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Calcium ion (Ca2+) homeostasis is crucial for neuron function and neurotransmission. This study
focused on the actions mediated by the CB1 receptor (CB1R), the most abundant G protein-coupled
receptor (GPCR) in central nervous system (CNS) neurons, over by the AT1R, which is one of the fewG
protein-coupled CNS receptors able to regulate cytoplasmic Ca2+ levels. A functional interaction
suggesting a direct association between these receptorswasdetected. AT1-CB1 receptor heteromers
(AT1CB1Hets) were identified in HEK-293T cells by bioluminescence resonance energy transfer
(BRET2). Functional interactions within the AT1-CB1 complex and their potential relevance in
Parkinson’s disease (PD) were assessed. In situ proximity ligation assays (PLA) identifiedAT1CB1Hets
in neurons, in which an important finding was that Ca2+ level increase upon AT1R activation was
reduced in the presence of cannabinoids acting on CB1Rs. AT1CB1Het expression was quantified in
samples from the 6-hydroxydopamine (6-OHDA) hemilesioned rat model of PD in which a lower
expression of AT1CB1Hets was observed in striatal neurons from lesioned animals (versus non-
lesioned). AT1CB1Het expression changed depending on both the lesion and the consequences of
levodopa administration, i.e., dyskinesias versus lack of involuntary movements. A partial recovery in
AT1CB1Het expression was detected in lesioned animals that developed levodopa-induced
dyskinesias. These findings support the existence of a compensatory mechanism mediated by
AT1CB1Hets that modulates susceptibility to levodopa-induced dyskinesias in PD. Therefore,
cannabinoids may be useful in reducing calcium dyshomeostasis in dyskinesia.

Parkinson’s disease (PD) is mostly caused by the death of dopaminergic
neurons located in the substantia nigra that innervate the striatum. Dopa-
mine deficiency in the striatum leads to unbalanced motor control causing
the symptoms of rigidity and tremor that patients display1. Dopaminergic
transmission is based mainly on the action of the five types of dopamine
receptors identified so far, fromD1 toD5. All of them areG protein-coupled
receptors (GPCRs); activation of dopamine receptors leads to variation of
adenosine 3′,5′-cyclic monophosphate (cAMP) intracellular levels. D1 and

D5 receptors couple to heterotrimeric Gs transducers and, therefore, their
activation causes increases in cAMPthrough the activationof protein kinase
A (PKA)-dependent adenylate cyclase. Conversely, the D2, the D3, and the
D4 couple to heterotrimeric Gi transducers, and their activation causes
decreases in cAMP levels through deactivation (inhibition) of the adenylate
cyclase2.

The link between dopamine receptor activation and the cAMP/PKA
signaling pathway prompted the discovery and characterization of a

1Laboratory of Computational Medicine, Biostatistics Unit, Faculty of Medicine, Autonomous University of Barcelona, Campus Bellaterra, Barcelona, Spain.
2Network Center for Biomedical Research in Neurodegenerative Diseases, CiberNed, Spanish National Health Institute Carlos iii, Madrid, Spain. 3Cellular and
Molecular Neurobiology of Parkinson’s Disease, Research Center for Molecular Medicine and Chronic Diseases (CIMUS), IDIS, University of Santiago de
Compostela, Santiago de Compostela, Spain. 4Department of Biochemistry and Physiology, School of Pharmacy and Food Sciences, Universitat de Barcelona,
Barcelona, Spain. 5Institute of Neuroscience of theUniversity of Barcelona,Universitat deBarcelona, Barcelona, Spain. 6Molecular Neurobiology Laboratory, Dept.
Biochemistry andMolecular Biomedicine, Facultat de Biologia, Universitat de Barcelona, Barcelona, Spain. 7School of Chemistry, Universitat
de Barcelona, Barcelona, Spain. 8These authors contributed equally: Gemma Navarro, José L. Labandeira-García, Rafael Franco.

e-mail: rrivasbioq@gmail.com; rfranco@ub.edu; rfranco123@gmail.com

npj Parkinson’s Disease |          (2024) 10:220 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-024-00827-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-024-00827-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-024-00827-7&domain=pdf
http://orcid.org/0000-0002-2078-6819
http://orcid.org/0000-0002-2078-6819
http://orcid.org/0000-0002-2078-6819
http://orcid.org/0000-0002-2078-6819
http://orcid.org/0000-0002-2078-6819
http://orcid.org/0000-0002-7214-9774
http://orcid.org/0000-0002-7214-9774
http://orcid.org/0000-0002-7214-9774
http://orcid.org/0000-0002-7214-9774
http://orcid.org/0000-0002-7214-9774
http://orcid.org/0000-0003-1354-8799
http://orcid.org/0000-0003-1354-8799
http://orcid.org/0000-0003-1354-8799
http://orcid.org/0000-0003-1354-8799
http://orcid.org/0000-0003-1354-8799
http://orcid.org/0000-0003-4654-0873
http://orcid.org/0000-0003-4654-0873
http://orcid.org/0000-0003-4654-0873
http://orcid.org/0000-0003-4654-0873
http://orcid.org/0000-0003-4654-0873
http://orcid.org/0000-0002-8243-9791
http://orcid.org/0000-0002-8243-9791
http://orcid.org/0000-0002-8243-9791
http://orcid.org/0000-0002-8243-9791
http://orcid.org/0000-0002-8243-9791
http://orcid.org/0000-0003-2549-4919
http://orcid.org/0000-0003-2549-4919
http://orcid.org/0000-0003-2549-4919
http://orcid.org/0000-0003-2549-4919
http://orcid.org/0000-0003-2549-4919
mailto:rrivasbioq@gmail.com
mailto:rfranco@ub.edu
mailto:rfranco123@gmail.com
www.nature.com/npjparkd


dopamine-regulated neuronal phosphoprotein, abbreviated as DARPP-32;
being 32 its apparent molecular weight in kilodaltons. DARPP-32 is prone
to be phosphorylated in a PKA-dependent manner and was first described
as an inhibitor of protein phosphatase 13,4. There aremultiple actions linked
to the activity of DARPP-32 in neurons of the basal ganglia both in health
and disease. Apart from its role inmotor control by integrating the D1- and
the D2-receptor-mediated signaling, DARPP-32 is involved in synaptic
plasticity (see ref. 5 for review).

Cannabinoids are crucial neuromodulators that act primarily through
theCB1 cannabinoid receptor (CB1R),which is themost abundantGPCR in
theCNS6; it is expressed inneurons but also in glial cells.ActivationofCB1R,
which is coupled to Gi, inhibits dopamine action in neurons expressing Gs-
coupledD1 receptors andDARPP-32whereas it amplifiesdopamine actions
in neurons expressing Gi-coupled D2 receptors and DARPP-32. Various
cannabinoids, both natural (phytocannabinoids) and synthetic, have been
tested in animal models of PD with apparent benefits7. A recent example is
VCE-003, a synthetic cannabigerol derivative, which has shown effective-
ness in the 6-hydroxydopamine (6-OHDA)-based rat model of PD 8. These
translational studies (see refs. 9,10 for review) have raised hopes about the
potential to increase the therapeutic arsenal to combat PD.

Neurons depend on the calcium ion (Ca2+) for their proper
functioning11. The finding of a direct link between dopamine and neuronal
Ca2+ handling was elusive until Susan R. George’s laboratory proved that
interacting dopamine receptors could couple to heterotrimeric Gq trans-
ducers. Through phospholipase C, the engagement of Gq produces inositol
triphosphate, which upon binding to receptors in the endoplasmic reticu-
lum triggers the release of Ca2+ to the cytoplasm.Heteromers formed byD1

and D2 receptors do not couple to Gi or Gs but to Gq; therefore, dopamine
acting on D1/D2 receptor heteromers leads to the increase of Ca2+ cyto-
plasmic levels12. This discovery was challenged due to the apparent segre-
gation of D1- and D2-expressing neurons in the striatum. Doubts arising
frombiased tests in rodents led to the identification in the primate brain that
between 15 and 20% of neurons in the striatum express both D1 and D2

receptors13. Subsequent studies demonstrated that the mechanisms medi-
ated by dopamine action were more diverse than previously thought and
that the dopamine/Ca2+ link was relevant to explain why dopamine is so
deeply involved in reward mechanisms and to include the Ca2+ in the
pathophysiological mechanisms underlying nigral death and
parkinsonism14–21, thus supporting previous results such as the one showing
that Ca2+-calmodulin kinase II dysfunction correlates with motor and
synaptic deficits in experimental parkinsonism22.

Angiotensin II (Ang II), the main renin–angiotensin system (RAS)
effector, is an octapeptide produced by the successive action of the enzymes
renin and angiotensin-converting enzyme that act on the precursor
angiotensinogen. RAS has been extensively studied in the periphery due to
its role in controlling blood pressure23. The CNS has a local paracrine RAS
that is dysregulated in PD24. In addition to the expression of RAS compo-
nents in the nigra and/or striatum, hyperactivation of AT1 receptors pro-
motes neuroinflammation, oxidative stress, and dopaminergic death25,26.
The nigrostriatal system is now considered to be an important center of
dopamine/Ang II interaction. There are two Ang II receptor types so far
identified: the angiotensin II type 1 (AT1) and the angiotensin II type 2
(AT2). The two receptors belong to the GPCR superfamily and whereas the
AT2 receptor preferentially couples to Gi, the AT1R may couple to Gi, but
also to Gq. In a heterologous system, we have confirmed that activation of
human AT1Rs leads to the mobilization of Ca2+ from the endoplasmic
reticulum to the cytoplasm27. Other important data are that (i) AT1R is
upregulated in the striatum when there is a decrease in dopaminergic
function28,29, (ii) agonistic autoantibodies for AT1R have been detected in
samples fromPD patients30 and (iii) single‐cell genomic profiling of human
dopaminergic neurons identified the AT1 receptor gene as a marker of the
most vulnerable dopaminergic neurons in humans31–33.

The objective of this study was to evaluate the interrelationships
established between neuromodulators relevant to striatal function, namely
endocannabinoids andAng II.The study is based in a seminalwork showing

that the CB1R and the AT1R do form heteromers that mediate the patho-
genic effects of Ang II34. A direct association of the two receptors to form
AT1-CB1 receptor heteromers (AT1CB1Hets) was confirmed by biolumi-
nescence resonance energy transfer assays (BRET2). We focused on the
actions mediated by the CB1 receptor, the most abundant GPCR in CNS
neurons, and the AT1R, which is involved in increasing cytoplasmic Ca2+

levels and in calcium-mediated signaling in neurons. The first relevant
finding was that Gq coupling upon AT1R activation was altered by CB1R
expression. Our results suggest that cannabinoids decrease the
AT1R-mediated calcium signaling in striatal neurons. In situ proximity
ligation assays (PLA) confirmed in striatal primary neurons the expression
ofAT1CB1Hets. In addition, the expressionof receptor complexes inNeuN+

cells was assessed in striatal sections of control and 6-OHDA lesioned rats
and of lesioned rats treated with levodopa expressing or not dyskinesias.

Results
Functionality assays in HEK-293T cells expressing cannabinoid
CB1 and/or angiotensin AT1 receptors
The HEK-293T-cell-based heterologous system was used to express the
human versions of the Ang II type 1 (AT1R) and the cannabinoid type 1
(CB1R) receptors. First, the Gi-mediated signaling was assayed in cells
expressing AT1Rs and/or CB1Rs using selective agonists and/or antagonists
of the two receptors and treated with forskolin (FK), which activates ade-
nylate cyclase to increase the intracellular levels of the cyclic nucleotide. In
cells expressing only one receptor, the selective antagonist of the CB1R,
rimonabant, did not affect signaling of the AT1R (Supplementary Fig. S1A),
and candesartan, the antagonist or the AT1R, did not affect signaling of the
CB1R (SupplementaryFig. S1B). The cAMP levels determined inFK-treated
cells expressing the AT1R showedGi coupling due to the decrease produced
by the 15-min incubation with Ang II. The effect was prevented by the
selective antagonist, candesartan (Fig. 1A). Analogously, the cAMP levels
induced by FK in CB1R-expressing cells were reduced by the selective
agonist, arachidonoyl 2′-chloroethylamide (ACEA). Pretreatment with
rimonabant, the selective CB1R antagonist, prevented the effect of ACEA
(Fig. 1B). In cells coexpressing the two receptors, the two agonists, Ang II
and ACEA, were able to decrease cAMP, suggesting Gi coupling of AT1R
and CB1R. Simultaneous treatment with the two agonists did not lead to
either synergism or additive effect. However, there was a finding, the pre-
vention by rimonabant of the action of Ang II (Fig. 1C), that cannot be
explained if the receptors are not interacting (physically or functionally).
This cross-antagonism, i.e., the fact that the selective antagonist of one
receptor is preventing the action of the agonist of the other receptor is
suggestive of direct interaction, i.e., of the formation of AT1CB1Hets.

Themeasurement of the degree of extracellular signal-regulated kinase
(ERK) 1/2 phosphorylation in the presence of agonists showed that the two
receptors, when expressed individually in HEK-293T cells, are linked to the
mitogen-activated protein kinase (MAPK) signaling pathway. The effect
was specific as it was blocked by selective antagonists (Fig. 1D, E). In cells
coexpressing the two receptors, there was a bidirectional cross-antagonism,
i.e., candesartan, the AT1R antagonist, prevented the action of ACEA, the
CB1Ragonist, and rimonabant, theCB1Rantagonist, prevented the actionof
Ang II on the AT1R. (Fig. 1F). Again, these findings are consistent with a
molecular interaction of the two receptors.

Colocalization and interaction between cannabinoid CB1 and
angiotensin AT1 receptors
Colocalization in HEK-293T cells expressing the two receptors was assayed
by immunocytochemical techniques using receptors fused to Renilla luci-
ferase (Rluc) and/or yellow fluorescent protein (YFP). First, the individual
expression of each receptor was checked in cells transfected with cDNA
coding forAT1R fused to YFP orwith cDNAcoding for CB1R fused to YFP;
the fluorescence due to YFP excitation was observed in the two conditions
(Fig. 2A, B). Coexpressionwas achieved by transfectingwith cDNAs coding
for AT1R-Rluc and CB1R-YFP. AT1R-Rluc was detected by a mouse
monoclonal anti-Rluc antibody and a secondary sulfo-cyanine3 (Cy3)-
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conjugated anti-mouse IgG antibody; CB1R-YFP was detected by the
fluorescence emitted by YFP upon excitation (see scheme in Fig. 2D).
Marked overlap of the signal in the two detection channels suggested a high
degree of receptor colocalization (Yellow, Fig. 2C). To check whether
colocalization could result from a direct interaction between the two pro-
teins expressed, bioluminescence resonance energy transfer 2 (BRET2)
assays were performed. The experiment was performed in HEK-293T cells
expressing a constant amount of CB1R-Rluc and increasing levels of
AT1R-GFP

2 (see scheme in Fig. 2G). The saturation curve shown in Fig. 2E
demonstrates that the two receptors may interact in a heterologous
expression system. Negative control using CB1R-Ruc and angiotensin-
converting enzyme 2 (ACE2) fused to GFP2 led to a linear relationship
between the BRET2 signal and the donor/acceptor ratio, indicating no
interaction (Fig. 2F).

Alteration of AT1R-mediated Gq signaling in cells coexpressing
AT1 and CB1 receptors
Upon discovering that AT1 and cannabinoid CB1 receptors interact in
HEK-293T cells, we undertook assays to determine the levels of cytosolic
Ca2+ and to test whether the receptor–receptor interaction regulates the
coupling of the AT1R to the Gq family of transducers. As noted in the
“Methods” section, the experimental setup took advantage of a calmodulin-

based calcium ion sensor that emits fluorescencewhen bound toCa2+ and it
is excited at the appropriate wavelength.

In cells expressing the AT1R, but not the cannabinoid receptor, the
agonist, Ang II, caused a marked increase in fluorescence, which did not
decay after 150 s of measurement (Fig. 3A). The maximal effect Ang II-
mediated on calcium releasewas completely abolished by pretreatmentwith
candesartan, while pretreatment with rimonabant did not alter Ang II-
mediated calcium mobilization (Fig. 3D). As expected, ACEA did not
produce any signal in cells expressing the CB1 receptor (Fig. 3B); the
fluorescence signal was barely detectable (Fig. 3E). In cells that coexpressed
the two receptors, the effect of Ang II was significant, but with different
kinetics compared to the signal observed in cells that expressed only AT1R.
In fact, in cotransfected cells, Ang II led to a significant increase in fluor-
escence that did decay, i.e., a peak of fluorescence was observed (at around
90 s, Fig. 3C). Furthermore, ACEA, which by itself did not lead to any effect,
significantly reduced the effect of Ang II also modifying the kinetics; when
cells were treated with both ACEA and Ang II the peak of calcium-
calmodulin sensor fluorescence was found at <50 s. Finally, while cande-
sartan, the selective AT1R antagonist, completely prevented the response,
rimonabant, the CB1R antagonist, reduced the Ang II response with a
fluorescence peak observed around 40 s (Fig. 3C). In cells that coexpressed
the two receptors, themaximal effect of Ang II-mediated on calcium release

Fig. 1 | cAMP level determination and ERK1/2 phosphorylation assays in HEK-
293T cells expressing AT1 and/or CB1 receptors. HEK-293T cells expressing, as
indicated, one or both receptors were pretreated with the solvent of ligands (vehicle)
or selective receptor antagonists (1 µM candesartan for AT1R or 1 μM rimonabant
for CB1R) and subsequently treated with selective agonists (100 nMAng II for AT1R
and/or 100 nM ACEA for CB1R). A–C Gi protein coupling was assessed by mea-
suring the decreases in FK-induced [cAMP] levels; 0.5 μM FK was used (added
15 min after the treatment with agonists). Values are the mean ± S.E.M. of six
independent experiments performed in triplicates. Statistical analysis was

performed using one-way ANOVA followed by Bonferroni’s post-hoc test
(*p < 0.05, ***p < 0.001; versus FK condition to determine significant decreases in
cAMP levels). D–F ERK1/2 phosphorylation was analyzed using an
AlphaScreen®SureFire® kit (PerkinElmer). HEK-293T cells were transfected with
cDNAs for AT1R (1 μg) and/or CB1R (1 μg). Values are the mean ± S.E.M. of three
independent experiments performed in duplicates. Statistical analysis was per-
formed using one-way ANOVA followed by Bonferroni’s post-hoc test (*p < 0.05,
***p < 0.001; versus basal condition to determine significant increases in ERK1/2
phosphorylation).
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was significantly reduced in both cells treated with ACEA and in cells
pretreated with rimonabant (Fig. 3F). Taken together, the results indicate
that CB1R occupancy by agonists or antagonists reduces the effect of Ang II
and modifies the kinetics of cytosolic Ca2+ release/reuptake.

Expression of AT1CB1Hets and functionality assays in primary
striatal neurons
The in situ PLA is instrumental in detecting receptor–receptor complexes in
primary cells or tissue sections. The procedure was performed as described
in “Methods” section using primary striatal neurons incubated with anti-
AT1R and anti-CB1R antibodies and, subsequently, with secondary anti-
bodies conjugated to complementary oligonucleotide probes. AT1-CB1

receptor complexes (Fig. 4B) are identified by red fluorescence dots (nuclei
are labeled in blue by Hoechst 33342) in structures also labeled using an
Alexa-488 conjugated anti-NeuN antibody. The negative control was
obtained without the anti-mouse PLA probe secondary antibody (Fig. 4A).
The graph indicating the number of points per neuron (≈5.7) and the
percentage of cells expressing receptor–receptor complexes (>82%) is found
in Fig. 4C. Expression of AT1CB1Hets was also assessed in structures also
labeled using an Alexa-488 conjugated anti-MAP2 antibody. The negative
control was obtained without the anti-mouse PLA probe secondary anti-
body (Fig. 4D).Data inFig. 4E suggest that themajority of the label is located
more in the neuronal soma that in extension. On average 5.7 dots/cell were
counted near NeuN+ stain (Fig. 4C) while 9.3 dots/cell were counted near

Fig. 2 | Immunocytochemistry and BRET assays. Immunocytochemistry in HEK-
293T cells expressing AT1R-YFP (A), CB1R-YFP (B) or coexpressing AT1R-Rluc
and CB1R-YFP (C). 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 stainedwithHoechst 33342. Colocalization is shown
in yellow (C). Confocal images were obtained at lower planes, where the plasma
membrane extends on the glass of the slide. Scale bar: 15 µm. Scheme of the

immunofluorescence detection (D). Bioluminescence resonance energy transfer
BRET2 assays were performed in HEK-293T cells transfected with a constant
amount of cDNA for CB1R-Rluc (0.2 μg) and increasing amounts of cDNAs for
AT1R-GFP

2 (0.5–4.5 μg) (E) or ACE2-GFP2 (0.25–2 μg) (F, negative control). The
values shown in each graph were obtained from data from six independent
experiments. G Scheme of the BRET2 assay.
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MAP2+ structures (Fig. 4F); it may be deduced that 39% complexes are in
dendrites, and 61% in neuronal somas.

Assays of determination of intracellular cAMP levelswere performed
in primary neurons of the rodent corpus striatum using agonists and
antagonists of CB1 and AT1 receptors. The levels of the cyclic nucleotide
induced by the treatment with FK were decreased by both, Ang II and
ACEA, despite simultaneous treatment with the two agonists did not lead
to a greater effect. The results obtainedwhenneuronswere pretreatedwith
antagonists were like those found in the heterologous expression system,
i.e., the antagonist of the AT1R prevented the effect of Ang II but not the
effect of ACEA,whereas the antagonist of theCB1R prevented the effect of
ACEA, but also the effect of Ang II (Fig. 4G). In ERK1/2 phosphorylation
assays the results were also like those described for HEK-293T cells
coexpressing the two receptors. Ang II and ACEA increased the phos-
phorylation levels and both the antagonists, candesartan and rimonabant,
prevented the effect of each agonist. The only difference between results in
primary neurons and cotransfected HEK-293T cells is that the simulta-
neous treatment in striatal neurons with the two receptor agonists did not
result in any measurable signal (Fig. 4H). In summary, the results show
that these primary neurons of the striatum express AT1CB1Hets and that
the occupancy of the CB1R by agonists and/or antagonists affects the
signaling mediated by the AT1R.

Cytosolic calcium levels in primary striatal neurons treated with
receptor agonists
Primary striatal cultures loaded with Fluo-4 NWwere treated with receptor
ligands to understand whether CB1R activation alters the AT1R-mediated
response that leads to increases in cytoplasmic Ca2+ concentration. Real-
time measurements were performed taking images every 600 ms in a

confocalmicroscope and the results are displayed inFig. 5.Neuronswithin a
given region of interest (ROI) responded to 100 nM Ang II with a rapid
spike afterwhichfluorescence slowly decreased; after 8minof recording, the
fluorescence did not return to baseline (Fig. 5A, B). The signal was com-
pletely abolished by the selective AT1R antagonist, candesartan; in the
presence of this antagonist, Ang II failed to produce a significant level of
fluorescence (ΔF/F0 < 0.1, data not shown).WhenAng II was administered
with ACEA, the CB1R agonist, the signal in all neurons within the ROI was
much lower than that obtained in the absence of the cannabinoid (Fig.
5C, D). ACEA reduced the ΔF/F0 peak by approximately half (Fig. 5A, C)
and thefluorescence reached thebaseline value in<90 s (Fig. 5C).These data
confirm that cannabinoidmodulation of AT1R-mediated calcium signaling
occurs not only in transfected HEK-293T cells but also in striatal neurons.

Expression of AT1CB1Hets in the striatum of a parkinsonian
rat model
The in situ PLA was used to detect receptor complexes in sections from the
striatum of the 6-OHDA hemilesioned rats. Samples were collected from
four animal groups: (i) control (non-lesioned), (ii) lesioned, (iii) lesioned
levodopa-treated non-dyskinetic, and (iv) lesioned levodopa-treated dys-
kinetic. According to the tyrosine hydroxylase (TH) labeling displayed in
Fig. 6A–D, the lesion was virtually complete (>95%) in the right striatum of
all animal groups. The loss of dopaminergic terminals in the lesioned
hemisphere is not recovered with levodopa treatment. Dyskinesia does not
occur in all animals treated with levodopa and when it does occur, ser-
otonergic pathways are likely to be involved35,36. The amount of AT1R and
CB1R complexes was markedly high in striatal NeuN+ neurons from non-
lesioned animals and less abundant in the other animal groups (Fig. 6E–H).
The label was negligible in the negative controlmade by omitting one of the

Fig. 3 | Intracellular calcium determination assays in HEK-293T cells expressing
AT1 and/or CB1 receptors. HEK-293T cells transfected with the cDNAs for an
engineered calcium sensor, 6GCaMP (1 μg), and AT1R (1 μg) and/or CB1R (1 μg)
(A–C) were pretreated with ligand solvent (vehicle) or selective receptor antagonists
(1 µM candesartan for AT1R or 1 μM rimonabant for CB1R) and subsequently
treated with selective agonists (100 nM Ang II for AT1R and/or 100 nM ACEA for
CB1R). Fluorescencemeasurements were taken every 5 s for a total time of 150 s. The

fluorescence readings of a representative assay are shown in (A–C). The maximum
fluorescence values for each condition have been normalized to the mean fluores-
cence values obtained in the Ang II condition in AT1R-expressing cells (100%)
(D–F). Values are the mean ± S.E.M. of five independent experiments performed in
duplicates. Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s post-hoc test (D, versus Ang II treatment ns. p > 0.05; ***p < 0.001; and
F, versus Ang II treatment **p < 0.01; ***p < 0.001).
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two primary antibodies (Fig. 6I). Samples from lesioned animals showed
significantly fewer AT1CB1Hets red dots per NeuN+ cell (>95% in non-
lesioned versus ≈45% in lesioned). Striatal neurons expressing receptor
complexes were ≈23% in levodopa-treated non-dyskinetic, and ≈70% in
levodopa-treated non-dyskinetic. The number of complexes per neuron

decreased in lesioned animals; interestingly, the number of complexes was
further reduced in levodopa-treated non-dyskinetic animals whereas it was
slightly recovered in dyskinetic animals (Fig. 6J). In summary, expression of
AT1CB1Hets in striatal neurons varies depending on both the lesion and the
consequences of levodopa treatment of lesioned rats.
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Discussion
Cannabinoids are neuromodulators that act mainly through CB1 and CB2
receptors, which can be expressed in both neurons and glia. Over decades
drug development programs have focused on phytocannabinoids and
synthetic cannabinoids as potential tools to combat neurodegenerative
diseases. A recent example is VCE-003.2, a synthetic cannabigerol deriva-
tive, which has been shown to have benefits in the rodent model of PD
induced by 6-OHDA lesion8. More importantly, molecules that act on
cannabinoid receptors may be neuroprotective, that is, they have the
potential to slow the progression of Parkinson’s, Alzheimer’s, and other
neurodegenerative diseases10,37–46. Despite accumulating evidence of efficacy
in neuroprotection, the exactmechanismbywhich cannabinoids prevent or
delay neuronal death remains elusive.

Proper calcium ion handling/homeostasis is crucial in neuronal
functioning in both health and disease. Disbalances in Ca2+ currents and
Ca2+-mediated signal transduction correlate with neurodegeneration. The

results of this study show that cannabinoids are not only able to modulate
the level of cAMP via Gi-coupling to CB1Rs but also to regulate Ca2+ sig-
naling via the establishment of receptor–receptor interactions with the
AT1R. AT1Rs are among the few GPCRs in nigral and striatal neurons that,
upon activation, lead to the release of Ca2+ from the endoplasmic reticulum
to the cytoplasm. Through AT1CB1Hets, endocannabinoids and Ang II
cooperate in the regulation of neurotransmission and neuronal fate and
ultimately mediate the neuroprotective effects of cannabinoids. Ca2+

binding to calmodulin participates in dopaminergic neurotransmission by
physical and functional coupling to dopamine receptors47,48 and deficiencies
in calmodulin kinase II activity are associated with motor impairment and
synaptic deficit in experimental PD models22. A recent review details the
interplay between α-synuclein, ion channels, calmodulin, and calmodulin-
binding proteins in the calcium dyshomeostasis occurring in PD49.

It is conceptually relevant to consider that dopamine replacement
therapy in PD targets dopamine receptors that are forming heteromers50–52.

Fig. 4 | AT1R-CB1R heteromer expression and functionality in primary striatal
neurons. A–F In situ proximity ligation assays were performed in primary neurons
using specific primary anti-AT1R (1:100) and anti-CB1R (1:100) antibodies. Cell
nuclei were stained with Hoechst 33342 (blue); AT1R-CB1R receptor complexes
appear as red dots (B,E; white arrows in the image on the right). AnAlexa Fluor® 488
conjugated anti-NeuN antibody (1:200) or Alexa Fluor® 488 conjugated anti-MAP2
(1:200) were used to locate red dots in neurons. Bright-field images are shown in the
left panels. Representative images corresponding to stacks of four sequential planes
are shown. Scale bar: 15 µm. The number of red dots/NeuN+ cells (bar graph, C) or
red dots/MAP2+ cells (bar graph, F) was quantified using a specifically designed
pipeline of Cellprofiler™ (see “Methods” section and Supplementary Fig. S2). The
percentage ± S.E.M. of neurons with at least one detected red dot out of the total
number of quantified neurons is expressed above each bar. G, H Neurons were
pretreated for 15 min with ligand solvent (vehicle) or selective antagonists:

candesartan for the AT1R or rimonabant for the CB1R. Cells were then treated for
15 min with Ang II, ACEA or both. For cAMP level determinations assays (G), cells
were treated for an additional 15 min with FK (0.5 μM). Values are expressed as the
percentage of cAMPaccumulation induced by FK. Statistical analysis was performed
using one-way ANOVA followed by Bonferroni’s post-hoc test (*p < 0.05,
**p < 0.01; versus FK condition to determine significant decreases in cAMP levels).
ERK1/2 phosphorylation determination assays were performed as described in
“Methods” section; values were normalized by considering 100% the phosphor-
ylation level obtained in the absence of agonists (basal) (H). Values are the
mean ± S.E.M. of five different experiments performed in triplicates. Statistical
analysis was performed using one-way ANOVA followed by Bonferroni’s post-hoc
test (*p < 0.05, ***p < 0.001; versus basal condition to determine significant
increases in ERK1/2 phosphorylation).

Fig. 5 | Measurement of cytosolic [Ca2+] in striatal neurons loaded with Fluo-
4 NW. Baseline fluorescence (F0) was established with 15-s frames taken before
adding the receptor ligands: 100 nM Ang II (A) or 100 nM Ang II plus 100 nM
ACEA (C). Frameswere captured at themaximumallowed speed (600 ms) by aZeiss
LSM 880 confocal microscope. Each ΔF/F0 versus time dashed curve in (A) and (C)
corresponds to a single neuron; the solid black ΔF/F0 versus time curves in (A) and

(C) result from averaging the readings of all neurons labeled within the ROI.
Background fluorescence (FB) was estimated by measuring fluorescence in “empty”
spaces. Time series fluorescence images in (B) and (D) correspond to those quali-
tatively displayed in, respectively, (A) and (C). Data from a representative experi-
ment are shown.
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In this sense, it is worth noting that AT1R establishes complexes with the
main dopamine receptor in the so-called “indirect pathway”, D2, which, like
CB1R, couples to Gi

53. Knowing that the RAS regulates dopaminergic
neurotransmission54, it would be worth investigating whether dopamine
itselfmodulates responses toAng II throughGq-coupledAT1Rs. Aprevious
study using a rodent neuroblastoma cell line, Neuro-2A, reported the
interaction between CB1 and AT1 receptors and the consequences of het-
eromerization in terms of cAMP production and activation of the MAPK
pathway34. Here we confirm AT1CB1Hets expression in a heterologous
expression system, in primary striatal neurons and in striatal sections of rat
brains. This specific heteromer identified in the basal ganglia complements
previous results that show the relevance of cannabinoid receptor-containing
heteromers for striatal function55. In the previous study and in the present
report, a similar fingerprint of AT1CB1Het was found, which consists of the
blockade ofAT1R-mediated signaling by theCB1R antagonist34. In addition,
we have identified that a highly selective synthetic CB1R agonist decreases
Ang II-mediated calcium mobilization in primary striatal neurons and in
transfectedHEK-293T cells. This result contrasts with the apparent synergy
reported in Neuro-2A cells treated with CB1R and AT1R agonists34. The
discrepancy may be due to the differential signaling pathways in a tumor-
derived cell lines versus primary striatal neurons.

Our results confirm that the development of drugs targeting the CB1R
to combat PDmust consider the CB1R-containing heteromers andwhether
they are up or downregulated at different stages of the disease, prodromal,
symptomatic, and in therapy. Furthermore, heteromer formation condi-
tions functional selectivity, in terms of, among others, biased agonism,
agonist affinity/potency and antagonist affinity56–60.

Polymerase chain reaction and in situ assays using samples from
macaque PD models show that the expression of the CB1R in
pallidothalamic-projectingneurons varieswith the course of thedisease61. In
addition, treatment of PD rodent ormonkeymodels with levodopa disrupts
molecular and functional interactions of the CB1R with the adenosine A2A

receptor,which is heavily expressed in the striatum,mainly inneurons of the
indirect pathway, i.e., those expressing the dopamine D2 type receptor

62,63.
We here show that whereas the lesion led to a decrease in the expression of
heteromer in striatal neurons and levodopa further reduced the expression
in rats that did not become dyskinetic, the level of expression was recovered
in rats rendered dyskinetic upon levodopa treatment. Dyskinetic rats
showed AT1CB1Het expression intermediate between that of lesioned and
non-lesioned rats. Similar experiments performed in striatal samples from
the MPTP monkey PD model showed an increase in the expression of
heteromers formed by CB1Rs and an orphan receptor that is regulated by

Fig. 6 | AT1CB1Het expression in NeuN+ cells of striatal sections of control and
lesioned rats. Tyrosine hydroxylase (TH) immunoreactivity in the striatum of (i) a
control animal (A, non-lesioned), (ii) an animal with unilateral dopaminergic
denervation in the right side (B, 6-OHDA lesioned), (iii) a lesioned animal treated
with levodopa non becoming dyskinetic (C, L-DOPA-NON-DK) and (iv) a lesioned
animal becoming dyskinetic upon levodopa treatment (D, L-DOPA-DK); images
show a >95% -maximal- lesion in all animal groups (see “Methods” section for
details). Scale bar = 500 µm. PLA assays were performed in samples from all groups.
Confocal microscopy images (stacks of five consecutive planes) show AT1CB1Het
complexes in all samples analyzed; they appear as PLA signals (red fluorescence

dots) surroundingHoechst-stained nuclei (blue). To determine whether the red dots
were in neurons, Alexa-488-conjugated anti-NeuN antibodies were used (E–H).
Images of the negative control, samples in which one of the oligonucleotide probes
was omitted, are shown in (I) Scale bar = 20 µm. Bar graphs showing the percentage
of red dots/NeuN+ cell are in (J). Data are normalized by considering AT1CB1Hets
expression in non-lesioned rats (100% refers to the number of AT1CB1Het per
NeuN+ cell in samples from non-lesioned animals). One-way ANOVA and Bon-
ferroni’s post-hoc were used to compare the red dots/cell values (***p < 0.001,
versus non-lesioned condition). The percentage of NeuN+ cells displaying at least
one red dot ± S.E.M. is presented above each bar graph.
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cannabinoids, GPR55; interestingly the expression of CB1-GPR55 receptor
heteromers in animals rendered dyskinetic by levodopa administration
decreased and was similar to that of non-lesioned animals64,65. Taken
together, the expression of CB1R-containing heteromers can varymarkedly
depending on both the lesion and the animal’s response to anti-
symptomatic PD therapy. It appears that further reduction of
AT1CB1Hets expression makes animals more resistant to the development
of levodopa-induced dyskinesias. This counterintuitive finding, i.e.,
AT1CB1Het expression complex expression closer to that in control animals
when animals became dyskinetic suggests a mechanism of compensation
that involves changes in the expression of AT1CB1Hets. This is consistent
with previous studies showing, in the same experimental model here used,
that inhibition ofAT1R function usingAT1R antagonists reduces dyskinetic
behavior66. Those findings also suggest that cannabinoids (even those
lacking psychotropic effects) may be useful in combating PD-associated
dyskinesia.

While quantification of AT1-CB1Hets in non-neuronal cells is beyond
the current scope of thismanuscript, it would be relevant to know it they are
expressed in astrocytes, both in non-lesioned and in lesioned animals.
Astrocytes play a critical role in PD pathophysiology. Dysfunctional
astrocytes contribute to neuroinflammation, oxidative stress, and impaired
synaptic function, exacerbating dopaminergic neuron degeneration. Glial
cells are responsible for maintaining neuronal homeostasis, detoxifying
reactive oxygen species, and clearing extracellular α-synuclein, a key protein
involved in PD67. α-synuclein aggregation causes astrogliosis and activation
of oligodendrocytes and of microglia68. Future studies would be essential to
explore the functional roles of AT1-CB1Hets in glial cells, assessing their
involvement in calcium handling could provide crucial information to
advanceourunderstanding of themechanisms of neurodegeneration inPD.

Finally, it should be noted that AT1 and CB1 receptors have been
reported to be expressed in the membranes of the mitochondria69,70. More
and more data are appearing on the relevant role of mitochondria in the
pathophysiology of neurodegenerative diseases71–77. Future work may lead
to discovering AT1CB1Hets in the mitochondria of nigral and striatal
neurons and, if so, provide insights into their role in mitochondrial altera-
tions observed in neurons fated to die in PD.

Methods
Reagents
Forskolin (FK), Arachidonoyl 2′-chloroethylamide (ACEA), angiotensin II
(Ang II), Candesartan, Rimonabant (SR141716), PolyEthylenImine (PEI),
6-hydroxy dopamine (6-OHDA), andHoechst 33342were purchased from
Merck (St Louis, MO, USA). Concentrated (10mM) stock solutions of
agonists/antagonists prepared in ethanol (ACEA), DMSO (Candesartan
andRimonabant) orwater (Ang II)were stored at−20 °C; theywere thawed
and diluted before use.

Cell culture and transfection
HEK-293T 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-293T cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Paisley, Scotland, UK) supplemented with 2mM L-glu-
tamine, 100 μg/mL sodium pyruvate, 100 U/mL penicillin/streptomycin,
MEM non-essential amino acids solution (1/100) and 5% (v/v) heat-
inactivated fetal bovine serum (all supplements were from Invitrogen,
Paisley, Scotland, UK) and maintained at 37 °C in a humid atmosphere of
5% CO2.

Primary striatal neuronswere obtained from19-daymouse embryos as
described in refs. 78,79. Briefly, striata were dissected and digested in 0.25%
trypsin for 15min at 37 °C. Trypsinization was stopped by repeated washes
withHank’s Buffered Saline Solution (HBSS,Gibco). Cellswere 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 6-well plates or 96-well plates

for functional assays and in12-well plates for immunocytochemistry orPLA
assays. The day after, the medium was replaced by neurobasal medium
supplemented with 2mM L-glutamine, 100 U/mL penicillin/streptomycin,
and 2% (v/v) B27 (Gibco) and cells were cultured for 12 days. Cultures were
maintained at 37 °C in a 5% CO2 humid atmosphere. Immunodetection of
the NeuN marker showed that preparations contained >95% neurons.

Cell transfection
HEK-293T cells were transiently transfected with the corresponding
cDNA(s) by the PEI method. Briefly, cDNA diluted in 150mM NaCl was
mixed (10min) with PEI (5.5mM in nitrogen residues) and prepared in
150mM NaCl for 10min. The cDNA–PEI complexes were placed in
contact with HEK-293T cells and were incubated for 4 h in a serum-free
medium. Then, the medium was replaced by a fresh supplemented culture
mediumandcellsweremaintained at 37 °C ina5%CO2humidatmosphere.
Forty-eight hours after transfection, cells were washed, detached, and
resuspended in assay buffer/medium for further analysis.

Expression vectors
pcDNA3.1-based plasmids encoding for CB1R, CB1R-Rluc, CB1R-YFP,
AT1R, AT1R-Rluc, AT1R-YFP, AT1R-GFP

2 and ACE2-GFP2 fusion pro-
teins were used. Plasmids encoding fusion proteins were generated by
subcloning the coding region of each receptor to be in-framewith restriction
sites of pRluc-N1 (Clontech, Heidelberg, Germany), pEYFP-N1 (Perki-
nElmer, Waltham, MA, USA) and pEGFP2-N1 (Clontech) vectors to pro-
vide plasmids that express the receptors with Rluc, YFP or GFP2 proteins
fused on the C-terminal end.

6-OHDA lesion and behavior assessment
Protocols adhered toEUdirectives (2010/63/EUand86/609/CEE)andwere
approved by the ad hoc ethical committee. Male Wistar rats were used and
the experimental procedureswere similar to those elsewhere described66,80,81.
Lesioning protocol was performed in 8-week-old rats.

Animals were anesthetized with 1% ketamine (75mg/kg) and 2%
xylazine (10mg/kg). Twelve micrograms of 6-OHDA in 4 μL of saline
containing 0.2% ascorbic acid was injected in the right medial forebrain
bundle. Rotational behavior was used to confirm the lesion. Non-lesioned
animals were subjected to a similar procedure but using saline instead of the
neurotoxin.

A bank of 8 automated rotometer bowls (Rota-count 8, Columbus
Instruments, Columbus, OH, USA) was used to monitor full (360°) body
turns in either direction (90min after i.p. injection of 2.5 mg/kg dex-
troamphetamine dissolved in saline). Six full body turns/min ipsilateral to
the lesion corresponds to >90% depletion of dopamine fibers in the
striatum82; however dopaminergic lesions were confirmed with the cylinder
test, i.e., by analyzing spontaneous use of the forelimb83. A glass cylinder
(20 cm in diameter) was used and the number of right or left forepaw
contacts was blindly assessed. Scoring left (impaired) touches as a percen-
tage of total touches, control animals would receive a 50% unbiased score,
whereas lesioned animals that were selected for further experimentation
showed <20% scores.

Levodopa-induced dyskinesia
Sixteen lesioned animals were chronically treated for 3weeks with levodopa
methyl ester (6mg/kg) and benserazide (10mg/kg), the administration
route was subcutaneous. The treatment reliably induces dyskinetic move-
ments in some rats. Abnormal involuntary movements that appeared in
some of the treated animals were assessed by the elsewhere described dys-
kinesia scale84. The severity of each limb, orolingual, and axial involuntary
movements was assessed using scores from 0 to 4 (4 = continuous,
3 = continuous but interrupted by strong sensory stimuli; 2 = frequent,
present >50% of the time, and 1 = occasional, present <50% of the time.
Dyskinetic rats were considered when animals displayed a score ≥2 per
monitoring period on at least two types of abnormal involuntary move-
ments). Non-dyskinetic rats exhibited no levodopa-induced abnormal
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involuntary movements or mild/occasional ones. Animals with low scores,
either dyskinetic or non-dyskineticwere excluded. In summary, four groups
of animalswere analyzed: (i) non-lesioned, (ii) lesioned, treatedwith vehicle;
(iii) lesioned and dyskinetic and (iv) lesioned and non-dyskinetic despite
levodopa treatment. TH immunostaining was performed in sections taken
postmortem; lesioned animals showed >95% nigral dopaminergic dener-
vation. PLA were performed in different fields of striatal sections. Images
were captured in delimitation areas; the striatum was delimited using a
bright field.

cAMP determination
Determination of intracellular 3′,5′-monophosphate (cAMP) levels was
performed in primary neurons or HEK-293T cells transfected with the
cDNA for AT1R (1.5 μg), the cDNA for the CB1R (1.5 μg) or both. The
intracellular concentration of this first messenger was determined using the
Lance Ultra cAMP kit (PerkinElmer). The method consists of a time-
resolved fluorescence resonance energy transfer (TR-FRET) immunoassay
in which endogenous cAMP competes with europium (Eu) chelate-labeled
cAMP tracer for binding sites on a cAMP-specific antibody labeled with the
ULightTM dye. Light pulses at 320 nm excite the Eu of the tracer. The
energy emittedby the excitedEu is transferred byFRET toULightmolecules
on the antibodies, which in turn emit light at 665 nm. In the absence of
cAMP, maximal TR-FRET signal is achieved; when an agonist leads to an
increase in cytosolic cAMP levels the competition between the unlabeled
and the Eu-labeled cAMP species leads to a decrease in the TR-FRET signal,
the emission fluorescence remains unmodified when equilibrium is
achieved. cAMP concentrations per cell or mg protein were determined
using a standard curve using pure unlabeled cAMP. Residual energy from
the Eu chelate will produce light at 615 nm. The dynamic range covers from
10−10 to 10−8 M cAMP concentrations.

Neurons or transfected cells were grown in 6-well plates. Forty-eight
hours post-transfection, the medium was replaced by serum-free medium
(DMEM). Two hours later cells were detached, isolated by centrifugation
(5min at 1500 rpm) and resuspended in cAMPmedium, which consisted of
DMEM containing HEPES (5mM, pH 7.4), zardaverine (50 µM), a phos-
phodiesterase inhibitor to prevent degradation of cAMP, and 0.1% bovine
serum albumin (BSA). Determination was performed in 384-well plates
(PerkinElmer) using 4000 cells/well.

Cells were incubated for 15min with 2 µL of cAMPmedium (to deter-
mine the basal levels of cAMP) or with 2 µL of ligands prepared in
cAMPmedium. When indicated antagonists (1 µM candesartan or 1 µM
rimonabant) were added to cells for 15min before addition of agonists.
Fifteenminutes after addition of agonists, cells were treated for 15min with
500 nM FK. cAMP-Europium (cAMP-Eu) (5 µL) and fluorophore-
containing ULight™ antibody (5 µL) were then added. Incubation was
prolonged for 1 h at 25 °C and the PHERAstar Flagship reader equipped
with an HTRF optical module (BMG Lab Technologies, Offenburg, Ger-
many) was used for measuring the 665/620 nm ratio.

ERK1/2 phosphorylation assay
The link to the MAPK signaling pathway was assessed by a homogeneous
method, which avoids immunoblotting and directly measures levels of
phosphorylated proteins in a cell-based format (AlphaScreen® SureFire® kit;
PerkinElmer). The kit contains an antibody that is specific for a phospho-
epitope and another that is specific for another region (distal to the phos-
pho-epitope) of extracellular signal-regulated kinase 1 and 2 (ERK1/2). One
of the antibodies is biotinylated and binds to streptavidin-conjugated donor
beads, and the second binds to protein A Sepharose beads that contain an
acceptor. Only immuno-complexes that contain both antibodies can bind
both beads and, therefore, donor-to-acceptor energy transfer can occur.
Emission fluorescence is measured using an EnSpire Multimode Plate
Reader (PerkinElmer). The kit uses the AlphaScreen® technology that is
based on the emission of singlet oxygen by the donor beads (which contain
phthalo cyanine, excited by the red light at 680 nm), which can diffuse to
reach the acceptor beads where the energy of singlet oxygen is used by a

cascade (thioxene–anthracene–rubrene), leading to the emission of light at a
shorter wavelength (520–620 nm range) than the excitation light. Trans-
parent Biocat Poly-D Lysine 96-well plates (Deltalab) were used for cell
culture. The assay was performed either in neurons or in transfected HEK-
293T cells.

Completemediumwas replaced by serum-freemedium, and cells were
treated or not for 10min with the antagonists, candesartan or rimonabant
followed by 7-min treatment with the selective agonists Ang II and/or
ACEA. Cells were then washed twice with cold PBS before the addition of
lysis buffer (15min at 25 °C, 30 µL/well; PerkinElmer) and then incubated
under agitation in a Polymax 2040 (Heidolph Instruments, Schwabach,
Germany). Ten microliters of each cell lysate were transferred to 384-well
microplates (white ProxiPlate; PerkinElmer). Five microliters per well of
beads containing the acceptor were added and allowed to incubate in the
dark for 2 h at 25 °C. Finally, 5 μL/well of beads containing the donor were
added and plates were protected from the light. After 2 h incubation
fluorescence was determined. The effect of ligands was given in percentage
respect to the reference value (basal). The value achieved in the absence of
any treatment (30 µL DMEM) was taken as a reference (basal = 100).

Immunocytochemistry
HEK-293T cells were seeded on glass coverslips in 12-well plates. Twenty-
four hours after, cells were transfected with AT1R-YFP cDNA (1 μg),
CB1R-YFP cDNA (1 μg), and/or AT1R-Rluc (1 µg). Forty-eight hours after,
cells were fixed in 4% paraformaldehyde for 15min and washed twice with
PBS containing 20mM glycine before permeabilization with PBS-glycine
containing 0.2% Triton X-100 (5min incubation). Cells were blocked
during 1 h with PBS containing 1% BSA. HEK-293T cells were labeled with
a mouse anti-Rluc antibody (1/100; Millipore, Darmstadt, Germany) and
subsequently treated with Cy3-conjugated anti-mouse (1/200; Jack- son
ImmunoResearch (red)) antibody (1 h each). The AT1R-YFP and CB1R
expressionwas detected by the YFP’s own fluorescence. Nuclei were stained
with Hoechst 33342 (1/100 from stock 1mg/mL; Sigma-Aldrich). Samples
were washed several times and mounted with Immu-Mount™ (ref.
9990402). Images were obtained in a Zeiss LSM 880 confocal microscope
(ZEISS, Germany) with the 63× oil objectives.

Bioluminescence resonance energy transfer (BRET2) assay
HEK-293T cells were transiently cotransfected with a constant amount of
cDNA encoding for CB1R-Rluc (0.2 μg) and with increasing amounts of
cDNA corresponding to either AT1R-GFP

2 (0.5–4.5 μg) or with ACE2-
GFP2 (0.25–2 μg), as a negative control for BRET2 assay. To assess cell
amount, protein concentration was determined using a Bradford assay kit
(Bio-Rad,Munich,Germany) usingBSAdilutions as standards. Toquantify
protein-GFP2 expression, fluorescence was read in a Mithras LB 940
equipped with a high-energy xenon flash lamp, using a bandwidth excita-
tion filter at 395 nm. For BRET measurements, the equivalent of 20 μg
protein cell suspensionwas distributed in 96-well microplates (white plates,
Porvair, Leatherhead, UK) andDeepBlueC (5 µM)was added (PJKGMBH,
Kleinblittersdorf, Germany). Thirty seconds after DeepBlueC addition, the
readings were collected using a Mithras LB 940 (Berthold, Bad Wildbad,
Germany),whichallowedthe integrationof the signalsdetected in the short-
wavelength filter at 395 nm and the long-wavelength filter at 515 nm. To
quantify receptor-Rluc expression, luminescence readings were collected
10min after the addition of DeepBlueC (5 µM) (Molecular Probes, Eugene,
OR) using a Mithras LB 940.

Determination of cytoplasmic calcium ion (Ca2+) levels
HEK-293T transfected with the cDNAs for AT1R and/or CB1R were also
transfected with the cDNA for the GCaMP6 calcium sensor (1 μg)85. Forty-
eight hours post-transfection, HEK-293T cells were detached using Mg2+-
free Locke’s buffer (154mMNaCl, 5.6mMKCl, 3.6mMNaHCO3, 2.3mM
CaCl2, 5.6mM glucose, 5 mMHEPES, 10 μM glycine, pH 7.4), centrifuged
for 5min at 3200 rpm and resuspended in the same buffer. Protein con-
centrationwas quantified by using theBradford assay kit (Bio-Rad,Munich,
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Germany). To measure Ca2+ mobilization, cells (40 µg of protein) were
distributed in 96-well microplates (black plates with a transparent bottom;
Porvair, Leatherhead, UK) and were preincubated for 10min with
antagonists, when indicated, before adding AT1R agonist (Ang II, 100 nM)
and/or CB1R agonist (ACEA, 100 nM) right before readings. Fluorescence
emission intensity due toGCaMP6was recorded at 515 nmupon excitation
at 488 nmon theEnSpire®MultimodePlateReader for 150 s every 5 s at 100
flashes per well.

For real-time detection of cytoplasmic calcium ion (Ca2+) levels in
striatal neurons, cells were seeded in Lab-Tek®Chambered#1.0 Borosilicate
cover glass devices (ref. 155411, ThermoFisher), coated with poly-D-lysine
(ref. 16021412, Gibco), and then incubated for 15 days. After this period,
neuronswerewashed three timeswithHBSS.Then, neuronswere incubated
with the Fluo-4 NWCa2+ indicator (ref. 10266762, Fisher Scientific) for 1 h
at 37 °C.Eight-well chamberswere thenobservedunder aZeiss 880 confocal
microscope (Carl Zeiss, Oberkochen,Germany)with the 40×oil immersion
objective. The excitation wavelength was 488 nm, and the emission wave-
length was 516 nm. To establish baseline fluorescence (F0) images were
taken for 15 s before adding ligands. Next, the AT1R agonist (Ang II,
100 nM) and/or theCB1R agonist (ACEA, 100 nM)were added, and images
were captured at themaximum allowed speed (600ms) for a total period of
8min. Background fluorescence (FB) was estimated by measuring fluores-
cence in cell-free spaces. The auto-focus option was activated in each
observation to avoid blurring after applying the treatment. ΔF/F0 ratio was
used for quantification. This normalization helps to report variations in the
initial fluorescence intensity across different conditions, allowing for amore
accurate comparison of the relative changes in fluorescence.

Immunohistochemistry
TH immunohistochemistry analysis was used to verify the extent of the
lesion. The sectionswere incubated for 1 h in 10%normal swine serumwith
0.25% Triton X-100 in 20mM potassium phosphate-buffered saline, con-
taining 1% bovine serum albumin (KPBS-BSA), and afterward incubated
overnight (at 4 °C) with anti-TH as the dopaminergic marker (mouse
monoclonal anti-TH, Sigma-Aldrich Cat# T2928, RRID: AB_477569;
1:10,000). Sectionswere then incubatedwith the correspondingbiotinylated
secondary antibody (horse anti-mouse, Vector Laboratories, Inc., Newark,
CA, USA; Cat# BA-2001, RRID: AB_2336180; 1:200) for 60min, and
subsequently with an avidin–biotin–peroxidase complex (ABC, 1:100,
Vector) for 90min. Finally, sections were revealed with 0.04% hydrogen
peroxide and 0.05% 3-3′diaminobenzidine (DAB, D5637, Sigma-Aldrich).
Control sections inwhich the primary antibodywas omittedwere immune-
negative for TH.

Proximity ligation assay (PLA)
The interaction between AT1 and CB1 receptors in striatal neurons and
brain sections was detected using the Duolink in situ PLA detection Kit
(OLink; Bioscience, Uppsala, Sweden ref. DUO92008) following the
instructions of the supplier. Primaryneurons grownonglass coverslipswere
fixed in paraformaldehyde (4%) for 15min, washed with PBS containing
glycine (20mM) to quench the aldehyde groups and permeabilizedwith the
same buffer containing Triton X-100 (0.05%, 20min for primary neurons
and 30min for brain sections) and successively washed with PBS. Then,
samples were incubated (1 h) at 37 °C with a blocking solution (ref.
DUO82007, Sigma-Aldrich) in a pre-heated humidity chamber. After
overnight incubationwith the antibody diluentmediumhaving amixture of
equal amounts of rabbit anti-AT1R (ab124734, Abcam) (1/100) andmouse
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, 1/200) or Alexa Fluor®488 conjugated anti-MAP2
antibody (MAB3418X, 1/200). Samples were mounted using the mounting
mediumwithHoechst 33342 (1/100) to stain nuclei. Sampleswere 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, 488, 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 μmwere
acquired. The number of neurons containing one or more red spots versus
total cells was determined, and Student’s t-test was used to compare the
values (red dots/cell). The percentage of cells expressing at least one red dot
is indicated, along with their S.E.M., at the top of each bar of the graphs.
Images of neurons were taken under bright-fieldmicroscopy to observe the
proper morphology of the cells.

Cellprofiller® pipeline design
First, the ColorToGray module was used to convert the color images to
grayscale for individual channels, Hoechst (blue), PLAdots (red) andNeuN
or MAP2 stain (green). This was followed by the application of a Gaus-
sianFilter to smooth the images and reduce noise. Threshold module was
employed to segment the NeuN or MAP2 (green) channel and PLA dots
(red) channel images, distinguishing the signal from the background. The
IdentifyPrimaryObjectsmodule was used to identify primary objects in the
NeuN or MAP2 (green) channel, representing the neuronal structures.
Subsequently, the IdentifySecondaryObjectsmodulewas applied to identify
secondary objects in the PLA (red) channel, using the primary NeuN or
MAP2 objects as a reference.

The ShrinkToObjectCenters module was then applied to refine the
positions by shrinking the objects to their centers, followed by the Expan-
dOrShrinkObjects module to adjust the size of the objects if needed to
improve accuracy. The OverlayOutlines module was used to overlay the
outlines of identified objects on the original images. Finally, the SaveImages
module was used to save the processed images, and the ExportToSpread-
sheetmodule was utilized to export the data for further analysis.

Data handling and statistical analysis
GraphPad Prism 10 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 online tool86. In
PLA assays the number of red dots per cell was determined using with a
pipeline specifically designed for the Cellprofiller® software. Two-tailed
Student’s t-test was used for PLA statistical analysis. Statistical analysis was
undertakenonlywhen eachgroup sizewas at leastn = 5,nbeing thenumber
of independent variables (technical replicates were not treated as indepen-
dent variables). Differences were considered significant when P ≤ 0.05.

Data availability
The data supporting the conclusions of this article are included within the
article and its Supplementary file. Additionally, the raw data supporting this
article’s findings are available from the corresponding author upon request.
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