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Beta-caryophyllene inhibits cocaine addiction-related
behavior by activation of PPARα and PPARγ: repurposing
a FDA-approved food additive for cocaine use disorder
Ewa Galaj1, Guo-Hua Bi1, Allamar Moore2, Kai Chen1,3, Yi He1,4, Eliot Gardner2 and Zheng-Xiong Xi 1

Cocaine abuse continues to be a serious health problem worldwide. Despite intense research, there is still no FDA-approved
medication to treat cocaine use disorder (CUD). In this report, we explored the potential utility of beta-caryophyllene (BCP), an FDA-
approved food additive for the treatment of CUD. We found that BCP, when administered intraperitoneally or intragastrically, dose-
dependently attenuated cocaine self-administration, cocaine-conditioned place preference, and cocaine-primed reinstatement of
drug seeking in rats. In contrast, BCP failed to alter food self-administration or cocaine-induced hyperactivity. It also failed to
maintain self-administration in a drug substitution test, suggesting that BCP has no abuse potential. BCP was previously reported to
be a selective CB2 receptor agonist. Unexpectedly, pharmacological blockade or genetic deletion of CB1, CB2, or GPR55 receptors in
gene-knockout mice failed to alter BCP’s action against cocaine self-administration, suggesting the involvement of non-CB1, non-
CB2, and non-GPR55 receptor mechanisms. Furthermore, pharmacological blockade of μ opioid receptor or Toll-like receptors
complex failed to alter, while blockade of peroxisome proliferator-activated receptors (PPARα, PPARγ) reversed BCP-induced
reduction in cocaine self-administration, suggesting the involvement of PPARα and PPARγ in BCP’s action. Finally, we used electrical
and optogenetic intracranial self-stimulation (eICSS, oICSS) paradigms to study the underlying neural substrate mechanisms. We
found that BCP is more effective in attenuation of cocaine-enhanced oICSS than eICSS, the former driven by optical activation of
midbrain dopamine neurons in DAT-cre mice. These findings indicate that BCP may be useful for the treatment of CUD, likely by
stimulation of PPARα and PPARγ in the mesolimbic system.
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INTRODUCTION
Cocaine is a commonly used psychostimulant worldwide [1].
Despite many years of extensive research, there is still no effective
medication to treat cocaine use disorder (CUD). One of the recent
medication strategies has been focused on the endocannabinoid
system because of its critical role in reward and addiction [2, 3],
including cocaine addiction-related behaviors [4–8]. Previous
studies have been focused on CB1 receptor (CB1R) antagonists
or inverse agonists for their potential utility for the treatment of
CUD. The results are mixed. Some studies indicate that CB1R
antagonists are effective in decreasing cocaine-conditioned place
preference (CPP) [9–11], cocaine self-administration [7, 12], and
reinstatement of cocaine-seeking behavior [13–15], while others
indicate a lack of effect on cocaine-self-administration [16–21].
Although mice lacking CB1Rs can acquire cocaine CPP [22, 23] and
self-administer cocaine [8, 17], they show a significant reduction in
cocaine self-administration [8] and the accumbal DA response to
cocaine [24]. Likewise, stimulation of CB2Rs or overexpression of
CB2Rs in the brain also decreases cocaine self-administration in
mice [12, 25]. Despite the promising results from preclinical
studies, clinical trials with selective CB1R antagonists failed due to

significant adverse effects such as depression and suicidal
tendencies [26]. Therefore, many researchers have shifted their
interests from CB1Rs to other targets of the endocannabinoid
system, such as CB2 receptor [3, 27] and non-psychotomimetic
phytocannabinoids [2].
Beta-caryophyllene (BCP) is an FDA-approved food additive that is

present in high concentrations across a variety of plants and herbs
including black pepper, cloves, rosemary, and cannabis [28, 29]. In
2008, BCP was identified as a selective CB2R agonist [30] with
significant anti-inflammatory effects [30–32]. Since then, copious
therapeutic effects of BCP have been reported including analgesic,
anti-depressive, anxiolytic, and neuroprotective [29, 32–37], making
it a viable candidate in the treatment of CNS disorders. However,
little is known about its therapeutic potential in the treatment of
substance use disorders.
We recently reported that systemic administration of BCP

reduced nicotine self-administration in rats, wild type mice, and at
high doses, also in CB2-knockout mice [38]. In addition,
pretreatment with AM630 (a CB2R antagonist), but not AM251
(a CB1R antagonist), blocked BCP’s action against nicotine self-
administration produced by low doses of BCP (10, 25 mg/kg); both
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Fig. 1 The effects of BCP on cocaine addiction-related behavior in rats. a Intraperitoneal (i.p.) administration of BCP dose-dependently
inhibited cocaine self-administration maintained by 0.5 mg/kg/infusion under an FR1 schedule of reinforcement (n= 8). b BCP inhibited
cocaine self-administration under a FR2 schedule of reinforcement and shifted the cocaine dose-response curve downward (n= 8).
c Intragastric (i.g.) administration of BCP (50, 100mg/kg, i.g.) failed to inhibit cocaine self-administration maintained by 0.5 mg/kg/infusion
(n= 6). d Intragastric administration of BCP dose-dependently inhibited cocaine self-administration maintained by lower doses of cocaine
(n= 8). e BCP (i.p.) significantly reduced cocaine conditioned place preference (CPP) in rats (n= 8–10 per group). f BCP (i.p.) also reduced
cocaine-primed (10 mg/kg) reinstatement of drug seeking in rats extinguished from cocaine self-administration (n= 8 per group). g BCP did
not alter food pellet self-administration in rats (n= 8). h In a drug substitution test, when BCP substituted for cocaine, rats ceased responding
(n= 8). *p < 0.05, compared to the vehicle control group (a, b, d, f) or pre-conditioning (e), or the phase of cocaine self-administration (h).
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outcomes suggest the involvement of both CB2Rs and non-CB2Rs
in BCP’s action [38]. However, it is unknown whether BCP is
effective in attenuation of cocaine taking and seeking. Therefore,
in this study, we systemically evaluated the potential therapeutic
utility of BCP for CUD using multiple animal models of drug
addiction. In addition, we assessed the effects of BCP on nondrug
(food) self-administration and possible BCP abuse liability using a
drug substitution procedure.
Although a number of studies indicate that CB2R mechanisms

may underlie the therapeutic effects of BCP in several disease
models [30, 39, 40], more recent studies suggest that BCP has no
binding affinity to CB1R and CB2Rs [41, 42], suggesting that non-
CB2R mechanisms may also underlie BCP action. BCP was
reported to have multiple non-CB2R targets, including µ-opioid
receptors (MORs), toll-like receptor 4 (TLR-4), and peroxisome
proliferated activator receptors (PPARα, PPARγ) [see a review by
[29]]. Therefore, in this study, we used pharmacological and
transgenic approaches to determine whether CB1Rs, CB2Rs,
GPR55, or any of the above non-CB2Rs underlie BCP’s action in
cocaine self-administration. Last, we used electrical and optical
brain-stimulation reward paradigms to determine whether a
dopamine-dependent mechanism is involved in BCP’s action. We
found that BCP is effective in attenuation of cocaine taking and
seeking by a dopamine-dependent mechanism related to
stimulation of PPARα and PPARγ.

MATERIALS AND METHODS
Male Long–Evans rats, wild type C57BL/6 J mice, CB1-KO, CB2-KO,
GPR55-KO, and DAT-cre mice were used in this study. All
experimental procedures were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals, National
Academy of Sciences, and were approved by the Animal Care and
Use Committee of the National Institute on Drug Abuse (see more
details in S.I.)

Cocaine self-administration in rats and mice
Intravenous catheterization, viral surgeries, and cocaine self-
administration procedures were performed, as described pre-
viously (7, 8). After stable cocaine self-administration was
achieved, the effects of BCP on cocaine self-administration under
an FR1 or FR2 schedule of reinforcement with multiple doses of
cocaine in the presence or absence of a specific receptor
antagonist were evaluated (see more details in the S.I.).

Electrical and optical brain-stimulation reward in rats and mice
Electrical stimulation of the medial forebrain bundle is rewarding
in rats. Similarly, optogenetic stimulation of midbrain DA neurons
is also rewarding in transgenic DAT-cre mice. Here we
used both procedures to determine whether a DA-dependent
mechanism underlying BCP’s action against cocaine (see more
details in S.I.).

Drugs
Beta-caryophyllene was purchased from Sigma-Aldrich. All other
receptor agonists and antagonists were purchased from Tocris
(see more details in S.I.).

RESULTS
BCP attenuates cocaine self-administration under an FR1 schedule
of reinforcement in rats
Figure 1a shows that systemic administration of BCP, at 100mg/
kg, but not at lower doses, reduced cocaine self-administration
under an FR1 schedule of reinforcement. A one-way
ANOVA revealed a significant BCP treatment main effect
(F3,24= 5.36; p= 0.05), which was driven by the 100mg/kg BCP
dose (p < 0.05).

BCP downward shifts the cocaine dose-response curve in rats
To further determine a possible interaction of BCP and cocaine, we
then assessed the effects of BCP on a cocaine dose-response curve
in rats. Figure 1b shows a typical inverted U-shaped curve of
cocaine dose-responses in the vehicle-treated group. Systemic
(i.p.) treatment with BCP (25, 50, 100mg/kg) dose-dependently
decreased cocaine self-administration and shifted the cocaine
dose-response curve downward. A two-way ANOVA with cocaine
dose as a repeated-measures factor revealed a significant cocaine
dose × BCP treatment interaction (F15,160= 2.46, p < 0.05). Post-
hoc Tukey tests for multiple group comparisons revealed that 50
and 100mg/kg doses of BCP significantly reduced self-
administration maintained by lower doses of cocaine (p < 0.05).
(for more detailed statistical analysis, see Table 1 in S.I.)

Intragastric administration of BCP inhibits cocaine self-
administration
To further explore the translational potential of BCP for the
treatment of CUD in humans, it is important to determine whether
intragastric administration of BCP is also effective in reducing
cocaine self-administration. For this purpose, we first observed the
effects of intragastric BCP on cocaine self-administration main-
tained by 0.5 mg/kg/infusion dose of cocaine. We found that BCP,
within a dose range (50–200 mg/kg, i.g.), failed to inhibit cocaine
self-administration maintained by a high dose of cocaine (0.5 mg/
kg/infusion) (one-way ANOVA, p > 0.05) (Fig. 1c).
Next we lowered cocaine doses and found that intragastric

administration of BCP (50–200mg/kg) dose-dependently inhibited
cocaine self-administration and shifted the cocaine dose-response
curve downward (Fig. 1d, cocaine dose × BCP dose interaction,
F15,140= 3.18, p < 0.05). Post-hoc Tukey tests for multiple group
comparisons indicated that BCP is effective in attenuation of
cocaine self-administration maintained by lower doses of cocaine
in a dose-dependent manner (Fig. 1d, p < 0.05) (for more detailed
statistical analysis, see S.I.).

BCP reduces cocaine-induced CPP in rats
To confirm the above findings, we next used the CPP paradigm to
determine whether BCP has similar anticocaine reward effect.
Figure 1e shows the results from the CPP test, indicating that
cocaine-paired conditioning produced significant place prefer-
ence in the vehicle-treated rats, not in those treated with BCP
(50 or 100 mg/kg) (two-way ANOVA, phase × BCP dose interaction:
F2,24= 3.49, p < 0.05) (for more detailed statistical analysis, see S.I.).

BCP reduces cocaine-induced reinstatement of drug seeking in
rats
To determine whether BCP is also effective in preventing relapse
to cocaine seeking, we used a drug-primed reinstatement
paradigm that consisted of 3 phases: self-administration, extinc-
tion and a reinstatement test. Prior to the reinstatement test rats
in 3 different groups were pretreated with 0, 25, or 50mg/kg of
BCP and 30min later they received a systemic injection of cocaine
(10 mg/kg, ip). Rats pretreated with vehicle showed robust
reinstatement of cocaine seeking when primed with cocaine
(Fig. 1f). However, those pretreated with 25 or 50 mg/kg dose of
BCP did not show significant reinstatement responding on the
active lever (Fig. 1f, one-way ANOVA: F2,17= 5.76, p < 0.01),
suggesting that BCP has therapeutic potential in relapse
prevention.

BCP fails to affect cocaine-induced hyperlocomotion
We also examined the effects of BCP on cocaine-enhanced
hyperactivity. We found that systemic administration of BCP
(50, 100 mg/kg, i.p.) failed to alter cocaine (10 mg/kg)-induced
hyperlocomotion in naive rats (Fig. S1). A two-way ANOVA
(time × BCP dose) revealed a significant main effect of time
(F17, 187= 26.64, p < 0.001), but no time × dose interaction.
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BCP has no significant effect on food self-administration in rats
We next examined whether BCP also inhibits nondrug (food
pellet)-maintained lever responding under similar experimental
conditions. Figure 1g shows that BCP, at 50 and 100mg/kg, did
not produce a significant reduction in food self-administration
(one-way ANOVA: F2,35= 2.52, p > 0.05).

BCP itself has low abuse liability
Next we examined whether BCP itself has rewarding or abuse
potential, one of the most important obstacles in medication
development for substance use disorders. In this experiment, we
first trained rats to reliably self-administer cocaine as described
above, and then replaced cocaine with BCP during daily self-
administration sessions. As shown in Fig. 1h, rats readily self-
administered cocaine maintained by 0.5 mg/kg/infusion dose.
Substitution with BCP (at 0.5 or 1.0 mg/kg doses) failed to
maintain lever pressing. When BCP was replaced back with
cocaine after 6 days of the substitution tests, rats rapidly
recovered their self-administration behavior. A two-way ANOVA
on cocaine infusions revealed a significant phase × day interaction
(F6,36= 6.07; p < 0.01), which was driven by a reduction in drug
infusions when BCP was substituted (at the 0.5 and 1mg/kg dose).
Similarly, a separate two-way ANOVA on active lever pressing
revealed a significant phase × day interaction (F6,36= 5.36; p <
0.01). No significant effects of BCP substitution across days were
observed on inactive lever pressing (p > 0.05), suggesting that
intravenous BCP did not cause sedative effects. These findings
suggest that BCP has no abuse potential. For more detailed
statistical analysis, see S.I.

BCP inhibits cocaine self-administration by non-cannabinoid
receptor mechanisms
As stated above, earlier in vitro binding assays and behavioral
studies suggest that CB2R mechanisms underlie the therapeutic
potential of BCP in many disease models [29, 30]. However, this

was challenged by recent findings indicating that non-CB1/non-
CB2 receptor mechanisms might be critically involved in BCP’s
action in vivo [30, 41]. To further address this issue, we used
several cannabinoid receptor gene-knocked mice – CB1-KO, CB2-
KO, and GPR55-KO [43] and examined whether these receptors
might be involved in BCP action against cocaine self-
administration. Figure 2 shows that genetic deletion of CB1,
CB2, or GRP55 receptors failed to attenuate BCP-induced
reduction in cocaine self-administration. In contrast, an enhanced
reduction in cocaine self-administration was observed in CB1-KO
and CB2-KO mice as compared to WT mice. Separate one-way
ANOVAs with BCP dose as repeated-measures factor indicate that
BCP induced a significant reduction in cocaine self-administration
in WT mice (Fig. 2a, F2,48= 4.76; p= 0.013), CB1-KO mice (Fig. 2b,
F2,8= 13.66; p < 0.01 ), CB2-KO (Fig. 2c, F2,25= 29.56; p < 0.001), or
GRP55-KO mice (Fig. 2d, F2,14= 8.66; p= 0.004), suggesting that
BCP-attenuating effects against cocaine are mediated by non-CB1,
non-CB2, and non-GRP55 receptor mechanisms.

CB1, CB2, MOR, and TLR4 receptor antagonists failed to alter BCP
action in cocaine self-administration
We then used pharmacological approaches to explore other
potential receptor mechanisms involved in BCP efficacy in rats.
Figure 3a shows that BCP (100 mg/kg) caused a significant
downward shift of the cocaine dose–response curve, whereas
pretreatment with AM251 (a CB1R antagonist, 3 mg/kg) failed to
block BCP-attenuating effects in cocaine self-administration. A
two-way ANOVA revealed a significant cocaine dose × treatment
interaction (F10,115= 3.76; p < 0.01). Post-hoc Tukey tests did not
reveal significant differences in cocaine self-administration
between (vehicle+ BCP) and (AM251+ BCP) groups. Likewise,
pretreatment with AM630 (a CB2R antagonist, 3 mg/kg) failed to
block BCP-induced reductions in cocaine self-administration
(Fig. 3b, two-way ANOVA, cocaine dose × treatment interaction:
F10,110= 3.00, p < 0.01). Post-hoc Tukey tests did not reveal

Fig. 2 The effects of BCP on cocaine self-administration in mice under a FR2 schedule of reinforcement. Mean (±SEM) numbers of cocaine
infusions in WT (a) (n= 27), CB1-KO (n=5 ) (b), CB2-KO (n= 16) (c), and GPR55-KO mice (n= 8) (d). BCP, at 100mg/kg, inhibited cocaine self-
administration in all genotypes of mice. *p < 0.05, as compared to the vehicle control group.
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significant differences in cocaine self-administration between
(Veh+ BCP) and (AM630+ BCP) groups. Figure 3c shows that
pretreatment with naloxone (a MOR antagonist, 3 mg/kg) failed to
alter BCP-induced reductions in cocaine self-administration (two-
way ANOVA, treatment × cocaine dose interaction: F10,110= 4.07,
p < 0.001). Post-hoc Tukey tests did not reveal significant

differences in cocaine self-administration between (Veh+ BCP)
and (Nalx+ BCP) groups. Figure 3d shows pretreatment with the
3mg/kg dose of TAK242 (a TLR-4 receptor antagonist) also failed
to block BCP attenuating effects on cocaine self-administration
(treatment × cocaine dose interaction: F10,115= 2.84; p < 0.01).
Post-hoc Tukey tests did not reveal significant differences in

Fig. 3 The effects of BCP (100mg/kg, i.p.) on self-administration of multiple cocaine doses in the presence or absence of different
receptor antagonists or agonists (n= 8–10 rats in each group). Pretreatment with AM251 (a CB1 antagonist, 3 mg/kg) (a), AM630 (a CB2
antagonist, 3 mg/kg) (b), naloxone (NXL, a MOR antagonist, 3 mg/kg) (c), TAK242 (a TLR-4 antagonist, 3 mg/kg) (d) failed to block BCP-induced
reduction in cocaine self-administration. In contrast, pretreatment with GW6471 (a PPARα antagonist, 3 mg/kg) (e) or GW9662 (a PPARγ
antagonist, 3 mg/kg) (f) blocked BCP-induced reduction in cocaine self-administration. Pretreatment with GW7647 (a PPARα agonist, 3 and
5mg/kg) (g) or pioglitazone (a PPARγ agonist, 10 mg/kg) (h) also reduced cocaine self-administration by itself. *p < 0.05, as compared to the
vehicle control group at each cocaine dose.
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cocaine self-administration between (Veh+ BCP) and (TAK242+
BCP) groups. For more detailed statistical analysis, see S.I.

PPARα and PPARγ antagonists block BCP’s action in cocaine self-
administration
Unexpectedly, pretreatment with GW6471 (a PPARα antagonist, 3
mg/kg) blocked BCP-attenuating effects on cocaine self-
administration (Fig. 3e). A two-way ANOVA revealed a significant
cocaine dose × treatment interaction (F10,110= 3.24; p < 0.01). Post-
hoc Tukey tests for multiple group comparisons revealed that rats
in the (Veh+ BCP) group self-administered significantly less cocaine
than the (Veh+ Veh) control group and the (GW6471+ BCP) group
(p < 0.05). There were no significant differences in the numbers of
cocaine infusions between the (Veh+ Veh) and (GW6471+ BCP)
groups. Similarly, pretreatment with GW9662 (a PPARγ antagonist,
3 mg/kg) also prevented BCP (100mg/kg)-induced reductions in
cocaine self-administration (Fig. 3f; cocaine dose × treatment
interaction: F10,100= 2.15, p < 0.05). Post-hoc Tukey tests revealed
that the (Veh+ BCP) group self-administered significantly less
cocaine than the (Veh+ Veh) control or (GW9662+ BCP) groups
(p < 0.05). These findings suggest that BCP attenuating effects
on cocaine-self administration are involved in stimulation of
PPARα and PPARγ receptors. For more detailed statistical analysis,
see S.I.
To confirm these findings, we tested whether systemic

administration of PPARα or PPARγ agonist inhibits cocaine self-
administration in a way similar to BCP. Figure 3g shows that
pretreatment with GW7647 (a selective PPARα agonist, 3 or 5 mg/
kg) significantly reduced cocaine self-administration and shifted
the cocaine dose-response curve downward in a dose-dependent
manner. A two-way ANOVA indicated a significant main effect of
GW7647 treatment (F10,110= 2.35, p < 0.05). Similarly, pretreat-
ment with pioglitazone (10 mg/kg) also caused a significant
reduction in cocaine self-administration (Fig. 3h, F5,75= 2.68; p <
0.05). These findings suggest that stimulation of PPARα or PPARγ

causes a reduction in cocaine self-administration, which provide
additional evidence supporting the involvement of PPARα and
PPARγ mechanisms in BCP’s anticocaine effects. For more detailed
statistical analysis, see S.I.

BCP failed to reduce cocaine-enhanced electrical brain-stimulation
reward in rats
How do PPARα and PPARγ underlie BCP’s action in cocaine self-
administration? It was recently reported that PPARα and PPARγ
may modulate the mesolimbic DA system [44, 45]. Thus, we
hypothesized that BCP action against cocaine may involve the
mesolimbic DA system. To test this hypothesis, we used an
electrical brain-stimulation reward (BSR) paradigm to observe a
possible interaction between cocaine and BCP. We found that
electrical stimulation of the medial forebrain bundle (MFB) (Fig. 4a)
caused robust BSR. Figure 4b shows typical rate-frequency
functions for BSR, indicating the BSR threshold θ0 and Ymax.
Cocaine (2 mg/kg, i.p.) shifted the stimulation-response curve to
the left and decreased the BSR threshold θ0 value, but not
affecting rates of responding (Ymax) (Fig. 4c). A one-way
ANOVA revealed a significant cocaine treatment main effect
(Fig. 4c, F3,21= 5.81, p < 0.01, compared to vehicle). However, BCP
pretreatment did not produce a statistically significant reduction
in the θ0 value (Fig. 4c, F2,14= 0.755, p > 0.05, compared to vehicle)
nor in the Ymax value (Fig. 4d, F2,14= 0.43, p > 0.05).

BCP reduces DA-dependent optical brain-stimulation reward in
DAT-cre mice
To determine whether the failure of BCP to inhibit cocaine-
enhanced BSR was caused by electrical activation of non-
dopaminergic fibers in the MFB, we used an optogenetic ICSS
paradigm to selectively activate VTA DA neurons in DAT-cre mice.
Figure 5a shows the general experimental set-up, illustrating that
AAV-ChR2 was microinjected into the VTA (bilateral) and then
fibers were surgically implanted 0.5 mm above the VTA in DAT-cre

Fig. 4 The effects of cocaine and BCP on electrical brain-stimulation reward (BSR) (n= 12). a A diagram showing that electrical stimulation
of the medial forebrain bundle at the hypothalamus causes intracranial self-stimulation (ICSS) behavior (known as BSR). b The representative
stimulation–response curves, indicating that cocaine shifted the stimulation-response curve to the left and decreased the BSR stimulation
threshold (θ0 value), while BCP shifted the stimulation–response curve rightward. c Averaged % changes in the stimulation threshold (θ0
value), indicating that cocaine significantly decreased the θ0 value (p < 0.05), while pretreatment with BCP failed to reverse cocaine-induced
reduction in θ0 value (p > 0.05). d BCP pretreatment did not alter Ymax in the presence or absence of cocaine. *p < 0.005, **p < 0.01, as
compared to the vehicle treatment group.
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mice. Figure 5b shows the fluorescent ChR2 expression in VTA DA
neurons. Systemic administration of cocaine shifted the optical
stimulation-response curve to the left, which was dose-
dependently blocked by pretreatment with BCP (Fig. 5c, two-
way ANOVA: treatment × frequency interaction: F15,75= 4.33, p <
0.001). Post-hoc tests for multiple group comparisons indicated
that BCP pretreatment significantly attenuated cocaine’s action in
oICSS (p < 0.05). BCP alone (50, 100 mg/kg, i.p.) caused a
significant reduction in optical ICSS (Fig. 5d, two-way ANOVA:
BCP dose × frequency interaction: F10,50= 9.14, p < 0.001). Post-
hoc Tukey tests revealed significant reductions in oICSS main-
tained by 50 and 100 Hz stimulation (p < 0.05). For more detailed
statistical analysis, see S.I.

DISCUSSION
In a series of experiments, we evaluated the potential utility of BCP
as a repurposed drug for the treatment of CUD and explored the
underlying receptor mechanisms of actions. We found that: (1)
BCP significantly reduced cocaine self-administration in rats and
mice when administered intraperitoneally or orally (intragastri-
cally). In addition, BCP inhibited cocaine CPP and cocaine-primed
reinstatement of drug seeking, but not cocaine-enhanced
locomotion or food self-administration. BCP substitution for
cocaine failed to maintain self-administration, suggesting that
BCP has anticocaine therapeutic potential without exerting abuse
potential; (2) Genetic deletion of CB1, CB2, or GPR55 receptors in
respective CB1-KO, CB2-KO or GPR55-KO mice failed to block BCP-
induced reductions in cocaine self-administration. Pharmacologi-
cal blockade of CB1, CB2, MOR, or TLR-4 receptors also failed to
block BCP’s anticocaine effects, suggesting that these receptors
are not involved in BCP’s action; (3) In contrast, blockade of PPARα
or PPARγ attenuated BCP-induced reductions in cocaine self-

administration, while selective stimulation of PPARα or PPARγ
inhibited cocaine self-administration in a way similar to BCP. These
data suggest that BCP’s therapeutic effects are mediated at least
partially by stimulation of PPARα or PPARγ; (4) Last, although BCP
did not significantly affect cocaine-enhanced electrical BSR in rats,
but dose-dependently reduced cocaine-enhanced BSR maintained
by optical stimulation of VTA DA neurons in DAT-cre mice,
suggesting that a DA mechanism is involved in BCP’s action.
Together, these findings suggest that BCP has promising
therapeutic potential for cocaine abuse and addiction.

BCP: An emerging frontier in medication development for CNS
disorders
BCP did not gain attention of the scientific community until the
2008 report that BCP acts as a selective CB2R agonist and
produces anti-inflammatory effects via a CB2R mechanism [30].
BCP is a widely recognized phytocannabinoid or terpene, found in
a variety of spice and food plants [29]. Due to its distinctive flavor,
fragrance, and an excellent safety profile, BCP has been approved
by the FDA as a “generally recognized as safe” food or cosmetic
additive. BCP offers significant therapeutic benefits for a wide
range of medical conditions including inflammation [30, 32],
neuropathic pain [33, 46], diabetes [47, 48], anxiety [34],
depression [34, 49], multiple sclerosis [50, 51], cancer [52, 53],
Alzheimer’s disease [54, 55], Parkinson’s disease [56–58] and
bacterial infections [59, 60]. Although a majority of these findings
come from preclinical work, there is also clinical evidence that
pure BCP or BCP rich essential oils reduces hand arthritis [61],
nausea and epigastric pain [62] and menstrual cramps [63].
In addition, the literature suggests that BCP might have positive

impact on addiction-like behaviors. For example, BCP has been
shown to reduce alcohol consumption and alcohol CPP [64] as
well as nicotine taking and seeking in rodents [38]. Here we report

Fig. 5 The effects of cocaine and BCP on optical intracranial self-stimulation (oICSS) maintained by optical stimulation of VTA DA
neurons in DAT-cre mice. a A diagram showing the experimental methods for oICSS. AAV-ChR2-eYFP viruses were microinjected into the VTA
of DAT-cre mice and fibers were implanted into the VTA to optically excite VTA DA neurons contingently upon lever response.
b Representative images of TH-immunostaining (red) and fluorescent ChR2-EYFP expression (green) in the VTA, illustrating ChR2-EYFP
expression in VTA DA neurons. c Representative event oICSS records of lever-pressing for descending stimulation frequencies in a
representative session (from 100 Hz to 1 Hz, 10min per frequency), indicating that photoactivation of VTA dopamine neurons induces robust
oICSS behavior in a stimulation frequency-dependent manner. d The averaged stimulation-response curves, indicating that cocaine shifted
the curve upward, which was then blocked by BCP in a dose-dependent manner. e BCP alone dose-dependently shifted the stimulation-
response curve downward, indicating a reduction in BSR. *p < 0.05, as compared to the baseline (d) or the vehicle control group (e).
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that BCP produced attenuating effects on cocaine self-
administration and reinstatement of cocaine seeking. Notably,
BCP inhibited cocaine self-administration when administered
systemically or intragastrically, making it an attractive candidate
in translational research [65]. These results are especially
encouraging as BCP is a safe phytocannabinoid with a low toxicity
profile [66, 67] and good oral bioavailability [40]. In addition, BCP
has moderate selectivity (~60-fold) for CB2 over CB1Rs [30]
without psychotomimetic effects [66]. As demonstrated in this
study, BCP itself has no abuse potential. Given its multifaceted
medical benefits [29, 37], unique pharmacological profile and
being approved by the FDA, BCP is emerging as a frontier in
medication development programs.
We note some discrepancies regarding the BCP efficacy

observed in different experiments. For example, BCP dose-
dependently inhibited self-administration maintained by 0.5 mg/
kg/infusion dose of cocaine in a classical single dose cocaine self-
administration paradigm (Fig. 1a), but not in a multiple-cocaine
dose self-administration paradigm (Fig. 1-b, d). This may be
related to different procedures used. In the latter paradigm, higher
doses of cocaine (0.25, 0.5 mg/kg/infusion) were presented last
(i.e., 2 h after the BCP treatment). Thus, it is likely that BCP effects
might have worn off at this point. This is supported by our
previous finding that BCP inhibits nicotine self-administration and
this effect lasted for about 60–80min [38]. We also note that BCP
produced a descending trend in food self-administration in rats,
which is somehow different from our previous report indicating
that BCP significantly inhibited food-self-administration in mice
[38]. BCP also failed to alter an acute high dose of cocaine-
enhanced locomotion in drug naïve rats. Such discrepancy might
be related to differences in species (rats vs. mice), drug (BCP,
cocaine) doses, long-time cocaine self-administration-induced
neuroadaptations, and methodology (time durations, maximally
allowed deliveries, food deprivation or not) used in these two
studies.

Non-CB2 receptor mechanisms underlying BCP action in cocaine
self-administration
BCP has been initially identified as a moderately potent (Ki= 155
nM) and selective CB2R agonist with 66-fold selectivity for CB2R
over CB1R [30] and its analgesic [32, 68], anxiolytic, anti-
depressant [34], and anti-inflammatory effects [56] have been
attributed to stimulation of CB2Rs [30, 32, 50, 68]. In addition, we
and others have previously reported that JWH133, a highly potent
(Ki= 1.3 nM) and selective CB2R agonist (~200-fold selectivity for
CB2R over CB1R) [69], significantly reduces cocaine self-
administration in rats and mice [8, 12, 70], cocaine-induced CPP
[9, 10], sensitization [10] and hyperlocomotion [71]. Furthermore,
functional CB2 receptors are identified on cell bodies of VTA
dopamine neurons [12, 72] and their terminals in the NAc [25, 73].
Therefore, we initially predicted that a CB2R mechanism might
underlie BCP’s action in cocaine self-administration.
Surprisingly, we found that genetic deletion or pharmacological

blockade of CB1 or CB2 receptor failed to block BCP’s action
against cocaine self-administration, which directly challenges our
initial hypothesis. The reasons for such conflicting findings are
unclear. One possibility is that BCP is not a potent CB2R agonist as
JWH133. Therefore, stimulation of CB2Rs alone by BCP is not
sufficient in attenuating cocaine self-administration. We also note
recent reports that BCP has no binding affinity to either CB1Rs or
CB2Rs [41, 42]. These might explain why pharmacological
blockade or genetic deletion of CB2Rs failed to alter BCP action
against cocaine self-administration in this study. We have recently
reported that the underlying receptor mechanisms of BCP action
depends on drugs of abuse and BCP doses – lower doses of BCP
(25 mg/kg, i.p.) inhibited nicotine self-administration via CB2Rs,
while high doses of BCP produced a more potent dose-dependent
reduction in nicotine self-administration by both CB2 and non-CB2

receptor mechnisms (33). These conclusions were drawn based on
our previous findings that genetic deletion or pharmacological
blockade of CB2R prevented the BCP effects at low (25mg/kg), but
not high doses (50, 100 mg/kg), against nicotine self-
administration [38]. Low doses of BCP can inhibit nicotine, but
not cocaine, self-administration. This may be related to a fact that
cocaine is more reinforcing than nicotine. Thus, higher doses of
BCP might be required to block cocaine action. This is supported
by our findings. However, higher effective doses of BCP also act on
non-CB2 receptors.
Since BCP has been initially recognized as a cannabinoid [30]

and now as a terpenoid [38, 42], we also examined the possible
involvement of other putative cannabinoids such as CB1Rs and
GPR55 (a putative cannabinoid receptor) in BCP’s action. We found
that genetic deletion or pharmacological blockade of CB1 or
GPR55 receptors failed to alter BCP’s action in cocaine self-
administration.

PPARα and PPARγ mechanisms underlie BCP’s action against
cocaine
In addition, recent reports indicate that therapeutic effects of BCP
in various disease models might be mediated by action on MOR,
TLR-4, and PPARα/γ receptors [29, 33, 35, 74–77]. Therefore, we
examined the role of these receptors in BCP’s action against
cocaine self-administration. We found that pharmacological
blockade of either MORs or TLR-4 failed to alter BCP-induced
reduction in cocaine self-administration. Unexpectedly, blockade
of PPARα or PPARγ with selective antagonists blocked BCP-
attenuating effects on cocaine self-administration, suggesting the
involvement of these two receptors in BCP’s action. Likewise,
under the same experimental conditions, pretreatment with a
PPARα or PPARγ agonist also inhibited cocaine self-administration.
These findings are consistent with previous reports that PPARα
agonists can reduce alcohol consumption [78], nicotine self-
administration [79–81] and cocaine-related effects. Likewise,
PPARγ agonists were reported to reduce heroin self-
administration [44], heroin- [82] and cocaine-seeking in rats and
these effects could be blocked by the PPARγ antagonist GW9662
[83]. In addition, PPARγ has been implicated in craving for cocaine
in addicted individuals [84]. Activation of PPARγ can prevent
physical and affective signs of withdrawal from nicotine [85],
opioids [82], or prevent the development of behavioral sensitiza-
tion to methamphetamine [86]. These findings suggest that
PPARα and/or PPARγ could be important targets of BCP against
cocaine or other drugs of abuse. We note that some attempts to
translate PPAR ligands (e.g., gemfibrozil or pioglitazone) into a
clinical setting for the treatment of alcoholism and nicotine
addiction have not been successful [87]. Therefore, more studies
are needed to determine whether BCP, an FDA-approved terpene
with similar PPARα and PPARγ agonist-like profiles, has transla-
tional potential for the treatment of substance use disorders.

DA-dependent mechanisms underlying BCP’s action in cocaine
self-administration
It is unknown how PPARα and PPARγ are involved in BCP’s action.
N-acylethanolamines, such as oleoylethanolamide and palmitoy-
lethanolamide, may act as endogenous ligands of PPARα [88, 89]
and anandamide may act as an endogenous ligand of PPARγ [90].
Thus, one possibility is that BCP might alter such endocannabinoid
release, which subsequently stimulates PPARα and PPARγ,
producing an inhibitory effect on drug reward and relapse.
Immunocytochemistry assays indicate high levels of PPARα
expression in the prefrontal cortex, striatum, VTA [91, 92] and
high PPARγ expression in the VTA [44, 93]. Electrophysiological
evidence suggests that PPARα regulates VTA DA neuronal activity
through nicotinic receptors [89, 94]. Within the VTA, PPARγ are
identified in the areas near to GABAergic neurons and VTA GABA
terminals and in the rostromedial tegmental nucleus, suggesting
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that PPARγ may initially modulate (increase) GABA release that
subsequently modulates (decreases) the mesolimbic DA release in
the NAc [94, 95].
To test this DA hypothesis, we first used electrical ICSS

paradigm to observe the interaction of cocaine and BCP on BSR
in rats. We found that cocaine enhanced electrical BSR but BCP
pretreatment failed to produce a significant decrease against
cocaine’s action. Alternatively, we used an optical ICSS paradigm
in DAT-cre mice, in which light-sensitive ChR2 proteins are
expressed in VTA DA neurons. This allows us to selectively
stimulate VTA DA neurons and observe DA-dependent ICSS
behavior. In this study, we found that BCP inhibited optical ICSS
and dose-dependently attenuated cocaine-enhanced BSR, sug-
gesting a DA-dependent mechanism that might be involved in
BCP’s action. The different findings in electrical versus optical ICSS
experiments may be related to other non-DA mechanisms caused
by nonspecific electrical stimulation of the medial forebrain
bundle. We should point out that BCP action is not cocaine
specific. As mentioned above, BCP also inhibits nicotine self-
administration [38], alcohol CPP and intake [64], and oICSS
as shown in the present study. It is conceivable that BCP
produces its therapeutic effects by stimulating PPARα and/or
PPARγ [96, 97] within the mesolimbic reward (DA) system, a core
system critically involved in the rewarding effects of drugs of
abuse and oICSS.
In conclusion, the present findings suggest that BCP has

therapeutic potential for the treatment of CUD, as assessed in
multiple animal models of cocaine addiction. In addition, BCP
does not produce adverse effects such as sedation nor exerts
abusive liability. Importantly, BCP is effective in inhibition of
cocaine self-administration after systemic or intragastrical admin-
istration. Furthermore, a series of mechanistic studies suggest that
PPARα and PPARγ, rather than CB2R or other receptors, might
underlie the anticocaine effects of BCP. Given that BCP is an FDA-
approved dietary additive with a good safety profile, we believe
that BCP deserves further study as a promising repurposing drug
for the treatment of CUD.
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