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Cannabinoids modulate dopamine (DA) transmission and DA-related behavior, which has been thought to be mediated initially by acti-
vation of cannabinoid CB1 receptors (CB1Rs) on GABA neurons. However, there is no behavioral evidence supporting it. In contrast,
here we report that CB1Rs are also expressed in a subset of DA neurons and functionally underlie cannabinoid action in male and
female mice. RNAscope in situ hybridization (ISH) assays demonstrated CB1 mRNA in tyrosine hydroxylase (TH)-positive DA neurons
in the ventral tegmental area (VTA) and glutamate decarboxylase 1 (GAD1)-positive GABA neurons. The CB1R-expressing DA neurons
were located mainly in the middle portion of the VTA with the number of CB1-TH colocalization progressively decreasing from the
medial to the lateral VTA. Triple-staining assays indicated CB1R mRNA colocalization with both TH and vesicular glutamate trans-
porter 2 (VgluT2, a glutamate neuronal marker) in the medial VTA close to the midline of the brain. Optogenetic activation of this
population of DA neurons was rewarding as assessed by optical intracranial self-stimulation. D9-tetrahydrocannabinol (D9-THC) or
ACEA (a selective CB1R agonist) dose-dependently inhibited optical intracranial self-stimulation in DAT-Cre control mice, but not in
conditional knockout mice with the CB1R gene absent in DA neurons. In addition, deletion of CB1Rs from DA neurons attenuated
D9-THC-induced reduction in DA release in the NAc, locomotion, and anxiety. Together, these findings indicate that CB1Rs are
expressed in a subset of DA neurons that corelease DA and glutamate, and functionally underlie cannabinoid modulation of DA release
and DA-related behavior.
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Significance Statement

Cannabinoids produce a series of psychoactive effects, such as aversion, anxiety, and locomotor inhibition in rodents.
However, the cellular and receptor mechanisms underlying these actions are not fully understood. Here we report that CB1
receptors are expressed not only in GABA neurons but also in a subset of dopamine neurons, which are located mainly in the
medial VTA close to the midline of the midbrain and corelease dopamine and glutamate. Optogenetic activation of these do-
pamine neurons is rewarding, which is dose-dependently inhibited by cannabinoids. Selective deletion of CB1 receptor from
dopamine neurons blocked cannabinoid-induced aversion, hypoactivity, and anxiolytic effects. These findings demonstrate
that dopaminergic CB1 receptors play an important role in mediating cannabinoid action.

Introduction
Cannabis is the most commonly used illicit drug worldwide (World
Health Organization, 2016). In the United States, legalization efforts
are progressing and initiation of cannabis use is on the rise
(Substance Abuse and Mental Health Services Administration,
2021). Cannabinoids produce diverse physiological and be-
havioral changes in experimental animals, including the char-
acteristic tetrad effects (analgesia, catalepsy, hypothermia,
immobility), a change in affective state (reward vs aversion,
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anxiolytic vs anxiogenic effects), and deleterious effects on
cognition (Panagis et al., 2008; Wang et al., 2020; Hempel and
Xi, 2022). However, the neural mechanisms underlying these
actions are not fully understood.

Cannabinoid CB1 receptors (CB1Rs) are highly expressed in
the brain (Herkenham et al., 1990; Herkenham, 1992; Hempel
and Xi, 2022), particularly in the basal ganglia and mesolimbic
dopamine (DA) system; therefore, it has been thought that CB1R
mechanisms may underlie the motivational and motor effects of
cannabinoids by modulating DA transmission in these brain
regions (Di Marzo et al., 2000; Matyas et al., 2006). This hypothe-
sis is supported by findings that cannabinoids, such as D9-tetra-
hydrocannabinol (D9-THC), may increase DA neuron firing in
the VTA and SNc (French et al., 1997; Cheer et al., 2003) as well
as DA release in the NAc (Tanda et al., 1997; Cheer et al., 2004).
These effects have been thought to be mediated by activation of
CB1Rs on GABAergic neurons that project to DA neurons
(Matyas et al., 2008; Fitzgerald et al., 2012; Covey et al., 2017;
Davis et al., 2018) as CB1R activation has been shown to inhibit
presynaptic GABA release in midbrain slices (Cheer et al., 2000;
Szabo et al., 2002; Riegel and Lupica, 2004; Melis et al., 2013;
Wang et al., 2015). However, other work is not consistent with
the above findings. For example, electrophysiological studies indi-
cate that the cannabinoid agonist HU210 not only activates but
also inhibits different subpopulations of VTA DA neurons (Cheer
et al., 2003). Fast-cyclic voltammetry assays in brain slices demon-
strate that WIN55212-2 or CP55940 failed to alter (Castañeda et al.,
1991; Szabo et al., 1999) or produced a reduction in electrical stim-
ulation-induced DA release in the dorsal striatum in guinea pigs,
rats, and mice (Pillolla et al., 2007; Sidlo et al., 2008). In vivo
microdialysis experiments indicate that D9-THC produced a dose-
dependent reduction in NAc DA release in mice (Li et al., 2021).
These findings parallel accumulating behavioral evidence demon-
strating that cannabinoids are not rewarding, but aversive in
rodents (Vlachou et al., 2007; Panagis et al., 2008; Vlachou
and Panagis, 2014; Han et al., 2017; Humburg et al., 2021;
Hempel and Xi, 2022).

We have recently reported that CB1Rs expressed in VTA gluta-
mate neurons at least in part underlie cannabinoid-induced aver-
sion and locomotion inhibition (Han et al., 2017; Humburg et al.,
2021). Unexpectedly, in these studies, we also observed CB1 mRNA
expression in some TH-positive DA neurons. This inspired us to
determine whether CB1Rs are consistently expressed on midbrain
DA neurons, and therefore, playing a role in cannabinoid action.

The literature on CB1R expression in DA neurons is mixed:
some studies failed to detect CB1R immunostaining in SNc DA
neurons (Julian et al., 2003; Fitzgerald et al., 2012; Davis et al.,
2018), whereas others detected CB1R immunostaining in cultured
DA neurons (Hernandez et al., 2000; Lau et al., 2017) or DA neu-
rons in midbrain tissues and retina (Wenger et al., 2003; Kim et al.,
2008; da Silva Sampaio et al., 2018). We also extensively examined
CB1R immunostaining in the VTA.We found that CB1R immuno-
staining was detected mainly on cell membrane and nerve fibers,
but not in the cell bodies of neurons (Han et al., 2017), suggesting
that immunohistochemistry may not be an ideal technique to deter-
mine the phenotype(s) of neurons expressing CB1Rs, as the fibers
frommultiple types of CB1R-expressing neurons are intertwined.

In the present study, we addressed this question using a com-
bination of advanced approaches, including RNAscope ISH, opto-
genetics, and transgenic mice. We found that CB1R mRNA is
expressed on a subset of DA neurons that corelease DA and gluta-
mate; and activation of CB1Rs on DA neurons underlies cannabi-
noid-induced aversion, hypoactivity, and anxiolytic behavior.

Materials and Methods
Animals
Adult male and female heterozygous DAT-Cre (DAT-Cre1/�), CB1-flox
(CB1flox/flox), and homozygous DA-CB1-KO (CB1flox/flox;DAT-Cre1/–)
with C57 genetic background were used in the experiments. Male and
female mice, aged 4–8 weeks, were used in RNAscope ISH, locomotion,
in vivo brain microdialysis, and elevated plus maze (EPM), while male
mice with the age of 6-24 weeks were used in optical intracranial self-stim-
ulation (oICSS) due to the nature of the experiment, which was involved
in time-consuming AAV-ChR2-GFP expression, oICSS training, and the
following drug tests. Heterozygous DAT-Cre (B6.SJL-Slc6a3tm1.1(Cre)Bkmn/
J; stock #006660) knock-in mice were purchased from The Jackson
Laboratory. All of the transgenic mice used in this study were bred at
the National Institute on Drug Abuse and maintained on a reverse
12 h light–dark cycle (lights off 7:00 A.M./lights on 7:00 P.M.) with
food and water available ad libitum. Mouse genotyping was per-
formed by Transnetyx using qRT-PCR on tail snips. All experimen-
tal procedures were conducted in accordance with the Guide for the
care and use of laboratory animals of the U.S. National Research
Council and were approved by the National Institute on Drug
Abuse Animal Care and Use Committee.

RNAscope in situ hybridization (ISH)
RNAscope ISH was used to detect cell type-specific CB1 mRNA expres-
sion in DA-CB1-KO mice and their littermate control mice (DAT-Cre).
Mice were deeply anesthetized, and the whole brain was removed and
rapidly frozen on dry ice. Fresh-frozen tissue sections (14 mm thick)
were mounted on positively charged microscopic glass slides (Fisher
Scientific) and stored at –80°C until RNAscope ISH assays could be per-
formed. Multiple target gene-specific RNAscope probes were used to
observe the cellular distributions of CB1 mRNA in TH or VgluT2-
expressing DA neurons: CB1 RNAscope probe (catalog #420721, target-
ing 530-1458 bp of the mouse Cnr1 mRNA sequence, NM_007726.3),
TH RNAscope probe (catalog #317621-C2, targeting 483-1603 bp of
the Mus musculus TH mRNA sequence, NM_009377.1), and VgluT2
RNAscope probe (catalog #319171-C3, targeting 1986-2998 bp of the Mus
musculus VgluT2 (Slc17a6) mRNA sequence, NM_080853.3). All these
probes were designed and provided by Advanced Cell Diagnostics. The
RNAscope mRNA-staining steps were performed following the manufac-
turer’s protocols. Stained slides were coverslipped with fluorescent mount-
ing medium (ProLong Gold Anti-fade Reagent P36930; Invitrogen) and
scanned into digital images with an Olympus FluoView FV1000 confocal
microscope at 40� or 60� magnification using manufacturer-provided
software. The CB11 DA neurons were counted in 3-5 sections per brain
from 4 mice under�40 magnification (Han et al., 2017).

Chemicals
Cocaine HCl and D9-THC were provided by National Institute on Drug
Abuse Intramural Research Program. The stock D9-THC solution is 50
mg/ml (w/v) solution in 100% ethanol. Arachidonyl-29-chloroethyla-
mide (ACEA), JWH133, SCH22390, and L-741626 were obtained from
Tocris Bioscience. The vehicle used to dilute D9-THC or other cannabi-
noids is 5% Cremophore (C5135, Sigma-Aldrich).

Optical intracranial self-stimulation (oICSS)
Optical stimulation experiments were conducted in standard operant
conditioning chambers (Med Associates, Fairfax, VT). Each chamber
was equipped with two wall-mounted levers, two cue lamps, a house
lamp, an audio stimulus generator, and four pairs of infrared detectors.
Mice were gently connected to a cable that was in turn connected to a
473 nm laser tuned for channelrhodopsin-2 (ChR2) stimulation via an
optical swivel. Computer software controlled a pulse generator that con-
trolled the lasers.

Animal surgeries. Male and female mice (;4 weeks of age) were
anesthetized with ketamine and xylazine (100 1 10 mg/kg, i.p.) and
placed in a stereotaxic frame (David Kopf Instruments). For intra-VTA
microinjection of virus, a custom-made 30-guage stainless injector was
used to infuse Cre-inducible recombinant adeno-associated virus (AAV)
that encodes ChR2 and enhanced green fluorescent protein (eGFP;
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i.e., AAV- EF1a-DIO-ChR2-eGFP, 300 nl, ;2 � 1012 genomes/ml,
University of North Carolina Gene Therapy Center) unilaterally
into the VTA (AP –3.2; ML 0.1; DV –4.2 mm relative to bregma)
using a micropump (WPI 2000 UltraMicroPump, Sarasota, FL)
with a speed of 50 nl/min. For optical brain stimulation, a custom-
built optrode (200 mm multimode optical fiber, Thorlabs, Newton,
NJ) tethered to an intracranial ceramic ferrule (MMFER2007C-2300,
Precision Fiber Products, Chula Vista, CA) was implanted into the
VTA (AP �0.32; ML 0.1, DV �3.7 mm relative to bregma) at the
AAV injection site. Dental cement was used to fix the optrode assem-
bly to the skull. Following AAV vector injection and optrode implan-
tation, mice were allowed to recover for at least 2 weeks before optical
self-stimulation experiments began.

oICSS procedure. The general procedures for oICSS were the same as
we reported previously (Han et al., 2017; Humburg et al., 2021). After 2
weeks of recovery from surgery, mice were placed into operant chambers
containing two operant levers, an active lever and an inactive lever,
respectively (ENV-307W-CT, Med Associates). The optrode implanted
into the mouse brain (VTA) was connected to a 473 nm laser (OEM
Laser Systems, Scottsdale, AZ) via an optical swivel (Doric Lenses,
Quebec QC, Canada). Animals were initially trained on a fixed-ratio 1
reinforcement schedule; each active lever response led to delivery of a 1 s
pulse train of light stimulation (473nm, 20mW, 5ms duration, 25Hz)
accompanied by a 1 s illumination of cue light above the lever. While
inactive lever presses were counted, they had no programmed conse-
quence. Each daily training session lasted 60min.

Rate-frequency oICSS procedure. Following establishment of lever-
pressing for oICSS, animals were presented with a series of 6 different
stimulation frequencies (100, 50, 25, 10, 5, 1Hz) in descending order to
obtain rate frequency response curves. Animals were allowed to respond
for 10 min per stimulation frequency. The animals were then divided
into three groups (5-12 mice per group) to observe the effects of DA re-
ceptor antagonists (SCH23390 or L-741626, i.p., 15min prior to testing), co-
caine, or the cannabinoids (D9-THC, ACEA, JWH133), respectively, on
oICSS maintained by optogenetic stimulation of VTA DA neurons in
DAT-Cre mice. Each animal received 3-5 drug injections during the oICSS
experiments. After each test, animals received an additional 3–7 days of
oICSS restabilization until a new baseline of lever responding was established.
The order of testing for the various doses of the drugs was counterbalanced.
The effects of DA receptor antagonists, cocaine, or cannabinoids (D9-THC,
ACEA, JWH133) on oICSS were evaluated by comparing drug-induced
changes in active lever presses in DAT-Cre mice and DA-CB1-KOmice.

In vivomicrodialysis with HPLC assays
DAT-Cre (n = 7) and DA-CB1-KO (n = 8) mice were anesthetized using
a cocktail of ketamine and xylazine (1001 10 mg/mg) prior to insertion
of an intracranial guide cannulae (MAB 4.15.IC, SciPro) into the NAc
(stereotaxic coordinates: AP 1.4 mm, ML 61.5 mm, DV �3.8 mm with
an angle of 8° from vertical). Dental acrylic was applied to secure the
guide cannulae to the skull. Standard aseptic surgical and stereotaxic
procedures were followed. Subjects were given 7 d to recover preceding
the experimental procedure. A probe (MAB 4.15.2.PES, SciPro, Sanborn,
NY) was inserted into the NAc 12 h before sample collection to reduce
the occurrence of damage induced neurotransmitter release. A syringe
pump (Bioanalytical Systems, West Lafayette, IN) infused dialysate buffer
at least 2 h before sample collection. Baseline microdialysate samples
were taken in 20 min intervals for 1 h, followed by an intraperitoneal D9-
THC injection (1 or 3 mg/kg) and further sampling for 3 h. Samples
were frozen at �80°C until analysis could be performed using an ESA
electrochemical detection system as we reported previously (Xi et al.,
2011; Li et al., 2021).

Locomotor activity
This experiment was designed to compare the effects of D9-THC on ba-
sal locomotion between DAT-Cre (or CB1-flox) and DA-CB1�KO mice.
Three groups of naive mice were placed in open-field locomotor cham-
bers (Accuscan) and habituated for 1 h. After 3 d of habituation, two
groups of mice were used to determine the effects of D9-THC on basal

levels of locomotion, in which each animal randomly received vehicle or
one dose of D9-THC (1, 3, 10 mg/kg, i.p.) with 2-4 d of intervals.

EPM test
The EPM (elevated plus maze) apparatus has four arms (5 � 30 cm) at
right angles to each other, elevated 30 cm from the floor. Two arms have
16 cm black plastic walls (closed arms), and two arms have 16 cm arms
without wall (open arms). Adult mice typically spend ;25% of their time
on the open arms. Mice were placed on the center of the maze, and behav-
ior was videorecorded for 5 min. Increased time (seconds) in both the
open arms indicates increased anxiolytic effects after drug administration.

Statistical analysis
All data are presented as mean 6 SEM. Data analysis was performed
with Prism 5 (GraphPad Software). One-way or two-way ANOVAs for
repeated measures over drug dose and stimulation frequency were used
to analyze the significance of the effects after each drug treatment. Post
hoc individual group comparisons were made using the Student–
Newman–Keuls method.

Results
CB1 mRNA expression in midbrain DA neurons
We first used RNAscope ISH assays to characterize CB1R gene
expression in DA neurons from the anterior (rostral) to the pos-
terior (causal) VTA in mice (Fig. 1). We found that CB1 mRNA
was barely detectable in the anterior (Fig. 1A) or posterior VTA
(Fig. 1C) but highly expressed in some TH-positive DA neurons
in the middle portion of the VTA (Fig. 1B).

We then examined the subregional distribution of CB1-
expressing DA neurons from the lateral SNc/VTA to the medial
VTA (Fig. 2). We found that the majority of CB1-expressing DA
neurons are located in the medial VTA, an area close to the mid-
line of the midbrain, with the number of colocalizations progres-
sively decreasing from the medial VTA to the lateral SNc/VTA.
Quantitative cell counting data indicate that .90% TH1 DA neu-
rons express CB1 mRNA in the midline VTA with the number of
CB1-TH colocalization cells decreasing to ;70% in the medial
VTA and ;20% in the lateral VTA (Fig. 3). Notably, CB1-TH
colocalizations are barely detectable in the SNc, which is consistent
with previous reports (Julian et al., 2003; Davis et al., 2018).

To confirm the CB1 mRNA signal specificity, we used DA-CB1-
KO mice as negative controls. We found colocalization of CB1 and
TH mRNA in DAT-Cre mice (Fig. 4A), but not DA-CB1-KO mice
(Fig. 4B). Notably, the CB1 mRNA signal was still detectable in
other non–TH-positive neurons, indicating selective CB1R deletion
in DA neurons of DA-CB1-KOmice (Fig. 4B).

CB1 mRNA expression in VTA GABA neurons
As stated above, electrophysiological evidence indicates func-
tional CB1R expression in VTA GABA neurons (Szabo et al.,
2002; Riegel and Lupica, 2004; Melis and Pistis, 2012). Indeed,
RNAscope ISH assays detected CB1 mRNA expression in;60%
GABA neurons in the lateral VTA in mice (Han et al., 2017;
Humburg et al., 2021). In this study, we further examined CB1
mRNA expression in the medial VTA. We found that CB1
mRNA signal is much weaker in GAD1-positive GABA neurons
than in other non-GABA neurons in this brain region (Fig. 5).

CB1 mRNA expression in DA neurons that corelease DA and
glutamate
Next, we determined whether those CB1R-expressing non-
GABAergic neurons are glutamatergic neurons or a dual pheno-
type of DA-glutamate neurons as high-density glutamatergic
neurons are detected in the medial VTA (Morales and Root,
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Figure 2. Representative TH (red) and CB1 (green) mRNA RNAscope images from the lateral VTA and SNc to the medial VTA in the middle portion of VTA (A, from 1 to 4). B, CB1 mRNA
staining. C, CB1-TH double staining, illustrating TH-CB1 locolization (yellow) observed mainly in the medial VTA close to the midline of the midbrain with the number of colocalization progres-
sively decreasing toward the lateral VTA and SNc.

Figure 1. Representative TH (red) and CB1 (green) mRNA RNAscope images in the anterior, middle, and posterior VTA. A–C, Large-scale images under 20� magnification, illustrating TH-
positive DA neurons and CB1 mRNA staining in the VTA and SNc. a–c, High-magnification images (40�) from white dashed-line boxes in the left figure panels, illustrating TH and CB1 mRNA
colocalization observed mainly in the middle, but not the anterior or posterior, VTA. Cnr1, the gene expresses CB1 receptor; DAPI, a blue dye labels nuclei.
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2014; Han et al., 2017). To test this hypothesis, we first examined
colocalization of CB1-TH and CB1-VgluT2 (a glutamatergic
neuronal marker in the subcortical brain regions) in this region.
Figure 6 shows large-scale representative images in the medial

VTA, illustrating that the majority of
CB11 neurons are TH1 or VgluT21. We
then used triple-label RNAscope ISH
assays to examine CB1-TH-VgluT2 coloc-
alization. We found that indeed the ma-
jority of DA neurons (91.4 6 6.7%) in
this brain region showed TH-CB1-VgluT2
colocalization (Fig. 7). In addition, CB1
mRNA was also detected in other VgluT21

only glutamate neurons (Fig. 7), suggesting
that CB1R is not only expressed in dual
DA-glutamate neurons, but also expressed
in other glutamate neurons that do not
express TH.

Optogenetic stimulation of DA
neurons in the medial VTA is
rewarding
To determine the functional role of
these dopaminergic CB1Rs in cannabi-
noid action, we measured the effects of
D9-THC and ACEC (a selective CB1R
agonist) on oICSS maintained by optical
activation of VTA DA neurons located in
the medial VTA in bothDAT-Cre andDA-
CB1-KOmice. Figure 8A shows the experi-
mental procedures, illustrating that the
AAV-DIO-ChR2-eGFP vector that ex-
presses light-sensitive ChR2 and fluorescent

eGFP was microinjected into the medial VTA inDAT-Cremice, fol-
lowed by an optical fiber implanted into the same brain region

Figure 3. Spatial distributions of CB1-expressing DA neurons in the midbrain from the anterior (A) to middle (B) and posterior (C) VTA. The images showed the representative data from a
single mouse brain section. D, E, Quantitative cell counting data in the middle VTA, illustrating that TH-CB1 colocalization (orange) was observed mainly in the medial VTA with the number of
CB1-TH colocalization progressively decreased from the medial toward the lateral VTA and SNc.

Figure 4. Representative RNAscope images, illustrating TH (red) and CB1 (green) mRNA colocalization (marked by white
arrows) in a subset of VTA DA neurons in DAT-Cre mice (A), but not in DA-CB1-KO mice (B).
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(1 mm above the medial VTA). Figure 8B
shows representative fluorescent eGFP and
TH immunostaining, illustrating DAT
promoter-driven ChR2-eGFP expres-
sion within the medial VTA. Figure 8C
shows representative active lever responses
observed within a session from a single
animal under different stimulation fre-
quencies (from high to low). Response-
contingent photoactivation of VTA DA
neurons induced robust active lever press-
ing in a stimulation frequency-dependent
manner: the higher the stimulation fre-
quency, the greater the number of active le-
ver presses, and vice versa. These findings
indicate that optical stimulation of DA
neurons in the medial VTA is rewarding.
Unexpectedly, we found that genetic dele-
tion of CB1Rs from DA neurons induced a
significant reduction in active lever press-
ing for VTA photostimulation (Fig. 8D,
two-way ANOVA, genotype main effect,
F(1,20) = 9.09, p , 0.01; stimulation fre-
quency main effect, F(5,100) = 73.66, p ,
0.001; treatment � frequency interaction,
F(5,100) = 5.36, p, 0.001). This finding sug-
gests that dopaminergic CB1R expression
tonically modulates the mesolimbic DA
system and brain reward function. To con-
firm whether the oICSS responding is DA-
dependent, DA D1 and D2 receptor antagonists were administered
in DAT-Cre mice. We found that pretreatment with SCH23390 (a
selective D1R antagonist; Fig. 8E) or L-741626 (a selective D2R an-
tagonist; Fig. 8F) dose-dependently blocked oICSS in DAT-Cre
mice. A two-way repeated-measures ANOVA revealed a significant
SCH23390 treatment main effect (Fig. 8E, F(2,10) = 5.16, p , 0.05),
frequency main effect (F(5,25) = 35.96, p, 0.001), and treatment �
frequency interaction (F(10,50) = 2.26, p, 0.05). A similar assay also
revealed a significant L741,626 treatment main effect (Fig. 8F,
F(2,10) = 9.69, p, 0.01), frequency main effect (F(5,25) = 49.33, p,
0.001), and treatment � frequency interaction (F(10,50) = 5.09, p ,
0.001). In contrast, enhancing DA via cocaine injections (2, 10 mg/
kg, i.p.) produced a significant increase in oICSS and shifted the
rate-frequency response curve leftward and upward in DAT-Cre
mice (Fig. 8G, cocaine treatment main effect, F(2,10) = 67.22, p ,
0.001; frequency main effect, F(5,25) = 24.38, p, 0.001; treatment�
frequency interaction, F(10,50) = 11.13, p, 0.001) and DA-CB1-KO
mice (Fig. 8H, cocaine treatment main effect, F(2,10) = 17.65, p ,
0.001; frequency main effect, F(5,25) = 49.59, p, 0.001; treatment�
frequency interaction, F(10,50) = 2.94, p , 0.01), suggesting that in

the presence of cocaine, less stimulation strength (Hz) is required to
maintain the optical brain-stimulation behavior.

Cannabinoids inhibit oICSS in DAT-Cre mice, not in DA-
CB1-KOmice
Next, we examined the effects of cannabinoids on oICSS medi-
ated by optical stimulation of DA neurons in the medial VTA.
Figure 9 shows that D9-THC dose-dependently shifted the rate-
frequency function curve downward in DAT-Cre mice (Fig. 9A,
two-way repeated-measures ANOVA, D9-THC treatment main
effect, F(2,12) = 69.45, p , 0.001; stimulation frequency main
effect, F(5,30) = 106.19, p, 0.001, treatment � frequency interac-
tion, F(10,60) = 15.78, p , 0.001). A similar two-way repeated-
measures ANOVA for the data in DA-CB1-KO (Fig. 9B) revealed
a significant D9-THC treatment main effect (F(2,12) = 3.49, p ,
0.05) and stimulation frequency main effect (F(5,30) = 49.89, p ,
0.001), but a nonsignificant treatment � frequency interaction
(F(10,60) = 0.866, p . 0.05). We also examined the effects of
ACEA, a selective CB1R agonist, on oICSS. ACEA produced a
dose-dependent inhibition in oICSS in DAT-Cre littermates (Fig.
9C, ACEA treatment main effect, F(2,8) = 136.93, p , 0.001;

Figure 5. Representative RNSacope images, illustrating that low-density CB1 mRNA is colocalized with GAD1, a GABAergic neuronal marker, in the medial VTA, suggesting CB1R expression
in GABA neurons. A, CB1 mRNA-staining; B, GAD1 mRNA-staining; C, CB1 and GAD1 colocalization in DAPI-labeled cells.

Figure 6. Large-scale RNAscope images under lower magnification (20�) in the medial VTA, illustrating CB1-TH mRNA
colocalization in most of TH1 DA neurons (A) and CB1-VgluT2 colocalization in a majority of VgluT21 glutamate neurons (B).
Slc17a6, the gene expressing VgluT2; Cnr1, the gene expressing CB1R.
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frequency main effect, F(5,20) = 61.24, p, 0.001; treatment� fre-
quency interaction, F(10,40) = 53.05, p, 0.001), but not inDA-CB1-
KOmice (Fig. 9D). The same statistical assays revealed a significant
frequency main effect only (F(5,20) = 31.35, p, 0.001) without a sig-
nificant ACEA treatment main effect (F(2,8) = 3.03, p . 0.05) or
treatment � frequency interaction (F(10,40) = 1.85, p . 0.05). In
other words, in the presence of D9-THC or ACEA, higher stimula-
tion strength (Hz) was required to maintain oICSS behavior, sug-
gesting that both cannabinoids produce reward-attenuating or
aversive effects. However, deletion of the CB1R from DA neurons
eliminated the reward-attenuating effect ofD9-THC and ACEA.

In contrast to D9-THC or ACEA, systemic administration of
JWH133, a selective CB2R agonist, inhibited oICSS in both
DAT-Cre mice and DA-CB1-KO mice (Fig. 9E,F). A two-way
repeated-measures ANOVA revealed a JWH133 treatment main
effect (Fig. 9E, F(2,12) = 3.58, p = 0.06), a frequency main effect
(F(5,30) = 57.07, p , 0.001), and treatment � frequency interac-
tion (F(10,60) = 3.03, p, 0.01) in DAT-Cremice. Similarly, a two-
way repeated-measures ANOVA revealed a JWH133 treatment
main effect (Fig. 9F, F(2,10) = 1.30, p . 0.05), a frequency main
effect (F(5,25) = 53.81, p , 0.001), and treatment � frequency
interaction (F(10,50) = 2.93, p , 0.05) in DA-CB1-KO mice. Post
hoc group comparisons indicate a significant reduction in oICSS
at 100 Hz in DA-CB1-KOmice after 20 mg/kg JWH133 adminis-
tration. These findings confirm that the above effects with D9-THC
or ACEA are CB1R-dependent, while the effect of JWH133 is not.
The latter finding with JWH133 is consistent with our previous
reports that cannabinoid CB2R modulates the mesolimbic DA sys-
tem and brain reward function (Xi et al., 2011; Zhang et al., 2014).

Effects of D9-THC on extracellular DA in the NAc
We have previously reported that D9-THC (1, 3 mg/kg, i.p.) pro-
duced a significant reduction in extracellular DA in the NAc of
WT mice (Li et al., 2021). In this study, we further examined
whether dopaminergic CB1R mechanisms contribute to D9-
THC-induced reduction in DA release. Figure 10 shows the DA
response to D9-THC in both genotypes of mice. DA-CB1-KO

mice displayed an overall higher basal level of
extracellular DA than DAT-Cre mice (Fig. 10A,
B). A two-way repeated-measures ANOVA re-
vealed a significant time main effect (Fig. 10A;
F(20,260) = 2.14, p , 0.01), but a nonsignificant
genotype main effect (F(1,14) = 1.25, p. 0.05) or
time� genotype interaction (F(20,260) = 0.41, p.
0.05). Figure 10B shows the mean values of three
baseline samples, indicating a trend toward an
increase in basal level of extracellular DA in DA-
CB1-KO mice compared with DAT-Cre control
mice (t = 1.71, p = 0.058), suggesting that dopa-
minergic CB1Rs tonically regulate (depress) ba-
sal DA release. Inconsistent with our finding in
WT mice (Li et al., 2021), systemic administra-
tion of D9-THC produced a mild but significant
reduction in extracellular DA in DAT-Cre mice
(Fig. 10C), but not in DA-CB1-KO mice (Fig.
10D). A two-way repeated-measures ANOVA
for the data shown in the gray box in Figure 10C
revealed a significant time main effect (F(7,42) =
3.09, p = 0.01), but a nonsignificant genotype
main effect (F(1,6) = 4.68, p . 0.05). Post hoc
group comparisons indicated a significant reduc-
tion in extracellular DA after 3 mg/kg D9-THC
administration in DAT-Cremice compared with
the baselines. However, the same assays did not

reveal time (or D9-THC treatment) main effect (Fig. 10D, F(7,49) =
0.98, p. 0.05) or genotype main effect (Fig. 10D, F(1,7) = 2.72, p.
0.05) in DA-CB1-KOmice. We also compared the DA response to
D9-THC between the two groups of mice (Fig. 10E,F). A two-way
repeated-measures ANOVA did not reveal a significant genotype
main effect (Fig. 10E, F(1,13) = 0.63, p . 0.05; Fig. 10F, F(1,13) =
0.58, p . 0.05), time main effect (Fig. 10E, F(11,143) = 1.25, p .
0.05; Fig. 10F, F(11,143) = 1.49, p. 0.05) or genotype � time inter-
action (Fig. 10E, F(11,143) = 1.09, p. 0.05; Fig. 10F, F(11,143) = 0.87,
p . 0.05). The nonsignificant difference between the DAT-Cre
control and DA-CB1-KO mice may be related to the mild DA
response to D9-THC and poor temporal and spatial resolutions of
in vivo microdialysis in detecting subtle changes in extracellular
DA after drug administration.

D9-THC inhibits open-field locomotion in DAT-Cre mice
and DA-CB1-KOmice
We also examined whether deletion of CB1R from DA neurons
altered locomotor response to D9-THC.We found thatDA-CB1-KO
mice displayed a higher basal level of activity (before D9-THC
administration) (Fig. 11C) than CB1-flox (Fig. 11A) or DAT-Cre
mice (Fig. 11B). Figure 11D shows the mean values of six baseline
samples, indicating a significant increase in basal level of locomotion
in DA-CB1-KOmice compared with DAT-Cremice (F(2,21) = 10.31,
p, 0.001), suggesting that dopaminergic CB1Rs tonically modulate
basal locomotor activity. Systemic administration of D9-THC (1, 3,
10 mg/kg, i.p.) dose-dependently decreased locomotion in CB1-flox
mice (Fig. 11E, F(3,18) = 17.02, p , 0.001) and DAT-Cre control
mice (Fig. 11F, F(3,21) = 7.41, p = 0.001) as well asDA-CB1-KOmice
(Fig. 11G, F(3,21) = 39.58, p , 0.001). However, deletion of CB1Rs
from DA neurons blocked locomotor inhibition produced by
3mg/kg, but not 10mg/kg,D9-THC inDA-CB1-KOmice (Fig. 11G).

D9-THC produces anxiolytic effects in DAT-Cre mice
Last, we evaluated the anxiolytic effects of D9-THC in DAT-Cre
and DA-CB1-KOmice using the EPM (Fig. 11H). We found that

Figure 7. Representative triple-labeled images, illustrating CB1-TH-VgluT2 colocalization in most of TH1 DA neu-
rons in the medial VTA. A, TH mRNA-staining; B, CB1 mRNA-staining; C, VgluT2 mRNA-staining; D, CB1-TH-VgluT2 co-
localization in DAPI-labeled cells. Notably, CB1 mRNA was also detected in VgluT21 only glutamate neurons.
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0.3 mg/kg D9-THC produced a significant anxiolytic effect in
DAT-Cre mice, manifested as increased time spent in the open
arms of the maze (Fig. 11I). This effect was blocked by deletion
of CB1Rs from DA neurons (Fig. 11I). A one-way repeated-
measures ANOVA over drug dose revealed a significant D9-THC

treatment main effect in DAT-Cre mice (F(2,18) = 12.96, p ,
0.001) and in DA-CB1-KO mice (F(2,18) = 1.69, p . 0.05). Post
hoc group comparisons revealed a significant difference between
the vehicle and 0.3 mg/kg D9-THC groups in DAT-Cre mice
(p, 0.05).

Figure 8. Optical intracranial self-stimulation (oICSS) experiment in mice. A, Schematic diagrams illustrating that AAV-ChR2-eGFP vectors were microinjected into the medial VTA
and intracranial optical fibers (i.e., optrodes) were implanted in the same brain region. B, Representative images of TH and AAV-ChR2-eGFP expression in the medial VTA. C,
Representative oICSS records in a single session from a single mouse under descending stimulation frequency (from high to low, 10 min per frequency), indicating that optogenetic
activation of VTA DA neurons induced robust oICSS behavior (lever presses) in DAT-Cre mice in a stimulation frequency-dependent manner. D, Comparison of oICSS between DAT-Cre
and DA-CB1-KO mice, illustrating that DA-CB1-KO mice displayed significantly lower oICSS response to laser stimulation than DAT-Cre mice. E, F, Pretreatment with SCH23390, a selec-
tive D1 receptor antagonist (15 min prior to testing), or L-741,626, a selective D2 receptor antagonist (15 min prior to testing), dose-dependently inhibited the oICSS in DAT-Cre mice.
G, H, Pretreatment with cocaine produced a dose-dependent increase in oICSS and shifted the oICSS curve upward in DAT-Cre mice (G) and DA-CB1-KO mice (H). *p , 0.05, **p ,
0.01, ***p, 0.001, compared with the vehicle control group.

380 • J. Neurosci., January 18, 2023 • 43(3):373–385 Han, Liang et al. · Dopaminergic CB1 Receptors Underlie Cannabinoid Action



Discussion
There are several major findings in the present study, including:
(1) CB1R mRNA was detected in a subset of DA neurons located
mainly in the middle portion of the VTA. The number of CB1R-
expressing DA neurons progressively decreased from the medial
VTA to the lateral VTA/SNc. (2) CB1 mRNA was colocalized
with TH and VgluT2, suggesting that dual DA-glutamate neu-
rons express CB1Rs. (3) Optical activation of DA neurons in the
medial VTA is rewarding. Selective deletion of CB1Rs from DA
neurons reduced oICSS response to laser stimulation, suggesting
that dopaminergic CB1Rs tonically modulate DA neuron excit-
ability and brain reward function. (4) Systemic administration of
D9-THC or ACEA dose-dependently inhibited oICSS in DAT-
Cre mice, but not in DA-CB1-KO mice, suggesting an effect that
is mediated by activation of CB1Rs in VTA DA neurons. Last, (5)
deletion of CB1Rs from DA neurons blocked D9-THC-induced
reduction in NAc DA release, hypoactivity, and anxiolytic

effects. Together, these findings, for the
first time, demonstrate that dopaminergic
CB1Rs are functionally involved in multi-
ple behavioral effects of cannabinoids.

Cannabinoids modulate DA
transmission
Cannabinoids and endocannabinoids reg-
ulate DA transmission, which is thought
to be mediated by activation of CB1Rs on
GABAergic interneurons and glutamater-
gic afferent inputs onto VTA DA neurons
(Melis et al., 2004; Riegel and Lupica,
2004; Fitzgerald et al., 2012; Covey et al.,
2017). As midbrain DA neurons receive
extensive GABAergic input from numer-
ous brain regions (Jhou et al., 2009; Matsui
et al., 2014; Paladini, 2017), removing this
inhibitory constraint increases tonic firing
and bursting rates of DA neurons (Lobo et
al., 2010). Therefore, it is generally believed
that this GABA-mediated disinhibition of
DA neurons may underlie cannabinoid
reward. However, so far, there is no behav-
ioral evidence supporting this hypothe-
sis. In contrast, growing evidence indicates
that cannabinoids are not rewarding, but
aversive, in rodents, particularly in mice
(Panagis et al., 2008; Vlachou and Panagis,
2014; Hempel and Xi, 2022), which cannot
be explained by the above GABAergic
CB1R hypothesis. To address this question,
we have recently used advanced RNAscope
ISH assays, combined with conditional
CB1-KO mice, to examine CB1 mRNA in
the midbrain. We found that CB1 mRNAs
are indeed expressed not only in VTA
GABA neurons, but also in glutamate neu-
rons (Han et al., 2017; Humburg et al.,
2021). Activation of CB1Rs on glutamate
neurons attenuated D9-THC-induced aver-
sion and hypoactivity in VgluT2-Cre mice,
but not in glutamate-CB1-KO mice, sug-
gesting that a glutamate CB1R mechanism,
at least in part, underlies cannabinoid-
induced negative affective and locomo-
tor effects (Han et al., 2017).

In this report, we found that CB1R mRNAs are also expressed
in a subset of DA neurons located in the medial VTA where
much weaker CB1 mRNA signal was detected in GABA neurons.
Rostral (anterior) and caudal (posterior) portions of the VTA
did not show appreciable CB1R expression in DA neurons. In
the lateral VTA and SNc, we detected TH-CB1 mRNA colocali-
zation only in a very small population (,20%) of DA neurons.
This unique restricted distribution of CB1R-expressing DA neu-
rons within the VTA may well explain why previous immuno-
staining and electrophysiological assays failed to detect CB1
signaling in DA neurons in the lateral VTA or SNc (Julian et al.,
2003; Davis et al., 2018). Furthermore, selective deletion of
CB1Rs from DA neurons abolished the CB1 mRNA signal in DA
neurons in DA-CB1-KO mice, confirming that the detected
mRNA signal is CB1R-specific.

Figure 9. Effects of cannabinoids on oICSS maintained by stimulation of medial VTA DA neurons. A, B, Systemic adminis-
tration of D9-THC (1, 3 mg/kg, i.p., 15 min prior to testing) dose-dependently shifted the rate-frequency function curve
downward in DAT-Cre mice (A), but not in DA-CB1-KO mice (B). C, D, Systemic administration of ACEA (1, 3 mg/kg, i.p., 15
min prior to testing) dose-dependently shifted the rate-frequency function curve downward in DAT-Cre (C), but not in DA-
CB1-KO mice (D). E, F, Systemic administration of JWH133 (10, 20 mg/kg, i.p., 15 min prior to testing) dose-dependently
shifted the rate-frequency function curve to the right in DAT-Cre (E) and DA-CB1-KO (B) mice. *p , 0.05, ***p , 0.001,
compared with the vehicle control group.
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Given that high-density glutamatergic neurons are located in
the medial VTA (Morales and Root, 2014; Han et al., 2017), we
further examined CB1-TH-VgluT2 colocalization and found that
CB1Rs are highly expressed in a subset of DA neurons that core-
lease DA and glutamate.

Dopaminergic CB1Rs underlie cannabinoid-induced
aversion
To determine whether CB1Rs on DA neurons are functional, we
used optogenetics to selectively stimulate DA neurons in the
medial VTA where high-density CB1R-expressing DA neurons
are located. We found that optogenetic stimulation of DA neu-
rons maintained oICSS, which was enhanced by cocaine, but
attenuated by DA receptor antagonists. Systemic administration
of D9-THC or ACEA dose-dependently inhibited oICSS in DAT-
Cre mice, but not in DA-CB1-KO mice, indicating that dopami-
nergic CB1Rs are involved in cannabinoid-induced aversion or
reward attenuation. This finding is consistent with previous
reports that cannabinoids (D9-THC, WIN55212-2, AM2201) or

endocannabinoid enhancers (e.g., fatty acid amide hydrolase or
monoacylglycerol lipase inhibitors) dose-dependently inhibit
ICSS maintained by electrical stimulation of the medial forebrain
bundle (Wiebelhaus et al., 2015; Spiller et al., 2019) or optical
stimulation of DA neuron in the lateral VTA or glutamate neu-
rons in the medial VTA (Han et al., 2017; Humburg et al., 2021).

We note that DA-CB1-KO mice displayed lower oICSS
performance and blunted oICSS response to cocaine com-
pared with DAT-Cre mice. These differences are unlikely due
to the difference in AAV-ChR2 expression or optical fiber
placement between both genotypes of mice as the postexperi-
mental histological examinations failed to detect any differ-
ence. A reasonable explanation is that deletion of CB1Rs from
DA neurons may cause DA neuron disinhibition, leading to
an increase in basal DA neuronal firing, which subsequently
decreases neuronal responses to optical stimulation or psy-
chostimulants due to a maximal ceiling firing effect. This
interpretation is supported by the finding that DA-CB1-KO
mice displayed higher basal levels of extracellular DA in the

Figure 10. Effects of D9-THC on extracellular DA in the NAc in DAT-Cre and DA-CB1-KO mice. A, Extracellular DA concentration (mM) before and after D9-THC administration, illustrating an
overall higher extracellular DA level in DA-CB1-KO mice than DAT-Cre control mice during the 7 h of microdialysis experiments. B, The mean values of three baseline samples, indicating a
slightly higher basal level of extracellular DA in DA-CB1-KO mice than in DAT-Cre mice. C, D, D9-THC produced a dose-dependent decrease in extracellular DA in DAT-Cre mice (C), but not in
DA-CB1-KO mice (D). E, F, Comparison of NAc DA response to 1 mg/kg THC (E) or 3 mg/kg D9-THC (F) between DAT-Cre mice and DA-CB1-KO mice. *p, 0.05, compared with baseline.
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Figure 11. Effects of D9-THC on open-field locomotion and anxiety-like behavior. A–C, Systemic administration of D9-THC (1, 3, 10 mg/kg, i.p., 15 min prior to testing) dose-dependently
inhibited open-field locomotion in CB1-flox mice, DAT-Cre mice, and DA-CB1-KO mice. D, Calculation of the area under curve (AUC) of locomotor activity indicates that DA-CB1-KO mice dis-
played a significantly higher basal level of locomotion (before D9-THC administration) than CB1-flox mice or DAT-Cre mice. E–G, Calculated AUC data indicating the dose-dependent locomotor
effects of D9-THC in CB1-flox mice, DAT-Cre mice, and DA-CB1-KO mice. Deletion of CB1R from DA neurons blocked lower doses (3 mg/kg) of D9-THC-induced reduction in locomotion (G). H,
An image of EPM device we used in this study. I, D9-THC, at low doses (0.3 mg/kg), produced anxiolytic effects, manifested as increased time in the open arms of the EPM device. Deletion of
CB1R from DA neurons reversed D9-THC’s anxiolytic effects, producing an opposite anxiogenic effect as assessed by decreased time spent in the open arms of the EPM device.
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NAc and higher basal locomotor activity possibly due to the
removal of the inhibitory CB1Rs from DA neurons. Thus,
these findings provide additional evidence supporting CB1R
expression in VTA DA neurons.

Dopaminergic CB1R underlies low-dose D9-THC-induced
hypoactivity
It is well known that the cannabinoids produce characteristic
locomotor effects, such as a reduction in open-field locomotion,
catalepsy, and immobility by activation of CB1Rs (Wiebelhaus et
al., 2015; Han et al., 2017; Wang et al., 2020; Li et al., 2021). We
have recently reported that glutamatergic CB1Rs partially under-
lie D9-THC-induced locomotor inhibition in VgluT2-Cre mice
(Han et al., 2017). In the present study, we found that that
selective deletion of CB1Rs from DA neurons caused an
increase in basal levels of open-field locomotion and blocked
lower-dose D9-THC-induced hypoactivity, suggesting that do-
paminergic CB1Rs also play an important role in cannabinoid
modulation of locomotion.

Dopaminergic CB1Rs underlie D9-THC-induced anxiolytic
effects
It was reported that D9-THC produces anxiolytic effects at
low doses when administered systemically or locally into the
amygdala and PFC, which is effectively blocked by CB1R an-
tagonism (Berrendero and Maldonado, 2002; Rubino et al.,
2007). CP55940 also produces an anxiolytic-like response at
a low dose, which is absent in mice lacking CB1Rs in gluta-
matergic neurons (Rey et al., 2012). In the present study, we
found that deletion of CB1Rs from midbrain DA neurons
also blocked low-dose D9-THC-induced anxiolytic effects.
Together, all these findings suggest that the anxiolytic effects
of cannabinoids may be mediated by activation of CB1Rs in
both VTA DA neurons and glutamate neurons in the PFC
and amygdala.

Notably the same low-dose D9-THC produced mild anxio-
genic effects in DA-CB1-KOmice compared with DAT-Cre con-
trol mice, suggesting that two different mechanisms may control
anxiety-like behavior; that is, CB1R activation on DA neurons
produces anxiolytic effects, while CB1R activation on other types
of cells produces anxiogenic effects. Thus, in the absence of do-
paminergic CB1R, cannabinoids may produce net anxiogenic
effects. This observation is supported by the finding that mice
lacking CB1Rs on GABAergic failed to demonstrate anxiety in
response to CP55940 (Rey et al., 2012). We should point out that
the present findings from a single behavioral test (EPM) could not
be fully convincing. Thus, further research is needed to confirm
the above findings using other anxiety-related behavioral models,
such as light dark box test and locomotor performance in the cen-
ter versus peripheral areas in an open-field chamber.

In conclusion, the present study demonstrates that, in addi-
tion to their expression in midbrain GABA neurons and gluta-
mate neurons (Han et al., 2017; Humburg et al., 2021), CB1Rs
are also expressed in a subset of DA neurons and functionally
involved in cannabinoid action. Given that VTA DA neurons
receive both excitatory glutamatergic and inhibitory GABAergic
inputs (Morales and Root, 2014), we hypothesized that the psy-
choactive (reward vs aversive, anxiolytic vs anxiogenic) and loco-
motor effects of cannabinoids may depend on the final net effect
of cannabinoids on CB1Rs expressed in different phenotypes
of neurons. Activation of CB1Rs on VTA DA neurons and
glutamate terminals produces aversive, anxiolytic, and locomo-
tor inhibitory effects, while activation of CB1R on VTA GABA

neurons or GABAergic afferent terminals may produce reward-
ing, anxiogenic, and locomotor-stimulating effects, although
supporting evidence is still needed. If more CB1Rs are
expressed in VTA GABAergic neurons or their afferents, can-
nabis will be rewarding. In contrast, if more CB1Rs are
expressed in VTA DA neurons or glutamatergic afferents, can-
nabis will be aversive and anxiolytic. Congruently, if CB1R
expression or functional activity is equivalent on GABA versus
DA and glutamate neurons, cannabis may have little net effect
on brain reward function. The present findings provide a new
dopaminergic CB1R mechanism to explain why and how can-
nabinoids produce unpleasant subjective effects, anxiety, and
locomotor inhibition.
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