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A B S T R A C T   

It is of particular interest the potential of cannabinoid and angiotensin receptors as targets in the therapy of 
Parkinson’s disease (PD). While endocannabinoids are neuromodulators that act through the CB1 and CB2 
cannabinoid receptors, the renin angiotensin-system is relevant for regulation of the correct functioning of 
several brain circuits. Resonance energy transfer assays in a heterologous system showed that the CB1 receptor 
(CB1R) can directly interact with the angiotensin AT2 receptor (AT2R). Coactivation of the two receptors results 
in increased Gi-signaling. The AT2-CB1 receptor heteromer imprint consists of a blockade of AT2R-mediated 
signaling by rimonabant, a CB1R antagonist. Interestingly, the heteromer imprint, discovered in the heterologous 
system, was also found in primary striatal neurons thus demonstrating the expression of the heteromer in these 
cells. In situ proximity ligation assays confirmed the occurrence of AT2-CB1 receptor heteromers in striatal 
neurons. In addition, increased expression of the AT2-CB1 receptor heteromeric complexes was detected in the 
striatum of a rodent PD model consisting of rats hemilesioned using 6-hydroxydopamine. Expression of the 
heteromer was upregulated in the striatum of lesioned animals and, also, of lesioned animals that upon levodopa 
treatment became dyskinetic. In contrast, there was no upregulation in the striatum of lesioned rats that did not 
become dyskinetic upon chronic levodopa treatment. The results suggest that therapeutic developments focused 
on the CB1R should consider that this receptor can interact with the AT2R, which in the CNS is involved in 
mechanisms related to addictive behaviors and to neurodegenerative and neuroinflammatory diseases.   

Abbreviation: 6-OHDA, 6-hydroxydopamine; ACEA, arachidonyl-2′-chloroethylamide; AT2R, Angiotensin AT2 receptor; BRET, Bioluminescence Resonance Energy 
Transfer; CNS, Central Nervous System; CB1R, Cannabinoid CB1 receptor; ECB, Endocannabinoid; FBS, Fetal bovine serum; HEK, Human Embryonic Kidney; L-DOPA, 
levodopa; PD, Parkinson’s disease; PEI, PolyEthylenImine; PLA, Proximity Ligation Assay; RLUC, Renilla luciferase; σ1R, sigma1 receptor; YFP, Yellow fluorescent 
protein. 
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1. Introduction 

Endocannabinoids (ECBs) are important regulators of neurotrans-
mission and other events that take place in the CNS in both health and 
disease. The action of ECBs is mediated by two receptors, CB1 and CB2, 
which belong to class A or rhodopsin-like G protein-coupled receptors 
(GPCR). Both are coupled to heterotrimeric Gi proteins and, conse-
quently, their activation by ECBs, by phytocannabinoids or by synthetic 
cannabinoids causes the inhibition of adenylate cyclase and the decrease 
in cAMP levels (Alexander et al., 2021; Pertwee et al., 2010). The CB1 
receptor (CB1R) is among the more abundant GPCRs on CNS neurons 
and has been considered a target for a variety of neurological diseases 
(Basavarajappa et al., 2017; de Lago and Fernández-Ruiz, 2007; 
Fernández-Ruiz et al., 2015b). The CB2 receptor (CB2R), less abundant in 
neurons, is expressed in glia and is also considered a target of diseases 
such as the hypoxia of the neonate (Castillo et al., 2010; Fernández- 
López et al., 2007; Franco et al., 2019; Pazos et al., 2013). 

Interestingly, cannabinoids interact and regulate the functionality of 
non-cannabinoid receptors such as GPR55 and GPR18. It is intriguing 
why those receptors, which also belong to the GPCR family, are able to 
interact with cannabinoid CB1 and/or CB2 receptors (Martínez-Pinilla 
et al., 2020; Martínez-Pinilla et al., 2019; Martínez-Pinilla et al., 2014; 
Reyes-Resina et al., 2018). The heteromers resulting from the interac-
tion of two different GPCRs endow each of the receptors that participate 
in the interaction with greater versatility and functionality. Indeed, 
GCPR heteromers display properties that are different from those dis-
played by individually expressed receptors (Franco et al., 2016). In 
addition, the real targets of certain therapeutic drugs are GPCR het-
eromers. In this context, we have been interested in knowing if the 
components of the cannabinoid system interact physically and/or 
functionally with the components of the renin-angiotensin system 
(RAS). 

The RAS has been extensively studied in the periphery, and basic 
research went translational with the approval of antihypertensive drugs 
that target angiotensin II receptors (Conlin, 2000). More recently, the 
relevant role of RAS for higher functions has been revealed (see (Jackson 
et al., 2018; Urmila et al., 2021; Halbach O. and Albrecht, 2006; Wright 
and Harding, 2013) for review). Several years ago, angiotensin II re-
ceptors were identified in different regions of the human brain using a 
radioligand binding approach (Barnes et al., 1993). By imaging tech-
niques in samples from human and non-human primates, angiotensin II 
receptors, type 1 and 2, have been identified in neurons of the substantia 
nigra, (Garrido-Gil et al., 2013) and striatum (Garrido-Gil et al., 2017), 
where they significantly contribute to motor control. In humans, a 
recent report demonstrates that high expression of the AT1 gene 
(AGTR1) characterizes the most vulnerable dopaminergic neurons in 
Parkinson’s disease (PD) (Kamath et al., 2022; Labandeira-Garcia and 
Parga, 2022). Furthermore, GABAergic neurotransmission is modulated 
by angiotensin-II in the mouse substantia nigra (Singh et al., 2021). 

The angiotensin II type 2 receptor (AT2R) expressed in cells of the 
substantia nigra is attracting interest due to its involvement in neuro-
inflammation and neurodegeneration, and in neuropathological events 
related to aging (Rodriguez-Perez et al., 2020). A recent report high-
lights the participation of these receptors in the production of inflam-
matory cytokines by microglia (Garrido-Gil et al., 2022). The receptor is 
also in the focus of investigations related to neurodegenerative diseases 
and, in particular, PD, which results from the death of nigral dopami-
nergic neurons and is accompanied by neuroinflammation. Angiotensin 
receptor antagonists have been proposed in the therapy of PD (Jo et al., 
2022; Lin et al., 2022), those drugs would act through a molecular 
mechanism that involves angiotensin II receptors expressed in neurons 
and glial cells (Labandeira-Garcia et al., 2021; Labandeira-Garcia et al., 
2013; Perez-Lloret et al., 2017; Quijano et al., 2022; Rodriguez-Perez 
et al., 2018). 

The aim of this paper was to address whether the CB1R may interact 
with the AT2R and the functional consequences of the interaction. The 

functionality of the receptors in the heteromeric environment was 
evaluated in a heterologous system where a heteromeric imprint was 
found for the AT2-CB1 receptor complexes. Heteromer imprint was also 
found in primary striatal neurons. Once demonstrated the expression of 
the CB1R-AT2R heteromer in striatal neurons we also addressed its 
upregulation/downregulation in striatal sections from the brain of i) a 
rat model of PD treated with vehicle, ii) a rat model of PD treated with 
levodopa (L-DOPA) without displaying dyskinesia and iii) a rat model of 
PD treated with L-DOPA and displaying dyskinesia. Dyskinesia being a 
common side effect of the treatment of PD patients with L-DOPA un-
balances the motor control circuits by mechanisms that are not fully 
elucidated but that involve both renin-angiotensin and cannabinoid 
systems (Junior et al., 2020; Rivas-Santisteban et al., 2021). 

2. Results 

2.1. Direct interaction of the cannabinoid CB1 receptor and the 
angiotensin AT2 receptor 

Due to the fact that it has been reported an interaction between the 
CB2R and the angiotensin II type-1 receptor (AT1R) (Rozenfeld et al., 
2011), we aimed at assessing whether the cannabinoid receptor may 
also interact with the angiotensin II type-2 receptor (AT2R). Immuno-
cytochemistry assays were performed in HEK-293 T cells coexpressing 
the CB1R fused to YFP and the AT2R fused to Rluc (Fig. 1A-D). CB1-YFP 
was detected by the YFP green fluorescence (green, A) and AT1R-Rluc 
was detected by a mouse monoclonal anti-Rluc antibody and a second-
ary sulfo-cyanine3 (Cy3)-conjugated anti-mouse IgG antibody (red, B). 
Nuclei were blue-stained with Hoechst (Fig. 1C). Images in Fig. 1 were 
obtained at the lower planes, where cell plasma membrane extends on 
the glass of the slide; results in Fig. 1D indicate that receptors colocalize 
at the plasma membrane in contact with the slide and intracellularly. 
Colocalization at the plasma membrane was significant, as observed in 
yellow. 

As colocalization does not demonstrate direct interaction, biolumi-
nescence resonance energy transfer (BRET) assays were carried out in 
HEK-293 T cells expressing a constant amount of AT2R-Rluc and 
increasing amounts of either CB1R-YFP or σ1R-YFP, a fusion protein 
consisting of sigma1 receptor (σ1R) and YFP. For AT2R-Rluc and CB1R- 
YFP a BRET saturation curve was found; the parameters were BRETmax 
= 35 ± 3 mBU and BRET50 = 5 ± 1 (Fig. 2A). A linear relationship was 
obtained indicating a lack of interaction when using AT2-Rluc and σ1R- 
YFP (Fig. 2B). These results show that in a heterologous system the CB1R 
interacts with the AT2R but not with the σ1R. 

2.2. Functionality of CB1 and AT2 receptors in single transfected and 
cotransfected cells 

To assess whether heteromerization confers any differential func-
tional property comparing with that of receptors that are not forming 
heteromers, signaling assays were performed in cells expressing one 
receptor and in cells coexpressing the two receptors. As the AT2R cou-
ples to Gi protein, thus leading to inhibition of adenylate cyclase and 
decreased intracellular cAMP levels, the concentration of this second 
messenger was measured in cells expressing AT2Rs treated with for-
skolin (FK) and a selective AT2R agonist, CGP-42112A. The agonist 
treatment reduced the cAMP levels that were previously raised by FK 
(Fig. 3A) and the effect was specific because it was completely blocked 
by pretreatment with the selective AT2R antagonist, PD123319. Similar 
experiments were performed in cells expressing the CB1R, which also 
couples to Gi. The reduction of forskolin-induced cAMP levels by 
arachidonyl-2′-chloroethylamide (ACEA), a selective agonist, was 
blocked by rimonabant, a selective CB1R antagonist (Fig. 3B). When 
similar assays were performed in cells coexpressing both, the AT2R and 
the CB1R, the agonists of the two receptors exerted a significant effect 
that was reverted by the corresponding antagonists (Fig. 3C). In 
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cotransfected cells, simultaneous activation of the two receptors led to a 
robust signal, which was higher than the response obtained by indi-
vidual agonist treatment (Fig. 3C). In addition, the CB1R antagonist 
rimonabant not only blocked the CB1R-mediated effect but also that 
exerted by the AT2R agonist. This is a phenomenon known as cross- 
antagonism and it was unidirectional as the AT2R antagonist did not 
block the effect of the CB1R agonist (Fig. 3C). 

Using the imaging technique described in Methods, β-arrestin II 
recruitment was analyzed. For basal β-arrestin II recruitment detection, 
HEK-293 T cells expressing CB1R were treated with vehicle before fix-
ation and imaging; subsequent analysis of the images led to a Pearson’s 
coefficient of approximately 0.2 (Fig. 4A). In single transfected cells 
each receptor agonist was able to recruit β-arrestin II to the plasma 
membrane (Fig. 4). Recruitment in cotransfected cells simultaneously 
treated with the two agonists (Fig. 4D) led to a significantly higher 
recruitment as indicated by the higher Pearson’s coefficient: >0.6 versus 
<0.4 in single transfected cells (Fig. 4B, C). 

2.3. Expression of AT2-CB1 receptor heteromers in mouse primary striatal 
neurons 

The in situ proximity ligation assay (PLA) is instrumental to detect 
protein-protein interactions in cells and tissues. We took advantage of 
the technique to assess the expression of AT2-CB1 receptor heteromers in 
striatal neurons. Primary cultures were isolated from the striatum of 
fetuses as described in Methods. Experiments were performed using two 

specific antibodies, one against the CB1R and another against the AT2R. 
When one of the primary antibodies was omitted (negative control) a 
negligible signal was obtained (≈0.5 red dots/ cell). The presence of red 
fluorescent dots in the images obtained using antibodies against CB1R 
and against AT2R (Fig. 5) proves the occurrence of heteromers in pri-
mary neurons (≈9 red dots by cell). Labeling with Alexa Fluor®488 
conjugated anti-NeuN antibody confirmed that heteromers were 
expressed in neurons (Fig. 5C). 

2.4. Functionality of CB1 and AT2 receptors in mouse primary striatal 
neurons 

cAMP determination assays were performed in primary striatal 
neurons treated with ACEA, CGP-42112A or both agonists. The results 
were similar to those found in HEK-293 T cells coexpressing AT2 and CB1 
receptors. The reduction in FK-induced cAMP levels exerted by each 
agonist was additive/synergistic in the combined treatment (Fig. 6). 
Also, the cross-antagonism, i.e. rimonabant being able to block the effect 
of both ACEA and the AT2R agonist, was detected as in the heterologous 
system (Fig. 6). Such cross-antagonism is an imprint that shows that 
AT2-CB1 receptor complexes occur in primary striatal neurons, con-
firming the PLA results shown in Fig. 5. 

Fig. 1. Colocalization assays in a heterologous expression system. Immunocytochemistry assays were performed in HEK-293 T cells expressing AT2R-Rluc (B, 1 μg 
cDNA) and CB1R-YFP (A, 1 μg cDNA). CB1R-YFP was detected by the YFP fluorescence (green). The Rluc-containing fusion protein was detected using a mouse 
monoclonal anti-Rluc antibody and a secondary Cy3-conjugated anti-mouse IgG antibody (red). Cell nuclei were stained with Hoechst (C, blue). Colocalization is 
shown in yellow (D). Confocal images were obtained at lower planes, where plasma membrane extends on the glass of the slide. Scheme of the design of immu-
nocytochemistry assay is shown in E. Scale bar: 15 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 2. AT2R-CB1R interaction detected by Bioluminescence Resonance Energy Transfer (BRET) in transfected HEK-293 T cells. Assays were performed in HEK-293 T 
cells transfected with a constant amount of cDNA for AT2R-Rluc (1.2 μg) and increasing amounts of cDNA for CB1R-YFP (0.33 to 1.5 μg) (panel A) or increasing 
amounts of cDNA for σ1R-YFP (0.25 to 2.5 μg) (Panel B). The values shown in each graph were obtained in 6 independent experiments. Scheme of AT2R-Rluc / CB1R- 
YFP BRET assay is shown in C. 

Fig. 3. Receptor functionality in single transfected and in cotransfected HEK-293 T cells. Cells expressing one (panels A, B) or the two (panel C) receptors were 
pretreated for 15 min with vehicle or selective antagonists: PD123319 for the AT2R or rimonabant (RIMO) for the CB1R. Activation of receptors (15 min) was 
performed with agonists: CGP-42112A for the AT2R or ACEA for the CB1R. Finally, cells were treated for an additional 15 min with 0.5μM forskolin (FK). cAMP levels 
were determined as described in methods. Values are the mean ± S.E.M. of 5 different experiments performed in triplicates. Values are expressed as percentage of 
cAMP accumulation provoked by FK (n = 5, in triplicates). One-way ANOVA followed by Bonferroni’s multiple comparison tests were used for statistical analysis. *p 
< 0.05; ***p < 0.001 versus FK treatment. 
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2.5. Expression of AT2 and CB1 receptor heteromers in brain striatal 
sections of the PD rat model 

Due to the relevance of alterations of the renin-angiotensin system in 
PD, a final aim was to determine the expression of the AT2R-CB1R het-
eromer in the striatum of healthy animals and of three groups of lesioned 
animals: 6-hydroxydopamine (6-OHDA)-lesioned animals receiving 
vehicle, 6-OHDA-lesioned animals receiving a chronic treatment with L- 
DOPA and divided into those that were not dyskinetic and those that 
were rendered dyskinetic upon chronic L-DOPA treatment. PLA assays in 
brain sections containing the striatum were performed simultaneously 
and in identical conditions to detect the occurrence of AT2R-CB1R het-
eromers and for level quantitation. A representative image obtained 
using brains of each of the animal groups is shown in Fig. 7A-D; quan-
titation, expressed as a ratio of red dots in cells having dots, is shown in 
the form of bar graph in Fig. 7E. While the number of detected AT2R- 
CB1R complexes was already remarkably high in the striatum of non- 
lesioned rats (circa 7 red dots/cell), the striatum of lesioned animals 
showed significantly more heteromers (circa 9 red dots/cell). The levels 
returned to normal, i.e. to the levels found in non-lesioned animals, 
upon L-DOPA treatment unless animals became dyskinetic. In L-DOPA- 
treated animals that developed dyskinesias the level of AT2R-CB1R 
complexes was similar to that found in the striatum of lesioned rats. 

3. Discussion 

More than one decade ago the interaction between the CB1R and one 
angiotensin II receptor, the AT1, was discovered. Heteromerization was 
relevant in the periphery, specifically the expression of the CB1R and 
AT1 receptor complex increased in rat hepatic stellate cells upon ethanol 
administration (Rozenfeld et al., 2011). As earlier described, the CB1R is 
the most-expressed GPCR in the mammalian brain where members of 
the RAS system are also expressed and i) take part in higher functions 
and ii) are involved in pathophysiological mechanisms of a variety of 
diseases affecting the CNS. Of particular relevance is the AT2R function 
as it seemingly mediates the neuroprotective mechanisms of angiotensin 
II. 

GPCR heteromerization leads to versatility in signaling because 
provides cell responses that could not be afforded by individual re-
ceptors (Agnati et al., 2003; Ferré et al., 2009; Franco et al., 2016). The 
receptors that have been considered in this manuscript are relevant for 
fine-tuning motor control and for modulating other higher functions 
controlled by basal ganglia structures and circuits. On the one hand, the 
CB1R interacts to form heteromers with the CB2R and also with other 
receptors that are modulated by cannabinoids, e.g. GPR55 and GPR18 
(Callén et al., 2012; Lanciego et al., 2011; Martínez-Pinilla et al., 2020; 
Reyes-Resina et al., 2018). These receptors are considered as potential 
targets in the therapy of Parkinson’s and or Huntington’s diseases (de 

Fig. 4. β-arrestin II recruitment in HEK-293 T cells expressing AT2R-YFP, CB1R-YFP or both receptors. Panels A to D, confocal images were obtained in HEK-293 T 
cells expressing ß-arrestin II-Rluc and AT2R-YFP and/or CB1R-YFP. Cells were fixed with paraformaldehyde (4%) after adding receptor agonists for 5 min of adding: 
vehicle in CB1R-YFP-expressing cells (panel A), ACEA in CB1R-YFP-expressing cells (Panel B), CGP-42112A in AT2R-YFP-expressing cells (Panel C) or CGP-42112A 
and ACEA in cells coexpressing AT2R-YFP and CB1R-YFP (Panel D). ß-arrestin II recruitment was analyzed by determining the colocalization of the fluorescence signal 
between the YFP-labeled receptor and ß-arrestin II-Rluc labeled with a sulfo-cyanine3 (Cy3)-conjugated antibody. For this purpose, the Pearson’s correlation co-
efficient was calculated with Fiji software by processing the images obtained in the confocal as described in methods. Values in the bars graph are the mean ± S.E.M. 
of 5 different experiments. One-way ANOVA and Bonferroni’s multiple comparison post-hoc tests were used for statistical analysis ***p < 0.001. Scale bar: 15 μm. 
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Lago and Fernández-Ruiz, 2007; Fernández-Ruiz et al., 2015b; Fernán-
dez-Ruiz et al., 2015a; Fraguas-Sánchez and Torres-Suárez, 2018; Glass, 
2001; Janero, 2012; Maccarrone et al., 2017; Pérez-Olives et al., 2021; 
Ruiz-Calvo et al., 2019; Velayudhan et al., 2014; Zeissler et al., 2016). 
On the other hand, the AT1 and AT2 angiotensin receptors interact with 
each other, and may interact with other proteins of the renin- 
angiotensin RAS system and, among other GPCRs, with adrenergic and 
bradykinin receptors (Barki-Harrington et al., 2003; Cerrato et al., 2016; 
Garcia-Garrote et al., 2019; González-Hernández et al., 2010; Rivas- 
Santisteban et al., 2020; Rozenfeld et al., 2011; Uberti et al., 2003). 
Antagonists of the AT1R (“sartans”) used in the therapy of hypertension, 
particularly those crossing blood-brain barrier, have been proposed for 
the therapy of neurodegenerative diseases (Drews et al., 2021; Jo et al., 
2022; Kehoe et al., 2021; Lin et al., 2022; Yang et al., 2022) and there are 
three registered clinical trials using drug combinations including los-
artan for dementia (Losartan, 2022). Although the AT2R has been less 
studied in the CNS, it is expressed in the basal ganglia, and in particular, 
in striatal neurons. In addition, compensatory mechanisms upon aging 
and upon neurological alterations include overexpression of the AT2R in 
the neurons of some specific CNS areas (Rodriguez-Perez et al., 2020; 
Villar-Cheda et al., 2014). Consistent with this, recent preclinical studies 
are exploring the use of AT2R-centered therapies to combat brain dis-
eases (Ahmed et al., 2022; Royea et al., 2020). In this complex scenario 
we aimed at assessing whether the cannabinoid CB1R could interact with 
angiotensin AT2 receptors in a heterologous system, in primary striatal 
neurons and in striatal sections of the 6-OHDA hemilesioned rat model 

of PD. 
Dyskinesias appearing in patients after chronic administration of L- 

DOPA is a well-known side effect of the medication. Reasons explaining 
why dyskinesias appear in some patients and not in others and/or why 
they appear sooner in some patients than in others are unknown 
(Cesaroni et al., 2022; Kwon et al., 2022; Zhou et al., 2022). It is even 
more intriguing why rats with the same genetic background and sub-
jected to the same manipulations that end up in PD-like symptoms, 
behave differently upon chronic L-DOPA administration. Among the few 
hints about differences between dyskinetic and non-dyskinetic L-DOPA- 
administered rats is the differential expression of some GPCR hetero-
mers. We here report the upregulation of the AT2R-CB1R heteromer in 
the lesioned striatum and in the striatum of animals that become 
dyskinetic; in contrast the expression level of animals that respond to L- 
DOPA treatment and do not become dyskinetic is similar to that in the 
non-lesioned (control) striatum (Fig. 7). We have reported that L-DOPA 
disrupts some of the GPCR receptors complexes that are expressed in the 
non-lesioned rat brain. In fact, the drug alters the formation of the 
macromolecular complexes formed by three GPCRs; the CB1R, the 
adenosine A2A and the dopamine D2, which are relevant for striatal 
function (Pinna et al., 2014). L-DOPA disruption of GPCR heteromers 
has been also detected in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine (MTP) primate model of parkinsonism (Bonaventura et al., 2014). 
Also in the MPTP primate model, L-DOPA-induced dyskinesia results in 
the reduction of CB1-CB2 receptor heteromers in the basal ganglia out-
puts neurons. In this specific case the reduction in heteomer expression 

Fig. 5. In situ Proximity Ligation Assay (PLA) performed in primary striatal neurons. PLA assays were performed in primary neurons using specific primary anti-
bodies against AT2R and against CB1R (1/100) (see Methods). Representative images corresponding to stacks of 4 sequential planes are shown. Cell nuclei were 
stained with Hoechst (blue); receptor complexes appear as red dots (Panel A). The number of red dots/cell (bars graph, Panel B) was quantified using the Andy’s 
algorithm Fiji’s plug-in (see Methods). The “negative control” represents the condition in which a primary antibody was omitted. In Panel C, an Alexa Fluor®488 
conjugated anti-NeuN antibody was used to confirm that red dots were present in neurons. Scale bar: 15 μm. Values are the mean ± S.E.M. of 5 different experiments 
performed in duplicates. Student’s unpaired t-test two tailed parametric versus the negative control condition (***p < 0.001). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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is likely a consequence of reduced expression of the mRNA for both 
cannabinoid receptors (Sierra et al., 2015).While the real impact of 
altered GPCR heteromer expression is not known, it should be noted that 
PD correlates with altered expression of heteromers, with potential 
rearrangement of receptor complexes, and that L-DOPA treatment in-
troduces further changes in heteromer expression. Whether differential 
expression of GPCR heteromers in dyskinesias is cause, consequence or 
epiphenomenon resulting from L-DOPA administration deserves further 
investigation. 

This paper reports the interaction of the CB1R and the AT2R in both a 
heterologous expression system and in striatal neurons. The pharma-
cological imprint of the heteromer can be disclosed by the use of an-
tagonists of the CB1R that block AT2R-mediated Gi-signaling. This 
imprint was found using two different and selective CB1R antagonists 
and served, together with PLA assays, to detect the heteromer in striatal 
neurons. One of the two antagonists used in the present study, rimo-
nabant, was approved by the FDA to combat obesity, but was withdrawn 
in 2008 due to serious CNS-related side effects (Sam et al., 2011; Simon 
and Cota, 2017). The entire field of CB1R-focused drug discovery is 
interested on optimizing receptor targeting in terms of finding the most 
suitable disease, the most suitable drug, the most suitable dose, all 
combined with few side effects. Our results indicate that CB1R antago-
nists would prevent Gi-signaling when striatal AT2R receptors are acti-
vated. Therefore, any therapeutic development focused on the CB1R 
should consider that the cannabinoid receptor can interact in basal 
ganglia neurons with the AT2R, whose activation correlates with the 
stimulation of mechanisms that prevent addictive behaviors (Nakaoka 
et al., 2015) and possibly neurodegenerative/neuroinflammatory dis-
eases (see above). 

In summary, we here provide evidence of formation of the canna-
binoid CB1 and angiotensin AT2 receptor heteromers, whose imprint is 
observed in primary striatal cultures. The main functional consequence 
of the interaction between the two receptors is the blockade of AT2R- 
mediated Gi-signaling by CB1R antagonists. There is an upregulation of 
the expression of the heteromer in the striatum of a rat PD model. 

Expression of the heteromer returned to normal after L-DOPA treatment 
unless the animals became dyskinetic after chronic L-DOPA treatment. 
The heteromer level increase in the striatum of L-DOPA/dyskinetic an-
imals was similar to that in the striatum of lesioned animals before being 
treated with L-DOPA. 

4. Materials and methods 

4.1. Reagents 

Forskolin (FK), arachidonyl-2′-chloroethylamide (ACEA), CGP- 
42112A, PD123319, Rimonabant-SR141716 (RIMO), CP-945,598, Pol-
yEthylenImine, 6-hydroxydopamine (6-OHDA) and Hoechst were pur-
chased from Sigma_Aldrich (St Louis, MO, USA). Concentrated (10 mM) 
stock solutions of agonists/antagonists prepared in ethanol (ACEA), 
DMSO (RIMO and CP-945,598) or water (CGP-42112A and PD123319) 
were stored at − 20 ◦C; they were thawed and diluted in vehicle before 
use. 

4.2. Cells 

Primary striatal neurons were obtained from 19-day mouse embryos 
as described in (Hradsky et al., 2013) (Franco et al., 2018). Cells were 
isolated as described in (Hradsky et al., 2013) and plated at a confluence 
of 40,000 cells/0.32 cm2. Briefly, striata were dissected and digested in 
0.25% trypsin for 15 min at 37 ◦C. Trypsinization was stopped by 
repeated washes with Hank’s Buffered Saline Solution (HBSS, Gibco). 
Cells were brought to a single cell suspension by repeated pipetting 
followed by passage through a 100 μm-pore mesh. Cells were then 
resuspended in supplemented DMEM and seeded at a density of 3.5 ×
105 cells/mL in six-well plates or 96-well plates for functional assays and 
in twelve-well plates for immunocytochemistry or PLA assays. The day 
after, medium was replaced by neurobasal medium supplemented with 
2 mM L-glutamine, 100 U/mL penicillin/streptomycin, and 2% (v/v) 
B27 (Gibco) and culture was maintained for 12 days. Cultures were 
maintained at 37 ◦C in a 5% CO2 humid atmosphere. Immunodetection 
of specific NeuN marker showed that preparations contained >98% 
neurons. 

HEK-293 T cells, batch 70022180, were acquired from the American 
Type Culture Collection (ATCC). Cells were amplified and frozen in 
liquid nitrogen in several aliquots. Cells from each aliquot were used 
until passage 18. HEK-293 T cells were grown in Dulbecco’s modified 
Eagle’s medium (DMEM) (Gibco, Paisley, Scotland, UK) supplemented 
with 2 mM L-glutamine, 100 μg/mL sodium pyruvate, 100 U/mL peni-
cillin/streptomycin, MEM non-essential amino acids solution (1/100) 
and 5% (v/v) heat-inactivated fetal bovine serum (FBS) (all supplements 
were from Invitrogen, Paisley, Scotland, UK) and maintained at 37 ◦C in 
a humid atmosphere of 5% CO2. 

4.3. Cell transfection 

HEK-293 T cells were transiently transfected with the corresponding 
cDNA(s) by the PEI (PolyEthylenImine) method. Briefly, cDNA diluted 
in 150 mM NaCl was mixed (10 min) with PEI (5.5 mM in nitrogen 
residues) also prepared in 150 mM NaCl for 10 min. The cDNA-PEI 
complexes were placed in contact with HEK-293 T cells and were 
incubated for 4 h in a serum-starved medium. Then, the medium was 
replaced by a fresh supplemented culture medium and cells were 
maintained at 37 ◦C in a 5% CO2 humid atmosphere. 48 h after trans-
fection, cells were washed, detached, and resuspended in the assay 
buffer. 

4.4. Plasmids 

pcDNA3.1-based plasmids encoding for CB1R or for CB1R-YFP, AT2R- 
Rluc and Sigma1 receptor-YFP fusion proteins were available in our 

Fig. 6. cAMP determination in primary striatal neurons. Neurons were pre-
treated for 15 min with vehicle or selective antagonists: PD123319 for the AT2R 
or rimonabant (RIMO) for the CB1R. Then, cells were treated for 15 min with 
vehicle or agonists: CGP-42112A for AT2R, ACEA for CB1R or both. Cells were 
treated for an additional 15 min with 0.5μM FK. cAMP levels were determined 
as described in methods. Values are the mean ± S.E.M. of 5 different experi-
ments performed in triplicates. Values are expressed as percentage of cAMP 
accumulation induced by forskolin (FK) (n = 5, in triplicates). One-way ANOVA 
followed by Bonferroni’s multiple comparison tests were used for statistical 
analysis. *p < 0.05; **p < 0.01; ***p < 0.001, versus FK treatment. 
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laboratory. Plasmids encoding fusion proteins were generated by sub-
cloning the coding region of each receptor to be in-frame with restriction 
sites of pRluc-N1 (Clontech, Heidelberg, Germany) and pEYFP-N1 
(PerkinElmer, Wellesley, MA) vectors to provide plasmids that express 
the receptors with Rluc or YFP proteins fused on the C-terminal end. 

4.5. PD model generation, levodopa treatment, and dyskinesia assessment 

All experiments were carried out in accordance with EU directives 
(2010/63/EU and 86/609/CEE) and were approved by the Ethical 
committee of the University of Santiago de Compostela. Similar to the 
approach elsewhere described (Lopez-Lopez et al., 2020), our experi-
mental design using male Wistar rats aimed to obtain four groups of 
animals as described below. Animals were 8 weeks old at the beginning 
of the experimental procedure. 

Details of model generation and the protocol of drug administration 
and behavioral analysis, performed by a blinded investigator, are given 
elsewhere (Muñoz et al., 2014). Surgery was performed on rats anes-
thetized with ketamine/xylazine (1% ketamine, 75 mg/kg, and 2% 
xylazine, 10 mg/kg). Lesions were produced in the right medial fore-
brain bundle to achieve a complete degeneration of the nigrostriatal 
pathway. The rats were injected with 12 μg of 6-hydroxydopamine (6- 
OHDA) (to provide 8 μg of 6-OHDA hydroxydopamine free base) in 4 μL 

of sterile saline containing 0.2% ascorbic acid. Animals adequately 
lesioned were selected (n = 18) by rotational behavior (see below). In-
jection of vehicle led to the generation of naïve (or non-lesioned) ani-
mals (n = 6). 

To identify rats with 6-OHDA-induced maximal dopaminergic le-
sions, amphetamine-induced rotation was tested in a bank of 8 auto-
mated rotometer bowls (Rota-count 8, Columbus Instruments, 
Columbus, OH, USA) by monitoring full (360◦) body turns in either di-
rection. Right and left full body turns were recorded over 90 min 
following an injection of d-amphetamine (2.5 mg/kg i.p.) dissolved in 
saline. Rats that displayed more than 6 full body turns/min ipsilateral to 
the lesion were included in the study (this rate would correspond to 
>90% depletion of dopamine fibers in the striatum (Winkler et al., 
2002). Dopaminergic lesions were confirmed with the cylinder test. 
Spontaneous use of forelimb was measured by the cylinder test (Kirik 
et al., 2001). Rats were placed individually in a glass cylinder (20 cm in 
diameter) and the number of left or right forepaw contacts was scored by 
an observer blinded to the animals’ identity and presented as left 
(impaired) touches as a percentage of total touches. A control animal 
would thus receive an unbiased score of 50%, whereas the lesion usually 
reduces the performance of the impaired paw to less than 20% of total 
wall contacts. 

Of the lesioned animals selected according to the above-described 

Fig. 7. In situ Proximity Ligation assay (PLA) performed in brain striatal sections of the of 6-OHDA-lesioned rat model. PLA assays were performed in brain striatal 
sections of four different groups of animals: non-lesioned (A), lesioned (B), lesioned treated with L-DOPA non-dyskinetic (C) and lesioned treated with L-DOPA and 
dyskinetic (D) using specific primary antibodies against AT2R and against CB1R (1/100, each). Representative images corresponding to stacks of 4 sequential planes 
are shown. Cell nuclei were stained with Hoechst (blue); receptor complexes appear as red dots. The number of red dots/cell with dots (E) was quantified using the 
Andy’s algorithm Fiji’s plug-in. Image in panel F was obtained using an Alexa Fluor®488 conjugated anti-NeuN antibody, to confirm that red dots were present in 
neurons. Scale bar: 15 μm. Values are the mean ± S.E.M. of 5 different experiments performed in triplicates. Student’s unpaired t-test two tailed parametric versus 
“non-lesioned” (*p < 0.1 and **p < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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tests (18 in total), 12 were chronically treated with L-DOPA daily for 3 
weeks, 6 with vehicle instead L-DOPA. A mixture of L-DOPA methyl 
ester (6 mg/kg) plus benserazide (10 mg/kg) was administered subcu-
taneously. The treatment reliably induces dyskinetic movements in 
some rats. Abnormal involuntary movements were evaluated according 
to the rat dyskinesia scale described in a previous report (Farré et al., 
2015). The severity of each abnormal involuntary movement (AIM) 
subtype (limb, orolingual, and axial) was assessed using scores from 0 to 
4 (1 = occasional, present <50% of the time; 2 = frequent, present 
>50% of the time; 3 = continuous but interrupted by strong sensory 
stimuli; 4 = continuous, not interrupted by strong sensory stimuli). Rats 
were classified as “dyskinetic” if they displayed a score ≥ 2 per moni-
toring period on at least two AIM subtypes. Animals classified as “non- 
dyskinetic” exhibited either no L-DOPA-induced abnormal involuntary 
movements or very mild/occasional ones. Animals with low scores, 
either non-dyskinetic or dyskinetic, were excluded. In summary, four 
groups of animals were obtained: [1] non-lesioned [2] lesioned, treated 
with vehicle; [3] lesioned and became dyskinetic when treated with L- 
DOPA; and [4] lesioned and did not become dyskinetic upon L-DOPA 
treatment. Tyrosine hydroxylase immunostaining was performed in 
every animal from sections taken postmortem; selected animals under-
going 6-OHDA treatment showed, in the lesioned hemisphere, >95% 
nigral dopaminergic denervation. Overall, 4 animals (those with better 
scores) were selected in each of the following 4 groups: naïve, lesioned, 
lesioned/L-DOPA dyskinetic, and lesioned/L-DOPA non-dyskinetic. The 
PLA analysis (see below) was performed in different fields of striatal 
sections from each of the 16 selected animals. The striatum was 
delimited in sections using a bright field, and images were captured 
within delimitation coordinates. 

4.6. Immunocytochemistry 

HEK-293 T cells were seeded on glass coverslips in 12-well plates. 
Twenty-four hours later, cells were transfected with cDNA for CB1R-YFP 
cDNA, with cDNA for CB1R and/or with cDNA for AT2R-Rluc. Forty- 
eight hours after transfection, cells were fixed in 4% para-
formaldehyde for 15 min and washed twice with PBS containing 20 mM 
glycine before permeabilization with PBS-glycine containing 0.2% 
Triton X-100 (5 min incubation). Blocking was performed with PBS 
containing 1% bovine serum albumin (1 h). Then cells were incubated 
(1 h) with a mouse anti-Rluc antibody (1/100, MAB4400, Millipore, 
Merck, Darmstadt, Germany) and subsequently incubated (1 h) with a 
sulfo-cyanine3 (Cy3)-conjugated anti-mouse IgG secondary antibody 
(1/200, 715–166-150 (red), Jackson ImmunoResearch, St. Thomas 
Place, UK). CB1R-YFP expression was detected by the YFP’s own fluo-
rescence. CB1R expression was detected by labeling with a rabbit anti- 
CB1R antibody (1:100, ThermoFisher ref.: Catalog #PA1–745) and a 
secondary Alexa Fluor®488 conjugated anti-rabbit antibody (1:200, 
ThermoFisher Ref: A-11008). Nuclei were stained with Hoechst (1/100 
from stock 1 mg/mL). Samples were washed several times and mounted 
with Immu-mount® (FisherScientific). Images were obtained in a Zeiss 
LSM 880 confocal microscope (ZEISS, Germany) using the 63× oil 
objective. 

4.7. Bioluminescence resonance energy transfer (BRET) assays 

HEK-293 T cells were transiently cotransfected with a constant 
amount of cDNA encoding for AT2-Rluc (1 μg) and with increasing 
amounts of cDNA corresponding to either CB1R-YFP (0.4 to 1.6 μg) or 
with σ1R-YFP (0.25 to 2.5 μg), as a negative control for BRET assay. To 
assess cell amount, protein concentration was determined using a 
Bradford assay kit (Bio-Rad, Munich, Germany) using bovine serum al-
bumin (BSA) dilutions as standards. To quantify fluorescent proteins, 
cells (20 μg total protein) were distributed in 96-well microplates (black 
plates with a transparent bottom) and fluorescence was read in a 
Fluostar Optima Fluorimeter (BMG Labtech, Offenburg, Germany) 

equipped with a high-energy xenon flash lamp, using a 10-nm band-
width excitation filter at 485 nm. For BRET measurements, the equiv-
alent of 20 μg protein cell suspension was distributed in 96-well white 
microplates with a white bottom (Corning 3600, Corning, NY). For BRET 
measurements, the equivalent to 20 μg protein cell suspension was 
distributed in 96-well microplates (white plates, Porvair, Leatherhead, 
UK) and 5 μM coelenterazine H was added (PJK GMBH, Klein-
blittersdorf, Germany). One min after coelenterazine H addition, the 
readings were collected using a Mithras LB 940 (Berthold, Bad Wildbad, 
Germany), which allowed the integration of the signals detected in the 
short-wavelength filter at 485 nm (440–500 nm) and the long- 
wavelength filter at 530 nm (510–590 nm). To quantify receptor-Rluc 
expression, luminescence readings were collected 10 min after addi-
tion of 5 μM coelenterazine H. The net BRET is defined as [(long- 
wavelength emission)/(short-wavelength emission)]-Cf, where Cf cor-
responds to [(long-wavelength emission)/(short-wavelength emission)] 
for the Rluc construct expressed alone in the same experiment. Data in 
BRET curves that depict an equilateral hyperbola were fitted using an 
only tool (Herraez, 2022). MilliBRET units (mBU) are defined as: 

mBU =

[
λ530(long − wavelength emission)
λ485(short − wavelength emission)

− Cf

]

x 1000  

where Cf corresponds to [(long-wavelength emission)/(short-wave-
length emission)] for the Rluc construct expressed alone in the same 
experiment. 

4.8. cAMP level determination 

Determination of intracellular cAMP levels was performed in HEK- 
293 T cells transfected with the cDNA for AT2R (1.5 μg), the cDNA for 
the CB1R (1.5 μg) or both. Two hours before the experiment, the medium 
was replaced by serum-starved DMEM medium. HEK-293 T cells (≈2000 
by well) growing in a medium containing 50 μM zardaverine were 
distributed in 384-well microplates and treated with vehicle or with a 
selective AT2R antagonist (PD123319, 1 μM) or with selective CB1R 
antagonists (Rimonabant, 1 μM or CP-945,598, 1 μM). 15 min later, cells 
were treated with the AT2R agonist (CGP-42112A, 100 nM) and/or the 
CB1R agonist (ACEA, 100 nM) for 15 min before adding 0.5 μM FK or 
vehicle for an additional 15 min period. The Lance Ultra cAMP kit 
(PerkinElmer, ref. TRF0262) was used prior homogeneous time-resolved 
fluorescence energy transfer (HTRF) measurements. HTRF (665 nm) was 
determined on a PHERAstar Flagship microplate reader equipped with 
an HTRF optical module (BMG Labtech). A standard curve for cAMP was 
obtained in each experiment. 

4.9. β-arrestin II recruitment assays 

HEK-293 T cells were transiently transfected as described in Cell 
transfection with 0.4 μg of cDNA coding for β-arrestin II-Rluc and 1.5 μg 
of cDNAs coding for AT2R-YFP and/or CB1R-YFP. 48 h later, cells were 
treated for 5 min with vehicle (control) or with the AT2R and/or CB1R 
agonists (100 nM CGP-42112A and/or 100 nM ACEA). Then, cells were 
fixed with paraformaldehyde (4%) and subsequently processed as in 
Immunocytochemistry. ß-arrestin II recruitment was analyzed by deter-
mining the colocalization of the fluorescence signal between the YFP- 
labeled receptor and ß-arrestin II-Rluc labeled with an anti-Rluc pri-
mary antibody and a Cy3-conjugated secondary antibody. To measure 
the degree of correlation (linear) between the red (ß-arrestin II) and the 
green (receptor) channels, the Pearson’s correlation coefficient was 
calculated with Fiji software (Analyze > Coloc2 plugin) using the images 
obtained in the confocal microscope. 

4.10. In situ Proximity Ligation Assay (PLA) 

Occurrence of AT2R and CB1R heteromers in primary neurons and in 
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brain sections was detected using the Duolink in situ PLA detection Kit 
(OLink; Bioscience, Uppsala, Sweden ref. DUO92008) following the in-
structions of the supplier. Primary neurons were grown on glass cover-
slips, fixed in 4% paraformaldehyde for 15 min, washed with PBS 
containing 20 mM glycine to quench the aldehyde groups and per-
meabilized with the same buffer containing 0.05% Triton X-100 (20 
min). Then, samples were washed with PBS and incubated (1 h) at 37 ◦C 
with blocking solution (Sigma_Aldrich, ref. DUO82007) in a pre-heated 
humidity chamber. After overnight incubation with the antibody diluent 
medium having a mixture of equal amounts of rabbit anti-AT2R 
(ab92445, Abcam) (1/100) and mouse anti-CB1R (sc-518,035, Santa-
Cruz) antibodies (1/100), ligation and amplification were conducted as 
indicated by the supplier. Neurons were identified by staining with the 
Alexa Fluor®488 conjugated anti-NeuN antibody (ab190195). Samples 
were mounted using the mounting medium with Hoechst (1/100) to 
stain nuclei. Samples were observed in a Zeiss 880 confocal microscope 
(Carl Zeiss, Oberkochen, Germany) equipped with an apochromatic 63×
oil immersion objective (N.A. 1.4) and 405 nm, 488 nm and 561 nm 
laser lines. For each field of view, a stack of two channels (one per 
staining) and four Z stacks with a step size of 1 μm were acquired. The 
number of neurons containing one or more red spots versus total cells 
(blue nucleus) was determined, and Student’s t-test was used to compare 
the values (red dots/cell). 

4.11. Statistical analysis 

GraphPad Prism 9.4 software (San Diego, CA, USA) was used for data 
analysis. One-way ANOVA followed by post hoc Bonferroni’s test, post 
hoc Tukey’s test or Dunnett’s test were used when multiple comparison 
analysis. BRET parameters were calculated using an ad hoc on-line tool 
(Herraez, 2022). In PLA assays the number of red dots/cell was deter-
mined using the Andy’s algorithm Fiji’s plug-in (Law et al., 2017). Two- 
tailed Student’s t-test was used for PLA statistical analysis. 
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García, J.L., Casadó, V., Lanciego, J.L., Franco, R., 2015. Stronger Dopamine D1 
Receptor-Mediated Neurotransmission in Dyskinesia. Mol. Neurobiol. 52, 
1408–1420. https://doi.org/10.1007/s12035-014-8936-x. 
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Fraguas-Sánchez, A.I., Torres-Suárez, A.I., 2018. Medical Use of Cannabinoids. Drugs 78, 
1665–1703. https://doi.org/10.1007/s40265-018-0996-1. 

Franco, R., Martínez-Pinilla, E., Lanciego, J.L., Navarro, G., 2016. Basic pharmacological 
and structural evidence for class A G-protein-coupled receptor heteromerization. 
Front. Pharmacol. 7, 1–10. https://doi.org/10.3389/fphar.2016.00076. 

Franco, R., Aguinaga, D., Reyes, I., Canela, E.I., Lillo, J., Tarutani, A., Hasegawa, M., Del 
Ser-Badia, A., del Rio, J.A., Kreutz, M.R., Saura, C.A., Navarro, G., 2018. N-Methyl- 
D-Aspartate Receptor Link to the MAP Kinase Pathway in Cortical and Hippocampal 
Neurons and Microglia Is Dependent on Calcium Sensors and Is Blocked by 
α-Synuclein, Tau, and Phospho-Tau in Non-transgenic and Transgenic APPSw. Ind 
Mice. Front. Mol. Neurosci. 11, 273. https://doi.org/10.3389/fnmol.2018.00273. 

Franco, R., Villa, M., Morales, P., Reyes-Resina, I., Gutiérrez-Rodríguez, A., Jiménez, J., 
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González-Hernández, M.D.L., Godínez-Hernández, D., Bobadilla-Lugo, R.A., López- 
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