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SUMMARY

Long-term cannabis users manifest deficits in dopaminergic functions, reflecting D9-tetrahydrocan-

nabinol (THC)-induced neuroadaptive dysfunctional dopamine signaling, similar to those observed

upon dopamine D1-D2 heteromer activation. The molecular mechanisms remain largely unknown.

We show evolutionary and regional differences in D1-D2 heteromer abundance in mammalian stria-

tum. Importantly, chronic THC increased the number of D1-D2 heteromer-expressing neurons, and

the number of heteromers within individual neurons in adult monkey striatum. The majority of these

neurons displayed a phenotype co-expressing the characteristic markers of both striatonigral and

striatopallidal neurons. Furthermore, THC increased D1-D2-linked calcium signaling markers (pCaM-

KIIa, pThr75-DARPP-32, BDNF/pTrkB) and inhibited cyclic AMP signaling (pThr34-DARPP-32,

pERK1/2, pS845-GluA1, pGSK3). Cannabidiol attenuated most but not all of these THC-induced neu-

roadaptations. Targeted pathway analyses linked these changes to neurological and psychological

disorders. These data underline the importance of the D1-D2 receptor heteromer in cannabis use-

related disorders, with THC-induced changes likely responsible for the reported adverse effects

observed in heavy long-term users.

INTRODUCTION

Cannabis is the most widely consumed illicit substance globally, with use reaching more than 180 million

people aged 15–64 years (United Nations Office on Drugs and Crimes, World Drug Report, 2013). In North

America, the prevalence of cannabis use is higher than the global average, as the movement to medicalize,

legalize, and normalize its use continues unabated in the United States and Canada. A number of delete-

rious effects linked to the use of cannabis have been described, with consequences related to early age of

initiation, frequency, and duration of use (Volkow et al., 2014, 2016). Cannabis use is associated with higher

risk of depression, anxiety, addiction, and psychosis (Bechtold et al., 2016; Patton et al., 2002; reviewed in

Casadio et al., 2011; Hasin et al., 2016; Han et al., 2019; De Aquino et al., 2018), all of which are linked to the

pharmacological actions of D9-tetrahydrocannabinol (THC) (Gaoni and Mechoulam, 1964; Huestis et al.,

2001). The cannabis plant produces over 100 different cannabinoids, including the structurally distinct prin-

cipal constituents, THC and cannabidiol (CBD) (Gaoni and Mechoulam, 1964; Huestis et al., 2001). The

composition of retail cannabis is unregulated; over the past two decades, it has undergone dramatic in-

creases in THC concentrations, and corresponding decreases in CBD levels (De Aquino et al., 2018). The

current levels of THC and ratio of THC:CBD in some street samples, 80:1, are unprecedented (ElSohly

et al., 2016), and a source of increasing concern (United Nations Office on Drugs and Crimes, World

Drug Report, 2015; Englund et al., 2017; Boggs et al., 2018).

Both factors, THC levels and THC:CBD ratios, are germane to establishing safety standards for all cate-

gories of cannabis, as THC and CBD engender markedly different or even antagonistic molecular, pharma-

cological, and neuropsychiatric effects (Englund et al., 2017; Boggs et al., 2018). Smokable high-potency

street cannabis (�20% THC; �0.9 mg/kg) delivers THC at levels approximately 20 times the US Food

and Drug Administration-approved starting doses of oral THC (�0.04 mg/kg). CBD is approved for treating

rare, severe forms of epilepsy. Acutely, THC can elicit intoxication, psychosis, anxiolysis, and cognitive

impairment, including factors that limit the therapeutic potential of cannabis. With early initiation and

long-term exposure, cannabis use can engender anxiety, elevate the risk for developing schizophrenia

and other psychoses, and evolve into a cannabis use disorder (The National Academies of Sciences,
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Engineering, Medicine, 2017; Moore et al., 2007). High concentrations of THC and high ratios of THC:CBD

in cannabis are associated with more robust euphoria, anxiety, and psychotic symptoms in otherwise

normal people. High CBD:THC ratios produce opposite effects. CBD attenuates anxiety, cognitive deficits,

and psychosis in heavy cannabis users (Casadio et al., 2011; Englund et al., 2017; Morgan and Curran, 2008;

Schubart et al., 2011; Colizzi and Bhattacharyya, 2017; Fusar-Poli et al., 2009). Functional magnetic reso-

nance imaging research also differentiates brain activity patterns elicited by THC or CBD (Bhattacharyya

et al., 2010). The molecular mechanisms underlying CBD’s apparent mitigation of specific adverse effects

of THC are poorly understood (Boggs et al., 2018). There is a compelling need to clarify the biological ef-

fects of various THC doses and THC:CBD ratios on the brain, particularly with the view of identifying novel

therapeutic targets to conceivably reverse the adverse consequences of long-term cannabis use and

abuse.

As dopamine signaling systems are implicated in addiction, psychosis, anxiety, and cognition, this sys-

tem is an ongoing focus of cannabis research. Acute or chronic THC exposure produces complex and

possibly durable adaptive changes in dopamine signaling pathways. In preclinical and clinical studies,

an acute dose of THC modestly elevates dopamine release in the ventral striatum (Bossong et al.,

2009; Gardner, 2005; Lupica and Riegel, 2005; Bloomfield et al., 2016). Heavy, long-term cannabis users

manifest reduced dopamine release following methamphetamine challenge and deficits in dopami-

nergic-related functions, such as poor working memory, negative emotionality, and attenuated

rewarding effects (Volkow et al., 2014; Bloomfield et al., 2016). Heavy cannabis use is also associated

with impaired executive function, apathy, and lack of motivation (Volkow et al., 2014; Bloomfield et al.,

2016). Conceivably, these adverse cognitive and behavioral consequences reflect THC-induced neuroa-

daptive changes in dopamine signaling, but the nexus between chronic THC exposure, dysfunctional

dopamine systems, and functional consequences remains largely unknown (Volkow et al., 2016; Bloom-

field et al., 2016).

Recent evidence points to the involvement of a mechanism by which the dopamine system modulates

depression-like, anxiety-like, and amotivational behaviors in animals. This mechanism involves the dopa-

mine D1-D2 receptor heteromer, the existence of which was recently confirmed in the striatum of rat

using in situ proximity ligation assay (PLA), co-immunoprecipitation, and in situ fluorescence resonance

energy transfer (FRET) (Hasbi et al., 2009, 2018; Perreault et al., 2016) and in the striatum of nonhuman

primate using PLA (Hasbi et al., 2018; Rico et al., 2017). Activation of the heteromer led to anxiety-like

(Shen et al., 2015a) and depression-like (Shen et al., 2015a; Hasbi et al., 2014) phenotypes in rodents,

blocked the development of addiction-like behaviors, and prevented the development of drug-induced

sensitization and DFosB accumulation (Hasbi et al., 2018). Specific disruption or blockade of the D1-D2

heteromer reversed the above-mentioned effects and revealed tonic inhibitory suppression of the

hedonic value of psychostimulant and natural rewards (Perreault et al., 2016; Hasbi et al., 2018; Shen

et al., 2015a, 2015b).

Based on the observation that chronic use of cannabis and D1-D2 heteromer activation induce similar con-

sequences, i.e., dopamine function decrease, depression, anxiety, apathy, and lack of motivation, the pre-

sent study was designed to investigate the relationship that may exist between chronic THC use and D1-D2

heteromer density and functionality in nonhuman primate striatum, as well as the potential protective role

of CBD to ameliorate THC-induced effects.

RESULTS

PLA Probe Validation and Evidence for D1-D2 Heteromer in Different Species

Antibodies against dopamine D1 and D2 receptors used for in situ PLA have been previously validated by

different methodologies, including by immunocytochemistry in HEK cells expressing each of the five dopa-

mine receptors, with no cross-reactivity (Lee et al., 2004), and by immunohistochemistry in D1�/� and D2�/�

knockout (KO) mice (Perreault et al., 2010, 2016). The antibodies have also been used to detect the D1-D2

heteromer by in situ PLA in macaque (Rico et al., 2017) and rat (Hasbi et al., 2018; Perreault et al., 2016) stria-

tum. To avoid any non-specific labeling that may be due to the use of secondary antibodies, the D1 and D2

receptor antibodies were directly conjugated to the Plus and Minus oligonucleotides to generate the PLA

probes. The D1-D2 heteromer was evaluated by in situ PLA in the striatum of different species, including

mouse, rat, African green monkey, rhesus monkey, and human (Figures 1, S1, and S2), as well as in striatal

sections from wild-type, D1�/�, D2�/�, and D5�/� receptor gene deleted mice.
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A positive D1-D2 PLA signal was observed in 14% and 16% of neurons from nucleus accumbens (NAc) of

wild-type (Figures 1A and 1F) and D5�/� KO mice (Figure S1), respectively, and in 3%–4% of neurons in

the caudate putamen (CPu or CN) (Figure 1F). In contrast, D1-D2 PLA signal was negative in both D1�/�

and D2�/� KOmouse striata (Figure S1). In rat, a positive D1-D2 PLA signal, estimated from striatal sections

A B

C D

E

F

Rat caudate

Rhesus Monkey caudateAfrican Green Monkey caudate

Mouse caudate

DAPI PLA Merge

Human caudate

Figure 1. Evidence for D1-D2 Heteromer Existence in Different Species

(A–F) Dopamine D1-D2 heteromers were revealed by PLA using specific D1 and D2 receptor antibodies directly

conjugated to the Minus and Plus probes. PLA signal (red spots) was observed in striatal slices from mouse (A), rat (B),

monkey (C and D), and humans (E). Quantification of the percentage of neurons (nuclei stained by DAPI) showing PLA

signals in the dorsal striatum (caudate nucleus, CPu) and the ventral striatum (nucleus accumbens, NAc) in different

species. Analyses included male only and showed regional and species differences (F). Two-way ANOVA test (p < 0.0001).

Scale bars, 10 mm.
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from threemale rats, was present in 24%G 2%NAc neurons and 7%G 2%CPu neurons (Figures 1B and 1F).

Reversing the order of oligonucleotides linked to generate the probes (i.e., D1-Minus, D2-Plus instead of

D1-Plus, D2-Minus) did not change the PLA results in rat NAc (24%G 2% versus 26%G 5%). D1-D2 PLA was

negative in sections from the same rats when control experiments were conducted in parallel as follows:

absence of one of the probes or of an enzyme responsible for the signal, e.g., the ligase or the polymerase

(Figure S1). In African green monkey the PLA signal was positive in 30%G 4% of NAc neurons and in 16%G

2.5% of CPu neurons (Figures 1C and 1F). Similarly, in rhesus monkey PLA was positive in 35%G 4% of neu-

rons in sections fromNAc and 11%G 3% of CPu neurons (Figures 1D and 1F). PLA signal was negative in the

controls (absence of one probe or the other) using sections from rhesus monkey in parallel (Figure S1). In

human striatum, D1-D2 PLA signal was detected in 45% G 4% NAc neurons and in 17% G 5% CN neurons

(Figures 1E and 1F).

Effects on D1-D2 PLA were examined in sections from the ventral (NAc) and dorsal striatum (CPu) of rats

injected centrally with a peptide (TAT-D1) capable of specifically and selectively disrupting the D1-D2

heteromer without affecting other receptor complexes (Hasbi et al., 2014, 2018) or its scrambled control

peptide (TAT-sc) (each 300 pmol, intracerebroventricularly). PLA was positive in 23% and 22% of neurons

in NAc of rats injected with the control peptide (TAT-sc) or vehicle, respectively, whereas PLA signal was

not detected in sections from rats injected with TAT-D1 peptide either in the NAc or CPu (Figure S1).

The dopamine D1-D2 receptor heteromer was detected in the NAc of mouse, rat, nonhuman primates, and

human (Figure 1F). These results indicate clear species differences in the number of neurons expressing the

D1-D2 heteromer in the ventral striatum (i.e., NAc), with estimates ranging as follows: human (42%–45%) >

primate (28%–36%) > rat (20%–25%) > mouse (14%–16%). In all species, we noted a difference between the

ventral and dorsal striatum, with the neurons expressing heteromer more abundant in the ventral than in

the dorsal region. The heteromer is also expressed in the CPu of these species with a rank order corre-

sponding to that observed in the NAc: human (17%–20%) > monkey (10%–12%) > rat (5%–7%) > mouse

(1.5%–3%) (Figure 1F). z Stack analyses showed that the PLA signal was distributed in the perimeter of

neuronal cell bodies, suggesting that D1-D2 heteromers were likely distributed on the cell surface. No

PLA signal was detected within cell nuclei (Figure S2). These data were corroborated by statistical

analyzes using a two-way ANOVA test, which showed that there was a species difference (F = 102.2;

df = 3; p < 0.0001), a regional difference (F = 367.2; df = 1; p < 0.0001), and an interaction (region X species,

F = 16.15; df = 3; p < 0.0001).

THC or THC and CBD Effects on D1-D2 Heteromer in Monkey Nucleus Accumbens

In the NAc of control rhesus monkeys (Figure 2), D1-D2 PLA signal was detected in 28%G 0.6% of neurons

(n = 1,799). In monkeys repeatedly administered THC, the PLA signal was detected in 78.2%G 0.7% of NAc

neurons (n = 3,390), indicating a dramatic and significant increase in the number of neurons expressing the

D1-D2 heteromer in NAc (one-way ANOVA, F(2,2) = 997; p < 0.0001). Analysis of the number of PLA-pos-

itive signals per neuron showed that the density of the D1-D2 heteromer per neuron was increased in an-

imals treated repeatedly with THC. The average positive signal increased approximately 3-fold compared

with vehicle-treated animals, from 2.3% G 0.2% to 6.3% G 0.4% fluorescent signals per neuron (one-way

ANOVA, F(2,2) = 169.6; p < 0.0001). However, the number of PLA signals detected per neuron after THC

varied widely, with the majority expressing four or more fluorescent signals per neuron; some were as

high as 17 signals per neuron, and others expressed two to four signals per neuron (Figure S2).

In contrast to the effects of repeated THC administration, THC combined with CBD (1:3 ratio) attenuated

the up-regulation of D1-D2 PLA signal (one-way ANOVA, F(2,2) = 997; p < 0.0001, with Bonferroni post-

tests showing a difference with THC-treated (p < 0.001) and with vehicle-treated animals (p < 0.01)). The

signal was detected in 39.6% G 1.1% of neurons in NAc (n = 2,915), in contrast to 78.2% signal found in

THC-only-treated animals and 28% in controls. PLA signal density in the NAc neurons of monkeys receiving

THC and CBD revealed an average of 1.91% G 0.13% fluorescent signal per neuron, suggesting that CBD

administration inhibited THC-induced increase in the number of neurons expressing the D1-D2 heteromer

and heteromer density per neuron.

THC or THC and CBD Effects on D1-D2 Heteromer in Monkey Caudate Nucleus

In the CPu of control monkeys (Figures 3A and 3B), D1-D2 PLA signal was detected in 10.9% G 0.1% neu-

rons (n = 2,342). In the CPu of animals repeatedly administered THC, the D1-D2 PLA signal was detected in
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81.2% G 0.2% neurons (n = 3,090), indicating a dramatic and significant increase in the number of neurons

expressing the D1-D2 heteromer in this dopamine-rich brain region (one-way ANOVA, F(2,2) = 764.8, p <

0.0001; Bonferroni post-test control versus THC, p < 0.0001). The density of D1-D2 heteromers per neuron

(Figure 3C, PLA signal) also increased an average of 3-fold in animals repeatedly administered THC,

compared with vehicle-treated animals, from 2.1% G 0.02% to 6.7% G 0.03% signals per neuron (one-

way ANOVA, F(2,2) = 308.3; p < 0.0001).

In the CPu of monkeys receiving THC and CBD repeatedly (Figures 3A and 3B), PLA signal was detected in

24.0% G 0.2% of neurons (n = 2,711), indicating that CBD significantly attenuated THC-induced up-regu-

lation of the number of PLA-positive neurons (one-way ANOVA, F(2,2) = 764.8, p < 0.0001; Bonferroni post-

test THC versus THC + CBD, p < 0.0001). Similarly, PLA fluorescent signal density per neuron (Figure 3C)

averaged 2.1%G 0.02% in the CPu (one-way ANOVA, F(2,2) = 308.3; p < 0.0001). In the CPu, repeated CBD

inhibited the THC-induced up-regulation of both the number of neurons expressing the D1-D2 heteromer

and the number of heteromers per neuron.

THC or THC and CBD Effects on D1 and D2 Dopamine Receptor mRNA Expression

To explore if the THC-induced increase in D1-D2 heteromerization was related to a change in D1 or D2

receptor levels or ratios, or the dopamine transporter, RT-PCR was performed with extracts from

CPu and NAc to measure mRNA expression of D1 and D2 receptors in the same experimental animals.

In the CPu, repeated THC administration up-regulated D1 receptor mRNA expression, but had no

significant effect on mRNA expression of the D2 receptor or the dopamine transporter, DAT (Figure 3D).

Figure 2. Effect of Chronic THC and CBD on Dopamine D1-D2 Heteromer Expression in Monkey Nucleus

Accumbens

(A–C) D1-D2 heteromer expression was analyzed by PLA in the NAc of monkeys treated chronically with vehicle, THC, or

THC + CBD (A). Quantification of the PLA signals (B) from the three groups of monkeys (N = 3 per group) revealed that

THC dramatically increased the number of neurons expressing the D1-D2 heteromer, an effect blocked in the presence of

CBD. The relative average number of heteromer signals per neuron was also increased (C). Results are meanG SEM from

the analysis of different slices with the number of neurons analyzed indicated. Analysis was performed using one-way

ANOVA, followed by Bonferroni correction, ***p < 0.0001. Scale bars, 10 mm.
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Co-administered with THC, CBD blocked THC-induced D1 receptor mRNA up-regulation (Tukey’s multiple

comparisons test (D1: THC versus THC + CBD, p < 0.05)) and also increased D2 receptor mRNA compared

with THC-treated animals (Tukey’s multiple comparisons test [D2: THC versus THC + CBD, p < 0.01]). In

sharp contrast with the CPu, mRNA expression of D1 and D2 receptors or DAT in the NAc remained un-

changed, although the drug combination led to a nonsignificant rise in D2 receptor mRNA. mRNA expres-

sion of the dopamine transporter was unchanged in both brain regions and in animals treated with either

drug regimen, compared with controls.

Figure 3. Effect of Chronic THC and CBD on Dopamine D1-D2 Heteromer Expression in Monkey Caudate Nucleus

(A–C) D1-D2 heteromer expression was analyzed by PLA in the CPu of monkeys treated chronically with vehicle, THC, or

THC + CBD (A). Quantification of the PLA signals (B) from the three groups of monkeys (N = 3 per group) revealed that

THC increased dramatically the number of neurons expressing the D1-D2 heteromer, an effect blocked in the presence of

CBD. The relative average number of heteromers per neuron was also increased (C). Results are mean G SEM from the

analysis of different slices with the number of neurons analyzed indicated. One-way ANOVA, followed by Bonferroni

correction, **p < 0.01, ***p < 0.0001. Scale bars, 10 mm.

(D) The mRNA expression of D1 receptor, D2 receptor, and DAT was analyzed in the three groups of monkeys. No

changes were noticed in the NAc (left). In the CPu (right), DAT mRNA did not change, whereas THC increased D1 mRNA

expression. CBD with THC blocked the increase in D1 mRNA expression and increased D2 mRNA expression. Tukey’s

multiple test (*p < 0.05, **p < 0.01).
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Characterization of Neurons Expressing the D1-D2 Heteromer

As the number of striatal medium spiny neurons (MSNs) expressing the D1-D2 heteromer was up-regu-

lated by repeated THC administration, the origin and phenotype of these neurons was investigated us-

ing established markers for D1- or D2-expressing neurons. According to the classical segregation of the

striatonigral and striatopallidal pathways, there are mainly two types of neurons, MSNs enriched in D1

receptor and co-expressing dynorphin and MSNs co-expressing D2 receptor with enkephalin, respec-

tively, in the dorsal striatum (Gerfen et al., 1990; Le Moine and Bloch, 1995), although this distinction

is not completely valid in the ventral striatum and some reappraisals should be taken into account (Cal-

abresi et al., 2014; Soares-Cunha et al., 2016). After chronic treatment with THC, the expression

(measured by immunofluorescence) of enkephalin (in D2-MSNs) and dynorphin (in D1-MSNs) was lower

(Figure S3A), although a higher incidence of colocalization between the two neuropeptides was noted

after THC repeated treatment. We also noted a higher colocalization between the D1-D2 PLA and either

dynorphin or enkephalin reaching 67% and 69%, respectively (Figures S3B and S3C). However, due to

low fluorescence signals from the neuropeptides, especially from enkephalin, these neuropeptides

were considered insufficient to characterize the MSNs expressing the heteromer. Substance P (SP, D1-

MSNs) and adenosine A2A receptor (A2AR, D2-MSNs) are also effective markers for MSNs expressing

D1 receptor or D2 receptor within the striatonigral and striatopallidal pathways. Immunofluorescence

generated by antibodies against these two markers showed that colocalization of SP and A2AR in neu-

rons was increased after chronic THC, a response inhibited by CBD co-treatment. Moreover, most of

A2AR-positive neurons (69%) also expressed the D1-D2 PLA signal (Figures S3D and S3F). Similarly,

most neurons expressing SP (71%) showed a D1-D2 PLA signal (Figures S3E and S3F), suggesting that

most of the heteromers were expressed in MSNs co-expressing SP and A2AR. Conceivably, a proportion

of MSNs had assumed a phenotype that co-expressed D1 receptors, D2 receptors, SP, and A2AR.

Signaling Pathway Changes Elicited by THC or THC Combined with CBD

As a major proportion of striatal MSNs (70%–80%) expressed the D1-D2 heteromer after chronic THC, the

resulting effect on the signaling pathway(s) was investigated. Our initial leads were derived from our pre-

vious observations that dopamine activation of the D1-D2 heteromer in stably transfected cells (Lee et al.,

2004; Rashid et al., 2007) as well as in cultured striatal neurons (Hasbi et al., 2009) induced a dose-depen-

dent Gq-mediated calcium signal, leading to CaMKIIa activation and brain-derived neurotrophic factor

(BDNF) accumulation that resulted in enhanced neuronal maturation (Hasbi et al., 2009). The CPu and

NAc were investigated for changes in these and other signaling proteins.

Phospho-CaMKIIa

Repeated THC administration significantly increased pCaMKIIa in NAc by more than 50% over basal phos-

phorylated levels in vehicle-treated monkeys, as shown in western blot (153.4% G 15.8%) (Figure 4A; one-

way ANOVA; F(2,2) = 55.44; p = 0.0001; Bonferroni post-test control versus THC p < 0.01). This effect was

abolished when CBD was co-administered with THC (74.96% G 6.4%; Bonferroni post-test THC versus

THC + CBD, p < 0.0001). In the CPu, phosphorylation of CaMKIIa did not significantly change (one-way

ANOVA, F(2,2) = 1.98; p = 0.218) (Figure 4B) in the three groups (100.3% G 7.8% versus 90.34% G 3.1%

versus 116.64% G 13.44%), indicative of a regional difference.

Phospho-Ser845-GluA1 AMPA Receptor

The D1 receptor/cyclic AMP (cAMP)/cAMP-dependent protein kinase A cascade is a canonical signaling

pathway activated by elevated dopamine release consequent to administration of substances with addic-

tive potential, including THC. cAMP-dependent protein kinase A (PKA) potentiates AMPA receptor activity

by phosphorylating the glutamate receptor subunit GluA1 at serine 845 (Ser845-GluA1), and this phosphor-

ylated target serves as a marker for the cAMP/PKA cascade. Western blot analysis showed that repeated

THC administration significantly decreased Ser845-GluA1 phosphorylation in the NAc compared with con-

trol monkeys (65.98%G 2.8%) (Figure 4C; one-way ANOVA F(2,2) = 16.45, p = 0.0037), suggesting that THC

inhibited the cAMP/PKA pathway. Co-administration of THC and CBD resulted in a similar decrease in

pSer845-GluA1 (63.63%G 14.7%), indicating that CBD did not attenuate THC effects on this pathway (Bon-

ferroni post-test THC versus THC + CBD p > 0.05; t = 0.33). In the CPu of monkeys receiving repeated THC

or THC combined with CBD, we did not observe any significant effect (Figure 4D) on pSer845-GluA1

(104.3% G 4.6%, 116.1% G 11.23%, respectively) compared with vehicle-treated animals (one-way

ANOVA F(2,2) = 1.61, p = 0.27).
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DARPP-32

The 32-kDa dopamine and cAMP-regulated phosphoprotein (DARPP-32) is a significant modulator of

cAMP signaling in striatal neurons. Two major phosphorylation sites, Thr34 and Thr75, exist on

DARPP-32, which when activated can engender either a kinase or a phosphatase activity, respectively

(Greengard et al., 1999; Greengard, 2001; Nairn et al., 2004). Administration of single doses of drugs

with addictive potential (e.g., THC or cocaine) leads to D1/cAMP/PKA-catalyzed phosphorylation of

Thr34-DARPP-32, whereas repeated administration of drugs leads to Cdk5-catalyzed phosphorylation

of Thr75-DARPP-32 (Bibb et al., 2001, reviewed in Nairn et al., 2004). Activation of the D1-D2 heteromer

activates this Cdk5-mediated phosphorylation, which seems to block the D1/cAMP/PKA pathway (Hasbi

et al., 2018).

Phosphorylation of Thr34-DARPP-32. Western blot analysis showed that repeated THC injections had

no significant effect on Thr34-DARPP-32 phosphorylation compared with basal phosphorylation in the NAc

and CPu of vehicle-treated monkeys (92% G 15.3% versus 101% G 12.9%, and 100% G 8.7% versus

126.7% G 7.61%, respectively) (Figure S4). Monkeys co-injected with THC and CBD also had no significant

effect on Thr34-DARPP-32 phosphorylation in NAc or CPu (112.5% G 10.7% and 128.69% G 10.5% of

vehicle monkeys, respectively) compared with vehicle or with THC alone (one-way ANOVA, F(2,2) = 0.60;

p = 0.5766 for NAc; one-way ANOVA, F(2,2) = 3.13; p = 0.117 for CPu). Accordingly, the Thr34 site of

DARPP-32 was not activated by chronic THC administration with or without the presence of CBD.

A B

C D

Figure 4. Molecular Mechanisms Involved in the Effects of Chronic THC and CBD: CaMKIIa and AMPA-GluA1

(A–D) Monkeys (N = 3 per group) were treated chronically with vehicle, THC, or THC + CBD. Homogenates from the NAc

(A) or CPu (B) were subjected to western blot with antibodies for phospho-CaMKIIa (pCaMKIIa, A and B) or

phosphoSerine845-GluA1 (p845, C and D). GAPDH was used as loading control. Representative images (top) and

quantification of the density (bottom) are shown. Data are mean G SD. One-way ANOVA followed by Bonferroni

correction was used to compare statistical differences. (**p < 0.01; ***p < 0.001).
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Phosphorylation of Thr75-DARPP32. In contrast, repeated THC injections significantly increased

Thr75-DARPP-32 phosphorylation in NAc by 75% over the basal phosphorylation in vehicle-treated animals

(175.27% G 16.98%; Figure 5A). CBD co-treatment with THC abolished this response (106.2% G 10.23%;

Figure 5A). These results were corroborated by a one-way ANOVA analysis (F(2,2) = 115.4; p < 0.0001) fol-

lowed by Bonferroni post-tests (control versus THC, p < 0.0001; THC versus THC + CBD; p < 0.0001). In the

CPu, repeated THC increased pThr75-DARPP-32 by approximately 30% (131.1% G 8.41% of vehicle; Fig-

ure 5B), whereas co-injection of CBD with THC blocked the effect of THC (79.7% G 7.5% of vehicle mon-

keys). Statistical analyses corroborated these observations (one-way ANOVA; F(2,2) = 33.80; p < 0.0005),

with Bonferroni post-test correction showing a significant difference between control and THC-treated

Figure 5. Molecular Mechanisms Involved in the Effects of Chronic THC and CBD: DARPP-32

Monkeys (N = 3 per group) were treated chronically with vehicle, THC, or THC + CBD.

(A and B) Western blot analysis of homogenates from NAc (A) or CPu (B) using an antibody raised against phospho-

threonine-75-DARPP-32 (pT75-DARPP-32) was conducted. Representative images (top) and quantification of the density

(bottom) are shown. Data are mean G SD.

(C and D) Analysis of pT75-DARPP-32 using PLA frommonkeys treated as in (A). PLA was performed using anti-DARPP-32

and anti-pT75-DARPP-32, with the PLA recognizing DARPP-32 only when pT75 was activated. Representative images

from each group of monkeys are shown in (C). (D) Graph summarizing the quantification of PLA-pT75-DARPP-32 using

Duolink software. Number of neurons analyzed from each group is indicated. Data are mean G SEM. One-way ANOVA

followed by Bonferroni correction was used to compare statistical differences. (**p < 0.01; ***p < 0.001). Scale bars,

10 mm.
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animals (p < 0.001) and between THC and THC + CBD-treated animals (p < 0.0001) and no difference be-

tween control and THC + CBD-treated animals (p > 0.05; t = 3.22). Accordingly, repeated THC promotes

DARPP-32 activation at the Thr75 site in the NAc and CPu of primate, a response blocked by CBD.

PLA of phosphoThr75-DARPP-32/Total DARPP-32. The effect of THC on pThr75-DARPP-32 was

further investigated using in situ unimolecular PLA (Figures 5C and 5D). PLA assays visualized total

DARPP-32 and pThr75 within striatal neurons. Both in the NAc and CPu of vehicle-treated monkeys, the

PLA signal was detected in fewer than 20% neurons (n = 635). Following THC administration, the PLA signal

between total DARPP-32 and pThr75-DARPP-32 was detected in approximately 80% neurons (n = 707),

indicating a dramatic and significant increase in the number of neurons expressing the Thr-75 phos-

phorylated form of DARPP-32 (one-way ANOVA, F(2,2) = 29.83; p = 0.0008 for NAc and F(2,2) = 38.34;

p = 0.0004 for CPu). Monkeys repeatedly co-injected with THC and CBD showed a much lower positive

signal for pThr75-DARPP-32 PLA, in less than 25% neurons in CPu compared with THC-treated animals

(n = 650). Thus, repeated exposure to THC activated Thr75-DARPP-32, but THC administered together

with CBD prevented the increase.

Phospho-ERK

Extracellular regulated kinase (ERK) is significantly involved in the signaling cascade of dopamine. Previ-

ously, it was reported that an acute dose of THC (1 mg/kg) activated pERK1/2 in mouse NAc and dorsal

striatum, primarily via dopamine D1 receptors and partly via the D2 receptor (Valjent et al., 2001, 2004).

NAc of monkeys treated repeatedly with THC showed dramatic decreases in phosphorylation of both

subunits of pERK1/2 compared with vehicle (46.10% G 4.1% and 50.0% G 4.8%, respectively; Figure 6A).

A two-way ANOVA analysis using subunits (pERK1 or pERK2) and treatment as factors of variation showed

a significant effect of treatment (F(2,2) = 59.99; p < 0.0001), of subunits (F(2,2) = 9.00; p = 0.011), and an

interaction (treatment X subunits; F(2,2) = 6.30; p = 0.013). Bonferroni post-tests showed that the subunit

factor variation was due to the differential effect of co-injection of THC + CBD on the two subunits (p <

0.01). That is, co-injection of CBD with THC restored pERK2 phosphorylation state (95.2% G 8.4% of con-

trol) and only partly reversed THC effects on pERK1 (64%G 9.6%). Thus, repeated doses of THC inhibit the

pERK pathway, but co-administration with CBD attenuates the THC effect in the NAc, notably on pERK2.

In contrast to the NAc, THC did not affect pERK1 in the CPu (96.2% G 13.45%; Figure 6B) and only slightly

increased pERK2 without reaching significance (119.52% G 10.83%). Co-administered CBD did not affect

phosphorylation of either of the subunits of pERK1/2 in CPu (119% G 28.1% and 105.5% G 12.3%, respec-

tively), suggesting that THC regulation of ERK1/2 is region specific (two-way ANOVA; treatment (F = 0.80;

p = 0.47); subunits (F = 0.14; p = 0.70); interaction (treatment X subunits); [F = 1.77; p = 0.21]).

Phospho-GSK3

The Akt-GSK3 pathway was then investigated as a signaling pathway that previous studies showed to be

modulated by cannabinoid receptor activity (Renard et al., 2016). The phosphorylated state of GSK3 re-

duces its activity, whereas dephosphorylation increases its activity.

In the NAc, repeated administration of THC to monkeys decreased phosphorylation of both subunits of

GSK3 (pGSK3a: 52.55%G 6%; pGSK3b: 61.21%G 17% of vehicle values; Figure 6C). CBD not only blocked

the effects of THC but also increased GSK3 phosphorylation above values detected in vehicle-treated an-

imals, notably at the b-subunit (pGSK3a: 122%G 6%; pGSK3b: 134.5%G 12%). These results were corrob-

orated by a one-way ANOVA analysis followed by Bonferroni post-tests for each subunit. For pGSK3a:

(F(2,2) = 25.11; p = 0.0012; Bonferroni post-tests: vehicle (Veh) versus THC (p < 0.01), THC versus THC +

CBD (p < 0.01), Veh versus THC + CBD (p > 0.05)). For pGSK3b: (F(2,2) = 102.4; p < 0.0001; Bonferroni

post-tests: Veh versus THC (p < 0.0001), THC versus THC + CBD (p < 0.001), Veh versus THC + CBD

(p < 0.0001)).

In the CPu, THC did not affect pGSK3 (pGSKa: 87.2%G 13%; pGSKb: 117.1%G 11%; Figure 6D), but co-ad-

ministration of THC andCBD resulted in a 59% increase in pGSK3 over basal values for pGSKa (159%G 12%

of vehicle) and a 130% increase over basal values for pGSKb (230.9% G 11% of vehicle treatment). These

results were corroborated by a one-way ANOVA analysis followed by Bonferroni post-tests for each sub-

unit. For pGSK3a: (F(2,2) = 40.20; p = 0.0003; Bonferroni post-tests: Veh versus THC (p > 0.05; t = 1.44),

THC versus THC + CBD (p < 0.001), Veh versus THC + CBD (p < 0.0001)). For pGSK3b: (F(2,2) = 145.6;
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p < 0.0001; Bonferroni post-tests: Veh versus THC (p > 0.05; t = 1.12), THC versus THC + CBD (p < 0.0001),

Veh versus THC+CBD (p < 0.0001)). Once again, modulation of GSK3 by chronic THC is region specific with

an effect in the ventral but not in the dorsal striatum. In both subregions, however, CBD combined with THC

increased GSK3 phosphorylation, a reduced activity state for this kinase.

DFosB

After repeated administration, many drugs with addictive potential increase DFosB, a process thought to

be key to triggering neuroadaptive mechanisms (reviewed in Nestler, 2008). In monkey NAc, repeated THC

injections significantly increased DFosB by 45% over vehicle treatment (144.5% G 11.3%; Figure 7A). This

effect was abolished when THC was co-injected with CBD (86.24% G 11.59%). One-way ANOVA followed

by Bonferroni post-tests corroborated these findings (F(2,2) = 26.58; p = 0.001; post-tests: Veh versus THC

(p < 0.001); Veh versus THC + CBD (p > 0.05; t = 1.64); THC versus THC + CBD (p < 0.001)).

pERK 1/2

pERK
GAPDH

pERK
GAPDH

CNNAc

pGSK3

GAPDH

THC+
CBDVeh THC

pGSK3

GAPDH

THC+CBDVeh THC

pGSK3

THC+
CBDTHCVeh

THC+
CBDTHCVehA B

C D
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35- 35-

35-35-

48- 48-

Figure 6. Molecular Mechanisms Involved in the Effects of Chronic THC and CBD: ERK1/2 and GSK-3

(A–D) Monkeys (N = 3 per group) were treated chronically with vehicle, THC, or THC + CBD. Analysis by western blot of

homogenates from the NAc (left panels) or CPu (right panels) using antibodies to phospho-ERK (pERK, A and B) or

phospho-GSK3 (pGSK, C and D). GAPDHwas used as a loading control. Representative images (top) and quantification of

the density (bottom) are shown. Data are mean G SD. Two-way ANOVA followed by Bonferroni correction was used to

compare statistical differences. (*p < 0.05; **p < 0.01; ***p < 0.001).
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In the CPu similar responses were elicited by THC and CBD. In this brain region, repeated THC increased

DFosB accumulation (145.14%G 11.8% of vehicle values; Figure 7B), whereas co-injection of THCwith CBD

blocked the THC effect (115.39% G 6.7%, compared with vehicle controls). One-way ANOVA followed by

Bonferroni post-tests corroborated these findings (F(2,2) = 19.27; p = 0.0024; post-tests: Veh versus THC

(p < 0.001); Veh versus THC + CBD (p > 0.05; t = 1.58); THC versus THC + CBD (p < 0.01)). Furthermore,

immunohistochemical analysis showed that the THC-induced rise in DFosB was observed in more than

Figure 7. Molecular Mechanisms Involved in the Effects of Chronic THC and CBD: DFosB

(A and B) Monkeys (N = 3 per group) were treated chronically with vehicle, THC, or THC +CBD. Analysis by western blot of

homogenates from the NAc (A) or CPu (B) using an antibody to DFosB. GAPDH was used as a loading control.

Representative images (top) and quantification of the density (bottom) are shown. Data are mean G SD.

(C and D) Analysis of DFosB by immunohistochemistry, with the secondary antibody conjugated to Alexa 488 (green).

Scale bar, 10 mm. (D) Quantification of DFosB-positive neurons performed by Duolink with DAPI-stained nuclei

representing the total number of neurons. The number of neurons analyzed from each group is indicated. Data are

meanG SEM. One-way ANOVA followed by Bonferroni correction was used to compare statistical differences. (*p < 0.05;

**p < 0.01; ***p < 0.001).
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70% of NAc and CPu neurons (Figures 7C and 7D). These results may suggest that the D1-D2 PLA-express-

ing MSNs are expressing DFosB after the repeated THC regimen.

BDNF and phosphoTrkB

BDNF is one of the most widely studied neurotrophins because of its linkage to neuropsychiatric disease

and its fundamental role in synaptic plasticity (Notaras et al., 2015). In comparison with basal levels of BDNF

in the NAc of vehicle-treated monkeys, repeated THC injections had no significant effect on BDNF accu-

mulation, whether injected alone or co-injected with CBD (100% G 7.7%; 98.62% G 8.6%; 108% G 8.8%,

respectively; Figure 8A). No significant effect was observed in the CPu on BDNF levels in the three groups

of monkeys (100% G 1.6%; 94.82% G 3.8%; 92.51% G 11.26%; Figure 8B). One-way ANOVA followed by

Bonferroni post-tests analysis for each region corroborated these data. In NAc: (F(2,2) = 1.16; p = 0.07;

post-tests: Veh versus THC (p > 0.05; t = 0.20); Veh versus THC + CBD (p > 0.05; t = 1.20); THC versus

THC + CBD (p > 0.05; t = 1.40)). In the CPu: (F(2,2) = 0.41; p = 0.67; post-tests: Veh versus THC (p >

0.05; t = 0.61); Veh versus THC + CBD (p > 0.05; t = 0.89); THC versus THC + CBD (p > 0.05; t = 0.27)).

Although no change in BDNF was observed, a significant increase in the phosphorylation (activation) of its

receptor tropomyosin kinase B (pTrkB) was observed after chronic THC in both the NAc (127% G 8%; Fig-

ure 8C) and the CPu (145%G 9%; Figure 8D), a response reduced by co-administration of CBD (68% G 4%

and 127% G 11%, respectively). One-way ANOVA followed by Bonferroni post-tests analysis for each re-

gion corroborated these data. In NAc: (F(2,2) = 33.40; p = 0.0006; post-tests: Veh versus THC (p < 0.05;

17-
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Figure 8. Molecular Mechanisms Involved in the Effects of Chronic THC and CBD: BDNF and TrkB

(A–D) Monkeys (N = 3 per group) were treated chronically with vehicle, THC, or THC + CBD. Analysis by western blot of

homogenates from the NAc (left panels) or CPu (right panels) using antibodies to BDNF (A and B) or phospho-TrkB

(pTrkB, C and D). GAPDH was used as a loading control. Representative images (top) and quantification of the density

(bottom) are shown. Data are mean G SD. One-way ANOVA followed by Bonferroni correction was used to compare

statistical differences (*p < 0.05; **p < 0.01; ***p < 0.001).
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t = 3.8); Veh versus THC + CBD (p < 0.05; t = 4.36); THC versus THC + CBD (p < 0.001; t = 8.16)). In the CPu:

(F(2,2) = 16.69; p = 0.0035; post-tests: Veh versus THC (p < 0.001; t = 5.73); Veh versus THC + CBD (p > 0.05;

t = 2.24); THC versus THC + CBD (p < 0.05; t = 3.49)).

Ingenuity Pathway Analysis

Pathway analyses can reveal three categories of physiological and pathophysiological states: diseases and

disorders, molecular and cellular functions, and physiological system development and function. Ingenuity

pathway analysis (IPA) was used to identify gene networks and generate a network score and provide a

probability that the set of genes occurring in this network could be explained by chance alone. Networks

with a scoreR2 haveR99% confidence that they are not generated by chance. The genes of interest used

in the IPA analysis were generated from western blot analyses of proteins regulated by THC or THC + CBD,

and included BDNF, D1 and D2 dopamine receptors, DFosB, cannabinoid 1 and 2 receptors, CAMKII,

GluA1, DARPP-32, ERK-1, ERK-2, GSK3-alpha, GSK3-beta and TrkB. We assumed that these proteins

were altered not by drug-induced changes in protein turnover, but by regulated transcription/translation.

Based on IPA, we found that treatment with THC or THC in combination with CBD regulated gene networks

that include, but are not limited to, those involved in emotional, cognitive, and conditioned behaviors;

learning and memory processes; nervous system development; function; and organ development. The

most robust statistical probabilities were related to neurological diseases (p value range: 1.09 3 10�3–

2.973 10�8) and psychological disorders (p value range: 1.093 10�3–2.973 10�8), organ injury and abnor-

malities (p value range: 1.09 3 10�3–8.06 3 10�8), cell-to-cell signaling (p value range: 9.08 3 10�4–2.47 3

10�8), and nervous system development (p value range: 1.09 3 10�3–7.67 3 10�8). An example of the IPA

gene network results is shown in Figure 9.

Figure 9. Ingenuity Pathway Analysis (IPA): Predicted Gene Network

Representative gene network. Gene networks of candidate markers were explored using IPA core analysis. IPA scores

mapped gene networks, and predicted the likelihood that the gene network occurred by chance. Networks with a score

R2 have R99% confidence that they are not generated by chance.

14 iScience 23, 100794, January 24, 2020



DISCUSSION

This study highlights intriguing discoveries relevant to dopamine receptor signaling and cannabinoid-

induced neuroadaptive changes in primate basal ganglia. (1) We provide abundant morphological evi-

dence that dopamine D1 and D2 receptors form complexes in the dorsal striatum and NAc of mammalian

species, including mouse, rat, nonhuman primate and human. Evolutionary differences were noted in the

expression of dopamine D1-D2 heteromers, with heteromer abundance in the order human > primate >

rat > mouse. In all these species, a higher number of MSNs expressing the D1-D2 heteromer was observed

in the ventral striatum (i.e., NAc) than in the dorsal striatum. (2) THC increased the number of neurons ex-

pressing the D1-D2 heteromer in both regions of the striatum of nonhuman primate brain after chronic

administration, from 35% or less, to approximately 80%, together with a 3-fold increase of heteromer

density within individual neurons. (3) The chronic low-dose THC regimen led to a phenotypic change in

MSNs indicating a reprogramming of these MSNs to co-express the characteristic markers of both striato-

nigral and striatopallidal neurons together with co-expression of D1 and D2 receptors. (4) The chronic THC

regimen appeared to increase calcium signaling while inhibiting cAMP signaling. Hence, chronic THC

increased pCaMKIIa, pThr75-DARPP-32, and BDNF/TrkB signaling, whereas it decreased pERK1/2 and

pS845-GluA1 and had no effect on PKA-mediated pThr34-DARPP-32. (5) CBD, administered together

with THC, markedly attenuated most but not all neuroadaptive responses mediated by THC alone: (a)

CBD + THC showed minimal change from vehicle treatment in the number of neurons expressing the

D1-D2 heteromer and the density of the receptor heteromer within neurons. CBD + THC abolished chronic

THC-induced (b) elevated pCaMKIIa, (c) increased Thr75-DARPP-32 phosphorylation, (d) increased DFosB,

(e) phosphorylation (activation) of BDNF receptor pTrkB, (f) decreased phosphorylation of pERK1/2, and (g)

reduced phosphorylation of both subunits of GSK3.

An association between the species evolutionary rank and expression level of the D1-D2 heteromer was

observed, with higher-order species demonstrating greater D1-D2 heteromer expression levels in the stria-

tum. These findings conceivably reflect an evolutionary adaptive advantage to dopamine signaling mod-

ulation by heteromer formation. In all analyzed species, a higher number of MSNs expressing the D1-D2

heteromer was observed in the ventral striatum (i.e., NAc) than in the dorsal striatum (caudate and puta-

men). In mouse NAc the number of neurons with D1-D2 PLA signal (14%–16%) was consistent with the

rate of colocalization between D1 receptor and D2 receptor in the ventral striatum, notably in the NAc-shell

subregion, recently shown in the double BAC Drd1a-TdTomato/Drd2-GFP transgenic mice (Gagnon et al.,

2017). Similarly, the low PLA signal in the dorsal striatum of mouse was in agreement with the low percent-

age of MSNs co-expressing D1 and D2 receptors in the mouse CPu (Gagnon et al., 2017). In rat, the PLA

results (20%–25% in NAc and <10% in CPu) were consistent with previous estimates of D1-D2 heteromer

expression using in situ confocal FRET or in situ PLA (Hasbi et al., 2009, 2018; Perreault et al., 2010,

2016). In rhesus monkey, our PLA data (�28% in the caudate nucleus and �36% in NAc) were equivalent

to those reported for the macaque monkey (23%–25% in CPu and 36% in NAc-core) (Rico et al., 2017).

Our primary goal was to investigate whether repeated administration of relatively average doses of THC or

THC combined with CBD (1:3 ratio) affected the expression of the dopamine D1-D2 receptor heteromer,

and whether other neuroadaptive mechanisms associated with dopamine or cannabinoid signaling were

equally affected by the two dosing regimens. The number of neurons expressing the D1-D2 heteromer

in the NAc and the CPu of nonhuman primate increased dramatically after chronic THC administration,

together with a 3-fold increase in heteromer expression levels within individual neurons, effects that

were markedly attenuated by CBD co-injection. A critical question to be investigated was the origin of

the neurons in which THC induced D1-D2 heteromer expression, whether this had occurred in the D1 re-

ceptor (direct pathway MSNs) or the D2 receptor (indirect pathway MSNs) neuronal subpopulations. At-

tempts were made to clarify the nature of these MSNs using the established conventional markers for

D1- or D2-expressing neurons. According to the segregation of the two receptors, essentially based on ob-

servations in the dorsal striatum, two classical phenotypes of MSNs are thought to exist, where D1 receptor

is co-expressed with dynorphin, whereas D2 receptor is co-expressed with enkephalin (Gerfen et al., 1990;

Le Moine and Bloch, 1995). After chronic treatment with THC, analysis of the expression of the neuropep-

tide markers revealed a higher colocalization between enkephalin and dynorphin, although it was noted

that the MSN content of both dynorphin and especially of enkephalin was very low after THC. The neurons

expressing these neuropeptides also expressed the D1-D2 heteromer after the THC regimen. Two other

markers for MSNs expressing D1 receptor or D2 receptor within the striatonigral and striatopallidal path-

ways are Substance P (in D1-MSNs) and adenosine A2A receptor (in D2-MSNs). Our data showed a high
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colocalization between D1-D2 PLA and either SP or A2AR after chronic THC. These results indicate that a

significant percentage of MSNs had adopted a phenotype co-expressing D1 receptor/D2 receptor/SP/

A2A receptor. Substantial evidence from mouse studies showed that DFosB was primarily expressed in

D1 receptor MSNs after drugs of abuse (reviewed in Nestler, 2008). Our data indicate that chronic THC

increased the number of DFosB-expressing neurons to approximately 75%–80% in the NAc and CPu, which

represents more than the number of MSNs expressing D1 receptor only. These data suggest again that a

proportion of neurons have adopted a phenotypic profile co-expressing the D1-D2 heteromer and were

capable of expressing DFosB after chronic THC treatment. Therefore, it may reasonably indicate that a pro-

portion of each MSN subtype (D1/SP or D2/A2AR) may have changed into the phenotype of MSN express-

ing the D1-D2 heteromer, and also co-expressing SP and A2AR. The present data showed that chronic THC

had long-lasting effects directly on dopamine receptor expression, significantly altering the expression

pattern of D1 and D2 receptors and neuropeptides within adult striatal MSNs. These results clearly indicate

that the phenotype of MSNs in the adult brain does not remain static but can dynamically change, and spe-

cifically after chronic treatment with THC. These findings provide evidence for dramatic changes in the

adult striatal neuronal population and the probable functional consequences generated by long-term

use of an average dose of THC are intriguing. Only one other recent article described that MSNs in adult

mouse striatum were reengineered into dopamine-like neurons (Niu et al., 2018). In that study, phenotypic

reprogramming of MSNs was achieved through injections of a stem cell factor, three dopaminergic neuron-

enriched transcription regulators, and valproic acid. In the present study, the MSNs seem to return to

a stage where most of the neurons co-express D1 and D2 receptors and the different neuropeptides.

This phenotype is reminiscent of the profile of MSNs in culture collected from fetal, neonatal, and 2- to

3-week-old rats, where higher colocalization of D1 and D2 receptors (60%–100%) was observed, when

compared with the number of neurons in control adult rat ventral (17%–25%) or dorsal (2%–7%) striatum

(Hasbi et al., 2009; Aizman et al., 2000; Iwatsubo et al., 2007).

Chronic THC administration led also to a decrease in signaling via the cAMP-PKA-ERK pathway and

increased calcium signaling. These chronic THC-induced effects contrast with the acute effects of THC

on these same pathways. For example, acute THC (1 mg/kg) in mice led to the activation of pERK1/2 in

the NAc and in the dorsal striatum (Valjent et al., 2001, 2004) through a mechanism involving dopamine

D1 receptor and partially involving D2 receptor. This effect was not observed with a higher dose of THC

(5 mg/kg; Valjent et al., 2001), and was even inhibited in the dorsal striatum at a dose of 10 mg/kg.

In vitro data showed that acute CB1 receptor activation led to the activation of pERK and PI3K/Akt path-

ways (Ozaita et al., 2007). The acute THC-induced activation of the PI3K/Akt pathway, was shown to be

responsible for the increased phosphorylation of GSK3, thus inhibiting its function (Renard et al., 2016).

In the NAc of the primates injected chronically with THC in our study, there was instead an increase in cal-

cium signaling and an inhibition in cAMP signaling in a manner similar to what occurs after activation of the

D1-D2 heteromer (Rashid et al., 2007; Hasbi et al., 2009, 2018). Also, and in contrast to the acute effects of

THC in rat or mouse, where THC induced an increase in the phosphorylation (inhibition) of GSK3 (Renard

et al., 2016), our data showed that chronic THC in nonhuman primate led to a dramatic decrease in pGSK3,

synonymous with increased GSK3 activation. An increase in GSK3 activity in the striatum was required for

the development of cocaine conditioned reward in mouse (Miller et al., 2014), and was also shown to play

key roles in mental diseases (Li and Jope, 2010). For example, higher GSK3 activity in the NAc was associ-

ated with social defeat stress, whereas GSK3 blockade in this brain region produces antidepressant effects

in behavioral models of depression (Li and Jope, 2010; Wilkinson et al., 2011). In addition, increased levels

of activated GSK3 in major depressive disorder or bipolar disorder were reported in postmortem studies (Li

and Jope, 2010 and references herein).

The mechanisms leading to the changes in MSN phenotype are presently not known. However, this array of

adaptive responses conceivably originates via multiple mechanisms, likely triggered initially via activation

of CB1 cannabinoid receptors by THC. It is known that the cannabinoid and dopamine systems interact at

different levels. For example, CB1 receptors are expressed in striatal GABA MSNs of the direct pathway

(dMSNs) and MSNs of the indirect pathway (iMSNs) (Hohmann and Herkenham, 2000; Pickel et al.,

2004). Dopamine transmission is modulated by endogenous cannabinoids (eCBs) via CB1 receptor on pre-

synaptic glutamatergic and GABAergic terminals (Lovinger and Mathur, 2012). There is also evidence for a

direct interaction between the two systems at the receptor level, notably between D2R and CB1R (Carriba

et al., 2007; Navarro et al., 2008). Taking into account that addiction vulnerability involves genetic and

epigenetic mechanisms (reviewed in Egervari et al., 2018), our hypothesis is that repeated activation of
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CB1R by long-term THC treatment led to some epigenetic modifications through activation and/or inhibi-

tion of different transcription factors. These modifications resulted in alterations in the expression patterns

of the receptors and neuropeptides, which by consequence resulted in a change in the MSN phenotype,

blurring the distinctive characteristics of the D1 andD2MSNs. This hypothesis warrants further experiments

to decipher the different steps that led to these dramatic changes.

Another interesting observation was that the change in the MSN phenotype was much lower or prevented

when CBD was co-injected with THC, indicating the reversibility of the changes and underlining a very

important role for CBD in abolishing some of the long-term effects of THC. The contrasting effects of

THC alone versus when combined with CBD warrant further comparisons of the pharmacological and path-

ological consequences of high or low THC:CBD ratios and whether CBD can attenuate the effects of a

range of THC doses, especially after prolonged use. In pilot studies reported in abstract form, THC given

repeatedly to nonhuman primates increased expression of the dcc gene, whereas CBD blocked THC-

induced up-regulation of dcc mRNA expression in frontal cortex (Madras et al., 2017). Evidence of an as-

sociation between the dcc gene and major psychiatric disorders is increasing (Grant et al., 2012, 2014;

Luo et al., 2018; Manitt et al., 2013; Ward et al., 2017), along with reports of the DCC receptor as an essential

guide for dopamine circuit formation in frontal cortex during adolescent brain development (Manitt et al.,

2013; Reynolds et al., 2015). The molecular mechanisms underlying CBD’s apparent mitigation of some

pharmacological effects of THC are poorly understood (Boggs et al., 2018) and still have to be fully inves-

tigated, keeping in mind that the pharmacological targets for CBD are numerous and not fully established,

some being controversial. Furthermore, the mechanisms by which THC and CBD exert their effects are

different and are more complicated when delivered in combination (Russo, 2011), rendering the attribution

of the actions of the THC + CBD combination to one proposed molecular mechanism more difficult (Hud-

son et al., 2019; Bassir Nia and Hurd, 2018). Whichever of the diverse mechanisms is involved, it seems

imperative that CBD should be integrated in any cannabis preparation and its ratio to THC should be taken

into account, due to the multiple beneficial effects of CBD in moderating or completely inhibiting THC ef-

fects, as we showed here.

A single dose of THC promotes release of dopamine in human striatum, as detected by brain imaging. In

long-term human marijuana abusers, dopamine signaling is altered and manifest by blunted reward (less

‘‘high’’) and heightened negative responses (anxiety, depression, amotivation), correlating objectively with

attenuated dopamine release and impaired dopamine function (Volkow et al., 2014). These effects involve,

in part at least, the striatal MSNs, which are involved in very important physiological functions, such as

reward, decision-making, and reinforcement of goal-directed and habitual learning. It is our hypothesis

that the induction of a dramatic change in the phenotype of striatal neuronal populations by chronic low

doses of THC may be responsible for the reported reduced reward sensitivity and negative emotionality

(Volkow et al., 2014), apathy, lack of motivation, and cognitive impairments usually associated with heavy

cannabis use (reviewed in Volkow et al., 2014; Bloomfield et al., 2016). It is also tempting to extend these

modifications to the higher incidence of depression and anxiety in adolescent heavy users (Patton et al.,

2002), or even to the reported modifications in adolescent brain structure (Rais et al., 2008; Yucel et al.,

2008). Indeed, our targeted pathway analyses showed that the most robust statistical probabilities result-

ing from our observed changes were related to pathways involved in neurological diseases, psychological

disorders, organ injury/abnormalities, cell-to-cell signaling, and nervous system development. More

discretely, the results implicated regulated gene networks that include, but are not limited to, those

involved in emotional, cognitive, and conditioned behaviors and learning and memory processes.

Taking into account all these considerations, a focus on the D1-D2 receptor heteromer as a target for phar-

macological manipulation should be considered in the development of therapeutic strategies to combat

cannabis use disorder. This is important in regard to the increasing availability of potent synthetic canna-

binoids and especially in the context of the recent accelerated legalization of cannabis not only for medic-

inal use but also for recreational use in many countries, which without appropriate policies may harm the

adult and adolescent population irreparably.

Limitations of the Study

For ethical reasons, it is understandable that like any study involving living nonhuman primates the present

study was limited to the use of only three animals per group for a total of nine subjects. As 8/9 primate sub-

jects were repurposed from previous drug self-administration research with nicotine or cocaine, prior drug
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exposure may have contributed to observed effects. However: (1) All animals were drug-free for at least two

months before this study began and the majority were drug-free for longer periods; (2) All control animals

had been exposed to nicotine or cocaine; (3) one THC-treated animal had no prior exposure to any drug,

yet responses were the same as the other two animals in the group; (4) Baseline behavioural recordings of

subjects were similar; (5) THC administration in rats have generated similar effects (preliminary results).

However, the findings evaluating the D1-D2 heteromer in thousands of neurons per condition and the

signaling pathways investigated were clearly different between the vehicle-treated versus THC-treated an-

imals. For that reason, we are confident that these findings represent a broader effect of THC and CBD and

are confident of our conclusions. For the same ethical reasons, our study did not extend to examine if a sex

difference may exist at the basal level and also after the different treatments. We, however, used a combi-

nation of male and female subjects, evenly distributed within the groups.

More experiments using rats as a model are underway in our laboratory with higher numbers of animals per

group, to investigate further the conclusions of the present article and to examine the differences that may

exist between male and female.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplementary Figure 1

Validation of PLA probes and evidence for D1-D2 heteromer specificity and disruption

J



Supplementary Figure 2. 

Evidence for D1-D2 heteromer expression in caudate monkey

Examples of series of Z-stack images of single or multiple 

caudate nucleus neurons.



Supplementary Figure 3. 

Characterization of striatal medium spiny neurons expressing the D1-D2 heteromer 

in THC treated monkeys
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Supplementary Figure 4. 

Effect of THC and CBD on DARPP32-pT34
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o   Supplementary Figure legends 
o   Transparent Methods 
o   Supplemental References  

 
1.   Supplementary figure legends 

Supplementary Figure 1. Validation of PLA probes and evidence for D1-D2 heteromer 
specificity and disruption. [Related to Figure 1] 
D1-D2 PLA signal was observed in striatum of D5-/- KO mice (A) but not in D2-/- (B) or D1-/- 
(C) KO mice, underscoring the specificity of the signal when D1 and D2 receptors are present. 
Negative controls including the absence of one of the PLA probes (D), absence of ligase (E), or 
absence of polymerase (F) showed no PLA signal. In rat, in contrast to the PLA observed in 
control striatum (G), injection of the D1-D2 interfering TAT-D1 peptide (300 pmol, i.c.v.) 
abolished the PLA signal (H), whereas, the control scrambled peptide (TAT-sc, 300 pmol i.c.v.) 
(I) had no effect. J. Quantification of PLA signal in striatum of rat injected with vehicle 
(control), TAT-D1 or TAT-sc peptides. Scale bars = 10 µm. 

Supplementary Figure 2. Evidence for D1-D2 heteromer expression in caudate monkey. 
[Related to Figure 1] 
Z-stack images were taken by confocal microscope and analyzed using Duolink image software. 
Example of D1-D2 PLA from monkey treated with THC is illustrated (top panel). A Z-stack 
image illustrating a few neurons is shown (lower panel). PLA signals (red) were detected on the 
cell surface and no PLA signal was observed in the nuclei stained by DAPI (blue). Scale bars = 
10 µm. 

Supplementary Figure 3. Characterization of striatal medium spiny neurons expressing the 
D1-D2 heteromer in THC-treated monkeys. [Related to paragraph 5 in results section] 
A. Immuno-histochemical analysis of neuronal content of enkephalin (Enk) and dynorphin (Dyn) 
and their co-localization in the striatum of animals treated chronically with THC. The secondary 
antibodies used were conjugated to Alexa-488 (green) or Alexa-568 (red). B. Analysis of 
neuronal content of markers of direct MSNs [dynorphin (Dyn) or substance P (SP)] and indirect 
MSNs [enkephalin (Enk) or adenosine A2A receptor (A2AR)] and their respective co-
localization with D1-D2 heteromer-generated PLA. The histograms represent the quantification 
of the percent of positive neurons with colocalization of D1-D2 PLA (red) and MSN markers 
(green), performed using Duolink software with DAPI-stained nuclei (blue) representing the total 
number of neurons. Scale bars = 10 µm. 

Supplementary Figure 4. Effect of THC and CBD on DARPP32-pT34. [Related to Figure 5] 



Monkeys (N=3 per group) were treated chronically with vehicle, THC or THC+CBD. Western 
blot analysis of homogenates from the nucleus accumbens (A) or caudate nucleus (B) using an 
antibody to phospho-Threonine-34-DARPP-32 (pT34-DARPP-32) was conducted. 
Representative images (top) and quantification of the density relative to loading control GAPDH 
(bottom) are shown. Data are mean + SD. One-way ANOVA followed by Bonferroni correction 
was used to compare statistical differences. No significant effect was detected. 

 

2.   Transparent Methods 

Animals  

Adult male (n=5) and female (n=4) rhesus macaques (Macaca mulatta) weighing between 5-

9 kg served as subjects in the present study. Subjects were divided into three groups: control, THC 

and THC+CBD. One of the THC subjects was drug naïve; the other eight subjects had a history of 

cocaine and/or nicotine self-administration and/or discrimination. All were drug-free for a 

minimum of 2 months before drug testing. Animals were in a behavioral study prior to euthanasia 

(Jacobs et al., 2016). Insofar as possible, subjects were divided into three matched groups 

(Controls: 2 males, 1 female; THC: 1 male, 2 females; THC+CBD: 2 males, 1 female). Chronic 

treatment consisted of three successive phases of progressively increasing daily drug dosage 

without washout, separated by one day during which a THC dose-effect curve was determined. 

All subjects received treatments at 0600 hours in Phase 1 (Days 1-4), and in divided treatments at 

0600 hours & 1800 hours in Phases 2 (Days 6-11) and 3 (Days 13-23).  

All monkeys were housed singly in stainless steel cages that provided olfactory, visual, and 

auditory interaction with conspecifics. A nutritionally balanced diet (5045 High Protein Monkey 

Diet, Purina Mills International INC., Brentwood, MO) supplemented with fresh fruit or 

vegetables, banana pellets, vitamins, was provided daily. Water was available ad libitum from an 

automatic watering system. A 12-hr light-dark cycle was in effect (lights on 0800 – 2000 hr) at all 

times.  

Drugs were administered as follows. Subjects given THC alone for a total of 24 study days had 

the following protocol: Days 1-4:  0.32 mg/kg, THC i.m. (full dose administered at 6 AM); Day 5: 

Cumulative THC dosing (0.1-3.2 mg/kg, i.m.); Days 6-11: 1.0 mg/kg, IM THC (divided doses 

administered at 6AM/6PM); Day 12: Cumulative THC dosing (0.1-3.2 mg/kg, im); Day 13-23 – 

1.0 mg/kg, IM THC (divided doses administered at 6AM/6PM); Day 24: Cumulative THC dosing 



(0.1-3.2 mg/kg, IM). On day 25, animals were euthanized and brains harvested. Subjects given 

THC+CBD for a total of 24 study days had the following protocol:  Days 1-4:  0.32 mg/kg, IM 

THC (full dose administered at 6 AM); Day 5: Cumulative THC dosing (0.1-3.2 mg/kg, IM); Days 

6-11: 1.0 mg/kg THC + 1.0 mg/kg CBD, IM (divided doses of both drugs administered at 

6AM/6PM); Day 12: Cumulative THC dosing (0.1-3.2 mg/kg, IM); Day 13-23: 1.0 mg/kg THC + 

3.0 mg/kg CBD, IM (divided doses of both drugs administered at 6AM/6PM); Day 24: Cumulative 

THC dosing (0.1-3.2 mg/kg, IM); Day 25: brains were harvested.  During the pre-chronic phase, 

acute drug tests were separated by at least four days. THC was studied over a range of doses 

selected on the basis of previous studies (McMahon, 2011; Winsauer et al., 1999). Doses of CBD 

were selected on the basis of clinically available preparations of CBD combined with THC. A 

vehicle injection preceded the first cycle of each test session, followed by cumulative doses of 

each drug or drug combination during subsequent periods.  

Animal maintenance and research followed the guidelines provided by the Institute of 

Laboratory Animal Resources (ILAR-NRC, 2010) and the NIH Office of Laboratory Animal 

Welfare (OLAW). The Institutional Animal Care and Use Committee at McLean Hospital 

approved all experimental protocols. The research facility is licensed by the U.S. Department of 

Agriculture and consultant veterinarians monitored the health of the colony. Enrichment was 

provided through access to mirrors and toys in the home-cage, television or music, interaction with 

technical staff (Line, 1989). Each of the animals received an IM injection of ketamine 10-20mg/kg 

followed by 5.0 ml IV Beuthanasia-D (pentobarbital-based euthanasia solution).  

Drugs  

Δ9-THC was generously supplied by the NIDA Drug Supply Program. Cannabidiol (CBD) was 

synthesized by S. Nikas at the Center for Drug Discovery, Northeastern University. Both drugs 

were prepared in a vehicle of 95% ethanol, Alkamuls® EL 620, and saline in a 1:1:18 ratio.  

In situ Proximity Ligation Assay  

PLA for D1-D2 heteromer detection  

In situ PLA was performed to assess D1-D2 receptor complexes as described previously (Hasbi 

et al., 2018). To create the PLA probes, a rat anti-D1R antibody (Sigma, D2944) was directly 

conjugated with the PLUS oligonucleotide (In Situ Probemaker PLUS DUO92009, Sigma-Olink) 

and a rabbit anti-D2R (Millipore, AB5084P) antibody directly with the MINUS oligonucleotide 



(In Situ Probemaker MINUS DUO92010, Sigma-Olink) following manufacturer's instructions. 

Briefly, coronal slices (20-30 µm) from mouse, rat, monkey or human striata were incubated for 

1 h at 37 °C with the blocking solution in a pre-heated humid chamber, followed by incubation 

with the generated PLA probes described above (final concentration of 60 µg/ml) and washed with 

buffer A (DUO82047, Sigma-Olink). The PLA signal was detected using the Duolink II in situ 

PLA detection kit (DUO92008, Sigma-Olink) after the ligation-amplification steps. Nuclei were 

labeled by a DAPI solution included in the last washing step in buffer B x 0.01 (DUO82048, 

Sigma-Olink). Positive PLA signals were easily identified as red dots using a confocal Fluoview 

Olympus microscope (FV 1000) with 40× or 60×/1.2 NA objectives. Z-stacks were taken to 

confirm that PLA signals were localized around cell bodies. Cell counting and analysis of the PLA 

signal were performed using Imagetool software (Duolink®), with nuclear DAPI staining used to 

count total number of nuclei. The reported percentages were calculated from images taken by the 

60×/1.2 NA objective or magnified portions of these images. Image sizes were [211.7 µm * 211.7 

µm] for the whole images taken by a 60X objective (NA 1.2). The number of total neurons 

examined is indicated within the text describing the results and annotated on the bar graphs. 

Appropriate negative control assays were performed to ensure the specificity of the PLA labeling 

and amplification. Control assays were carried out in the absence of one or the other of the two 

PLA probes or both, or in the absence of the ligase and/or polymerase. Other control assays were 

conducted in striata from D1-/-, D2-/- or D5-/- receptor gene deleted mice. The results from the 

control assays are described in the first part of the results section. 

PLA for Thr75-DARPP-32 phosphorylation 

The phosphorylation of DARPP-32 at the Thr75 site (pT75-DARPP-32) was investigated using 

in situ PLA. Antibodies from two different species for total DARPP-32 (mouse, sc-271111, Santa 

Cruz) and phospho-Thr75-DARPP-32 (rabbit, Cell Signaling, NEB, 2301s) were used to quantify 

the activation of Thr75-DARPP-32 by PLA. The rabbit-PLUS (Sigma, DUO92002) and mouse-

MINUS probes (Sigma, DUO92004) were used following the manufacturer’s protocol. 

Immunohistochemistry  

Immunohistochemistry was performed on paraformaldehyde-fixed floating coronal sections 

(20 µm) from perfused rat brain or on post fixed sections from flash frozen monkey brain. Sections 

were blocked (10% goat serum, 1% BSA, 0.1% Triton-X in PBS) and then incubated for 60-72h 

at 4 °C with primary antibodies in buffer (2% goat serum, 0.01% Triton-X in PBS) as previously 



described (Hasbi et al., 2009). After three washes with PBS, the samples were incubated with the 

appropriate secondary antibody in buffer for 2h at room temperature. The secondary antibodies 

conjugated to appropriate fluorophores (Alexa Fluors 350, 488, 568, or 647; Molecular Probes) 

were used at 1:500. After three washes, the slides were mounted using a mounting solution 

(Thermo Scientific), and the images were acquired using a confocal Fluoview Olympus 

microscope (FV 1000) with 40X or 60X/1.2 NA objective. All images were acquired in sequential 

mode to prevent any bleed-through.  

The primary antibodies used were all diluted to 1:200. These antibodies were against substance 

P (Cell signaling), deltaFosB (Cell signaling), enkephalin (Millipore, MAB350), dynorphin 

(Neuromics, GP10110) and Adenosine A2a receptor (A2aR, Cell signaling). 

Western blot 

Tissue was suspended in cell lysis buffer containing protease and phosphatase inhibitors 

(Thermo Scientific). Proteins, 30-40 µg, were incubated in Laemmli’s buffer for 3 minutes at 

95°C. Proteins were resolved by electrophoresis on 10% polyacrylamide gels under denaturing 

conditions (SDS−PAGE) and transferred onto nitrocellulose or PVDF membranes (Bio-Rad 

Laboratories, Hercules, CN) using a semidry transfer system (Invitrogen). Membranes were 

blocked in TBS-Tween (TBS-T)/5% nonfat milk for 1 h followed by incubation with PBS-T/5% 

nonfat milk containing the indicated first antibody overnight at 4° C. Membranes were washed in 

TBS-T (1 x 10 min) and TBS (2 x 10 min) and incubated with the appropriate horseradish 

peroxidase (HRP)-conjugated polyclonal secondary antibody (BioRad) for 2 h at room 

temperature. After three washes as indicated above, signal detection was performed using a 

chemiluminescence kit (Perkin-Elmer). 

The primary antibodies used were raised against: phospho-Thr75-DARPP-32 (Cell signaling, 

2301s; 1:1000), phospho-Thr34-DARPP-32 (Cell Signaling, 2304; 1:1000), total DARPP-32 (sc-

271111, Santa Cruz, 1:1000), phospho-ERK1/2 (Sigma, E7028; 1:1000), ΔFosB (Cell signaling, 

14695S, 1:1000), phospho-GSK3 (1:2500), phospho-TrkB (Epitomics, 2149-1, 1:1000), BDNF 

(1:1000), phospho-Akt (1:1000), phospho-CaMKIIα (Pierce, MA1-047, 1:1000), total CaMKIIα 

(Cell signaling, 3362, 1:1000), phospho-GluA1-Ser845 (Millipore, AB5849, 1:1000) and GAPDH 

(Millipore, 1:10000).  

RT-PCR 



RNA was extracted and purified from approximately 100 mg tissue of caudate-putamen and 

nucleus accumbens of each monkey using Trizol reagent (15596026, Thermal Scientific, Dallas, 

TX) and dissolved in nuclease free water. RNA was quantified with Nanodrop LITE 

Spectrophotometer (Thermal Scientific, Dallas, TX). cDNA was generated from 100 ng RNA 

using Verso cDNA Synthesis Kit in 10 µl reaction volume (AB1453A, Thermal Scientific, Dallas, 

TX) following manufacturer’s protocol. For QPCR amplification, each reaction was repeated 4 

times in 12.5 µl reaction volume with 2 ng cDNA as template in each reaction using CFX96 

connect™ Real-Time PCR Detection System (BIO RAD, Hercules, CA). The QPCR master mix 

used was SsoAdvanced™ Universal SYBR® Green Super mix (1725271, BIO RAD, Hercules, 

CA). Primers were ordered from Integrated DNA Technologies Inc. (Skokie, Illinois).  

The primer sequences: 

5’actin: AGA AGG AGA TTA CTG CCC TG; 3’actin: CA TAC TCC TGC TTG CTG AT 

5’SLC6A3: TTC TTC ATC ATG CTG CTC AC; 3’SLC6A3: CAG AAC AGG GAG AGA AGG AA 

5’DCC: GAA AGT CCC TTA CAC ACC AC; 3’DCC: TGA CTG AAT CCT CTG TTG GT 

5’DRD1:  GAA GTC CAC ATT CCA AGC TC; 3’DRD1: TCA CAG GAA ATT CTC CCC TT 

5’DRD2: TTC TGA ACT TGT GTG CCA TC; 3’DRD2: AGA TGG TGA AGG ACA GGA C 

The data were analyzed by one-way ANOVA followed by Bonferroni's post hoc analysis. 

Ingenuity Pathway Analysis (IPA) 

The mRNA markers of altered proteins, as detected in western blot experiments described above 

were used to conduct pathway analysis (IPA version 01-14, Qiagen, USA). IPA core analysis 

provides mRNA networks, canonical pathway analysis, upstream regulators, while also predicting 

other biofunctions such as diseases and disorders, molecular and cellular functions, and 

physiological systems that may be involved in particular networks. IPA was used to identify 

mRNA and gene networks, using protein targets we detected by Western blot to be altered with 

drug treatment and others implicated in the behavioral and neurochemical actions of THC and/or 

CBD: BDNF, D1 and D2 dopamine receptors, ΔFosB, cannabinoid 1 and 2 receptors, CaMKII, 

GluA1, DARPP-32, ERK-1, ERK-2, GSK3-alpha, GSK3-beta and TrkB.  

Statistical analysis 

Statistical analysis was performed with Prizm software. As indicated in the results, One-way or 

Two-way ANOVA tests were used to evaluate the variance followed by post-hoc Bonferroni 

correction for multiple comparisons to evaluate differences between groups. Differences were 



considered significant when p<0.05. The values for the WB graphs are mean ± SD (N=three 

monkeys for each group). Values generated from PLA studies are presented as mean ± SEM (N = 

number of neurons analysed), obtained using several brain sections from the three primates per 

group and averaging the total values. The statistical analyses of these PLA studies used the number 

of animals per group (N=3/group). 
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