1 Receptor Activation Attenuates Cocaine-Mediated

GLP-1 receptors are expressed throughout the brain including nuclei known to play
important roles in voluntary cocaine-taking and -seeking behaviors [19, 55, 82, 88, 127].
This section highlights the current literature examining the role of GLP-1 receptors in
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discrete brain regions in cocaine-mediated behaviors (see Table 1 for a comprehensive list of
these studies).

3.1 Ventral Tegmental Area

The first study examining the role of central GLP-1 receptors in voluntary cocaine taking
showed that activation of GLP-1 receptors in the VTA was sufficient to attenuate cocaine
self-administration in rats. Intra-VTA infusions of exendin-4 dose-dependently reduced
cocaine taking in rats responding on a progressive ratio (PR) schedule of reinforcement
[128]. Exendin-4 pretreatment in the VTA shifted the cocaine dose-response curve
downward for all unit doses of cocaine in rats responding on a PR schedule, results that
indicate that activation of GLP-1 receptors in the VTA is sufficient to reduce the reinforcing
efficacy of cocaine [129, 130]. The behaviorally relevant dose of intra-VTA exendin-4 (0.05
ug) that reduced cocaine self-administration did not affect sucrose self-administration,
indicating that the suppressive effects of exendin-4 on cocaine taking are reinforcer-specific
and not due to non-specific effects (e.g., general motor impairments).

VTA GLP-1 receptors have also been shown to play an important role in the reinstatement of
cocaine-seeking behavior during abstinence following cocaine self-administration. Systemic
doses of exendin-4 that selectively attenuated cocaine reinstatement crossed the blood brain
barrier and bound putative GLP-1 receptors located on neurons and astrocytes throughout
the brain including the VTA, which suggests that the suppressive effects of peripheral
exendin-4 on cocaine seeking are due, in part, to activation of central GLP-1 receptors [121].
Pharmacological inhibition of GLP-1 receptors in the VTA was sufficient to attenuate the
efficacy of systemic exendin-4 in reducing cocaine reinstatement providing further support
for this hypothesis [121]. More direct evidence supporting a critical role of central GLP-1
receptors in cocaine seeking was provided by studies showing that infusions of exendin-4
(0.05 pg) directly into the VTA significantly decreased cocaine seeking [121]. Overall, these
findings clearly indicate that activation of VTA GLP-1 receptors is sufficient to reduce
cocaine-seeking behavior. Consistent with systemic exendin-4 dose-response studies, the
dose of intra-VTA exendin-4 (0.05 ug) used in these studies reduced cocaine seeking and did
not affect ad /ibitum chow intake or promote malaise-like effects in rats [67, 110, 131].
Moreover, intra-VTA infusion of exendin-4 (0.05 pg) did not alter the reinstatement of
sucrose seeking further supporting the selectivity of lower doses to reduce cocaine seeking
[121]. There is some evidence that administration of 0.05 ug exendin-4 into the VTA
reduced operant responding for palatable food [131]. However, these effects were transient
and did not persist with more prolonged operant sessions [128, 131]. Overall, these studies
have identified both systemic and intra-cranial doses of exendin-4 that selectively reduce
cocaine-taking and seeking-behaviors in rats and not produce adverse feeding or malaise-
like effects.

3.2 Nucleus Accumbens

In addition to binding putative GLP-1 receptors in the VTA, doses of systemic exendin-4

that attenuate cocaine seeking also distribute to the core and shell subregions of the nucleus
accumbens [132]. These functionally distinct subregions are known to play differential roles
in motivated behaviors including drug addiction [133]. The nucleus accumbens shell, which
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is classified as part of the limbic system, is implicated in the primary rewarding effects of
drugs of abuse as well as regulating instrumental responding in the presence of
motivationally relevant stimuli [18]. Alternatively, the nucleus accumbens core, which is
considered part of the basal ganglia, mediates the incentive value of reward-conditioned
stimuli and contributes to drug-associated, cue-induced cocaine seeking [18]. Infusions of
exendin-4 directly into the nucleus accumbens core and shell were sufficient to attenuate the
reinstatement of drug-seeking behavior elicited by an acute priming injection of cocaine
[132]. Interestingly, the potency of exendin-4 differed between subregions. Cocaine-seeking
behavior was decreased in rats pretreated with 0.05 pg exendin-4 in both the accumbens core
and shell [132]. In contrast, 0.005 pg exendin-4 significantly attenuated cocaine seeking
when infused directly into the accumbens core, but not shell [132]. Previous studies have
also demonstrated differential effects of GLP-1 receptor agonist doses in the shell and core
subregions in decreasing food intake [67, 111]. Lower doses of exendin-4 reduced intake of
palatable food when infused into the accumbens core compared to the accumbens shell [67].
The lowest effective dose of exendin-4 used in this study was 0.025 pg, which produced a
transient effect on food intake following activation of GLP-1 receptors in the accumbens
core and no effect on food intake when infused into the accumbens shell [67]. Collectively,
these findings suggest that GLP-1 signaling in the accumbens core may play a more
prominent role in regulating drug-seeking behavior and hedonic feeding.

In contrast to studies of intra-accumbens exendin-4 on cocaine reinstatement, studies of
sucrose reinstatement found no effect of 0.05 ug exendin-4 in the nucleus accumbens core
and shell on sucrose seeking. Although administration of exendin-4 directly into the
accumbens shell reduced sucrose self-administration on a progressive ratio schedule of
reinforcement [131], doses of exendin-4 lower than 0.1 ug when infused into the nucleus
accumbens shell or core do not affect operant responding for sucrose, ad /ibitum chow
intake, or produce adverse malaise-like effects [67, 131, 134]. Therefore, exendin-4
infusions into the nucleus accumbens core (0.05 and 0.005 pg) and shell (0.05 pg) of
cocaine-experienced rats selectively reduced cocaine seeking and do not affect food intake.
Together with systemic and intra-VTA studies that identified behaviorally-selective doses of
exendin-4 that reduced cocaine seeking [121], these findings further strengthen evidence
supporting the efficacy of lower doses of GLP-1 receptor agonists to selectively attenuate
cocaine seeking versus non-drug motivated behaviors [132].

3.3 Lateral Septum

The lateral septum is a brain region that regulates cocaine seeking by relaying contextual
information from the CA3 region of the dorsal hippocampus to the VTA [135]. GABA
neurons in the lateral septum project onto GABA interneurons in the VTA. Activation of
lateral septum GABA neurons promotes dopamine release in the brain and regulates goal-
directed behaviors via disinhibition of VTA dopamine neurons [135]. In addition to
regulating cocaine seeking, the lateral septum also plays an important functional role in the
expression of cocaine-induced CPP [53]. GLP-1 receptors are highly enriched in the lateral
septum and GLP-1 receptor-expressing neurons in the lateral septum are directly innervated
by VTA dopamine neurons [122, 136]. Intrinsic excitability of GABA neurons in the lateral
septum was enhanced in mutant mice lacking GLP-1 receptors compared to wild-type
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controls, suggesting that endogenous GLP-1 receptor signaling functions to reduce neuronal
excitability of GABA neurons in the lateral septum [136]. Constitutive GLP-1 receptor
knockout mice also displayed enhanced sensitization to the locomotor activating effects of
cocaine as well as increased cocaine-induced CPP compared to wild-type controls [136].
These results suggest that the endogenous central GLP-1 system functions as a homeostatic
regulator of cocaine reward. Further support for this functional role comes from studies that
showed that virally-mediated knockdown of endogenous GLP-1 receptor expression in the
VTA facilitates/augments cocaine self-administration and that increased endogenous central
GLP-1 signaling may function to reduce cocaine taking and seeking [121, 128]. The absence
of central GLP-1 receptors in knockout mice also caused an increase in baseline anxiety-like
behaviors measured in open field and elevated plus maze paradigms [136]. These findings
may confound GLP-1 receptor agonist effects on cocaine-induced locomotion and CPP as
central GLP-1 signaling is known to play a role in stress and anxiety which can interfere
with reward-associated behaviors [82]. To determine the role of central GLP-1 receptors in
these behavioral responses, GLP-1 receptors were re-expressed selectively in the lateral
septum of constitutive GLP-1 receptor knockout mice. Viral vector-mediated GLP-1
receptor gene delivery in the lateral septum of mutant mice lacking endogenous GLP-1
receptors restored cocaine-induced locomotor activity and CPP to levels similar to wild-type
controls [136]. However, increased expression of GLP-1 receptors in the lateral septum had
no effect on enhanced anxiety-like behaviors seen in knockout mice, suggesting that GLP-1
receptors in other nuclei mediate these effects [136]. Taken together, these findings indicate
that lateral septum GLP-1 receptors mediate the locomotor activating and conditioned
rewarding effects of cocaine. However, future studies should examine how GLP-1 receptor
activation in the lateral septum influences downstream nuclei such as the VTA to decrease
behavioral responses to cocaine.

4. Cocaine Modulates Central Endogenous GLP-1 Circuits

Previous studies have shown that acute cocaine exposure increases neuronal activity in the
NTS [137-139]. A recent study expanded these findings and showed that cocaine self-
administration increased c-Fos expression in GLP-1-producing neurons in the NTS [128].
Since the NTS projects to nuclei throughout the brain including the VTA and nucleus
accumbens [67, 89], cocaine-induced activation of NTS GLP-1-producing neurons may
result in increased GLP-1 release in midbrain and forebrain areas. Thus, increased
endogenous central GLP-1 signaling following cocaine exposure may act as a homeostatic
response to reduce further cocaine consumption.

The mechanisms by which cocaine activates NTS GLP-1-producing neurons are not clear
but may involve increased corticosterone signaling in the hindbrain. Since cocaine taking
increases plasma and central corticosterone levels [140-143] and peripheral administration
of corticosterone increases activation of NTS GLP-1-producing neurons [128], it is possible
and likely that cocaine self-administration increases activation of GLP-1-producing neurons
in the NTS through a corticosterone-mediated mechanism of action. Indeed, administration
of corticosterone directly into the 4™ ventricle attenuated cocaine self-administration and
these effects were blocked by pharmacological inhibition of GLP-1 receptors in the VTA
[128]. These findings indicate that increased corticosterone signaling in the hindbrain
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reduces cocaine taking, in part, through activation of the endogenous central GLP-1 system
[128]. Collectively, these data suggest that voluntary cocaine taking activates GLP-1-
producing neurons in the NTS through a corticosterone-mediated mechanism of action and
that increased GLP-1 receptor signaling in midbrain and forebrain areas represents a
negative-feedback response that reduces the reinforcing efficacy of cocaine. Consistent with
this notion, reduced expression of endogenous GLP-1 receptors in the VTA augmented
cocaine self-administration [128]. Future studies using chemogenetic and optogenetic
approaches are required to determine the exact role of endogenous central GLP-1 circuits in
cocaine-mediated behaviors.

Recently published findings have found that cocaine taking and subsequent abstinence
dynamically regulate expression of preproglucagon (PPG), the gene that encodes GLP-1, in
the NTS (Figure 1). Specifically, cocaine self-administration increased endogenous PPG
expression in the NTS [121] (Figure 1A). These data are consistent with findings that
support the hypothesis that increased central GLP-1 signaling may serve as a ‘brake’ to
reduce further cocaine consumption [128]. In contrast, PPG expression in the NTS was
significantly decreased following seven days of abstinence [121], a time point that coincides
with robust drug-seeking behavior [132, 144, 145] (Figure 1B). These results suggest that
decreased endogenous PPG expression in the NTS during abstinence may facilitate cocaine
craving and relapse. It is possible that that decreased NTS PPG expression may result in a
‘hunger-like’ state that promotes cocaine seeking, as hunger is a potent driver of reward
seeking and motivated behaviors [35, 146]. For example, previous studies have shown that
chronic food restriction results in enhanced burst firing of substantia nigra dopamine
neurons, augmentation of cocaine-induced burst firing, and persistence of increased burst
firing after animals are refed [147]. Consistent with these neurophysiological effects, food-
restriction enhances cocaine-induced conditioned place preference indicating an important
modulatory role for energy balance in drug reward [148]. Further evidence supporting the
hypothesis that decreased NTS PPG expression produces a hunger-like behavioral state that
promotes/facilitates drug seeking comes from a previous study showing that decreased PPG
expression in the NTS produces hyperphagia and exacerbates high fat diet-induced obesity
[102].

The effects of cocaine self-administration and subsequent abstinence on GLP-1 receptor
MRNA expression in the VTA and nucleus accumbens have also been examined. Cocaine
self-administration and extinction had no effect on VTA and nucleus accumbens GLP-1
receptor expression [121, 132]. Collectively, these results suggest that voluntary cocaine
taking and subsequent abstinence may influence GLP-1 tone in the brain by modulating
NTS PPG expression without producing corresponding changes in endogenous GLP-1
receptor expression. However, exendin-4 binding has been shown to regulate trafficking and
surface expression of GLP-1 receptors [149]. Therefore, it is possible that cocaine taking
and subsequent abstinence may alter GLP-1 receptor trafficking and/or surface expression in
nuclei known to regulate drug-taking and -seeking behaviors. Future studies are required to
further delineate the role of endogenous central GLP-1 signaling in cocaine-mediated
behaviors, including whether cocaine affects GLP-1 receptor trafficking and/or the kinetics
of ligand-mediated GLP-1 receptor trafficking. Overall, these studies suggest that the
endogenous central GLP-1 system, particularly GLP-1-producing neurons in the NTS, is
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dynamically regulated by cocaine taking and withdrawal and highlight a novel
neurobiological mechanism underlying cocaine addiction (Figure 1). However, the NTS is
comprised of heterogeneous cell populations [89, 139, 150] and thus further studies
investigating the exact role of each of these populations in cocaine-mediated behaviors must
be investigated.

5. Neurophysiological Mechanisms Underlying the Effects of GLP-1
Receptor Agonists on Cocaine-Seeking Behavior

Initial studies showed that systemic infusions of exendin-4 reduced cocaine-evoked
dopamine release in the nucleus accumbens [113, 116]. However, the relative contributions
of peripheral and central GLP-1 receptors to these neurochemical changes is not clear. A
recent study investigated the role of central GLP-1 receptors in attenuating cocaine-evoked
dopamine release in the nucleus accumbens core and shell subregions using /n vivo fast-scan
cyclic voltammetry. Intracerebroventricular (ICV) infusion of exendin-4 attenuated phasic
dopamine release in the accumbens core, but not the shell, of rats receiving non-contingent
infusions of cocaine [151]. To investigate the mechanisms by which exendin-4 reduces
cocaine-evoked dopamine release in the accumbens core, electrical stimulation of the VTA
was performed in rats receiving non-contingent infusions of cocaine. Exendin-4 did not
affect the ability of cocaine to attenuate dopamine uptake, which suggests that GLP-1
receptor activation exerts its suppressive effects on cocaine-induced dopamine release in the
accumbens core by reducing the excitability of midbrain dopamine neurons [151]. While
these findings are the first to highlight a role for central GLP-1 receptors in suppression of
cocaine-evoked dopamine release in the accumbens [151], one limitation of this study is that
ICV delivery of exendin-4 causes broad GLP-1 receptor activation throughout the brain.
Therefore, it is difficult to delineate the exact brain regions mediating the neurochemical and
neurophysiological effects of exendin-4. Also, while exendin-4 attenuates cocaine self-
administration [116, 128], it is not clear whether exendin-4 suppresses conditioned phasic
dopamine release aligned with cocaine-predictive cues and operant responding observed
during voluntary cocaine taking [152, 153]. Thus, our understanding of how central GLP-1
receptor activation influences the mesolimbic dopamine system to reduce addiction-like
behaviors would benefit from future electrophysiological studies further delineating the
effects of central GLP-1 receptor activation on phasic versus tonic dopamine cell firing.

Previous studies have shown that GLP-1 receptor agonists modulate neuronal activity in the
brain by both pre-synaptic effects on neurotransmitter release and regulation of post-
synaptic membrane excitability [134, 154, 155]. However, there is a paucity of studies
investigating the effects of GLP-1 receptor activation on neuronal activity in preclinical
models of cocaine use disorder. In order to advance our knowledge of the
neurophysiological mechanisms by which GLP-1 receptor agonists attenuate cocaine-
mediated behaviors, ex vivo electrophysiological studies are needed to elucidate the effects
of GLP-1 receptor activation on neuronal activity in a cocaine-exposed brain. A recent study
characterized the effects of exendin-4 on activity of medium spiny neurons (MSNS) in the
nucleus accumbens of cocaine-experienced rats [132]. Following extinction of cocaine self-
administration, application of 1 uM exendin-4 increased the frequency of MSN action
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potential firing in the nucleus accumbens core and shell [132]. No other measures of
membrane excitability (e.g., resting membrane potential, rheobase, action potential
amplitude and action potential duration) were altered by GLP-1 receptor activation in ex
vivo striatal slices from cocaine-experienced rats [132]. In contrast to previous studies
showing presynaptic effects of GLP-1 receptor activation in the VTA and accumbens core of
drug-naive rats [110, 134], exendin-4 had no effects on spontaneous excitatory post-synaptic
currents (SEPSCs) frequency and paired pulse ratio (PPR) of evoked EPSCs in nucleus
accumbens core and shell MSNs from cocaine-experienced rats [132]. Taken together, these
results indicate that increased activation of GLP-1 receptors in the nucleus accumbens
during cocaine abstinence increases intrinsic, but not synaptic, excitability of MSNs and is
sufficient to reduce the reinstatement of cocaine-seeking behavior [132]. It should be noted
that these results are limited to activity exclusively within the nucleus accumbens, as these
studies were conducted in accumbens slices without input from VVTA cell bodies. The effects
of GLP-1 receptor activation on accumbens MSN activity should be further explored in an /in
vivomodel, as it has been shown that input from the VTA to the nucleus accumbens impacts
dopamine signaling dynamics. Specifically, phasic dopamine release in the accumbens is
dependent on burst firing of VTA dopamine neurons [156]. Moreover, studies utilizing
amphetamine have highlighted the importance of VTA input on nucleus accumbens
dopamine release patterns. While dopamine efflux is preserved in ex vivo slices treated with
amphetamine [157], phasic dopamine release is only observed in /7 vivo studies with
preserved VTA inputs to the accumbens [158]. Thus, active VTA input into the nucleus
accumbens may be required for a more accurate picture of how GLP-1 receptor activation
modulates nucleus accumbens MSN activity in cocaine-experienced animals.

An interesting alternative hypothesis is that VTA input may not be necessary to stimulate
dopamine release in the nucleus accumbens. Recent studies have revealed that cholinergic
interneurons in the accumbens are capable of stimulating dopamine release and that these
effects are regulated, in part, by the endocannabinoid system and prefrontal cortical afferents
to the accumbens [159-161]. Since GLP-1 receptor activation has been shown to modulate
both endocannabinoid signaling and presynaptic glutamate release [122, 134], it is possible
that exendin-4 may influence cholinergic interneuron signaling in the nucleus accumbens via
these systems or by direct action interneurons themselves. Further support for cholinergic
interneurons playing a role in modulating the effects of metabolic factors on striatal
dopamine levels and reward comes from a recent study showing that insulin increases striatal
dopamine release by activating cholinergic interneurons in the accumbens [162]. Thus,
future electrophysiological studies are needed to determine if the effects of exendin-4 on
MSN activity are due to activation of cholinergic interneurons alone or require VTA input as
discussed above.

Cocaine abstinence is associated with decreased nucleus accumbens MSN membrane
excitability due to changes in conductance of sodium, calcium and potassium [163-165].
Lower membrane excitability during cocaine abstinence may enhance action potential
sensitivity to GLP-1 receptor activation in the nucleus accumbens [132]. Cocaine exposure
is likely a critical component in this scenario, given the previous findings of minimal effects
of exendin-4 on accumbens MSN firing in drug-naive rats [134] combined with recent
studies showing increased frequency of MSN action potential firing in the nucleus
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accumbens core and shell in cocaine-experienced rats [132]. In line with this hypothesis, a
recent study showed that exendin-4 suppressed cocaine-evoked phasic release of dopamine
in the accumbens core, effects not due to changes in dopamine reuptake [151]. These
neurophysiological changes, however, may not be specific to the accumbens as exendin-4
administration was also associated with reduced cocaine-evoked dopamine release in the
lateral septum [122, 136]. GLP-1 signaling has also been shown to regulate other
neurotransmitter systems including glutamatergic [134] and GABAergic [155, 166]
transmission in the brain. Understanding the mechanisms by which GLP-1 receptor
activation in the nucleus accumbens reduces cocaine seeking will benefit from a
comprehensive analysis of how exendin-4 regulates integration of synaptic and intrinsic
MSN excitability in the context of drug priming-induced reinstatement. Thus, intrinsic
GLP-1 receptor-coupled mechanisms may contribute to previous findings that a broad
increase in nucleus accumbens MSN action potential output is associated with attenuation of
rewarding consummatory behaviors [167, 168].

While activation of GLP-1 receptors in the VTA has been shown to attenuate cocaine self-
administration and reinstatement [121, 128], the neurophysiological mechanisms underlying
these behavioral responses are not clear. In drug-naive mice, exendin-4 reduced AMPA
receptor-mediated EPSCs in VTA dopamine neurons that project to the nucleus accumbens
shell [72]. AMPA/NMDA EPSC ratio in the VTA was also decreased following exendin-4
application suggesting a postsynaptic modification that functions to reduce excitatory
synaptic strength via removal of AMPA receptors from the postsynaptic membrane [72].
Interestingly, exendin-4 also increased amplitude of spontaneous inhibitory postsynaptic
currents (sIPSCs) in VTA dopamine neurons [72]. These results indicate that GLP-1
receptor activation modulates both excitatory and inhibitory transmission in VTA dopamine
neurons that project to the nucleus accumbens. It is provocative to think that similar
mechanisms (i.e., decreased excitatory synaptic strength and/or facilitation of inhibitory
synaptic inputs in VTA dopamine neurons) may mediate the effects of GLP-1 receptor
activation in the VTA on cocaine taking and seeking.

6. Clinical Potential of GLP-1 Receptor Agonists to Treat Cocaine Use

Disorder

Although strong preclinical evidence indicates that various metabolic hormones regulate
addiction-like phenotypes in animal models [83, 169], the relationship between endogenous
levels of metabolic factors and substance abuse disorders in humans is not clear. A recent
study investigated the effects of cocaine on plasma levels of metabolic factors [ghrelin (total
and acly-ghrelin), amylin, GLP-1, insulin, leptin and peptide YY (PYY)] in human cocaine
addicts [170]. Acute cocaine (25 mg) significantly decreased serum GLP-1 and PYY
concentrations in cocaine users with trends towards decreased insulin and amylin
concentrations [170]. However, these effects were seen in a relatively small sample size
(n=8). Thus, future studies with larger sample sizes and healthy controls are needed to
further validate and determine the specificity of these effects in human cocaine addicts.
Additionally, future studies would benefit from correlating metabolic hormone serum
concentrations with drug craving to further support the hypothesis that GLP-1, and possibly
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PYY, may serve as potential targets to treat cocaine craving and relapse. Consistent with
these effects, other clinical studies have shown that crack cocaine use is associated with
lower serum levels of leptin [171]. Preclinical studies have also assessed the correlation
between circulating levels of metabolic hormones and cocaine taking and seeking in rats.
Serum ghrelin levels have been shown to be positively correlated with increased
reinstatement of cocaine-seeking behavior [172]. Interestingly, a recent study has shown that
14 days of cocaine self-administration in rats was associated with increased ghrelin and
GLP-1 plasma levels while leptin and insulin levels were decreased [143]. While these
preclinical findings appear to contrast findings from human GLP-1 studies, they are
consistent with the working hypothesis that cocaine-induced increases in central GLP-1
signaling may represent a homeostatic response to reduce further cocaine consumption [128]
(Figure 1B).Thus, larger clinical trials are needed to determine the exact effects of cocaine
taking and withdrawal on plasma GLP-1 levels and validate findings from preclinical models
quantifying drug-induced changes in circulating metabolic factors.

The mechanisms by which cocaine decreases GLP-1 serum concentrations in human cocaine
addicts and the functional significance of decreased circulating GLP-1 remains to be
determined. However, taken together with preclinical studies showing that increased GLP-1
receptor activation decreases cocaine taking- and seeking-behaviors, these results suggest
that decreased GLP-1 may promote cocaine use. This hypothesis is consistent with
preclinical studies demonstrating that cocaine taking and subsequent abstinence decreased
PPG mRNA expression in the NTS, effects likely associated with reduced GLP-1 signaling
in the mesolimbic reward system, which may promote cocaine seeking [121] (Figure 1A). It
is also interesting to speculate that decreased serum GLP-1 levels observed in human addicts
may serve as a biomarker for cocaine use disorder and/or treatment response [173].
Moreover, there are several known single nucleotide polymorphisms (SNPs) in the human
GLP-1 receptor [174]. One SNP in particular, the T149M variant, displayed reduced GLP-1
binding and cAMP signaling as well as differences in the extent of reduced functional
responses to various GLP-1 receptor ligands [174, 175]. It is possible that expression of the
T149M variant and/or decreased baseline circulating GLP-1 levels in human cocaine addicts
may serve as predictors of treatment response and/or relapse, as these phenotypes are
associated with decreased endogenous GLP-1 signaling in the body. If increased endogenous
GLP-1 signaling functions as a ‘brake’ to reduce cocaine consumption [128], cocaine users
with the T149M variant and/or reduced blood GLP-1 levels may be more susceptible to
cocaine craving and relapse. This hypothesis is supported by clinical studies showing that
another GLP-1 receptor SNP variant (168Ser) is associated with alcohol use disorder and
increased alcohol consumption in humans with alcohol use disorder [176]. Thus, it is
provocative to think that GLP-1 receptor variants may be predictors of relapse and/or
treatment response in humans with cocaine use disorders.

From a translational perspective, preclinical studies have identified systemic and intra-
cranial doses of exendin-4 that attenuate cocaine taking and seeking [121, 128, 132] and do
not produce notable metabolic or adverse effects associated with GLP-1 receptor agonists in
humans and rodents [119, 120, 177]. Since GLP-1 analogs are currently FDA-approved for
treating type Il diabetes and obesity [106, 109], these pre-clinical findings suggest that
GLP-1 receptor agonists could be re-purposed at low doses to treat cocaine use disorder.
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However, clinical studies are needed to validate the efficacy of GLP-1 receptor agonists in
reducing cocaine craving-induced relapse and to determine if circulating GLP-1 could be
used as a biomarker for craving and/or treatment response.

Currently, there are many different GLP-1 receptor agonists available on the market to treat
type Il diabetes [178]. The elimination half-lives of GLP-1 receptor agonists differ
depending upon their chemical structures, that include, but are not limited to, specific amino
acid sequences that are resistant to DPP-1V degradation, as well as conjugations (i.e.,
pegylation, acetylations, etc.) to the peptide sequence [179]. These important
pharmacokinetic properties are likely to influence brain penetrance, distribution to nuclei
known to regulate drug reinforcement, and the therapeutic utility of GLP-1 receptor agonists
for treating cocaine use disorder. Thus, it is important for future studies to directly compare
the efficacy of different GLP-1 receptor agonists in attenuating drug-mediated behaviors. It
will also be important for future clinical trials to determine the efficacy of recently
developed oral formulations of GLP-1 analogs in treating cocaine use disorder as the safety
and pharmacokinetics of these medications may differ from GLP-1 receptor agonists
administered subcutaneously [178, 180].

In addition to causing nausea and malaise in humans, GLP-1 analogs have also been shown
to reduce blood glucose concentrations and food intake in healthy subjects [181, 182].
However, GLP-1 receptor agonists cause fewer hypoglycemic events compared to insulin in
patients with type Il diabetes and no reports of hypoglycemia or severe weight loss have
been observed in healthy subjects [181-184]. Therefore, it is not likely that GLP-1 receptor
agonist treatment will result in glycemic dysregulation in otherwise healthy patients [84,
185]. Moreover, there is no scientific evidence supporting development of pancreatic toxicity
as initially suggested in patients treated with GLP-1 receptor agonists [185]. Thus, the
benefit/risk profile of GLP-1 receptor agonists supports their clinical use and the
translational relevance of preclinical drug addiction studies.

7. Potential Efficacy of GLP-1 Receptor Agonists in Treating Other
Substance Use Disorders

In addition to reducing cocaine-mediated behaviors, the efficacy of GLP-1 receptor agonists
in regulating behaviors associated with other drugs of abuse has been investigated.
Specifically, GLP-1 receptor agonists have been shown to reduce ethanol-, amphetamine-,
and nicotine-mediated behaviors in rodents [113, 186-190]. Systemic administration of
exendin-4 (2.4 pg/kg) decreased ethanol-induced CPP, the locomotor-activating effects of
ethanol, and ethanol self-administration [186]. These behavioral responses were associated
with reduced ethanol-induced dopamine release in the striatum [186]. Other studies have
replicated these findings and shown that higher doses of exendin-4 (20 ug/kg) decreased
ethanol-induced CPP in mice while 0.3 and 1.0 pg/kg exendin-4 decreased voluntary ethanol
intake in rats [188]. These effects are mediated, in part, by central GLP-1 receptors as
infusions of exendin-4 directly into the VTA were sufficient to reduce ethanol self-
administration in rats [188]. Analogous findings have been shown in studies investigating
the efficacy of GLP-1 receptor agonists in reducing amphetamine-mediated behaviors.
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Specifically, administration of exendin-4 (2.4 ug/kg) attenuated amphetamine-induced
locomotor activity, CPP and accumbal dopamine release [113]. With regard to nicotine use
disorder, exendin-4 (2.4 ug/kg) pretreatment reduced nicotine-induced locomotion,
sensitization, CPP and accumbal dopamine release [187]. Another study has expanded these
findings and shown that nicotine activates endogenous GLP-1-producing neurons in the NTS
[190]. Moreover, systemic administration of exendin-4 (10 pg/kg) and the DPP-1V inhibitor
sitagliptin (10 mg/kg) decreased nicotine consumption in mice [190]. Consistent with these
effects, GLP-1 receptor knockout mice self-administer more nicotine than wild-type controls
[190]. To investigate the endogenous circuits mediating these behavioral responses,
optogenetic studies revealed that GLP-1 excites medial habenula projections to the
interpeduncular nucleus and that activation of GLP-1 receptors in this circuit is sufficient to
attenuate nicotine consumption [190]. The authors conclude that GLP-1 acts as a ‘satiety
sensor’ to limit nicotine intake by stimulating the medial habenula to interpeduncular
nucleus circuit to promote nicotine avoidance before its aversive effects are encountered
[190]. Collectively, these studies indicate that systemic administration of a GLP-1 receptor
agonist decreases the reinforcing and rewarding efficacy of multiple drugs of abuse and that
these effects are associated with decreased drug-evoked dopamine release in the nucleus
accumbens. It is important to note, however, that relatively high doses of systemic GLP-1
receptor agonists were used in these studies and that these doses have been shown previously
to produce nausea/malaise and decrease food intake and body weight in rats [119, 177].
Achieving behavioral selectivity through proper dosing of GLP-1 receptor agonists is critical
for drawing firm conclusions about the efficacy of GLP-1 receptor agonists to reduce
addiction-like phenotypes in preclinical models. These foundational studies do, however,
provide preliminary data supporting the potential efficacy of GLP-1 receptor agonists in
treating alcohol, nicotine, and amphetamine use disorders.

8. Concluding Remarks

The results summarized in this review indicate that activation of GLP-1 receptors has
profound effects on cocaine-mediated behaviors in rodents. Moreover, emerging evidence
indicates that cocaine and subsequent abstinence dynamically alter endogenous central
GLP-1 signaling (Figure 1). However, much remains to be discovered about how central
GLP-1 circuits function to reduce cocaine-mediated behaviors and the efficacy of GLP-1
receptor agonists in different behavioral paradigms. For example, future studies are needed
to assess the efficacy of repeated administration of GLP-1 receptor agonists on voluntary
cocaine taking and seeking as studies to date have only assessed the acute effects of
exendin-4 on these behaviors (Table 1). It will be important to know if tolerance and/or
adverse effects develop to repeated administration of GLP-1 receptor agonists. Furthermore,
no studies to date have examined potential sex differences in the efficacy of GLP-1 receptor
agonists to reduce cocaine-mediated behaviors. Recent evidence indicates that females are
more sensitive to the effects of a GLP-1 receptor agonist infused directly into the brain on
food intake [191]. It is provocative to think that the potency of GLP-1 receptor agonists may
differ between sexes in preclinical models of addiction. In addition to exendin-4, preclinical
studies should also test the efficacy of other GLP-1 system-targeted drugs with different
pharmacokinetic profiles (e.g., liraglutide) and pharmacological mechanisms of action (e.g.,
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sitagliptin) in reducing cocaine-taking and -seeking behaviors. Finally, there are significant
gaps in our understanding of the central GLP-1 circuits that regulate cocaine-mediated
behaviors, as well as the cellular, molecular and neurophysiological mechanisms by which
GLP-1 receptor agonists attenuate these behavioral responses. Critical first steps toward
characterizing central GLP-1 circuits will be phenotyping GLP-1 receptor-expressing cells
in brain nuclei know to regulate drug-taking and -seeking behaviors as well as their
downstream targets. In conclusion, an exciting body of preclinical evidence supports clinical
studies examining the efficacy of GLP-1 receptor agonists in treating cocaine use disorder,
as well as the development of pharmacotherapies aimed at increasing GLP-1 receptor
signaling in the brain to prevent cocaine craving-induced relapse.
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Highlights

Central GLP-1 receptors play an important role in the reinforcing effects of
cocaine

GLP-1 receptor agonists attenuate cocaine-mediated behaviors
Cocaine dynamically alters the endogenous central GLP-1 system

Central GLP-1 signaling may be a novel target to treat cocaine use disorder
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A. Cocaine Self-Administration = 4 NTS PPG expression

Homeostatic ‘brake’
to reduce drug taking

Promotes/facilitates
drug seeking

GLP-1R expressing nuclei
@- GLP-1/PPG-expressing neuron

@~ Other neuronal subtypes
@~ (e.g. noradenergic, glutamatergic)

Figure 1. Cocaine taking and subsequent abstinence dynamically modulate endogenous central
PPG expression.

(A) Cocaine self-administration increases PPG (GLP-1 precursor) mRNA expression in the
nucleus tractus solitarius (NTS), effects that may be associated with enhanced GLP-1 tone in
midbrain and forebrain nuclei known to regulate cocaine taking and seeking. (B) Abstinence
following cocaine self-administration decreases PPG mRNA expression in the NTS, which
may promote/facilitate cocaine seeking during withdrawal. Together, these findings reveal a
novel GLP-1-focused neuroendocrine mechanism underlying cocaine taking and seeking.
These results are described in more detail in the main text. PPG = preproglucagon, LDTg =
laterodorsal tegmental nucleus, VTA = ventral tegmental area, LH = lateral hypothalamus,
LS = lateral septum, Amy = amygdala, NAc = nucleus accumbens.
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Table 1:

Effects of GLP-1 receptor activation on cocaine-mediated behaviors

Page 32

Study Species/Strain/Sex Study design Behavior Treatment Route of Administration Results
Graham et . aihi 10, 30, 100 pg/kg : .
al.. 2013 Mice, C57BL/6J, male Between-subjects CPP exendin-a i.p. Attenuated cocaine CPP
Egecioglu 2.4 pg/kg Decreased cocaine-
: atihi Locomotor activity exendin-4 i.p. induced hyper-
gtoail:.s, Mice, NMRI, male Between-subjects CPP 2.4 uglkg ip. locomotion
exendin-4 Attenuated cocaine CPP
Augmented cocaine-
induced hyper-
locomotion
Normalized cocaine-
AAV-GFP Intra-dLS induced hyper-
Harasta et . /- b Locomotor activity | AAV-GLP-1R-GFP Intra-dLS locomotion to wild-type
al., 2015 Mice, Gip-1r"", male | Between-subjects CPP AAV-GFP Intra-dLS control levels
AAV-GLP-1R-GFP Intra-dLS Augmented cocaine
CPP
Normalized cocaine
CPP to wild-type
control levels
Decreased basal
locomotion and
cocaine-induced hyper-
Sorensen Locomotor activity OISéxae’nsd%n“-%/ kg i locomotion
et al Mice, NMRI, male Between-subjects | Self-administration 30100 na/k i.p. Reduced number of
- Mice, C57BL/6J, male Within-subjects (single session) ' Haikg Lp. nose-pokes for cocaine
2015 PO exendin-4 i.p. PR
Self-administration 10 ug/kg exendin-4 infusions
Ha/kg Attenuated infusions of
various unit doses of
cocaine
Schmidt et i . . : * . Attenuated total active
al., 2016 Rats, Sprague-Dawley, male Within-subjects Self-administration | 0.05 ug exendin-4 Intra-VTA lever responses
Hernandez o ) Reinstatement of 0.005 " 0.05 *ug Intra-NAC core Attﬁzc::icé;g;ﬂszgtlve
eztoail.7, Rats, Sprague-Dawley, male | Wi thin-subjects coczﬁ:ﬁé\s/?s:(mg ixendm-4- Intra-NAG shell Attenuated total active
0.05 " pg exendin-4 lever responses
Hernandez o ) Reins_tatemen_t of 0.1*, 0.2 Tug/kg ip Attﬁg\t/l:ﬁe}r(ést;)(t):;lszgtlve
eztoilé Rats, Sprague-Dawley, male | Within-subjects cocetl;:ﬁ;;\s/?grmg ixendln-4 . Intra-VTA Attenuated total active
0.05" pg exendin-4 lever responses

*
indicates doses that are behaviorally selective for cocaine; dLS=dorsal lateral septum, VTA=ventral tegmental area, NAc=nucleus accumbens,
CPP=conditioned place preference, AAV-GFP=control adeno-associated virus, AAV-GLP-1R-GFP=adeno-associated virus with GLP-1 receptor

transcript
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