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Abstract

Cocaine abuse remains a public health threat around the world. There are no pharmacological
treatments approved for cocaine use disorder. Cannabis has received growing attention as a
treatment for many conditions, including addiction. Most cannabis-based medication development
has focused on cannabinoid CB; receptor (CB1R) antagonists (and also inverse agonists) such as
rimonabant, but clinical trials with rimonabant have failed due to its significant side-effects. Here
we sought to determine whether a novel and selective CB,R inverse agonist, Xie2-64, has similar
therapeutic potential for cocaine use disorder. Computational modeling indicated that Xie2-64
binds to CB,R in a way similar to SR144528, another well-characterized but less selective CBoR
antagonist/inverse agonist, suggesting that Xie2-64 may also have CB,R antagonist profiles.
Unexpectedly, systemic administration of Xie2-64 or SR144528 dose-dependently inhibited
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intravenous cocaine self-administration and shifted cocaine dose-response curves downward in
rats and wild-type, but not in CB,R-knockout, mice. Xie2-64 also dose-dependently attenuated
cocaine-enhanced brain-stimulation reward maintained by optical stimulation of ventral tegmental
area dopamine neurons in DAT-Cre mice, while Xie2-64 or SR144528 alone inhibited optical
brain-stimulation reward. /n vivo microdialysis revealed that systemic or local administration of
Xie2-64 into the nucleus accumbens reduced extracellular dopamine levels in a dose-dependent
manner in rats. Together, these results suggest that Xie2-64 has significant anti-cocaine reward
effects likely through a dopamine-dependent mechanism, and therefore, deserves further study as a
new pharmacotherapy for cocaine use disorder.
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1. Introduction

Cocaine abuse remains a major public health burden around the world. In the United States
alone, the number of young adults aged 12 and older trying cocaine for the first time
increased by 61% from 2013 to 2015, reaching 766,000 new users (Hughes, 2016).
Although overshadowed in recent years by the opioid crisis, cocaine abuse continues to rise
in prevalence. Currently, there are no approved pharmacological medications for the
treatment of cocaine use disorder. Recently, cannabis has received growing public attention
as putative therapy for myriad physiological and neurological conditions, including
glaucoma, cancer, epilepsy, dementia and even drug addiction (Gonzalez-Cuevas et al.,
2018; Jordan and Xi, 2019; Solimini et al., 2017). Early strategies to develop cannabis-based
medications have focused on cannabinoid CB1 receptor (CB1R) antagonists and inverse
agonists (Sloan et al., 2017). However, clinical studies with such a compound, rimonabant,
have been terminated worldwide due to significant adverse effects such as depression and
suicidal tendencies (Le Foll et al., 2009). Therefore, recent studies have shifted their focus to
other targets in the endocannabinoid systems, such as the CB5 receptor (CB,R) (Jordan and
Xi, 2019), fatty acid amide hydroxylase (Deutsch, 2016), monoacylglycerol lipase (Gil-
Ordonez et al., 2018), or non-psychoactive phytocannabinoids (Galaj et al., 2020; He et al.,
2020; Sloan et al., 2017; see review by Galaj and Xi, 2020).

While the CB,R was initially thought to be expressed exclusively in the periphery (Griffin et
al., 1997; Howlett, 1998; Munro et al., 1993; see review by Atwood and Mackie, 2010), over
the last decade, growing evidence has revealed its expression in the brain and in neurons,
albeit at lower levels than brain CB1R or peripheral CB,R (Lanciego et al., 2011; Van Sickle
et al., 2005; Zhang et al., 2014; Zhang et al., 2015; see review by Jordan and Xi, 2019). Our
lab and others have shown that CB4R is detectable in multiple phenotypes of neurons,
including glutamate neurons in the prefrontal cortex and hippocampus (Stempel et al., 2016;
Stumpf et al., 2018) and DA neurons in the ventral tegmental area (VTA) (Zhang et al.,
2015; Zhang et al., 2014; Foster et al., 2016). Furthermore, repeated cocaine administration
or prolonged cocaine self-administration can up-regulate CB,R mRNA expression in the
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VTA, PFC and NAc in rats and mice (Zhang et al., 2015), suggesting that CB,R could be a
valuable therapeutic target for cocaine use disorder.

We have previously reported that the CB,R-selective agonist JWH-133 was able to inhibit
cocaine action, including intravenous cocaine self-administration, cocaine-conditioned place
preference, cocaine-induced increases in locomotion, cocaine-enhanced extracellular DA
and C-fos expression (Canseco-Alba et al., 2019; Delis et al., 2017; Gobira et al., 2019; Xi
etal., 2011; Zhang et al., 2014). In the present study, we further explored the potential utility
of Xie2-64, a highly selective human CB3R inverse agonist (Yang et al., 2013), on cocaine
self-administration and DA-dependent brain-stimulation reward, based on the findings that
CB1R antagonists/inverse agonists such as rimonabant and AM251 have potent anti-cocaine
potential in experimental animals (Xi et al., 2006; Xi et al., 2008; Galaj and Xi, 2019).

Xie2-64 exhibits a high affinity for CB,R (Ki=0.5 nM) and a >2500-fold selectivity for
human CB5R over CB{R (Yang et al., 2013). In this study, we first evaluated Xie2-64 in
computational models to determine its CB,R binding profile. We then used intravenous (i.v.)
cocaine self-administration in rats and wild-type and CBy-knockout (KO) mice to evaluate
the efficacy and selectivity of Xie2-64 or SR144528, another well-characterized CB,R
antagonist/inverse agonist, in attenuating cocaine reward. Next, we used optogenetics to
determine whether Xie2-64 or SR144528 reduces DA-mediated optical intracranial self-
stimulation (0lCSS) produced by selective stimulation of VTA DA neurons in DAT-Cre
mice. Lastly, we used /n vivo brain microdialysis to observe the effects of Xie2-64 on brain
DA release in the NAc. We found unexpectedly that this novel CB,R compound is effective
in reducing the rewarding effects of cocaine in both rats and mice, likely via a DA-
dependent mechanism, supporting further study of Xie2-64 or other similar CB,R
antagonists/inverse agonists as potential therapeutics for cocaine use disorder.

2. Methods

2.1. Animals and housing

2.2.

Male Long-Evans rats (275-325 g; Charles-River Laboratories, Raleigh, NC, USA) and male
CB,-KO, heterozygous DAT-Cre*/~ or wild-type mice (bred at the NIDA IRP) were used in
these studies. All animals were housed in the animal facility at the NIDA IRP under a
reverse 12-hr light-dark cycle (lights on at 7:00 PM) with ad libitum access to food and
water. All procedures were approved by the Animal Care and Use Committee (ACUC) of
NIDA and were consistent with the Guide for the Care and Use of Laboratory Animals, 8"
edition (National Research Council, 2011).

Drugs and solutions

Cocaine (NIDA Drug Supply Program, MD, USA) was dissolved in saline and diluted to
unit doses appropriate for behavioral studies (see below). Xie2-64 was synthesized and
provided by Xiang-Qun Xie, according to previously published methods (Yang et al., 2013).
For in vivo systemic or intracranial local administration, Xie2-64 was dissolved in 10%
DMSO, 15% Tween-80 and saline. For intra-NAc local perfusion, we first dissolved Xie2-64
in 10% DMSO + 15% Tween-80 in saline and then diluted it with artificial cerebral spinal
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fluid (aCSF) by 4 times to lower the DMSO and Tween-80 concentrations. This drug
solution was then further diluted with aCSF to the desired drug concentrations (i.e., 1, 10,
30, 100, 300 pM Xie2-64) for intracranial perfusion.

2.3. CB3R structure preparation for molecular docking

The human CB5R crystal structure (PDB: 5ZTY, Resolution: 2.8 A; Li et al., 2019)
complexed with antagonist (AM10257) was retrieved and downloaded from the Protein Data
Bank (http://www.pdb.org/pdb/). SYBYL-X 1.3 (Informer Technologies, Inc) was used to
repair all the residues and perform the energy minimizations for molecular docking. Briefly,
the parameters defined in SYBYL were as follows: gradient set to 0.5 kcal/mol, max
iterations set to 5000, force field set to MMFF94s, and charge methods set to MMFF94.
ProSA-web Z-scores and PROCHECK Ramachandran plots were used to further validate the
model.

2.4. Docking study of CB,R selective inverse agonists

The MOLCAD module in SYBYL-X 1.3 was used to explore the reported orthosteric
binding pocket on CB,R. The docking program Surflex-Dock GeomX (SFXC) in SYBYL-X
1.3 was applied to construct receptor-ligand complexes in which the docking scores were
expressed in —logyg (Kg). Briefly, the docking parameters used were (a) number of starting
conformations per ligand set to 10, max conformations per fragment set to 20, (b) maximum
number of rotatable bonds per molecule set to 100, (c) flags were turned on at pre-dock
minimization, post-dock minimization, molecule fragmentation, and soft grid treatment, (d)
activate spin alignment method with density of search set to 9.0, and (e) number of spins per
alignment set to 12.

In the present work, we docked Xie2-64 and SR144528 into the orthosteric binding pocket
of the CB,R crystal structure using our reported protocol (Hu et al., 2016; Li et al., 2019;
Zhou et al., 2018). Similar to endogenous CBR ligands and other synthesized agonists
(such as CP55940, HU210, and JWH-133), both SR144528 and Xie2-64 bound to the same
orthosteric binding pocket of CB,R. In addition, SR144528 is a potent and highly selective
CB3R inverse agonist with a K; of 0.6 nM for CB,R and 400 nM for CB1R. Xie2-64, our in-
house compound, is a selective CB,R inverse agonist and exhibited very high affinity for
CB3R (Ki=0.5 nM) and great CB,R > CB1R selectivity (>2500-fold; Yang et al., 2013).

2.5. Cocaine self-administration

Rat self-administration.—Intravenous (i.v.) jugular catheter surgery and cocaine self-
administration procedures were conducted as reported previously (Li et al., 2019). After
implantation, catheters were flushed daily with a gentamicin-heparin—saline solution (0.1
mg/ml gentamicin and 30 1U/ml heparin) to prevent clogging and infection. Cocaine self-
administration training began 5 days following surgery in an operant conditioning chamber
equipped with two response levers, a house light, and a cue light mounted above the active
lever (Med Associates Inc., Georgia, VT, USA). Rats were allowed to press the active lever
to earn an i.v. infusion of cocaine (1 mg/kg) at a rate of 0.08 ml/4.6 sec under a fixed ratio 1
(FRY) schedule of reinforcement in daily, three-hour sessions. During the infusion period,
the house light was extinguished while the cue light was illuminated. Each infusion was also
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paired with an auditory tone cue. During infusion intervals active lever responses were
recorded but had no additional consequences. Rats were transitioned to an FR2 schedule
after 2 weeks of training.

After stable self-administration was achieved under FR2 (defined as earning = 20 cocaine
infusions or active lever responses during a three hour session, < 20% variability in infusions
earned, and an active/inactive lever press ratio =2:1 for at least 5 consecutive sessions), rats
received either vehicle, Xie2-64 (10 or 20 mg/kg, i.p.), or SR144528 (1, 3 mg/kg, i.p.; doses
chosen based on prior studies; Adamczyk et al., 2012) 30-min prior to the self-
administration session (counterbalanced) to determine whether Xie2-64 alters cocaine self-
administration maintained by a high dose (1 mg/kg/infusion) of cocaine.

2.6. Multiple-dose cocaine self-administration

After the completion of the above cocaine self-administration, we evaluated the effects of
Xie2-64 or SR144528 on self-administration maintained by a full range of cocaine doses
(0.031, 0.0625, 0.125, 0.25, 0.5 and 1 mg/kg/infusion). Within each daily session rats self-
administered multiple doses of cocaine across three hours in an ascending dose sequence (20
minutes/dose, with 10 minute intervals between doses; Keck et al., 2013). The dose was
adjusted by changing the infusion volume via the duration of pump activation. After stable
cocaine self-administration was achieved for at least 2-3 days, the animals received vehicle,
Xie2-64 (10 or 20 mg/kg, i.p.), or SR144528 (1, 3 mg/kg, i.p.) 30-min prior to sessions.
After each drug test, animals were allowed to self-administer cocaine under the same
conditions until the behavior was re-stabilized for at least 2-3 days. Each animal was tested 3
times with intervals of 2-3 days.

2.7. Cocaine self-administration under a PR schedule of reinforcement

We then evaluated the effects of Xie2-64 on the rewarding value of cocaine and/or
motivation to earn cocaine. Rats with stable responding were allowed to self-administer
cocaine (first for 1.0 mg/kg/infusion, and then for 0.5 mg/kg/infusion) under a progressive
ratio (PR) schedule of reinforcement. The number of lever presses required to receive a
single infusion of cocaine was increased according to the following schedule: 1, 2, 4, 6, 9,
12, 15, 20, 25, 32, 40, 50 etc. Breakpoints were operationally defined as a number of lever
presses for the last cocaine infusion before a one-hour period during which no cocaine
reward was obtained. Once responding stabilized with breakpoints varying by <1-2
increments for 3 consecutive days, animals were divided into 3 dose groups. Thirty min
prior to a test session, rats were injected with vehicle or Xie2-64 (10 or 20 mg/kg).

2.8. Cocaine self-administration in wild-type and CB»-KO mice

To determine whether the effects of Xie2-64 on cocaine intake were due to selective effects
at CByR, additional cohorts of wild-type and CB»-KO mice were trained to self-administer
cocaine. Surgery and cocaine self-administration procedures were identical to those
described above for rats and previously in mice (Jordan et al., 2019b; Xi et al., 2011) . After
recovery from surgery, mice were allowed to lever press to earn 0.5 mg/kg/infusion cocaine
under a FR1 schedule in operant chambers sized for mice (Med Associates Inc.). Once
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stable baselines were established as described above, mice received either vehicle or
Xie2-64 (10 or 20 mg/kg), 30-min prior to their self-administration session.

2.9. Optogenetic intracranial self-stimulation (0ICSS)

Optogenetic experiments were designed to determine whether Xie2-64 alters DA-dependent
rewarding-seeking behaviors (Han et al., 2017; Jordan et al., 2019). Briefly, AAV-EFla-
DIO-ChR2-EGFP (150 nl, ~2 x 1012 genomes/ml, University of North Carolina Gene
Therapy Center) was microinjected into the VTA of adult DAT-Cre mice (AP -3.28; ML
0.43; DV —-4.41 mm relative to Bregma) under anesthesia, as we reported previously (Jordan
et al., 2019b). After 4 weeks of recovery, mice were allowed to lever press in mouse operant
chambers (Med Associates Inc.) to earn a one second pulse train of laser stimulation (473
nm, 20 mW, 5 ms duration, 25 Hz), paired with one second illumination of a cue light above
the active lever during daily, one hour sessions. Inactive responses were recorded but had no
scheduled consequences. Once reliable responding was established for 25 Hz, mice were
transitioned to a rate-frequency program in which 6 different stimulation frequencies (100,
50, 25, 10, 5, and 1 Hz) were presented in descending order for 10 minutes each. After
stable olCSS baselines were established, mice were treated i.p. with vehicle, cocaine alone
(2 or 10 mg/kg, 5-min. prior to olCSS sessions), Xie2-64 (10 or 20 mg/kg) or SR144528 (1,
3 mg/kg, 30-min prior to olCSS sessions), either alone or 30-min prior to cocaine (10
mg/kg) and olCSS sessions.

2.10. Microdialysis

2.11.

Microdialysis procedures in rats were conducted as described previously (Gao et al., 2018).
Briefly, intracranial guide cannulae (CMA Microdialysis AB, Solna, Sweden) were
implanted bilaterally into the NAc (AP +1.7; ML +1.7; DV -5.8 mm with 6° angled away
from the midline). After 1-week recovery, microdialysis probes were inserted into the NAc.
Twelve hours later, dialysis buffer was perfused at a rate of 2.0 pL/min. Dialysate was
collected in 20-min time blocks into separate aliquots containing 10 pL of 0.1 M perchloric
acid to prevent DA degradation. Baseline samples were collected for two hours, followed by
i.p. injection of Xie2-64 (10 or 20 mg/kg) or intra-NAc local perfusion of Xie2-64. Samples
were then collected for 3 additional hours. All samples were frozen at —80°C until analysis.
DA was measured using high-performance liquid chromatography, as described previously
(Gao et al., 2018; Xi et al., 2006).

Data analysis for in vivo experiments

Dependent measures for drug self-administration and olCSS included active and inactive
lever responses and reinforcers earned. Dependent measures for microdialysis were DA
levels in each dialysate sample, expressed as a percentage of pre-injection baseline (Xi et al.,
2006). All behavioral data were expressed as Mean = SEM and analyzed using one- or two-
way ANOVAs, followed by post-hoc Student-Newman-Keuls tests for individual group
comparisons.
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2.12. Chemogenomics Knowledgebase and Systems Pharmacology Analysis

We have constructed a drug abuse-related G-protein coupled receptors knowledgebase
(DAKB-GPCRs) (https:/lwww.cbligand.org/dakb-gpcrs/) (Chen et al., 2019) for use in
target, off-target, or additional identification and systems pharmacology analyses. As of this
writing, DAKB-GPCRs has already archived 86 drug abuse-related GPCRs with ~90,000
associated chemicals having various reported bioactivities with different bioassays and
references. Moreover, several in-house chemoinformatics tools were also used, including
TargetHunter, HTDocking, Blood-Brain Barrier (BBB) Predictor, Spider Plot, and more. In
this work, we applied DAKB-GPCRs (https://www.cbligand.org/dakb-gpcrs/) and our
established chemoinformatics tools to perform systems pharmacological analysis on
Xie2-64. First, Xie2-64 was docked into the collected proteins from our database. Predicted
proteins were then ranked based on their docking scores and similarity score (targets with
higher docking scores and similarity scores may have higher binding affinities and therefore
a greater chance of interacting with ligands). We next mapped out a pharmacological
network of interactions between drug compounds and target proteins at the molecular level.
Cytoscape 3.4.0 (Shannon et al., 2003) was used to generate, analyze, and visualize the
network of targets and drugs/compounds, as described previously (Chen et al., 2019).

3. Results

3.1. Interactions between Xie2-64 and the CB5R structure

Similar to the endogenous cannabinoid ligand 2-Arachidonoylglycerol (2-AG) and the
synthesized agonist JWH133, both of the selective inverse agonists, Xie2-64 and SR144528,
are reported to bind to the orthosteric binding pocket of CB,Rs. As described in the CB5R
crystal structure, the reported orthosteric ligand-binding site is formed by hydrophobic
residues from TM2, TM3, TM5, TM6, and TM7, as well as the extracellular loop 2 (ECL2),
including Phe87, Phe91, Phe94, His95, 11e110, Val113, Thrl14, Phell7, Phel83, Trpl194,
Trp258, and Ser285 (Li et al., 2019; Xing et al., 2020).

Next, Xie2-64 and SR144528 were docked into the CB,R crystal structure complexed with
antagonist (AM10257) using the same protocol. Fig. 1A shows that Xie2-64 and SR144528
highly overlapped in the CB,R crystal structure. The detailed interactions of SR144528 and
Xie2-64 in the CB,R are shown in Figs. 1B and 1C, respectively. Our results indicate that
both Xie2-64 and SR144528 approached the “toggle switch” residue Trp2586-48 with
distances of 3.2 and 3.6 A, respectively, consistent with both small molecules being inverse
agonists. Moreover, we found that these two ligands interacted with Phe87, Phe91, Phe94,
11e110, Val113, Phell7, Phel83, and Trp194 through similar hydrophobic interactions.
Although our results showed that Xie2-64 shared a high similarity with SR144528 in its
binding to CB,R, subtle differences also existed. For example, we observed a single strong
hydrogen bond formed between Ser285 and SR144528, with a distance of 2.8 A (Fig. 1B).
However, there were two hydrogen bonds formed between Xie2-64 and residues in CB,R,
including His95 (2.9 A) and Thr114 (3.9 A). Moreover, Xie2-64 shows a more favorable
CBR selectivity profile compared with SR144528 (Table 1). Oral administration of Xie2-64
affords modest bioavailability (12% F) and demonstrates a half-life (T1/2) of 10 h, shorter
than that observed from intravenous administration (17 h). In addition, the /n vivoacute
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toxicity of Xie2-64 is LDgq > 2560 mg/kg. These results, taken together with results from
our previous reports with JWH2133, led us to predict that Xie2-64 may have therapeutic
potential for the treatment of cocaine use disorder by interactions at CB,R. This was
explored in the subsequent behavioral studies.

3.2. Xie2-64 inhibits cocaine self-administration in rats

After validating Xie2-64 binding to CB,R, we sought to determine whether Xie2-64 could
inhibit cocaine self-administration and cocaine intake. Fig. 2A shows that systemic
administration of Xie2-64, at 10 or 20 mg/kg (i.p.), failed to alter self-administration
maintained by 1 mg/kg/infusion cocaine under FR2 reinforcement conditions (F2 14 = 0.86,
£>0.05). We speculated that higher doses of Xie2-64 may be required to antagonize
cocaine’s action, or the cocaine dose was too high to reveal the therapeutic efficacy of
Xie2-64. To test this hypothesis, we next investigated the effects of Xie2-64 on cocaine self-
administration under a PR schedule of reinforcement, in which the cost or work load (i.e.,
active lever presses) for receiving each subsequent cocaine infusion is progressively
increased, and thus, the total cocaine intake during the self-administration session is much
lower than that under the FR2 reinforcement schedule as described above. Fig. 2 (B-C)
shows that systemic administration of the same doses of Xie2-64 produced a dose-dependent
reduction in either the PR cocaine infusions earned or the breakpoint level for cocaine self-
administration. Two-way repeated measures ANOVA of breakpoints revealed a significant
main effect of treatment (Fig. 2B, ~, 15 = 9.14, p<0.01; Fig. 2C, £, 15 = 7.88, p<0.01). Post-
hoc testing indicated that 20 mg/kg Xie2-64 significantly reduced cocaine infusions or
break-point levels compared to vehicle treatment (p<0.01).

To further confirm the above finding, we observed the effects of Xie2-64 on multiple doses
of cocaine self-administration. Fig. 2D shows that systemic administration of the same doses
of Xie2-64 produced dose-dependent downward shifts in cocaine dose-response functions
under a FR2 schedule. Two-way repeated measures ANOVA for infusions revealed a cocaine
treatment main effect (/5 110 = 20.1, p<0.001). Post-hoc testing revealed that both 10 and 20
mg/kg Xie2-64 significantly reduced cocaine self-administration maintained by lower doses
of cocaine, compared to vehicle treatment (p<0.05).

To determine whether the effects of Xie2-64 are mediated by its inverse agonist profile, we
examined the effects of SR144528, another CB,R ligand with similar inverse agonist profile,
on cocaine self-administration. Fig. 2E shows that SR144528 produced a similar inhibitory
effect on cocaine self-administration. Two-way repeated measures ANOVA for infusions
revealed a cocaine dose main effect (/5 9o=8.79, £<0.001), a Xi2-64 treatment main effect
(F2,18=4.26, p<0.05), and a cocaine dose x treatment interaction (Fig. 2E, g go=2.47,
p<0.05). Post-hoc testing revealed that both 1 and 3 mg/kg SR144528 reduced cocaine self-
administration maintained by lower doses of cocaine, compared to vehicle treatment

(p<0.05).

3.3. Xie2-64 inhibits cocaine self-administration in wild-type, but not in CB»-KO mice

We next sought to determine whether the effects of Xie2-64 on cocaine self-administration
were specific to action at CB;R. Fig. 2F shows a comparison of Xie2-64 treatment on
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cocaine self-administration by wild-type and CB,-KO mice. Two-way repeated measures
ANOVA indicated a significant treatment main effect in wild-type mice (/24 = 4.4,
p<0.05), but not in CB,-KO mice. Post-hoc testing revealed that 10 and 20 mg/kg Xie 2-64
significantly reduced cocaine self-administration in wild-type mice (p<0.05) but not in CB,-
KO mice.

3.4. Xie2-64 attenuates cocaine-enhanced olICSS in mice

We have previously reported that CB,Rs are expressed in the brain, and particularly, in VTA
DA neurons (Jordan et al., 2019a), suggesting that a DA-dependent mechanism may underlie
the pharmacological action of Xie2-64 on cocaine reward. To test this hypothesis, we next
examined the effects of cocaine and Xie2-64 on olCSS maintained by photoactivation of DA
neurons in the VTA using DAT-Cre mice (Fig. 3 - A, B, C). As we reported previously
(Jordan et al., 2019b; Newman et al., 2019), optical stimulation of VTA DA neurons
produces robust, stimulation frequency-dependent lever responding (Fig. 3D). As anticipated
with drugs of abuse, cocaine alone produced a significant leftward or upward shift in 0olCSS
responding (Fig. 3E). Two-way ANOVA of active lever presses revealed main effects of laser
frequency (F5,143=33.1, p<0.001) and treatment (/ 134=4.3, p<0.01). Post-hoc testing
indicated that 10 mg/kg cocaine significantly increased responding at the 10 Hz frequency
compared to vehicle (p<0.01).

Fig. 3F shows that pretreatment with Xie-264 significantly attenuated cocaine-induced
increases in olCSS responding in a dose-dependent manner. Two-way ANOVA revealed
main effects of frequency (£ 218=13.9, £<0.001) and treatment (/3 29=14.4, p<0.001), and a
frequency X treatment interaction (F5218=3.1, p<0.001). Post-hoc testing revealed that 10
and 20 mg/kg Xie2-64, in combination with cocaine, significantly attenuated active lever
presses at 100 and 50 Hz compared to vehicle or cocaine alone (p<0.01). The 20 mg/kg
Xie2-64 dose also reduced responding in combination with cocaine at 25 Hz compared to
cocaine alone (p<0.01).

We next examined the impact of Xie2-64 or SR144528 alone on olCSS responding. We
found that both CB,R inverse agonists produced a significant reduction in olCSS, with
Xie2-64 being more potent (Fig. 3 — G, H). Two-way repeated measures ANOVA for the
Xie2-64 data shown in Fig. 3G revealed main effects of frequency (/5 75=111, p<0.001) and
treatment (/, 10=12.3, p<0.001) and a frequency x treatment interaction (F19 75=9.8,
p<0.001). Two-way repeated measures ANOVA for the SR144528 data shown in Fig. 3F
revealed main effects of frequency (/5 30=71.59, p<0.001) and treatment (5, 1,=5.25,
p<0.05). Post-hoc tests revealed that 10 and 20 mg/kg Xie2-64 or 1 and 3 mg/kg SR144528
significantly attenuated olCSS responding at 100, 50, and 25 Hz compared to vehicle

(p<0.05).

3.5. Xie2-64 reduces extracellular DA levels in the nucleus accumbens (NAc)

Next, we sought to determine whether the attenuation of cocaine reward by Xie2-64 could
be attributed to a suppressed DA response to cocaine in the NAc, using /7 vivo brain
microdialysis. Fig. 4A shows that systemic administration of Xie2-64 produced a significant
reduction in NAc extracellular DA in a dose-dependent manner. Two-way repeated measures
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ANOVA revealed significant main effects of treatment (/7 13=10.1, p<0.01) and time
(F9,117=8.,1 p<0.001), and a treatment X time interaction (Fg 117=2.2, p<0.05). Post-hoc
testing revealed that 10 mg/kg Xie2-64 significantly reduced NAc extracellular DA at 20 and
140-min post-injection (p<0.05) compared to the pre-injection baseline. The 20 mg/kg
Xie2-64 dose significantly reduced NAc extracellular DA at all post-injection timepoints
sampled (p<0.001, except for 20-min post-injection where p<0.05). Fig. 4B shows that intra-
NAc local administration of Xie2-64 also produced a significant reduction in NAc
extracellular DA. One-way repeated measures ANOVA revealed a significant main effect of
treatment (/5 14=2.02, p<0.05).

3.6. Potential targets and off-targets of Xie2-64 in the brain

Finally, we used DAKB-GPCRs (https://www.cbligand.org/dakb-gpcrs/) and our established
chemoinformatics tools (Chen et al., 2019) to perform systems pharmacological analysis on
Xie2-64 for its potential targets and off-targets in the brain. We found that Xie2-64 docked
into the collected proteins from our database. As targets with higher docking scores and
similarity scores may have higher binding affinities, and therefore a greater chance of
interacting with ligands, predicted proteins were ranked based on their docking scores and
similarity scores. We found that Xie2-64 has the highest probability of binding to CB,Rs
and CB1Rs, followed by DA D3Rs and several subtypes of serotonin and opioid receptors

(Fig. 5).

4. Discussion

Taken together, the results of the present study suggest that the novel CB,R ligand Xie2-64
may represent a viable therapeutic option for cocaine use disorder, as assessed by the
findings that Xie2-64 and SR144528 (a well-characterized CB,R antagonist/inverse agonist)
dose-dependently reduced cocaine self-administration and cocaine intake under multiple
reinforcement schedules of reinforcement in rats and wild-type mice.

In addition, Xie2-64 dose-dependently inhibited cocaine-enhanced brain-stimulation reward
maintained by optical stimulation of VTA DA neurons. The olCSS procedure is a new
animal model we developed in transgenic mice to evaluate DA-dependent behaviors and
brain reward function (Han et al., 2017; Jordan et al., 2019a; Newman et al., 2019). oICSS is
sensitive to drug-induced changes in brain reward and mechanistically cell type-specific, and
thus potentially superior to classical ICSS mediated by electrical stimulation of the medial
forebrain bundle (Carlezon and Chartoff, 2007; Spiller et al., 2019). In the classical electrical
ICSS paradigm, drug-induced leftward or upward shifts in the rate-frequency functions are
interpreted to indicate an increase in reward, while rightward or downward shifts are
interpreted to indicate a reduction in reward or aversion (Carlezon and Chartoff, 2007).
Consistent with the findings in electrical ICSS models, we observed a cocaine-induced
increase in olCSS responding. Similarly, oxycodone also produces a dose-dependent
increase in 0lCSS in DAT-Cre mice (Jordan et al., 2019b). These findings suggest that
cocaine and brain-stimulation produce additive or synergistic rewarding effects. In contrast
to cocaine or oxycodone, Xie2-64 or SR144528 alone produced significant decreases in
oICSS responding, while pretreatment with Xie2-64 attenuated cocaine-enhanced olCSS,
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suggesting that a DA-dependent mechanism may underlie the effects of Xie2-64 to reduce
cocaine seeking. This conclusion is further supported by our finding that systemic or intra-
NAc local administration of Xie2-64 also decreased NAc DA release. Systemic
administration of SR144528 also inhibited cocaine-primed reinstatement of cocaine-seeking
behavior in prior studies (Adamczyk et al., 2012). The reduction in cocaine self-
administration or olCSS is unlikely due to sedation or non-specific locomotor impairment
after Xie2-64 administration, since this compound did not alter inactive lever responding
during cocaine self-administration or locomotor activity associated with VTA DA
stimulation. Notably, the doses of Xie2-64 that were effective in reducing cocaine reward
were significantly higher than those of SR144528 that has significantly lower selectively for
CB2R over CB1R (Table 1). These differences in effective dosing may be due to off-target
effects or differences in the compounds’ pharmacokinetic (PK) profiles, such as in
absorption, metabolism, and blood-brain barrier penetration that will be further addressed in
the future studies.

The neural mechanisms through which Xie2-64 inhibits NAc DA release are unclear. There
are several possibilities. First, Xie2-64 or SR144528 may directly act on CB,R on VTA DA
neurons or DA terminals in the NAc, producing an inhibitory effect on DA release in the
NAc. This is supported by recent findings that within the VTA that CB,Rs are expressed
mainly on DA neurons (Xi et al., 2011; Zhang et al., 2015; Zhang et al., 2014), while CB1Rs
are expressed mainly on glutamate and GABA neurons (Han et al., 2017; Szabo et al.,
2002). Activation of CBR by JWH-133 inhibits VTA DA neuronal firing and DA release in
the NAc (Xi et al., 2011; Zhang et al., 2014; Zhang et al., 2015). We note that Xie2-64 is not
a CB3R agonist, but a human CB3R inverse agonist, as assessed by forskolin-induced cyclic
AMP production assays in ex vivo CHO cells expressing human CB,R (Yang et al., 2013;
Zhang et al., 2011). In theory, if a CB,R agonist (JWH133) produces a reduction in DA
release, a CB,R inverse agonist (Xie2-64) should produce an increase in extracellular DA in
the NAc. Contrary to this expectation, we found unexpectedly that Xie2-64, when
administered systemically or locally into the NAc, produced a dose-dependent reduction in
extracellular DA and in DA-dependent olCSS, suggesting that Xie2-64 might behave as a
CB3R agonist in rodents /n vivo. It was recently reported that CB,Rs display significant
species and /n vitroversus in vivo differences in gene and receptor structure and functional
responses to CB,R ligands (Zhang et al., 2015). For example, AM1241 was initially
reported to be an agonist at human CB3Rs (Yao et al., 2006), but later reported as an inverse
agonist at rodent CB,Rs (Bingham et al., 2007). Similarly, JWH-133 was reported to inhibit
DA release in the NAc /n vivo (Xi et al., 2011; Zhang et al., 2014), but increases K*-evoked
[3H]-DA release in midbrain slices in vitro (L6pez-Ramirez et al., 2020). Blockade of DA
D,R reverses JWH-133 effects — from increase to decrease in K*-induced [3H]-DA release,
suggesting that CB,R responding to receptor ligands is endogenous DA- or D,R-dependent
(Lépez-Ramirez et al., 2020).

A second possibility is that Xie2-64 may act on CB,Rs expressed in other types of neurons
that indirectly modulate VTA DA neurons or DA release in the NAc. For example, previous
studies have reported CB,R expression in glutamate neurons in the cortex and hippocampus
(Li and Kim, 2016; Stempel et al., 2016; Stumpf et al., 2018) and GABA neurons in the
cortex and NAc (den Boon et al., 2012; Morgan et al., 2009; Zhang et al., 2020). Thus,
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Xie2-64-induced reduction in NAc DA release could be a net effect of CB,R actions on
GABA and glutamate neurons that project to the VTA and NAc.

A third possibility is that Xie2-64 may act on other non-CB3R targets. This is supported by
our finding that Xie2-64, at higher doses (20 mg/kg), produced a moderate reduction in
cocaine self-administration in CB,-KO mice, although this reduction was not statistically
significant. To further address this issue, we used several machine learning-trained models —
computational systems pharmacology-target mapping (CSP-Target Mapping) and drug abuse
related G-protein coupling receptors specific chemogenomics knowledgebase (DAKB-
GPCRs) (https://www.chligand.org/dakb-gpcrs/) to predict the potential off-targets of
Xie2-64. Our results show that in addition to CB,Rs, Xie2-64 may also bind to CB4Rs, DA
receptors (DoR, D3R, DsR), serotonin receptors (5HT1 4, SHT2a, 5HToc, 5HTg, 5HT7), and
opioid receptors (OPRK and OPRD) under certain circumstances. By using these tools, we
have previously predicted that some cannabinoids may bind to serotonin receptors and
opioid receptors, which have been confirmed in recent studies. For example, A%-THC may
behave as an agonist at P opioid receptor (Soderstrom et al., 2017), while HU 210, a
CB1R/CB3R agonist, may also bind to 5HT, or GPR55 receptors (Turcotte et al., 2016), and
cannabidiol may act as an agonist toward 5HTq 4 (Soderstrom et al., 2017; Galaj et al.,
2020). Clearly, further experiments are required to determine the role of non-CBR in the
effects of cannabinoid receptor ligands.

Whatever the mechanisms, the current finding that Xie2-64 is effective in attenuating
cocaine reward in both rats and mice suggests that this compound represents an
improvement over other CB4R agonists such as JWH-133, which was more effective in mice
than in rats in reducing cocaine self-administration (Zhang et al., 2015). Notably, Xie2-64
was not a potent antagonist to the rewarding effects of cocaine. Under “low-cost”
reinforcement conditions, such as easy access to high doses of cocaine under low-demand
FR schedules, Xie2-64 has little effect, suggesting that the pharmacological effects of
Xie2-64 depend upon cocaine dose or reinforcement schedule.

In conclusion, the present study suggests that the novel CB,R ligand, Xie2-64, can attenuate
cocaine abuse-related behaviors in both rats and mice. The CB,R may, therefore, represent a
valuable new therapeutic target for the treatment of cocaine use disorders.
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Highlights
. CBI1R ligands have been studied as addiction treatments, but failed clinical
trials.
. Xie2-64, a novel CB2R inverse agonist, inhibits cocaine reward and cocaine
seeking
. Xie2-64 reduces extracellular dopamine levels in the nucleus accumbens.
. CB2R inverse agonists warrant further studies as new treatments for cocaine

use disorder.
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Fig. 1:

Schematic of Xie2-64 structure, receptor binding profiles, and computational modeling of
Xie2-64 or SR144528 binding in the crystal structure of CBoR. A, Molecular structure of
Xie2-64 and alignment of Xie2-64 or SR144528 in the CB,R crystal structure. Xie2-64 is a
novel CB,R inverse agonist recently synthesized (Yang et al., 2013; compound #57). B,
Detailed interactions between SR144528 and CByR. C, Detailed interactions between
Xie2-64 and CB5R.
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Fig. 2:

Efgfects of Xie2-64 on cocaine self-administration. A, Xie2-64, at the doses of 10 or 20
mg/kg, i.p., failed to alter cocaine self-administration maintained by 1 mg/kg/infusion under
a low fixed-ratio (FR2) reinforcement schedule. B, Xie2-64 decreased cocaine self-
administration in rats under a PR schedule of reinforcement. C, Xie2-64 reduced PR
breakpoints for cocaine self-administration, indicating a reduction in motivation to earn
cocaine reward. D, Xie2-64, at the same doses, inhibited cocaine self-administration
maintained by lower doses of cocaine under an FR2 schedule of reinforcement and shifted
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the cocaine dose-response curves downward. E, SR144528, another CB,R inverse agonist,
also inhibited cocaine self-administration and shifted the cocaine dose-response curves
downward. F, Xie2-64 reduced cocaine self-administration in wild-type, but not CB,-KO
mice, under a FR1 schedule of reinforcement. **p < 0.01, *p < 0.05 compared to vehicle
treatment.
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Fig. 3:

Effects of Xie2-64, SR144528, and cocaine on optogenetic brain-stimulation reward. A,
Schematic of experimental model, illustrating AAV-DIO-ChR2-eGFP was microinjected
into the VTA and an optical fiber was implanted into the VTA in DAT-Cre mice. B,
Schematic diagram showing ChR2 expression in VTA DA neurons that can be activated by
473 nm laser activation. C, Representative images, showing that AAV-DIO-ChR2-eGFP is
selectively expressed in VTA DA neurons (labeled with the enzyme tyrosine hydroxylase
[TH]) in DAT-Cre mice. D, Representative olCSS (active lever responses) maintained by
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different frequencies of laser stimulation in a DAT-Cre mouse. Activation of ChR2 via a 473
nm laser sustained robust, frequency-dependent lever responding in the olCSS paradigm. E,
Cocaine dose-dependently increased olCSS responding and shifted the rate-frequency curve
to the left. F, Pretreatment with Xie2-64 (10 or 20 mg/kg, i.p. 30 min prior to test) dose-
dependently attenuated cocaine-enhanced oICSS. G, Xie2-64 alone lowered 0lCSS
responding. H, SR144528 alone also lowered olCSS responding. ***p < 0.001, **p < 0.01,
*p < 0.05 compared to vehicle treatment.
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Impact of Xie2-64 on extracellular DA in the NAc as assessed by /n7 vivo microdialysis. A,
Systemic administration of Xie2-64 dose-dependently reduces extracellular DA in the
nucleus accumbens (NAc) for over two hours post-administration. B, Intra-NAc local
perfusion of Xie2-64 also decreased extracellular DA in the NAc. ***p < 0.001, **p < 0.01,
*p < 0.05 compared to baseline.
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Fig. 5:

Thge predicted targets of Xie2-64 and the docking and similarity score of Xie2-64 by the
machine learning-trained models — computational systems pharmacology-target mapping
(CSP-Target Mapping), DAKB-GPCRs (https://www.cbligand.org/dakb-gpcrs/), and target
identification program.
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Table 1:

Receptor binding affinities of CB,R Ligands /n vitro cell lines

Compound CB,RKi CB;RKi CB;R/CB,;R
JWH133 (Huffman et al., 1999) 3.4nM 677 nM 200
SR144528 (Rinaldi-Carmona et al., 1998) 0.6 nM 400 nM 667
Xie2-64 (Yang et al., 2013) 0.5nM 1,297 nM 2,594
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