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Opioid use disorder (OUD) remains a major public health crisis, underscoring the urgent need for safer and more effective
treatments. Cannabinoid CB2 receptor (CB2R) agonists show therapeutic promise for neuropsychiatric disorders and pain, with
minimal psychoactive effects by themselves, but their potential in treating OUD is not well defined. Here, we report that MRI-2594, a
novel, highly selective CB2R agonist, reduced heroin self-administration and heroin-primed reinstatement of drug-seeking behavior
in rats. MRI-2594 produced modest analgesia by itself without impairing oxycodone-induced analgesia, hyperlocomotion, or
causing sedation. Local infusion of MRI-2594 into the ventral tegmental area (VTA) or nucleus accumbens (NAc) also inhibited
heroin self-administration in rats. Systemically administered MRI-2594 reduced dopamine (DA) release in the NAc, as measured by
fiber photometry. In DAT-Cre mice, MRI-2594 attenuated brain-stimulation reward driven by optogenetic activation of VTA DA
neurons – an effect blocked by the selective CB2R antagonist MRI-2687. To confirm CB2R mechanism, we generated a new strain of
CB2-KO-eGFP mice in which the CB2R coding region was replaced with an eGFP reporter. Immunostaining revealed CB2R-driven
GFP expression in tyrosine hydroxylase (TH)-positive VTA DA neurons of CB2-KO-eGFP, but not wild-type, mice. Lastly, MRI-2594
inhibited heroin self-administration in wild-type but not CB2-KO-eGFP mice. These findings demonstrate that brain CB2Rs mediate
the anti-addictive effects of MRI-2594 and highlight CB2R as a potential target for OUD therapy.
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INTRODUCTION
Opioid use disorder (OUD) has emerged as a significant public
health crisis, affecting millions worldwide [1]. In the United States
alone, overdose deaths exceeded 100,000 in 2021 [2], driven
largely by the misuse of fentanyl, its analogs, and prescription
opioids such as oxycodone. Approximately 80% of individuals with
OUD develop the disorder through the nonmedical use of opioids
[3, 4]. Although treatments like methadone and buprenorphine
are available, relapse rates remain alarmingly high [5]. These
opioid agonists also carry risks of dependence and withdrawal
symptoms [5, 6]. Thus, there is an urgent need to develop novel,
non-opioid pharmacotherapy that can reduce opioid use,
dependence, and overdose risk.
With the ongoing legalization of cannabis in the U.S.,

cannabinoids have gained attention as potential treatments for
OUD. Both cannabinoids and opioids produce therapeutic
analgesia [7, 8]; however, cannabinoids generally have better
safety profile and lower abuse potential [9, 10]. Previous studies
have shown that cannabinoid CB1 receptor (CB1R) antagonists –
such as rimonabant, AM4113, PIMSR, and AM6527 – can reduce
drug-taking and drug-seeking behaviors [11–15], including heroin
self-administration [16] and morphine-induced conditioned place
preference (CPP) in rodents [17]. However, rimonabant’s clinical

development was halted due to severe psychiatric side effects,
including depression and suicidal ideation [13, 18–20].
As an alternative, the brain’s cannabinoid CB2 receptor (CB2R)

has emerged as a potential target. Unlike CB1R antagonists, CB2R
agonists do not produce psychoactive effects [21–23]. Preclinical
studies have shown that CB2R agonists reduce self-administration,
CPP, and locomotor activation induced by cocaine, nicotine,
methamphetamine, and alcohol [16, 24–32]. However, fewer
studies have examined the role of CB2R in OUD, though some
evidence suggests CB2R activation can attenuate morphine-
induced CPP, physical dependence, and tolerance [33–37].
Whether selective CB2R agonists can suppress opioid-taking and
-seeking behavior, however, remains unclear.
This study examined whether MRI-2594, a novel and selective

CB2R agonist (with a Ki of 0.031 nM and an EC₅₀ of 0.09 nM for
human CB2R, and >1800-fold selectivity for CB2R over CB1R)
[38, 39], can reduce heroin self-administration and relapse-like
behavior in rats. We also assessed whether MRI-2594 induces
adverse effects such as sedation, motor impairment, or inter-
ference with therapeutic opioid analgesia.
We also investigated the role of the mesolimbic dopamine (DA)

system in MRI-2594’s action. To test this hypothesis, MRI-2594 was
administered intranasally and directly into the ventral tegmental
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area (VTA) or nucleus accumbens (NAc), followed by heroin self-
administration tests. Additionally, we used fiber photometry and
optogenetics to assess the effects of MRI-2594 on NAc DA release
in WT mice and DA-mediated optical intracranial self-stimulation
(oICSS) behavior in DAT-Cre mice.
Given conflicting evidence on CB2R expression in the brain and

neurons, we reexamined this issue. Some studies report CB2R
expression in midbrain dopamine and glutamate neurons
[11, 22, 40, 41], as well as hippocampal glutamate neurons
[42, 43]. In contrast, studies using GFP-reporter mouse lines have
produced inconsistent results – showing GFP expression in
microglia of the healthy mouse brain in one line [44], or only in
5xFAD Alzheimer’s disease model mice in another line [45]. A
review of the transgenic strategies used in these lines revealed
critical limitations. In the CB2-GFPTg BAC transgenic line [44], the
green fluorescent protein (GFP) transgene was randomly inserted
into mouse genome, which may lead to ectopic rather than
endogenous CB2R expression (Supplementary Fig. 1A). In the
CB2EGFP/f/f line [45], the GFP cassette was placed in the 3′
untranslated region downstream of the CB2R translation stop
codon, suggesting that the endogenous CB2R machinery may not
drive GFP translation (Supplementary Fig. 1B), resulting in
undetectable GFP expression under normal healthy conditions.
To resolve this issue, we generated a novel CB2-KO-eGFP

reporter mouse in which the CB2R-coding sequence is replaced by
enhanced GFP (eGFP) under native regulatory control (Supple-
mentary Fig. 1C). This mouse serves both as a full CB2R-knockout
(CB2-KO) and an eGFP reporter line. Using this line, we observed
GFP expression in DA neurons in the VTA and cells in the NAc.
Importantly, CB2R deletion abolished MRI-2594’s ability to reduce
heroin self-administration and intake.
Together, these findings provide compelling evidence support-

ing that brain CB2Rs play a functional role in regulating opioid-
related behaviors and support the further development of CB2R
agonists, such as MRI-2594, as potential therapies for OUD.

MATERIALS AND METHODS
Animals
Male Long-Evans rats were used for intravenous (i.v.) drug self-
administration and reinstatement test. Male and female DAT-Cre mice
bred at the NIDA IRP were used for optical ICSS. Wildtype and CB2-KO-
eGFP mice (Ingenious Targeting Laboratory) were used for heroin self-
administration and immunohistochemistry (IHC). All animals were housed
in a climate-controlled room on a 12 h light/dark cycle. All procedures were
approved by the Animal Care and Use Committee of the National Institute
on Drug Abuse Intramural Research Program (see more details in SI).

Experiment 1: Intravenous heroin self-administration and
reinstatement test in rats
Intravenous catheterization surgery and heroin self-administration proce-
dures were performed as described previously [46, 47]. Briefly, rats were
implanted with i.v. catheters in the right jugular vein under ketamine/
xylazine anesthesia. Catheters were secured and routed to a head-
mounted connector, fixed with screws and dental acrylic. Catheters were
flushed daily with gentamicin-heparin-saline (30 IU/ml).
After recovery, rats were trained to self-administer heroin under fixed-

ratio (FR1 first, followed by FR2) schedules. Each active lever press
delivered a heroin infusion, paired with light-tone cues. There was no time
out. Sessions lasted 3 h or ended after 50 infusions. Rats were trained to
stable criteria ( ≥15 infusions/session, <20% variability across 3 days,
active/inactive ratio >2:1).
MRI-2594 (3, 10, or 30mg/kg, i.p.) or vehicle (5% Cremophor, i.p.) was

tested in a between-subjects design during FR2 heroin self-administration.
Between tests, animals were returned to daily sessions until baseline was
re-established.
For reinstatement test, heroin was replaced with saline and cues were

removed during extinction training. After reaching extinction ( ≤ 20 active
presses for 2–3 days), rats received MRI-2594 (0, 10, or 30mg/kg, i.p.)
30min before and heroin (1mg/kg, i.p.) 15 min before a reinstatement

session. The complete heroin self-administration and reinstatement
procedures are described in the SI.
We also observed the effects of intranasal administration or intracranial

microinjections of MRI-2594 into the VTA or NAc on heroin self-
administration in rats. The detailed procedures are described in the SI.

Experiment 2: Heroin self-administration in wildtype and CB2-
KO-eGFP mice
WT and CB2-KO-eGFP mice were trained for heroin self-administration
using a similar protocol as in rats, but with 15 µl/infusion [26] and mouse
operant chambers (Model ENV-307A). Mice received MRI-2594 (0, 10,
30mg/kg, i.p.) during FR2 sessions in a counterbalanced, within-subject
design, with 3–5 days between tests.

Experiment 3: Hot-plate analgesic test in mice
For MRI-2594 analgesic effects, WT and CB2-KO-eGFP mice received MRI-
2594 (0, 3, 10, 30 mg/kg, i.p.) and were tested on a 52 °C hot plate (cutoff:
60 s) at 30, 60, 90, and 120min post-injection. Baseline latencies were
recorded pre-treatment. Tests followed a counterbalanced, within-subject
design with ≥48 h between tests.
To assess interaction with oxycodone analgesia, MRI-2594 (0, 10, or

30mg/kg, i.p.) was administered 15min before oxycodone (3 or 10mg/kg,
i.p.). Latencies were measured using the same procedures. The complete
procedures are described in the SI.

Experiment 4: Open-field locomotion in WT mice
To ine whether MRI-2594 produces sedative effects, we observed the
effects of MRI-2594 on open-field locomotion. The complete procedures
are described in the SI.

Experiment 5: Fiber photometry for DA measurement
Fiber photometry recordings were conducted in freely moving mice that
received intra-NAc microinjections of pAAV-hSyn-GRABDA3m-cpEGFP. The
fluorescence signal change (ΔF/F₀) was calculated by subtracting the pre-
injection baseline signal (F₀, defined as the mean value over a 60 s baseline
period) and then normalized to F₀ for further analysis. To quantify the DA
response to MRI-2594, the area under the curve (AUC) of the ΔF/F₀ signal
was calculated using trapezoidal numerical integration over a fixed time
window. Detailed fiber photometry analysis methods are provided in the
SI.

Experiment 6: Optogenetic intracranial self-stimulation
(oICSS) in DAT-Cre mice
DAT-Cre mice received unilateral VTA injections of AAV5-DIO-ChR2-EYFP
and optical fibers implants 0.5 mm above the target site. After 4 weeks
recovery, mice were trained for oICSS. Stable behavior was followed by a
rate-frequency protocol (1 - 100 Hz, 10-min blocks).
MRI-2594 (0, 10, 30 mg/kg) or CB2R antagonist MRI-2687 (0, 10, 30 mg/

kg) was injected i.p. 15 min before testing. Mice were returned to baseline
between tests. Postmortem immunohistochemistry confirmed ChR2
expression in VTA DA neurons. The complete oICSS procedures are
described in the SI.

Experiment 7: GFP-Immunohistochemistry in CB2-KO-eGFP
reporter mice
Mice were perfused with saline and 4% PFA. Brains were post-fixed,
sectioned (40 µm), and incubated with rabbit anti-GFP and sheep anti-TH
antibodies, followed by Alexa Fluor 555 and 488-conjugated secondaries.
Slides were mounted with DAPI medium and imaged via Zeiss LSM510
confocal microscope. Co-localized cells (GFP+/TH+/DAPI+) were counted in
ImageJ across 6 slices per brain from 3 animals (see the SI).

DATA ANALYSIS
Data are presented as mean ± SEM. One-way ANOVAs were used
to assess MRI-2594 dose effects on heroin self-administration and
reinstatement of drug-seeking behavior. Two-way RM ANOVAs
analyzed open-field locomotion, hot-plate analgesia, and oICSS
data. Post hoc comparisons were made using Holm-Sidak tests,
with significance set at p < 0.05.
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RESULTS
MRI-2594 reduces heroin-taking and -seeking in rats
To assess MRI-2594’s potential in treating OUD, we first examined
its effects on heroin self-administration (SA) in rats (Fig. 1A).
Systemic MRI-2594 (3, 10, 30 mg/kg, i.p., 30 min prior) significantly
reduced heroin infusions (Fig. 1B, C) and active lever presses at
high doses (Fig. 1D), without affecting inactive lever presses
(Fig. 1E). One-way ANOVA revealed significant treatment main
effects (infusions: F₃,₂₇= 4.38, p= 0.012; active presses: F₃,₂₇= 5.97,
p= 0.003), with post hoc tests showing reductions at 30 mg/kg for
infusions (p < 0.05) and at 10 and 30mg/kg for active presses
(p < 0.01). Inactive presses were unchanged (Fig. 1E, F₃,₂₇= 0.75,
p= 0.54).
MRI-2594 also significantly attenuated heroin-primed reinstate-

ment of drug-seeking behavior at high doses (Fig. 1F). One-way
ANOVA confirmed a significant treatment effect (Fig. 1G,
F₂,₂₄= 6.84, p= 0.004), with post hoc comparisons revealing
reduced active lever responding at 10 and 30mg/kg (p < 0.01).
Inactive responses during reinstatement were unaffected (Supple-
mentary Fig. 2).

MRI-2594 has no effect on oral sucrose self-administration
in mice
To determine whether MRI-2594 selectively alters heroin self-
administration, we observed the effects of MRI-2594 on oral
sucrose self-administration in mice. The data showed that MRI-
2594, at 10 mg/kg and 30 mg/kg that inhibit heroin self-
administration in rats, had no effect on sucrose self-
administration (Supplementary Fig. 3). One-way RM ANOVA did
not reveal significant treatment main effects on ether the number
of sucrose deliveries (F2,18= 0.827, p > 0.05), active lever
responses (F2,18= 1.05, p > 0.05), or inactive lever responses
(F2,18= 1.99, p > 0.05).

MRI-2594 does not impair locomotion
To rule out nonspecific effects on locomotor activity, we observed
the effects of the same doses of MRI-2594 on open field
locomotion in male and female mice. The results showed that
MRI-2594 had no significant effect on locomotion in both sexes
(Supplementary Fig. 4A, B). Two-way RM ANOVA showed no main
effect of treatment (males: F₂,₂₃₈= 0.087, p= 0.99; females:
F₂,₂₃₈= = 3.36, p= 0.064), but revealed significant effects of time
and treatment × time interaction. Post hoc analysis showed no
group differences in males and a transient increase only at 10 min
in females (p < 0.01).
MRI-2594 also had no effect on oxycodone-induced hyper-

activity (2 mg/kg, i.p.) (Supplementary Fig. 4C), suggesting its
inhibitory effects on heroin-related behaviors are not due to
sedation or motor impairment.

MRI-2594 does not compromise oxycodone analgesia
To determine whether CB2R activation by MRI-2594 affects opioid
analgesia – a critical consideration in OUD therapy – we assessed
its impact on oxycodone-induced analgesia using the hot-plate
test. Given known sex differences in opioid analgesia [48, 49], male
and female WT mice were tested with two doses of MRI-2594 (10,
30mg/kg) combined with two doses of oxycodone (3, 10mg/kg).
MRI-2594, at behaviorally effective doses, did not alter oxycodone-
induced analgesia in either sex (Fig. 2A-D). Two-way RM ANOVAs
revealed significant time effects (Fig. 2A: F₄,₅₆= 3.31, p= 0.024;
Fig. 2B: F₄,₄₈= 11.92, p < 0.001; Fig. 2C: F₄,₅₆= 11.78, p < 0.001;
Fig. 2D: F₄,₄₈= 58.24, p < 0.001), but no significant main effects of
MRI-2594 treatment (all p > 0.05) or treatment × time interactions
(all p > 0.05). These findings indicate that MRI-2594 does not
compromise opioid analgesia, supporting the therapeutic poten-
tial of CB2R agonists for OUD without interfering with pain
management.

MRI-2594 alone produces analgesic effects at high doses
We also evaluated the effects of MRI-2594 alone on hot-plate
analgesia. There was no difference in basal levels of nociceptive
responses to heat stimulation between WT and CB2-KO-eGFP mice
following vehicle injection (Fig. 2E). Systemic administration of MRI-
2594 (3, 30, and 100mg/kg) produced mild but significant analgesic
effects in WT mice, which were attenuated in CB2-KO-eGFP mice
lacking CB2R (Fig. 2F–H). Two-way RM ANOVA revealed a significant
main effect of MRI-2594 treatment (Fig. 2F: F₄,₅₆= 5.61, p < 0.001;
Fig. 2H: F₄,₅₆= 6.72, p < 0.001), a significant main effect of genotype
(Fig. 2F: F₁,₁₄= 6.02, p= 0.028; Fig. 2G: F₁,₁₄= 9.54, p= 0.008; Fig. 2H:
F₁,₁₄= 8.08, p= 0.013), and a significant treatment × time interac-
tion (Fig. 2F: F₄,₅₆= 3.92, p= 0.007; Fig. 2G: F₄,₅₆= 3.51, p= 0.013;
Fig. 2H: F₄,₅₆= 3.26, p= 0.018). However, there was no significant
main effect of treatment following the 30mg/kg dose (Fig. 2G:
F₄,₅₆= 0.38, p= 0.82). Post hoc comparisons showed significant
differences between WT and CB2-KO-eGFP mice, and a significant
increase in latency to pain response at 30, 60, 90, and 120min after
administration of various MRI-2594 doses compared to the vehicle
control group (Fig. 2F–H).

Intra-VTA or intra-NAc microinjections of MRI-2594 inhibit
heroin self-administration in rats
Previous studies have shown that CB2Rs are expressed in the
mesolimbic DA system and modulate cocaine-taking and -seeking
behavior [26, 50]. To determine whether mesolimbic CB2R
activation contributes to MRI-2594’s effects on heroin self-
administration, we examined the impact of intranasal or
intracranial microinjections of MRI-2594 in rats.
We first assessed intranasal delivery, which enables direct drug

access to the brain [51], on heroin self-administration. Intranasal
administration of MRI-2594 showed a trend toward reducing
heroin self-administration as assessed by the number of heroin
infusions (Supplementary Fig. 5A, F₂,₁₈= 1.404, p= 0.271) and
active lever responses (Supplementary Fig. 5B, F₂,₁₈= 3.072,
p= 0.071).
We next examined the effects of direct intra-VTA or intra-NAc

administration of MRI-2594 on heroin self-administration. Intra-VTA
microinjections significantly reduced the number of heroin
infusions (Fig. 3A, F₂,₁₆= 3.739, p= 0.047). Similarly, intra-NAc
microinjections of MRI-2594 significantly decreased heroin infusions
(Fig. 3B, F₂,₁₈= 3.752, p= 0.043). Post hoc analyses confirmed that
administration of 20 µg MRI-2594 into either the VTA or NAc
significantly reduced heroin intake compared to vehicle controls
(p < 0.05; Fig. 3A, B). Histological examination following the
experiments confirmed correct placement of all guide cannula tips
in the targeted regions (VTA or NAc) (Supplementary Fig. 6A, C). The
corresponding predicted microinjection sites are illustrated in
Supplementary Fig. 6(B, D). These findings suggest that CB2R
activation within the VTA and NAc contributes to the anti-addictive
effects of MRI-2594 observed in this study.

MRI-2594 inhibits dopamine release in the NAc
To assess whether MRI-2594 suppresses dopamine (DA) release,
we employed fiber photometry to measure drug-induced changes
in DA levels in the NAc (Fig. 3C, D). MRI-2594, at doses of 3, 10, and
30mg/kg, significantly reduced DA release (Fig. 3F–H, J, K),
whereas cocaine (10 mg/kg) produced a robust increase in NAc
DA (Fig. 3I, K). One-way RM ANOVA revealed a significant main
effect of MRI-2594 treatment (Fig. 3K, F₃,₂₁= 8.93, p < 0.001). Post
hoc comparisons showed significant reductions in DA release in
the MRI-2594-treated groups compared to vehicle.

MRI-2594 inhibits optical intracranial self-stimulation in DAT-
Cre mice
We next investigated the effects of MRI-2594 on dopamine-
dependent oICSS behavior maintained by optogenetic stimulation
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Fig. 1 Effects of MRI-2594 on heroin self-administration and reinstatement of heroin-seeking in rats. A Experimental timeline. (B–E) MRI-
2594 (3, 10 and 30mg/kg, i.p.) inhibited intravenous heroin self-administration, as assessed by reductions in heroin infusions (B),
representative self-administration patterns (C), and active lever presses (D), with no effect on inactive lever presses (E). F Time course of active
lever responses during the last three sessions of heroin self-administration, five extinction sessions, and the reinstatement test. GMRI-2594 (10
and 30mg/kg, i.p.) significantly attenuated heroin (1 mg/kg, i.p.)-primed reinstatement of drug-seeking behavior. *p < 0.05, **p < 0.01,
compared to vehicle.
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Fig. 2 Effects of MRI-2594 on oxycodone-induced analgesia in male and female mice and the effects of MRI-2594 alone on thermal
nociceptive response. (A, B) Systemic administration of MRI-2594 did not significantly alter oxycodone-induced hot-plate analgesia in male
mice at either 3mg/kg (A) or 10mg/kg (B) of oxycodone. (C, D) Similarly, MRI-2594 had no effect on oxycodone-induced analgesia in female
mice at 3mg/kg (C) or 10 mg/kg (D) of oxycodone. (E-H) MRI-2594 alone (3, 30, or 100mg/kg) induced dose-dependent analgesia in wild-type
(WT), but not CB2-KO-eGFP, mice. *p < 0.05, **p < 0.01, ***p < 0.001, compared to baseline (BL). #p < 0.05, ##p < 0.01, ###p < 0.001, compared
to CB2-KO-eGFP mice.
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of VTA DA neurons in DAT-Cre mice (Fig. 4A-C). Systemic
administration of MRI-2594 dose-dependently inhibited oICSS,
shifting the stimulation-response curve downward. Notably, these
inhibitory effects were blocked by co-administration of MRI-2687,
a selective CB2R antagonist (Fig. 4E). A two-way RM ANOVA

revealed a significant main effect of MRI-2594 treatment (Fig. 4E,
F3,27= 6.943, p= 0.001), a significant frequency main effect
(F5,135= 62.562, p < 0.001) and a significant treatment × frequency
interaction (F15,135= 5.076, p < 0.001). Post-hoc analysis showed
that 30 mg/kg MRI-2594 significantly inhibited lever responses for
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brain-stimulation reward at 25 Hz (p= 0.011), 50 Hz (p < 0.001),
and 100 Hz (p < 0.001) compared to vehicle controls. In contrast,
MRI-2687 alone had no effect on oICSS (F2,100= 0.600, p= 0.559;
Fig. 4F). These findings suggest that CB2R activation inhibits DA-
dependent behaviors.

CB2-driven GFP expression in midbrain dopamine neurons in
CB2-KO-eGFP mice
Several studies have reported functional CB2R expression in
midbrain dopamine and glutamate neurons, as well as in other
brain regions, using multiple complementary approaches – such
as IHC, in situ hybridization, electrophysiology, pharmacology,
and behavioral analyses in both WT and CB2-KO mice
[22, 26, 40, 42, 50, 52, 53]. In contrast, findings from two
transgenic CB2-GFP reporter mouse lines showed GFP signals only
in microglia, not in neurons, either in healthy mice [44] or in
5xFAD Alzheimer’s disease mice [45]. This discrepancy has raised
questions about whether CB2R is truly expressed in the brain and
specifically within neurons. By examining the GFP knock-in
strategies used in these lines, we found that the GFP or EGFP
knock-in approaches may not reflect endogenous CB2R expres-
sion as stated in the introduction above (Supplementary Fig. 1).
To address this, we generated a new CB2R reporter mouse line

in which the CB2R coding region was replaced with eGFP (Fig. 5A),
ensuring that GFP expression was fully driven by the endogenous
CB2R regulatory elements during transcription and translation.
This resulted in a dual CB2-KO and CB2-GFP reporter line (CB2-KO-
eGFP) (Supplementary Fig. 1).
Using IHC assays with a GFP antibody, we detected robust GFP

expression in both tyrosine hydroxylase (TH)-positive DA neurons
within the VTA of CB2-KO-eGFP mice, but not in WT controls, as
shown by GFP and TH co-localization (Fig. 5B–D; Supplementary
Fig. 7). GFP was also detected in a subset of TH-negative non-DA
neurons (Supplementary Fig. 8). These findings in this new strain
of CB2-KO-eGFP mice are fully consistent with our previous
findings with CB2R IHC and RNAscope ISH assays [50, 54].
We also examined GFP expression in the striatum. While GFP

signal was relatively weak in the NAc (Supplementary Fig. 9)
compared to the dorsal striatum (Supplementary Fig. 10) or the
VTA (Fig. 5; Supplementary Fig. 7), we observed GFP expression in
some DAPI-labeled cells, suggesting potential CB2R expression in
postsynaptic neurons within the striatum.

MRI-2594 inhibits heroin self-administration in WT but not in
CB2-KO-eGFP mice
Lastly, we used the CB2-KO-eGFP mice as negative controls to
determine whether the reduction in heroin self-administration
induced by MRI-2594 is mediated via CB2R activation. We first
compared heroin self-administration behavior between WT
littermates and CB2-KO-eGFP mice, in both males and females.
There were no significant differences in the acquisition and
maintenance of heroin self-administration between the two
genotypes in either sex, as assessed by heroin infusions (Fig. 6A,
B), and active and inactive lever presses (Supplementary Fig. 11).
Therefore, data from male and female mice were combined for
further analysis.

Systemic administration of MRI-2594 significantly reduced
heroin infusions and active lever presses under a FR2 schedule
in WT mice (Fig. 6 C, E), but not in CB2-KO-eGFP mice (Fig. 6D, F). A
one-way RM ANOVA revealed a significant main effect of MRI-2594
treatment on heroin infusions (Fig. 6C, F₂,₁₈= 5.551, p= 0.013)
and active lever responses (Fig. 6E, F₂,₁₈= 3.979, p= 0.037) in WT
mice. In contrast, no significant treatment effects were observed in
CB2-KO-eGFP mice (Fig. 6D, F₂,₁₆= 0.904, p= 0.086; Fig. 6F,
F₂,₁₆= 2.529, p= 0.111).
Additionally, one-way RM ANOVA revealed no significant

treatment effects on inactive lever responses in either WT (Fig. 6E,
F₂,₁₈= 0.248, p= 0.783) or CB2-KO-eGFP mice (Fig. 6F, F₂,₁₆= 1.447,
p= 0.264), indicating the specificity of MRI-2594’s effects on
heroin-directed behavior. These findings support the conclusion
that MRI-2594 reduces heroin self-administration through a CB2R
mechanism.

DISCUSSION
In this study, we systematically evaluated the therapeutic
potential of MRI-2594, a novel and highly selective CB2 receptor
(CB2R) agonist, for treating opioid use disorder (OUD). Our
findings demonstrate that systemic administration of MRI-2594
significantly reduced heroin self-administration under an FR2
reinforcement schedule and inhibited heroin-primed reinstate-
ment of drug-seeking behavior in rats, indicating its potential
utility in treating OUD. Importantly, MRI-2594 did not alter oral
sucrose self-administration, open-field locomotion, and opioid
analgesia, while itself produced mild but significant analgesia.
This pharmacological profile suggests that MRI-2594 may have
therapeutic potential for OUD without compromising therapeu-
tic pain relief.
Furthermore, systemic administration of MRI-2594 inhibited

DA release in the NAc, and direct infusion of MRI-2594 into either
the VTA or NAc also significantly suppressed heroin self-
administration. Optogenetic activation of VTA DA neurons
produced robust optical brain-stimulation reward, which was
likewise inhibited by MRI-2594. This effect was blocked by
pretreatment with MRI-2687, a selective CB2R antagonist, indicat-
ing that the CB2R mechanisms in the mesolimbic DA system at
least in part contribute to the anti-addictive effects of MRI-2594.
Consistent with these findings, in a novel strain of CB2-KO-eGFP
mice, endogenous CB2R-driven GFP expression was observed in
midbrain DA neurons, and genetic deletion of CB2Rs abolished
MRI-2594’s behavioral effects. Together, these results support a
CB2R-dependent mechanism through which MRI-2594 inhibits
opioid-taking and -seeking behaviors, identifying brain CB2Rs as a
potential therapeutic target for OUD.

CB2R agonists as promising treatments for substance use
disorders
Preclinical research has provided compelling evidence that CB2Rs
play a critical role in modulating addiction-related behaviors,
particularly in models of cocaine and alcohol use disorders
[11, 22, 55, 56]. CB2R agonists consistently reduce cocaine-
induced hyperlocomotion, self-administration, conditioned place

Fig. 3 Effects of intracranial microinjections of MRI-2594 on heroin self-administration in rats and effects of systemic MRI-2594 on DA
release in the NAc in WT mice. A Intra-VTA administration of MRI-2594 reduced heroin self-administration at high doses. B Intra-NAc
administration of MRI-2594 also decreased heroin intake. *p < 0.05, compared to vehicle. C Schematic of fiber photometry setup for DA
measurement. WT mice received intra-NAc microinjections of pAAV-hSyn-GRABDA3m-cpEGFP, followed by implantation of a fiber-optrode to
record fluorescent DA signal. D Representative image showing EGFP expression in the NAc following unilateral injection of pAAV-hSyn-
GRABDA3m-cpEGFP. (E–H) Representative traces of DA signals from a single WTmouse with increasing doses, showing a significant reduction in
DA levels at all three doses tested. I In contrast, cocaine (10mg/kg, i.p.) produced a robust increase in DA. J Averaged DA signals before and
after vehicle or three doses of MRI-2594, illustrating dose-related suppression. K Averaged area under the curve (AUC) data following MRI-
2594 or cocaine administration. *p < 0.05, ***p < 0.001, compared to vehicle; n = 8 per group.
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Fig. 4 Effects of MRI-2594 on optical intracranial self-stimulation (oICSS) in DAT-Cre mice. A Experimental timeline for oICSS. B Schematic
of oICSS setup. DAT-Cre mice received intra-VTA microinjections of AAV-DIO-ChR2-eYFP, followed by implantation of a fiber-optrode to enable
optogenetic stimulation of VTA DA neurons contingent on lever pressing. C Representative images showing TH immunostaining (red) and
ChR2-eYFP expression (green) in the VTA, confirming co-localization in DA neurons. D Representative oICSS behavior from a single mouse
across descending stimulation frequencies (10 min per frequency), demonstrating frequency-dependent self-stimulation. E Systemic
administration of MRI-2594 dose-dependently shifted the stimulation–response curve downward, indicating a reduction in brain-stimulation
reward. This effect was blocked by MRI-2687, a selective CB2R antagonist. F Systemic administration of MRI-2687 alone had no effect on oICSS
behavior. ***p < 0.001, compared to vehicle.
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Fig. 5 CB2R-driven GFP expression in CB2-KO-eGFP mice. A Schematic of CB2 gene targeting. Upper panel: Wild-type (WT) CB2 gene
structure with yellow boxes indicating exons 2 and 3; exon 3 contains the CB2 coding region (Cnr2). Middle panel: CB2-eGFP-Neo-FRT
targeting construct, in which the entire CB2 gene is replaced by an eGFP-Neo cassette. Lower panel: Final gene structure in CB2-KO-eGFP mice
following Neo deletion via Flp recombinase. B GFP immunostaining using a primary anti-GFP antibody (Invitrogen) and a fluorescent
secondary antibody (Alexa Fluor 555). No GFP signal was detected in the VTA of WTmice. C In CB2-KO-eGFP mice, GFP signal was observed in
VTA TH-positive (DA) neurons. DMagnified images of boxed regions in panel C, showing colocalization of GFP and TH in VTA DA neurons. (see
Suppl. Figures 7 and 8).
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preference (CPP), and striatal dopamine release in rats and WTmice,
but not in CB2-KO mice [26, 50, 54, 57]. Similarly, CB2R activation
reduces voluntary alcohol intake, preference, and anxiety-like
behavior associated with chronic alcohol exposure [58, 59]. CB2R

agonists also attenuate nicotine self-administration and nicotine-
seeking behaviors in both rats and mice – effects blocked by CB2R
antagonism [29]. Conversely, CB2R antagonism has been shown to
increase alcohol consumption [58].

Fig. 6 Effects of MRI-2594 on heroin self-administration under FR2 reinforcement in WT and CB2-KO-eGFP mice. (A, B) Acquisition and
maintenance of heroin self-administration at various doses under FR1 and FR2 schedules in male (A) and female (B) mice. No significant
genotype differences were observed. (C, D) MRI-2594 (10, 30mg/kg, i.p.) significantly reduced heroin infusions in WT (C) but not CB2-KO-eGFP
(D) mice. (E, F) MRI-2594 reduced active lever presses in WT (E) but not CB2-KO-eGFP (F) mice. **p < 0.01, compared to vehicle.
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Mice overexpressing CB2Rs exhibit reduced cocaine self-
administration, cocaine-induced CPP, and locomotor sensitization
and can even shift cocaine CPP to aversion [28], whereas CB2R
deletion in dopaminergic neurons enhances locomotion and
cocaine CPP [60]. CB2-KO mice also show increased alcohol
preference and intake [61], suggesting a protective role for CB2R
activation. Similarly, cannabidiol (CBD) reduces voluntary alcohol
intake and protects against alcohol-induced neurodegeneration
[62], suggesting that cannabinoid-based therapies broadly miti-
gate drug-induced neural adaptations. Unlike Δ9-THC and CBD,
which act as both CB1 and CB2 receptors and additional targets
[63], MRI-2594 is a highly potent and selective CB2R agonist with
minimal off-target activity [38, 39]. This specificity may improve its
therapeutic potential for SUDs while minimizing adverse psy-
choactive effects. Although CB2R is implicated in cocaine and
alcohol addiction, the role of CB2R in OUD remains relatively
unexplored.
Our study addresses this gap, demonstrating that MRI-2594

significantly reduces heroin self-administration and heroin-primed
reinstatement in both rats and mice, complementing prior
findings that CB2R agonists such as LY2828360 attenuated
morphine-induced CPP in rats and WT mice but not in CB2-KO
mice [36, 64], and that β-caryophyllene reduced heroin self-
administration in rats and heroin-induced CPP in mice [65]. We
note that MRI-2594 shows very high binding affinity and potency
at hCB2R in vitro [38, 39]. However, the much higher doses (10,
30mg/kg, i.p.) are required in vivo to inhibit drug-taking and drug-
seeking behaviors, which may be related to its limited blood–brain
barrier penetration and rapid metabolism.
Notably, MRI-2594 pretreatment produced a trend toward an

increase in oxycodone-induced analgesia, while itself produced
mild analgesic effects. This is consistent with previous findings
that CB2R activation by AM1710 or LY2828360 reduces morphine
tolerance and physical dependence [37, 38, 66], where deletion of
CB2R exacerbated morphine withdrawal in CB2-KO mice [64].
These observations underscore the unique pharmacological
potential of CB2R agonists to reduce opioid reward, relapse, and
dependence while preserving or even enhancing analgesic
efficacy.
Although these positive findings, possible translational limita-

tions must be considered as CB2R exhibits species differences in
gene splicing, transcript variants, amino acid sequences, brain
distribution, and ligand sensitivity [67, 68]. This highlights the
need for caution when extrapolating preclinical findings to human
OUD. Future studies in non-human primates and humanized
models will be essential to further assess its translational potential.

Neural mechanisms underlie MRI-2594 action
Another key finding of this study is the involvement of
dopaminergic mechanisms in mediating MRI-2594’s anti-
addiction effects. CB2Rs have historically been viewed as
peripheral receptors, and their expression in the brain has been
debated [69]. To distinguish between peripheral and central
effects, we tested intranasal delivery of MRI-2594, which enables
direct drug access to the brain [51]. Although intranasal
administration showed a trend toward reducing heroin self-
administration, its efficacy was limited, likely due to technical
issues such as sneezing and drug leakage in lightly
anesthetized rats.
In contrast, direct administration of MRI-2594 into the VTA or

NAc produced dose-dependent reductions in heroin self-
administration in rats, reinforcing the role of brain CB2Rs in
mediating its effects. These findings are consistent with previous
work showing that JWH133, another CB2R agonist, dose-
dependently inhibited cocaine self-administration when delivered
intranasally or into the NAc [26].
To further confirm a dopaminergic mechanism, we used fiber

photometry to measure NAc DA response to MRI-2594. The data

showed that MRI-2594 inhibited DA release in the NAc.
Furthermore, optogenetic stimulate VTA DA neurons produced
robust oICSS response, which was also reduced by MRI-2594.
Notably, this inhibitory effect was blocked by MRI-2687, a CB2R
antagonist, suggesting that MRI-2594 reduces DA-mediated
reward through CB2R activation. Supporting this, β-
caryophyllene also attenuated oICSS and heroin-enhanced oICSS
in DAT-Cre mice (29, 65). While these findings highlight a
dopaminergic mechanism, it is important to note that CB2Rs are
also expressed in non-DA neurons [41, 70], which may contribute
directly or indirectly to the effects of CB2R agonists. This non-
dopaminergic mechanism may also help explain why MRI-2594, at
30mg/kg, did not produce a greater reduction in NAc DA release
compared to lower doses (3 and 10mg/kg) as its non-DA action,
such as CB2R activation in GABA neurons, may functionally
compromise DA-mediated effects.
In addition, CB2Rs are also expressed in peripheral primary

sensory neurons, where they functionally modulate nociception
and opioid action [66, 71]. Selective deletion of CB2Rs from dorsal
root ganglion (DRG) neurons attenuates the analgesic efficacy of
CB2R agonists and abolishes their ability to spare morphine
tolerance [36, 66]. Moreover, coadministration of a sub-effective
dose of the CB2R agonist AM1241 with morphine reduces
tolerance development, accompanied by increased MOR expres-
sion in the DRG and spinal cord [72]. These findings suggest that
peripheral CB2R mechanisms may also contribute to the analgesic
and anti-addictive effects of MRI-2594 observed in this study.

Identification of CB2-driven GFP expression in midbrain DA
neurons
Another major contribution of this study is the identification of
endogenous CB2R expression in the brain and midbrain DA
neurons using a novel CB2-KO-eGFP reporter mouse line. The
presence of CB2Rs in the brain – especially in neurons – has long
been controversial [22, 40, 69]. Early studies failed to detect CB2R
mRNA in the brain using classical in situ hybridization and
northern blot methods [73–75]. However, more sensitive techni-
ques, such as RNAscope in situ hybridization, immunolabeling,
electrophysiology, and behavioral pharmacology, combined with
the use of constitutive and conditional CB2-KO mice, have
provided strong evidence supporting neuronal CB2R expression
in midbrain DA and glutamate neurons [22, 41, 50, 54], hippo-
campal glutamate neurons [42, 76], and accumbens GABA
neurons [70].
Surprisingly, two prior CB2R reporter lines failed to detect GFP

expression in neurons [44] or microglia in the brains of healthy
mice [45], raising doubts about CB2R expression in the brain,
particularly in neurons. However, analysis of GFP knock-in
strategies in these mouse lines revealed significant limitations. In
CB2-GFP BAC transgenic mice [44], the GFP gene was randomly
integrated into the genome, with an unknown insertion site, copy
number, and size. Since the endogenous CB2R gene remains
intact, GFP expression may be influenced by epigenetic factors
and may not reflect endogenous CB2R expression (Supplementary
Fig. 1A). If the BAC construct integrates into the mouse CB2 gene,
it may disrupt endogenous CB2R expression, but the endogenous
CB2 promotor would unlikely regulate BAC-driven CB2R expres-
sion. In the CB2EGFP/f/f mouse line [45], a dual-gene knock-in
strategy was employed – two loxP sites were inserted on both
sides of the CB2 gene, and an IRES-EGFP cassette was introduced
into the 3′ untranslated region (UTR) via homologous recombina-
tion. This generated a dual CB2-flox and EGFP reporter mouse line.
While this design enables the Cre-LoxP techniques used to
generate conditional CB2-KO mice, it raises concerns regarding its
reliability as a CB2-GFP reporter model. First, the insertions of two
loxP sites and the IRES-EGFP cassette into the 5′ and 3′ UTRs may
interfere with endogenous CB2R transcription and translation
(Supplementary Fig. 1B). Second, because the IRES-EGFP is
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positioned in the 3′ UTR downstream of the CB2R translation stop
codon, GFP expression is unlikely to be driven by the native CB2R
translation machinery (Supplementary Fig. 1B). Third, while
endogenous CB2R translation is 5′ cap-dependent [77], IRES-
driven EGFP expression is cap-independent and bypasses the
native 5′ UTR structure. As a result, GFP expression in CB2EGFP/f/f

mice may also not reflect endogenous CB2R expression.
To overcome these issues, we developed a novel strain of CB2-

KO-eGFP reporter mice in which the entire CB2R coding region
was replaced with eGFP, while preserving native 5′ and 3′ UTRs
(Supplementary Fig. 1C). This ensures that GFP expression is
driven by the endogenous CB2R promoter and translation
machinery, enabling reliable reporting of CB2R expression. Using
this model, we observed GFP signals in VTA DA neuron, but not in
WT controls, supporting midbrain CB2R expression. We also
observed GFP expression in striatal cells, though the specific cell
types remain to be identified. Behaviorally, MRI-2594 reduced
heroin self-administration in WT but not in CB2-KO-eGFP mice,
confirming the role of CB2Rs in mediating its anti-addictive effects.
In conclusion, our findings demonstrate that the selective CB2R

agonist MRI-2594 inhibits heroin self-administration and heroin-
triggered reinstatement of drug-seeking behavior in rats and WT
mice, but not in CB2-KO-eGFP mice. MRI-2594 also inhibits NAc DA
release and DA-dependent brain-stimulation reward and induces
mild analgesia without impairing opioid analgesic effects. The
presence of CB2-driven GFP expression in midbrain DA neurons
also supports a dopaminergic CB2R mechanism. These findings
establish brain CB2Rs as a potential therapeutic target for OUD
and highlight MRI-2594 as a promising candidate for further
development.

DATA AVAILABILITY
All the raw data in this paper is available upon request.
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