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Endocannabinoids are important regulators of neurotransmission and, acting on activated microglia, they
are postulated as neuroprotective agents. Endocannabinoid action is mediated by CB1 and CB2 receptors,
which may form heteromeric complexes (CB1-CB2Hets) with unknown function in microglia. We aimed
at establishing the expression and signaling properties of cannabinoid receptors in resting and LPS/IFN-c-
activated microglia. In activated microglia mRNA transcripts increased (2 fold for CB1 and circa 20 fold for
CB2), whereas receptor levels were similar for CB1 and markedly upregulated for CB2; CB1-CB2Hets were
also upregulated. Unlike in resting cells, CB2 receptors became robustly coupled to Gi in activated cells, in
which CB1-CB2Hets mediated a potentiation effect. Hence, resting cells were refractory while activated
cells were highly responsive to cannabinoids. Interestingly, similar results were obtained in cultures trea-
ted with ß-amyloid (Aß1-42). Microglial activation markers were detected in the striatum of a Parkinson’s
disease (PD) model and, remarkably, in primary microglia cultures from the hippocampus of mutant b-
amyloid precursor protein (APPSw,Ind) mice, a transgenic Alzheimer’s disease (AD) model. Also of note
was the similar cannabinoid receptor signaling found in primary cultures of microglia from APPSw,Ind

and in cells from control animals activated using LPS plus IFN-c. Expression of CB1-CB2Hets was increased
in the striatum from rats rendered dyskinetic by chronic levodopa treatment. In summary, our results
showed sensitivity of activated microglial cells to cannabinoids, increased CB1-CB2Het expression in acti-
vated microglia and in microglia from the hippocampus of an AD model, and a correlation between
levodopa-induced dyskinesia and striatal microglial activation in a PD model. Cannabinoid receptors
and the CB1-CB2 heteroreceptor complex in activated microglia have potential as targets in the treatment
of neurodegenerative diseases.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

The endocannabinoid system is constituted by three types of
molecules: lipids, mainly anandamide and 2-arachidonoylglycerol
(2-AG), the metabolic enzymes that synthesize and degrade these
compounds, and two receptors: CB1 and CB2 (see (Lu and MacKie,
2016) and references therein). Cannabinoid receptors belong to
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the superfamily of G-protein-coupled receptors and are reportedly
coupled to the heterotrimeric Gi protein (www.guidetopharmacol-
ogy.org), i.e. their activation leads to adenylate cyclase inhibition
and a decrease in the intracellular levels of a second messenger,
cAMP. Although CB1 receptors (CB1Rs) are mainly located in neu-
rons of the central nervous system (CNS) their expression in glia
has also been reported (Bilkei-Gorzo, 2012). In fact, CB1Rs are con-
sidered to be the most abundant GPCRs in the CNS. CB2R, which
soon after its identification was considered a prototypic peripheral
receptor, is also expressed in the CNS, both in neurons of some
specific brain regions (see (Lanciego et al., 2011) and references
therein) and in glia (Cabral and Marciano-Cabral, 2005;
Fernández-Ruiz et al., 2007).

Heteromerization of GPCRs is a well-accepted phenomenon
whose physiological relevance deserves further experimental
work. (Callén et al., 2012) were the first to show that cannabinoid
CB1 and CB2 receptors may form functional heteromers in brain.
Years later the Globus pallidus of the non-human primate was iden-
tified as one of the CNS regions with abundance of CB1R/CB2R het-
eromer expression (Sierra et al., 2015). Apart from a cross-
antagonism, which is an often-found particular feature of GPCR
heteromers, the authors reported a negative cross-talk, i.e. activa-
tion of one receptor blunts the response of the partner receptor in
the heteromer. Thus, using a neuronal cell line, agonist coactiva-
tion of CB1 and CB2 receptors resulted in a negative cross-talk in
neurite outgrowth and Akt phosphorylation (Callén et al., 2012).
Assuming a similar behavior in glial cells, endocannabinoids in
the absence of any harmful stimuli would serve to prevent glial
activation. The endocannabinoid system suffers profound changes
in neurodegenerative diseases, especially those with an inflamma-
tory component. Not only the expression of CB1 and CB2 receptors
but also of endocannabinoids undergo time-dependent changes
during neurodegenerative and neuroinflammatory disorders; in
principle the physiological response mediated by the system is to
counteract inflammation (see (Bisogno and Di Marzo, 2010) an ref-
erences therein). It should be also noted that the CB2Rs, whose acti-
vation is generally considered as anti-inflammatory, may enhance
or even trigger tissue damage in some CNS diseases (Pacher and
Mechoulam, 2011). Taking into account such complex scenario
the two aims of this paper were to detect changes in receptor
and receptor heteromer formation in activated microglia, and to
look for the physiological significance of receptor and CB1R/CB2R
heteromer expression and signaling in activated microglial cells.
The results are relevant as they show that the negative cross-talk
turns into synergy in neuroinflammatory processes when receptor
and receptor heteromers are upregulated and CB1 and CB2 recep-
tors are coactivated.
2. Materials and methods

2.1. Reagents

LPS and interferon-c (IFN-c) were purchased from SigmaAldrich
(St Louis, MO), and 2-arachidonoyl glycerol, anandamide, ACEA,
rimonabant, JWH133 and AM630 from Tocris Bioscience (Bristol,
UK).
2.2. Expression vectors

cDNAs for the human version of cannabinoid CB1, CB2 and dopa-
mine D1 receptors without their stop codons were obtained by PCR
and subcloned to RLuc-containing vector (pRLuc-N1; PerkinElmer,
Wellesley, MA) using sense and antisense primers harboring
unique restriction sites for HindIII and BamHI, or subcloned to
pEYFP-containing vector (pEYFP-N1; Clontech, Heidelberg, Ger-
many) or p-GFP2–containing vector (Clontech, Heidelberg, Ger-
many) using sense and antisense primers harboring unique
restriction sites for BamHI and KpnI generating CB1R-Rluc, CB2R-
Rluc, CB1R-YFP, D1R-GFP2 and CB2R-GFP2 fusion proteins.

2.3. Parkinson’s disease (PD) model generation, levodopa treatment
and dyskinesia assessment

Male Wistar rats were used. 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 San-
tiago de Compostela. Animals were divided into three groups as
follows: non-lesioned rats, 6-hydroxydopamine (6-hydroxy-DA)-
lesioned animals receiving vehicle, and 6-hydroxy-DA-lesioned
animals receiving a chronic treatment with levodopa. Details of
model generation, protocol of drug administration and behavioral
analysis are given elsewhere (Farré et al., 2014; Muñoz et al.,
2014). In brief, surgery was performed on rats anesthetized with
ketamine/xylazine (1% ketamine, 75 mg/kg, and 2% xylazine,
10 mg/kg). Lesions were produced in the right medial forebrain
bundle to achieve complete lesion of the nigrostriatal pathway.
The rats were injected with 12 lg of 6-hydroxy-DA (to provide
8 lg of 6-hydroxy-DA free base; SigmaAldrich) in 4 ll of sterile sal-
ine containing 0.2% ascorbic acid. The stereotaxic coordinates were
3.7 mm posterior to bregma, 1.6 mm lateral to midline and 8.8 mm
ventral to the skull at the midline, in the flat skull position. The
tooth bar was set at �3.3 mm. The solution was injected using a
5 ll Hamilton syringe coupled to a motorized injector (Stoelting),
at a rate of 0.5 ll/min, and the cannula was left in situ 2 min after
injection. Three weeks post-surgery the efficacy of the lesion was
evaluated by the amphetamine rotation test and the cylinder test.
The extent of the lesion was finally verified by tyrosine hydroxy-
lase western blot analysis. The correct nigrostriatal lesion was con-
firmed by the loss of tyrosine hydroxylase (TH)
immunohistochemistry staining.

Amphetamine-induced rotation was tested in a bank of eight
automated rotameter bowls (Rota-count 8, Columbus Instruments,
Columbus, OH, USA) by monitoring full (360�) body turns in either
direction. Right and left full body turns were recorded over 90 min
following an injection of D-amphetamine (2.5 mg/kg, i.p.) dis-
solved in saline. Rats that displayed more than six 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 (Stella, 2009)).

Spontaneous forelimb use was evaluated by the cylinder test
(de Lago and Fernández-Ruiz, 2007; Galve-Roperh et al., 2008).
Rats were placed individually in a glass cylinder (20 cm in diame-
ter), and the number of left or right forepaw contacts were scored
by an observer blinded to the animals’ identity and presented as
left (impaired) touches in percentage of total touches. A control
animal would thus receive an unbiased score of 50%, whereas
lesion usually reduces performance of the impaired paw to less
than 20% of total wall contacts.

Animals treated with levodopa received a daily subcutaneous
injection with levodopa methyl ester (6 mg/kg) plus benserazide
(10 mg/kg) for 3 weeks (such treatment reliably induces dyskinetic
movements). In order to discriminate dyskinetic from non-
dyskinetic animals, the manifestation of levodopa-induced AIMS
(abnormal involuntary movements) was evaluated according to
the rat dyskinesia scale described in detail previously (Benito
et al., 2003; De Filippis et al., 2009; Farré et al., 2014). The severity
of each AIM subtype (limb, orolingual, and axial) was assessed
using scores from 0 to 4 (1, occasional, i.e., present <50% of the
time; 2, frequent, i.e., present >50% of the time; 3, continuous,
but interrupted by strong sensory stimuli; 4, continuous, not inter-
rupted by strong sensory stimuli). Rats were classified as ‘‘dyski-
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netic” if they displayed a � 2 score per monitoring period on at
least two abnormal involuntary movement (AIM) subtypes. Ani-
mals classified as ‘‘non-dyskinetic” exhibited either no AIMs or
very mild/occasional ones (Vázquez et al., 2015). Animals with
low scores, i.e., neither non- dyskinetic nor dyskinetic, were
discarded.

2.4. APP transgenic mouse model of Alzheimer’s disease (AD)

APPSw,Ind transgenic mice (line J9; C57BL/6 background)
expressing human APP695 harboring the FAD-linked Swedish
(K670 N/M671 L) and Indiana (V717 F) mutations under the PDGFb
promoter were obtained by crossing APPSw,Ind to non-transgenic
(WT) mice (Mucke et al., 2000).

2.5. Ab-oligomer production

Ab-oligomer preparation and testing were performed as
reported elsewhere (Rönicke et al., 2011). Briefly, lyophilized Ab1-
42 was placed in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, SigmaAl-
drich) to 0.5 mg/ml. The solution was aliquoted. After evaporating
of HFIP the peptide film was stored at -80 �C. 24 h before use, the
peptide film was dissolved in dimethylsulfoxide (DMSO, SigmaAl-
drich), sonicated, diluted to 50 lM concentration in F12 medium
(Gibco), and kept for oligomerization at 4 �C for 24 h
(Grochowska et al., 2017). Fresh Ab1-42 oligomer preparations were
used in each experiment. Quality of the preparations was verified
by SDS–PAGE (10% Tricine gels) and blots were probed with anti-
bodies detecting the N-terminus of Ab peptide—82E1 (1:1000,
IBL, Cat. No. 10323) (see (Rönicke et al., 2011)).

2.6. Cell culture and transient transfection

Microglial N9 cells were grown in RPMI medium (Gibco, Paisley,
Scotland, UK) supplemented with 2 mM L-glutamine, 100 U/ml
penicillin/streptomycin, MEM Non-Essential Amino Acids Solution
(1/100) and 10% (v/v) heat inactivated Fetal Bovine Serum (FBS)
(Invitrogen, Paisley, Scotland, UK). Cells were maintained in a
humid atmosphere of 5% CO2 at 37 �C. Cells were transiently trans-
fected with the PEI (PolyEthylenImine, SigmaAldrich) method as
previously described (Navarro et al., 2012). To prepare mice striatal
primary microglial cultures, brain was removed from C57BL/6 mice
of 2–4 days of age. Microglial cells were isolated following proto-
cols described elsewhere (Newell et al., 2015; Pulido-Salgado
et al., 2017; Saura et al., 2003) and grown in DMEM medium sup-
plemented with 2 mM L-glutamine, 100 U/ml penicillin/strepto-
mycin, MEM Non-Essential Amino Acids Solution (1/100) and 5%
(v/v) heat inactivated Fetal Bovine Serum (FBS) (Invitrogen, Paisley,
Scotland, UK). In brief, samples were dissected, carefully stripped
of their meninges and digested with 0.25% trypsin for 30 min at
37 �C. Trypsinization was stopped by adding an equal volume of
culture medium (Dulbecco’s modified Eagle medium-F-12 nutrient
mixture, fetal bovine serum 10%, penicillin 100 U/mL, strepto-
mycin 100 lg/mL and amphotericin B 0.5 lg/ml) with 160 mg/mL
deoxyribonuclease I, all from Invitrogen. Cells were brought to a
single cell suspension by repeated pipetting followed by passage
through a 100 lm-pore mesh and pelleted (7 min, 200g). Glial cells
were resuspended in medium and seeded at a density of 3.5 � 105

cells/ml in 6-well plates. Cultures were maintained at 37 �C in
humidified 5% CO2 atmosphere and medium was replaced at DIV
2 and once a week. For RT-PCR glial cultures at 19–21 days were
treated with diluted trypsin (Saura et al., 2003) to obtain >98% pure
microglial cultures. For other assays cells were grown either in 6-
well plates at a density of 500,000/well in 2 mL or directly in 96-
well plates at a density of 50,000/well; each well having 0.2 ml.
For cAMP assays, cells grown on 6-well plates were scrapped and
placed in 384 well-plates at a density of 2,500 cells/well.

2.7. Cell viability

Percentage of cell survival rates were calculated by counting
alive and dead cells in a Countless II FL automated cell counter
(Thermo Fisher Scientific-Life Technologies) after (1:1 v/v) dilution
with trypan blue.

2.8. Bioluminescence resonance energy transfer (BRET) assays

N9 cells were transiently cotransfected with a constant amount
of cDNA encoding for CB1-RLuc and with increasing amounts of
cDNA corresponding to CB2-GFP2 or D1-GFP2. 48 h after transfec-
tion cells were adjusted to 20 lg of protein using a Bradford assay
kit (Bio-Rad, Munich, Germany) using bovine serum albumin for
standardization. To quantify protein-GFP2 expression, fluorescence
was read in a FluoStar Optima Fluorimeter (BMG Labtechnologies,
Offenburg, Germany) equipped with a high-energy xenon flash
lamp, using a 10 nm bandwidth excitation filter at 400 nm reading.
For BRET measurements, readings were collected 30 s after the
addition of 5 lM DeepBlueC (Molecular Probes, Eugene, OR) using
a Mithras LB 940, which allows the integration of the signals
detected in the short-wavelength filter at 415 nm and the long-
wavelength filter at 510 nm. To quantify protein-RLuc expression,
luminescence readings were performed 10 min after 5 lM coelen-
terazine H addition using a Mithras LB 940. The net BRET is defined
as [(long-wavelength emission)/(short-wavelength emission)]-Cf,
where Cf corresponds to [(long-wavelength emission)/(short-
wavelength emission)] for the donor construct expressed alone in
the same experiment. GraphPad Prism software (San Diego, CA,
USA) was used to fit data. BRET is expressed as milli BRET units,
mBU (net BRET x 1000).

2.9. Immunostaining procedures

Cells were fixed in 4% paraformaldehyde 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).
N9 cells were treated for 1 h with PBS containing 1% bovine serum
albumin, and labelled with rabbit anti-Iba1 (1/100; SigmaAldrich),
goat anti-CB1R (1/100; Santa Cruz Technologies) and/or rabbit anti-
CB2R (1/100; Cayman Chemical) antibodies, and subsequently trea-
ted with secondary antibodies: Alexa Fluor 488-conjugated anti-
goat (1/200; Invitrogen (green)) or Cy3-conjugated anti-rabbit
(1/200; Jackson ImmunoResearch (red)) IgG (1 h each). See below
and (Callén et al., 2012; Sierra et al., 2015) for anti-receptor anti-
body specificity. Activated glial cells were detected using primary
antibodies from Abcam (Anti-MHC Class II [MRC OX-6] Ab23990
antibody (1/100) in samples from rats, and Ab180779 (1/100) in
samples from mice) and appropriate fluorophore-conjugated sec-
ondary antibodies. Samples were washed several times and
mounted with 30% Mowiol (Calbiochem). Samples were observed
in a Leica SP2 confocal microscope (Leica Microsystems). Scale
bar: 5 mm. Fluorescence was quantified by Fiji-Image J software.

2.10. cAMP determination

Two hours before initiating the experiment, N9 cells or micro-
glial primary cell-culture medium was replaced by serum-
starved DMEM medium. Then, cells were detached and suspended
in growing medium containing 50 mM zardaverine. Cells were pla-
ted in 384-well microplates (2,500 cells/well), pretreated (15 min)
with the corresponding antagonists -or vehicle- and stimulated
with agonists (15 min) before adding 0.5 mM forskolin or vehicle
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(15 min). Readings were performed after 1 h incubation at 25 �C.
Homogeneous time-resolved fluorescence energy transfer (HTRF)
measures were performed using the Lance Ultra cAMP kit (Perki-
nElmer, Waltham, MA, USA). Fluorescence at 665 nm was analyzed
on a PHERAstar Flagship microplate reader equipped with an HTRF
optical module (BMG Lab technologies, Offenburg, Germany).

2.11. ERK phosphorylation assays

To determine ERK1/2 phosphorylation, 40,000 cells/well were
plated in transparent Deltalab 96-well microplates and kept at
the incubator for 24 h. 2–4 h before the experiment, the medium
was replaced by serum-starved DMEM medium. Then, cells were
pre-treated at 25 �C for 15 min with vehicle or antagonists in
serum-starved DMEM medium and stimulated for an additional
10 min with the specific agonists. Cells were then washed twice
with cold PBS before addition of lysis buffer (20 min treatment).
10 lL of each supernatant were placed in white ProxiPlate 384-
well microplates and ERK 1/2 phosphorylation was determined
using AlphaScreen�SureFire� kit (Perkin Elmer) following the
instructions of the supplier and using an EnSpire� Multimode Plate
Reader (PerkinElmer, Waltham, MA, USA).

2.12. Dynamic mass redistribution assays (DMR)

Cell dynamic mass redistribution (DMR) induced upon receptor
activation was detected by illuminating with polychromatic light
the underside of a biosensor and measuring the changes in the
wavelength of the reflected monochromatic light that is a sensitive
function of the index of refraction. The magnitude of this wave-
length shift (in picometers) is directly proportional to the amount
of DMR. N9 cells and microglial primary cultures were seeded in
384-well sensor microplates to obtain 70–80% confluent monolay-
ers constituted by approximately 10,000 cells per well. Previous to
the assay, cells were washed twice with assay buffer (HBSS with
20 mM HEPES, pH 7.15) and incubated 2 h with assay-buffer con-
taining 0.1% DMSO (24 �C, 30 ml/well). Hereafter, the sensor plate
was scanned and a baseline optical signature was recorded for
10 min before adding 10 ll of the specific antagonists for 30 min
followed by the addition of 10 ml of specific agonists; all test
compounds were dissolved in assay buffer. Then, DMR responses
were monitored for at least 5,000 s in an EnSpire� Multimode Plate
Reader (PerkinElmer, Waltham, MA, USA). Results were analyzed
using EnSpire Workstation Software v 4.10.

2.13. Nitric oxide (NO) production

For NO detection, 60,000 cells/well were plated in transparent
Deltalab 96-well microplates and incubated for 48 h with different
concentrations of LPS and IFN-c or with vehicle. A fraction of the
supernatants (50 lL) was collected and NO production was ana-
lyzed by the use of Griess reagent System (Promega). Then, absor-
bance was measured at 540 nm using a Multiskan Ascent
spectrophotometer (Thermo labsystems).

2.14. In situ proximity ligation assays (PLA)

N9 cells or microglial primary cultures grown on glass cover-
slips were fixed in 4% paraformaldehyde for 15 min, washed with
PBS containing 20 mM glycine to quench the aldehyde groups
and permeabilized with the same buffer containing 0.05% Triton
X-100 (5 min treatment); thereafter cells were incubated (1 h) at
37� with blocking solution. Frozen brain sections were thawed at
4 �C, washed in 50 mM Tris-HCl, 0.9% NaCl pH 7.8 buffer (TBS), per-
meabilized with TBS containing 0.01% Triton X-100 for 10 min and
successively washed with TBS. Samples were treated with specific
antibodies against CB1 or CB2 receptors (goat anti-CB1R -1/100-; or
rabbit anti-CB2R -1/100-, from respectively, Santa Cruz Technolo-
gies and Cayman Chemical) and processed using the PLA probes
detecting rabbit and goat antibodies (Duolink II PLA probe anti-
Rabbit plus and Duolink II PLA probe anti-Goat minus) and nuclei
were stained with Hoechst (1/200; SigmaAldrich) and mounted
with 30% Mowiol (Calbiochem). Samples were observed in a Leica
SP2 confocal microscope (Leica Microsystems, Mannheim, Ger-
many) equipped with an apochromatic 63X oil-immersion objec-
tive (N.A. 1.4), and 405 nm and 561 nm laser lines. For each field
of view a stack of two channels (one per staining) and 3–4 Z stacks
with a step size of 1 mm were acquired. The number of cells con-
taining one or more red spots versus total cells (blue nucleus)
and, in spot-containing cells, the ratio r (number of red spots/cell),
were determined by means of the Duolink Image tool software. The
quantitation was made by an individual lacking any knowledge of
the treatments performed.
2.15. Real time (RT)-PCR assay

Total RNA from microglial cultures treated for 48 h with vehicle
(cell culture medium) or LPS with or without IFN-cwas isolated by
lysing pelleted microglial cells from one 75 cm2 flask per treatment
condition with 1 mL of TriReagent (SigmaAldrich) and 100 ml of 1-
bromo-3-chloropropane (BCP, Sigma Aldrich). The aqueous phase
containing total RNA was recovered after centrifugation for
15 min at 12,000g and 4�, mixed with an equal volume of ice-
cold 70% ethanol and loaded onto a PureLinkTM Micro Kit column
(Invitrogen). Total RNA was then purified following manufacturer’s
instructions. Total RNA was quantified spectrophotometrically
using a Nano Drop ND-1000 (Thermo Scientific) and its integrity
and quality were assessed with the Bioanalyzer 2100 system (Agi-
lent). Total RNA (1 mg) was reversely transcribed by random prim-
ing using M-MLV reverse transcriptase, RNase H minus, point
mutant, following the protocol of ‘‘Two-Step RT-PCR” provided
by Promega (Promega, Madison, WI, USA). The resulting single-
stranded cDNA was used to perform PCR amplification for CB1R
and CB2R, and for GAPDH as an internal control using Taq DNA
Polymerase (Promega). A rat CB1R common forward primer 50-
CATCCAGTGTGGGGAGAAT -30 and the 50- TATGGTCCACATCA
GGCAAA-30 reverse primer were used. To amplify CB2R, the com-
mon forward primer 50-CATCACTGCCTGGCTCACT-30 and the 50-
AGCATAGTCCTCGGTCCTCA -30 reverse primer were used. To
amplify GAPDH the primers used were 50-CATCCTGCACCAC
CAACTGCTTAG-30 (forward) and 50-GCCTGCTTCACCACCTTCTT
GATG -30 (reverse). RNA without reverse transcriptions did not
yield any amplicons, indicating that there was no genomic DNA
contamination.
3. Results

3.1. N9 microglial cells and the action of LPS and interferon-c

3.1.1. Identification of CB1-CB2 heteroreceptor complexes by
Bioluminescence resonance energy transfer (BRET)

It has been demonstrated that CB1 and CB2 receptors may form
heteromeric complexes in heterologous cells and in a small propor-
tion of striatal neurons (Callén et al., 2012). We here focused our
research to know whether heteromer formation may occur in rest-
ing and activated microglial cells. On the one hand, the N9 micro-
glial cell line was transfected with a constant amount (0.7 mg) of
cDNA for CB1R-Rluc and increasing amounts of cDNA for CB2R-
GFP2 providing readouts in a 1000–12,000 fluorescence unit range.
Proper functionality of the fusion proteins is provided in Supple-
mentary Fig. S1A. In cotransfected cells a saturable BRET curve
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was obtained (BRETmax of 46 ± 2 mBU and BRET50 of 4 ± 1), indicat-
ing the existence of CB1R-CB2R heteromeric complexes in those
cells. As negative control, cells were transfected with the same
amount of cDNA for CB1R-Rluc and increasing amounts of cDNA
for D1R-GFP2 providing readouts in a 1000–12,000 fluorescence
unit range. Lack of interaction between cannabinoid CB1 and dopa-
mine D1 receptors was confirmed by a linear signal, which reflects
unspecificity (Fig. 1A). On the other hand, the effect of cell activa-
tion on CB1-CB2 receptor heteromer (CB1-CB2Het) formation was
assayed by BRET. First of all, the dose and time response of LPS
was assayed in N9 microglial cells. Time-response was assayed in
the range of 2–96 h and dose response in the range of 0.1–5 mM
LPS plus a constant amount of 200 U/mL interferon-c (IFN-c). NO
production was measured as surrogate marker of activation.
Results in Fig. 1 B-C led to select 1 mM LPS and 48 h treatment
for further studies. N9 cells coexpressing similar amounts of
CB1R-Rluc and CB2R-GFP2 as control cells, were treated for 48 h
with 1 mM LPS and 200 U/mL IFN-c, and the saturation curve
obtained was higher than in resting cells (BRETmax of 78 ± 3 mBU
and BRET50 of 10 ± 2) (Fig. 1A). These results indicate that
neuroinflammation-like conditions potentiate CB1-CB2Het
formation by increasing the number of heteromers and/or rear-
ranging the quaternary structure of the heteromer (improving
CB1-CB2Het complex stabilization).
Fig. 1. Heteromerization of CB1 and CB2 receptors in resting and activated microglial N9
amount of cDNA for CB1R-Rluc (0.7 mg) and increasing amounts of cDNA for CB2R-GFP2 (0
(48 h treatment). As negative control, N9 cells were transfected with a constant amoun
Values are the mean ± S.E.M. of 8 different experiments in quadruplicates. Panels B-C: N
200 U/mL IFN-c (B) or for 48 h with different concentrations of LPS in the presence of 2
medium. Values are the mean ± S.E.M. of 6 different experiments in triplicates. One-way
analysis (*p < 0.05, and ***p < 0.001 versus basal conditions). Panel D: immunocytochemis
green fluorescence, and CB2R-Rluc, which was detected by a mouse anti-RLuc antibody (r
by Fiji-Image J software. Panel E: Proximity Ligation Assay (PLA) performed in N9 cells as
Cell nuclei were stained with Hoechst (blue) and heteromers appear as red clusters/do
Representative images corresponding to stacks of 4 sequential planes are shown. Values
multiple comparison post hoc test were used for statistical analysis (***p < 0.001 versus c
3.1.2. Identification of CB1-CB2 receptor complexes by
immunocytochemistry

To evaluate the endogenous cannabinoid receptor expression in
N9 cells, we developed immunocytochemistry assays using specific
antibodies against CB1 and CB2 receptors and fluorescence detec-
tion in confocal microscopy. CB1R expression was relatively high,
while CB2R expression was low (520 ± 30 and 150 ± 20% increase
over basal, respectively). However, when cells were treated for
48 h with 1 mM LPS and 200 U/mL IFN-c, CB1 expression was sim-
ilar than in resting cells, whereas CB2 receptor expression mark-
edly increased (580 ± 40 and 290 ± 30% increase over basal,
respectively) (Fig. 1D). Proximity ligation assays (PLAs), were used
as a complementary technique able to detect protein–protein
interactions in both heterologous and native systems. When PLA
was used to detect changes in the number of CB1-CB2Het com-
plexes, the results in Fig. 1E show that the treatment of N9 cells
with LPS and IFN-c markedly increased the number of red clus-
ters/spots, which are due to proximity of the two receptors. As neg-
ative control, the absence of the anti-CB1R primary antibody
showed a negligible number of red clusters/spots in all imaging
fields. Differences in the percentage of spot-containing cells and
in the number of red spots per cell were statistically significant
when compared to those in resting N9 cells. Taken together BRET,
immunocytochemistry and PLA assays it may be concluded that
cells. Panel A: BRET assays were performed in N9 cells transfected with a constant
.2–1 mg) and treated (red line) or not (black line) with 1 mM LPS and 200 U/mL IFN-c
t of CB1R-Rluc (0.7 mg) and increasing amounts of cDNA for D1R-GFP2 (0.3–1.5 mg).
9 cells were treated for different times (2, 24, 36, 48 and 96 h) with 1 mM LPS and
00 U/mL IFN-c (C). Then, NO production was measured in cell-free growth culture
ANOVA and Bonferroni’s multiple comparison post hoc test were used for statistical
try performed in N9 cells overexpressing CB1R-YFP, which was detected by its own
ed). Colocalization is shown in yellow. Scale bar: 5 mm. Fluorescence was quantified
described in Methods by the use of specific antibodies against CB1 and CB2 receptors.
ts. In the y-axis the number of clusters/spots in spot-containing cells is displayed.
are the mean ± S.E.M. of 5 different experiments. One-way ANOVA and Bonferroni’s
ontrol). Scale bar: 15 mm.
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activation of N9 cells led to a significant increase in the expression
of CB2 receptors and in the amount of CB1-CB2Hets.

3.2. Primary microglial cultures from mouse striatum and the action of
LPS and interferon-c

3.2.1. Expression of mRNA transcripts for cannabinoid receptors
We moved to a more physiological model, which consisted of

primary cultures of microglia from mouse striatum. First, the rela-
tive expression of transcripts for both CB1R and CB2R in LPS, LPS
and IFN-c or vehicle treated microglia from wild type mice, was
determined by RT-PCR. It was observed that mRNA for CB1R
doubled its expression under LPS or LPS and IFN-c treatment
(Supplementary Fig. S2A) while for CB2R mRNA, the expression
increased 12-fold in LPS treated and 21-fold in LPS and
IFN-c treated cells (versus medium-treated cells; Supplementary
Fig. S2A-B).

3.2.2. Nitric oxide production and identification of complexes by
immunochemistry

Primary cultures of microglia were treated for 48 h with 1 mM
LPS and 200 U/mL IFN-c and NO production was evaluated to con-
firm the potential of these cells to become activated. Production of
NO in activated cells was significantly higher than in non-activated
ones (Fig. 2A). Neither specific agonists, ACEA (200 nM) or JWH133
(100 nM), nor antagonists, rimonabant (1 mM) or AM630 (1 mM)
induced any short term regulation of NO production in microglia
treated for 48 h with 1 lM LPS plus 200 U/mL IFN-c (Supplemen-
tary Fig. S1C). The microglial nature of the cultures was assayed
using an antibody against a specific marker, namely Ionized
Fig. 2. Combined LPS and IFN-c treatment regulates CB2 receptor expression in mice
striatum were stimulated with 1 mM LPS and 200 U/mL IFN-c for 48 h and nitrate prod
triplicates. One-way ANOVA and Bonferroni’s multiple comparison post hoc test were use
assays were performed in primary cultures of striatal microglia incubated for 48 h in the
(B) an antibody that detects a microglial marker (Iba-1, 1/100) with a Cyn3 anti-rabbit
antibodies against CB1R (green) (1/100) or CB2R (red) (1/100). Colocalization in panel C is
5 mm. Panel D: Proximity Ligation Assay (PLA) performed as described in Methods in pr
1 mM LPS and 200 U/mL IFN-c using specific primary antibodies against CB1R (green) or
planes are shown. Cell nuclei were stained with Hoechst (blue) and receptor complexe
experiments. One-way ANOVA and Bonferroni’s multiple comparison post hoc test were
references to colour in this figure legend, the reader is referred to the web version of th
calcium binding adaptor molecule 1 (Iba1). In immunostaining
experiments using anti-Iba1 antibody it was observed that micro-
glial cells grouped when subjected to LPS and IFN-c treatment
while untreated cells were spread over the fields of observation
(Fig. 2B). Cell death measured in cell cultures for 48 h was moder-
ate: 9% in cells treated with LPS plus IFN-c versus 4% in non-
stimulated cells (Supplementary Fig. S1D). We further performed
immunocytochemistry assays using specific antibodies against
CB1 and CB2 receptors (antibody specificity checked as indicated
in Supplementary Fig. S1B; see (Callén et al., 2012; Sierra et al.,
2015) for further details on specificity) that showed in activated
cells results that were similar to those found in N9 cells, i.e. a
marked increase in fluorescent CB2 staining (from 280 ± 20 to
520 ± 30% over basal) that was not observed in CB1 receptor stain-
ing (from 200 ± 10 to 270 ± 30% over basal) (Fig. 2C). Apart from a
marked CB1 and CB2 receptor colocalization, PLA assay images in
Fig. 2D showed a pronounced increase in the amount of hetero-
mers per cell when cells were treated with LPS and IFN-c (26
spots/spot-containing cell in LPS/IFN-c-treated cells versus 2.3 in
non-activated cells). These results complement those obtained
using N9 cells and show a marked increase of CB1-CB2Het
complexes when microglia was activated.
3.3. CB2. receptor exerts a positive allosteric regulation of CB1 receptor
function in activated microglia

3.3.1. Agonist and antagonist modulation of cAMP, MAP kinase and
DMR read outs in resting microglia

It is now accepted that signaling pathways assigned to a
specific GPCR may change in heteromeric contexts. To elucidate
primary striatal microglia cultures. Panel A: primary cultures of microglia cells of
uction was determined. Values are the mean ± S.E.M. of 6 different experiments in
d for statistical analysis (**p < 0.01 versus control). Panels B-C: Immunocytochemical
absence or presence of 1 mM LPS and 200 U/mL IFN-c. Staining was performed using
secondary antibody (Jackson ImmunoResearch (red)) (1/200) or using (C) specific
shown in yellow. Representative confocal microscopy images are shown. Scale bars:
imary cultures of microglial cells incubated for 48 h in the absence or presence of
CB2R (red) (1/100). Representative images corresponding to stacks of 4 sequential
s appear as red dots. Scale bar: 30 mm. Values are the mean ± S.E.M. of 5 different
used for statistical analysis (***p < 0.001 versus control). (For interpretation of the
is article.)
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the properties of CB1-CB2Hets we measured forskolin-induced
intracellular cAMP levels, ERK1/2 phosphorylation and Dynamic
Mass Redistribution (DMR) signal (upon receptor activation).
DMR is a label-free technique used in GPCR research as it
measures rearrangement of cell components (leading to mass
redistribution) that is mostly mediated by G protein activation
(Simon et al., 2016). When N9 cells were treated with ACEA
(200 nM), the CB1 receptor selective agonist, a significant
decrease in forskolin-induced cAMP levels confirmed the Gi cou-
pling of this cannabinoid receptor. Treatment of N9 cells with
the selective CB2R agonist, JWH133 (100 nM), had no significant
effect on forskolin-induced cAMP levels. However, when N9 cells
were treated with ACEA and JWH133, no effect was observed,
thus indicating that even at low expression levels, CB2R activa-
tion blocks CB1R function. Also, anandamide and 2-AG treatment
induced weak effects showing capability of CB2R to inhibit CB1R
function (Fig. 3A). Moreover, when N9 cells were pretreated with
a selective antagonist of CB1 receptor, rimonabant (1 lM), not
only the CB1 but also the CB2 receptor selective agonist effect
was blocked. Also, AM630 (1 lM), the selective antagonist of
CB2 receptors reduced the CB1 receptor-mediated decrease of
forskolin-induced cAMP levels (Fig. 3A). Similar results were
observed in ERK1/2 phosphorylation and DMR signaling
(Fig. 3B-C). The inter-assay consistency of the results suggests
that resting N9 cells express cannabinoid receptors that display
both a negative cross-talk and a partial cross-antagonism.
Fig. 3. Combined LPS and IFN-c treatment affects cannabinoid receptor signaling in N9
1 mM LPS and 200 U/mL IFN-c (D, E, F). After 48 h of incubation, cells were pre-treated w
receptors) and subsequently treated with selective agonists (200 nM ACEA for CB1 or 100
(200 nM anandamide or 200 nM 2-AG). Forskolin-induced cAMP levels (A, D) were determ
280% increase over basal levels). ERK1/2 phosphorylation (B, E) was analyzed using an Alp
shifts of reflected light wavelength (in pm) over time. Values are the mean ± S.E.M. of 8
one-way ANOVA followed by Bonferroni’s multiple comparison post hoc test were used f
cAMP determinations or versus untreated cells in ERK phosphorylation).
3.3.2. Agonist and antagonist modulation of cAMP, MAP kinase and
DMR signaling in activated microglia

Signaling was determined in N9 cells treated (48 h) with LPS
and IFN-c. Treatment with the selective CB1 receptor agonist,
ACEA, was similar in treated and untreated cells whereas the selec-
tive CB2 receptor agonist, JWH133, produced an important
decrease (approximately a 55% reduction) in forskolin-induced
cAMP levels (Fig. 3D). Taking into account the above-described
results from immunocytochemistry assays, it appears that CB2

receptors by themselves become functionally relevant in condi-
tions mimicking neuroinflammation. Remarkably, the effect on
forskolin-induced cAMP levels when N9 cells were simultaneously
treated with the two agonists, ACEA plus JWH133, was additive.
Moreover, treatment with endocannabinoids (anandamide or 2-
AG) disclosed the seemingly paradoxical effect, i.e. the negative
cross-talk in resting cells turned into being positive in cells treated
with LPS and IFN-c (Fig. 3D). Cross-antagonism was more robust in
activated cells as pretreatment with any of the two selective recep-
tor antagonists abolished CB1 and/or CB2 receptor activation
(Fig. 3D). When ERK1/2 phosphorylation or DMR assays were per-
formed in cells activated using LPS and IFN-c, the potency of
JWH133 was very high. The CB2 receptor-selective compound
increased by about 5-fold the basal level of ERK1/2 phosphoryla-
tion and by 2-fold the label-free signal (Fig. 3E-F). Also noteworthy
was the additive effect when cells were simultaneously treated
with ACEA and JWH133. These differential agonistic effects in rest-
cells. N9 cells were incubated for 48 h in the absence (A, B, C) or in the presence of
ith selective receptor antagonists (1 mM rimonabant for CB1 or 1 mM AM630 for CB2

nM JWH133 for CB2 receptors) alone or in combination, or with endocannabinoids
ined 15 min after 0.5 lM forskolin treatment (8 nM cAMP, which corresponds to a

haScreen�SureFire� kit (Perkin Elmer). DMR tracings (C, F) represent the picometer-
different experiments in triplicates. In all cAMP accumulation and MAPK signaling,
or statistical analysis (*p < 0.05, **p < 0.01, ***p < 0.001; versus forskolin treatment in
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ing (negative cross-talk) and activated (positive cross-talk) micro-
glial cells contrasted with the cross-antagonism found in all
conditions.

3.3.3. Agonist and antagonist modulation of dynamic mass
redistribution and of cAMP and MAP kinase signaling in primary
cultures of striatal microglia

Experiments similar to those above described for cell lines were
performed in striatal primary cultures of microglia. The results in
cAMP determination (Fig. 4A) and engagement of MAP kinase
pathway (Fig. 4B) assays were very similar to those encountered
in the microglial cell line. CB2 receptor activation in microglia trea-
ted with LPS and IFN-c was very robust and the simultaneous
treatment with the selective agonists or with antagonists of the
two receptors showed an additive effect and a cross-antagonism
(Supplementary Fig. S3A-B). Under our experimental conditions,
growth of cells in the presence of amyloid b aggregates, which is
one of the hallmarks of AD, led to results that were similar to those
in activated microglial cells (Fig. 4A-B and Supplementary Fig. S3A-
B).

Label-free dynamic mass redistribution recordings in resting
and activated cells provided results that were similar to those
obtained in cAMP and MAP kinase activation assays. However, a
difference was found in activated cells where the positive cross-
talk was not found (Fig. 4D) while the cross-antagonism was still
detectable (Supplementary Fig. S3A-B). The label-free signal
induced by either agonist was already marked and very high for
primary cultures. Mass redistribution was therefore maximal using
ACEA or JWH133, and this may be the reason that DMR technology
was not able to detect the positive cross-talk detected in cAMP
determination and pERK1/2 assays. Similar results were obtained
in primary cultures of microglia from hippocampus (data not
shown). The results in N9 cells and in primary cultures indicate
Fig. 4. Combined LPS and IFN-c treatment modifies cannabinoid receptor function in pr
incubated for 48 h in the presence (white bars) or absence (black bars) of 1 mM LPS and 2
treated with ACEA (200 nM), JWH133 (100 nM) or both. Forskolin-induced cAMP levels (A
are the mean ± S.E.M. of 7 different experiments in triplicates. In all cases, one-way A
statistical analysis (*p < 0.05, **p < 0.01, ***p < 0.001; versus forskolin treatment (5 nM cAM
or versus untreated cells in pERK assays). Panels C-D: Dynamic Mass Redistribution (DMR
or in the presence (right panel) of 1 mM LPS and 200 U/mL IFN-c, and subsequently treat
mean ± S.E.M. of 6 different experiments. (For interpretation of the references to colour
that microglial activation leads to a very marked qualitative and
quantitative change in cannabinoid receptor-mediated effects that,
at least in part, seem to be mediated by CB1-CB2Hets.

3.4. CB1-CB2Het expression in a rodent model of Parkinson’s disease
(PD)

3.4.1. Expression of CB1-CB2Het in striatum from lesioned animals
The 6-hydroxy-DA rat model of Parkinson disease, prepared by

unilateral neurotoxin injection on the right hemisphere, courses
with microglial activation and neuroinflammation (Aron Badin
et al., 2013; Barnum et al., 2008; Muñoz et al., 2014). Specific pri-
mary antibodies against CB1 and CB2 receptors and DNA probes
linked to rabbit and goat secondary antibodies were used to per-
form PLA assays. Using selective probes (see Methods), proximity
between the two receptors was detected by confocal microscopy
as a punctate red fluorescent signal. In naïve rats we detected that
8% of the cells were PLA positive and displayed around 2 red clus-
ters/cell (Fig. 5A). While the non-lesioned (left) hemisphere in
lesioned animals showed a 9.2% of labelled cells with a bit less than
2 red spots/cell (Fig. 5B), the level of receptor complexes in the
lesioned (right) hemisphere was significantly higher (18.7%) with
2.4 red spots/cell. The result indicates that lesioned animals dis-
played a significant increase in the level of CB1-CB2 receptor com-
plexes in striatum. In equivalent sections we assayed the
occurrence of activated microglia (using an antibody against a rat
MHC class II activation marker). Unlike in control animals, a high
number of activated cells was found in lesioned and in levodopa
treated rats (both dyskinetic and non-dyskinetic) (Supplementary
Fig. S4A). However, inter-group differences in the number of acti-
vated microglial cells in 6-hydroxy-DA-lesioned animals were
not statistically significant (Supplementary Fig. S4A, graph in the
right).
imary microglial cultures from mouse striatum. Primary cultures of microglia were
00 U/mL IFN-c, or in the presence of 500 nM Ab1-42 (striped bars), and subsequently
) and ERK 1/2 phosphorylation (B) were determined as described in Methods. Values
NOVA followed by Bonferroni’s multiple comparison post hoc test were used for
P, which corresponds to a 320% increase over basal levels) in cAMP determinations
) assays performed in primary cultures incubated for 48 h in the absence (left panel)
ed with ACEA (200 nM, red), JWH133 (100 nM, blue) or both (green). Values are the
in this figure legend, the reader is referred to the web version of this article.)



Fig. 5. CB1-CB2 receptor complex expression in the rat model of Parkinson’s disease. In situ PLA to detect CB1-CB2 receptor complexes was performed as described in Materials
and Methods using striatal sections from non-lesioned (naïve) (panels A-B) or hemistriatal sections from lesioned rats as well as levodopa-treated lesioned rats displaying
(DK) or not (no DK) dyskinesia (panels C-D). In panels C-D ‘‘control” corresponds to sections from the non-lesioned (left) side whereas ‘‘lesioned” ‘‘DK” and ‘‘no DK”
corresponds to sections from the lesioned (right) side. Confocal microscopy images (4 superimposed sections) are shown; heteromeric complexes appear as red clusters
surrounding Hoechst-stained nuclei in blue. Panels B and D: ratio r (number of red spots/spot-containing cell) and percentage of cells containing one or more red spots are
shown in the bar graphs. Data (ratio or percentage of positive cells) are the mean ± S.E.M. of counts in 6–8 different fields from every brain sample of non-lesioned (naïve),
lesioned (control), and levodopa-treated rats displaying (DK) or not (no DK) dyskinesia (n = 3 in each group). Two-way ANOVA analysis showed significant inter-group
differences on ratio and percentage of positive cells. *p < 0.05, ***p < 0.001 (respect to naive) after Bonferroni’s post hoc test. Scale bars: 30 mM.
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3.4.2. Expression of CB1-CB2Het in striatum from dyskinetic animals
Interestingly, in rats rendered dyskinetic by chronic levodopa

treatment, the percentage of cells (in the lesioned hemisphere)
showing red clusters increased to 33.7% with an average of 4 red
spots/cell. In contrast, the levodopa treatment in rats not display-
ing dyskinesia showed similar results as in the naïve animals or
as in the left hemisphere in lesioned animals (8.7% and 1.3 red
spots/cell) (Fig. 5B). These results indicate that dyskinetic animals
have an important increase of cannabinoid CB1-CB2 receptor
complexes.
3.5. CB1-CB2Het expression and function in the APPSw,Ind transgenic
mouse model of Alzheimer’s disease (AD)
3.5.1. Expression of CB1-CB2Het in the hippocampus of transgenic
animals

AD is a pathology that courses with neuroinflammation
(Bronzuoli et al., 2016; Collins-Praino et al., 2014). It is also known
that receptors that are important in neuroinflammatory processes
are downregulated in human resting microglia but are markedly
expressed in samples from AD patients. Examples are adenosine
A2A receptors, which appear in glial cells in the hippocampus and
cerebral cortex of AD patients (Angulo et al., 2003) and cannabi-
noid CB2 receptors, whose levels are upregulated together with
those of glial markers in the frontal cortex of AD patients (Solas
et al., 2013). Although no transgenic model appropriately reflects
the many sides of the human AD condition (Franco and Cedazo-
Minguez, 2014; Medina and Avila, 2014), neuroinflammation has
been described in the APPSw,Ind mouse, including the occurrence
of reactive astrocytes and microglia displaying an activated pheno-
type (Mucke et al., 2000; Saura et al., 2005). Hippocampus from
two-day-old pups obtained from APPSw,Ind x WT mouse crossings
were individually genotyped and classified as non-transgenic (con-
trol) and heterozygous APP transgenic mice, which in adulthood
display amyloid plaques, neuroinflammatory responses, including
reactive microglia and cognitive deficits (Mucke et al., 2000). Pri-
mary hippocampal cultures of microglia were prepared and PLA
assays were developed to detect expression changes in CB1-CB2

receptor complexes. While only 5% of cultured cells of non-
transgenic control samples were stained, the number of cells dis-
playing red clusters in cells from APPSw,Ind transgenic animals
increased to 83%. Moreover, the number of red dots/cell signifi-
cantly increased from 1.5 to 6 (Fig. 6A-B). These notable results
made us wonder whether the microglial cells from phenotypically
‘‘normal” pups could already display an activated phenotype.
Indeed, using an antibody against a mouse MHC class II activation
marker, an activated microglial phenotype was found in cultures
from heterozygous animals but not in those from control ones
(Supplementary Fig. S4B).
3.5.2. Endocannabinoid receptor signaling in primary microglial cells
from the APPSw,Ind mouse is similar to that of LPS plus IFN-c –activated
cells

Primary microglial cultures of non-transgenic (control, black
bars) and APPSw,Ind (white bars) were used to functionally charac-
terize the cannabinoid signaling system. Primary cultures of hip-
pocampal microglia were pretreated with forskolin and
subsequently treated with selective agonists of the two cannabi-
noid receptors, JWH133 or ACEA, or with endocannabinoids, anan-
damide or 2-AG, and cAMP levels were determined. CB1 receptor



Fig. 6. CB1-CB2 receptor complex expression and function in the APPSw,Ind mouse model of Alzheimer’s disease. Panel A: Primary microglia cultures from the hippocampus of
two-day-old non-transgenic control (black bars) and APPSw,Ind (white bars) mice were analyzed by PLA, which was performed using specific primary antibodies against CB1

(1/100) or CB2 (1/100) receptors. Confocal microscopy images (stacks of 4 consecutive planes) show heteroreceptor complexes as red clusters and Hoechst-stained nuclei
(blue). Scale bar: 30 mm. The bar graph shows the number of red dots/dot-containing cell; the number above each bar indicates the percentage of cells presenting red clusters.
Values are the mean ± S.E.M. of 6 different experimens. In all cases, one-way ANOVA followed by Bonferroni’s multiple comparison post hoc test were used for statistics
analysis (***p < 0.001, versus control). Panel C: hippocampal primary cultures of microglia from two-day-old non-transgenic mice (control, black bars) and APPSw,Ind (white
bars) were stimulated with 200 nM ACEA, 100 nM JWH133 or both, or with 200 nM anandamide or 200 nM 2-AG, followed by 15 min 0.5 mM forskolin treatment, and cAMP
levels were determined. Values are the mean ± S.E.M. of 4–6 different experiments in triplicates. In all cases, one-way ANOVA followed by Bonferroni’s multiple comparison
post hoc test were used for statistics analysis (*p < 0.05, **p < 0.01, ***p < 0.001 versus forskolin treatment). Panels D-E: Real-time DMR curves obtained using primary microglia
cultures from the hippocampus of control (left) and APPSw,Ind (right) pups stimulated with 200 nM ACEA (red), 100 nM JWH133 (blue) or both (green). Values are the
mean ± S.E.M. of 6 different experiments. (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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activation in control mice mildly decreased cAMP levels (approxi-
mately 20%) while the CB2 receptor selective agonist had no signif-
icant effect. In contrast, the decrease of cAMP levels was higher in
samples from APPSw,Ind mice (approximately 40%) and similar after
CB1 or CB2 receptor activation (Fig. 6C). Simultaneous activation of
the two receptors led to a negative cross-talk in control animals
that turned into positive in cells from APPSw,Ind pups (Fig. 6C).
Interestingly, endocannabinoids also produced a higher signal in
cells obtained from heterozygous APPSw,Ind pups. Label-free assays
were also performed in microglial cultures where CB2 stimulation
showed, in control cells, a small effect and, in what concerns CB1

receptor signaling regulation, a negative cross-talk. Once more, in
microglia from APPSw,Ind pups, CB2 agonist-stimulation had a sig-
nificant effect and potentiated CB1 receptor signaling (Fig. 6D).
Common trends in activated microglial cells are an increase in
the expression of CB1-CB2Hets and a qualitative and quantitative
change in the cannabinoid receptor signaling.

4. Discussion

The effect of anandamide on NO release in activated microglia is
mainly mediated via the CB2 receptor although a functional cross-
talk with GPR55 or GPR18 has been suggested (Malek et al., 2015).
Our results indicate that CB2-receptor mediated effects in activated
microglia are modulated, at least in part, by a direct interaction
between the two cannabinoid receptor types. Data here reported
also indicate that endocannabinoids in resting microglia are mainly
targeting CB1 receptors. From a pharmacological point of view,
activation of CB1 receptors revealed coupling to Gi. As deduced
from the partial cross-antagonism, resting microglia expresses
CB1 receptors that seem to be partly forming heteromers with
CB2 receptors, whose expression is small and whose coupling to
G proteins was not evident when using a selective agonist
(JWH133). The scenario is different in cells, N9 or primary cultures,
activated using LPS and IFN-c. Apart from a marked increase in
expression, CB2 receptors were robustly coupled to the signaling
machinery. Taken together, the results in activated cells fit with
cannabinoid receptors occurring mainly as heteromeric complexes
whose quaternary structure composition and/or stoichiometry is
different from that of heteromeric complexes occurring in resting
cells. In fact, BRET results indicated that the distance between BRET
donor and acceptor is significantly different in CB1-CB2Hets in rest-
ing versus activated microglial cells. The full cross-antagonism in
activated microglia is also consistent with preponderance of CB1-
CB2Het expression. In summary, CB1-CB2Hets are expressed in acti-
vated microglia and, accordingly, they are targets of endocannabi-
noids and of natural and synthetic molecules acting on
cannabinoid receptors.

The differential receptor expression and signaling, which was
identified in all assayed models, and occurrence of CB1-CB2Hets -
with particular signaling properties-, may explain the myriad of
results reported for CB1 and CB2 receptor role in immune modula-
tion, microglial activation and potential to combat neuroinflamma-
tion (Kaplan, 2013; Stella, 2010). Cannabinoid action on CB1-
CB2Hets-containing activated microglia may explain, in full or in
part, i) the anti-inflammatory and psychotropic-free effects elicited
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by ultra-low concentrations of tetrahydrocannabinol in LPS-
treated mice (Fishbein-Kaminietsky et al., 2014), ii) the higher sus-
ceptibility of CB1 receptor knockout mice to neurodegeneration
(Fowler et al., 2010) and iii) the neuroinflammation regulatory role
of CB1 receptors underscored by Zoppi et al. (2011) using genetic
(knockout mice) and pharmacological approaches. They could also
explain results that were attributed to be cannabinoid-receptor-i
ndependent due to the fact that both agonists and antagonists of
either CB1 and CB2 receptors suppress by similar mechanisms
inducible nitric oxide synthase induction and reactive oxygen spe-
cies generation in activated microglia (Ribeiro et al., 2013).

There is consensus on the relevant role of the endocannabinoid
system in regulating neurodegeneration processes. Microglia and
the microglial endocannabinoid system have attracted attention
to afford neuroprotection in diseases with neuroinflammatory
components, inter alia PD, AD and Huntington’s chorea
(Fernández-Ruiz et al., 2015; Leonelli et al., 2009; Mecha et al.,
2016; Navarro et al., 2016). In the 6-hydroxy-DA PD model we
found that the percentage of CB1-CB2Het-containing cells in the
striatum of the lesioned hemisphere increased upon the lesion
(from 9.2 to 18.7) and further increased (to 33.7) in animals ren-
dered dyskinetic by prolonged levodopa treatment. The increase
in expression of the receptor heteromer must be due to a pheno-
typic change in microglia that only occurs in dyskinetic animals
but not in animals treated with levodopa but not displaying abnor-
mal movements. These results in microglia of rat PD models com-
plement those of (Sierra et al., 2015) who, working with the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) primate
model and focusing in Globus pallidus neurons, found a marked
reduction of neuronal CB1-CB2Het expression in dyskinesia. Taking
together the available data, drugs targeting microglial cannabinoid
receptors would be able, in dyskinesia, to counteract the decrease
in cannabinoid-receptor-mediated signaling in pallidal neurons
and to reduce inflammation by suppressing production of pro-
inflammatory factors by activated microglia.

Targeting CB1 receptors with agonists at non-psychoactive
doses or targeting CB2 receptors are considered beneficial in exper-
imental models of AD. In those models cannabinoids consistently
induce repair mechanisms and afford protection against tau phos-
phorylation and Ab action (Aso and Ferrer, 2014). Selective CB2

receptor ligands have potential in diseases having neuroinflamma-
tory factors, from brain ischemia (Bu et al., 2016) to AD (reviewed
in Campbell and Gowran, 2009). Microglial enzymes that degrade
endocannabinoids and/or microglial CB2 receptors are now consid-
ered a better target option than CB1 receptors, which have a
marked expression in neurons and whose activation provokes psy-
chotropic effects (Cabral and Griffin-Thomas, 2009; De Filippis
et al., 2009; de Lago and Fernández-Ruiz, 2007; Fagan and
Campbell, 2014; Galve-Roperh et al., 2008; Navarro et al., 2016;
Stella, 2009). Both CB2Rs and fatty acid amide hydrolase (FAAH),
the enzyme that degrades anandamide, are selectively upregulated
in glia associated to plaques in the brain of AD patients (Benito
et al., 2003). Interestingly, animals resulting from crossing a trans-
genic AD line, 5xFAD, and FAAH null mice have less amyloid bur-
den, reduced neurite plaque number and decreased gliosis
(Vázquez et al., 2015). A similar approach but using CB2 receptor
KO and APP/PS1 mice results in reduced production of pro-
inflammatory molecules by microglia (Schmöle et al., 2015).
Finally, anti-inflammatory effects of nicotine in microglia exposed
to Ab are mediated by CB2 receptors (Jia et al., 2016).

CB1 is the most abundant GPCR in the central nervous system.
Its expression is more abundant in neurons than in glia but we here
report that it is upregulated in activated microglia in which it
reportedly exerts a neuroprotective role (see below). Although
CB2 receptor expression in neurons is restricted to some specific
brain areas, we found low expression in resting microglia and
upregulation in activated microglia and, overall, our results indi-
cate that cannabinoid receptor expression in activated microglia
correlates with an increase of CB1-CB2Hets. Our results comple-
ment previous (reviewed in Sagredo et al., (2007) and recent posi-
tron emission tomography-based (Janssen et al., 2016) evidence
showing that CB2 receptor expression in microglia may be negligi-
ble unless neuroinflammation occurs and microglia becomes ‘‘re-
active”. Expression of CB2 receptors in the brain from AD patients
is higher than in the brain from age-matched healthy controls
and correlates with two relevant AD molecular markers, namely
senile plaque score and Ab42 levels (Solas et al., 2013). Similar
results have been described in animal models of the disease. For
instance, PET radiotracer studies in amyloid-bearing mice show
that CB2 receptor selective ligands may be used as neuroinflamma-
tion biomarkers (Savonenko et al., 2015). Our results in primary
cultures identified activated microglia and a marked CB2 receptor
expression in APPSw,Ind mice. This relevant finding correlated with
the observation in primary cultures of microglia from control mice
that Ab1-42 led to a cannabinoid receptor signaling that was similar
to that exerted by LPS and IFN-c (Fig. 4). The expression of CB1-
CB2Hets was also higher in microglia from APPSw,Ind animals. These
quite remarkable results are consistent with a more activated phe-
notype of microglia in AD transgenic mice. As neuronal loss is vir-
tually absent in transgenic models of AD, it is tempting to
speculate that higher expression of CB2 receptors in activated
microglial phenotypes seems to underlie the neuroprotective
action of cannabinoids. Under such an hypothesis the notable
increase in expression of CB1-CB2Hets in activated microglia make
these complexes a target to further explore their potential to reg-
ulate microglial polarization. For instance, it would be necessary
to determine how cannabinoids in activated microglia regulate
the levels of cytokine/chemokines and other factors that are key
in converting the pro-inflammatory M1 to the neuroprotective
M2 phenotype (see (Franco and Fernández-Suárez, 2015) for
review).

As deduced from studies in rodent models of the disease, PD is
another disease coursing with a neuroinflammatory component.
Overexpression of CB2 receptor is detected either in 6-
hydroxydopamine-lesioned or LPS-treated mice and correlates
with microglial activation (Aron Badin et al., 2013; Barnum et al.,
2008; Concannon et al., 2015; Muñoz et al., 2014). In contrast,
endocannabinoid levels are more elevated in the inflammation-
driven than in the neurotoxic model (Concannon et al., 2015). Of
note, the non-selective cannabinoid receptor agonist, WIN55212-
2, or the CB2 receptor selective agonist, JWH015, afford neuropro-
tection in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) neurotoxic PD model, which produces a significant micro-
glial activation and overexpression of CB2 receptors in midbrain
(Price et al., 2009). According to the relevant role of CB2 receptors
in neuroprotection, the use of receptor null mice leads to a more
pronounced MPTP-induced toxicity in the substantia nigra (Price
et al., 2009). Our results showing the expression of CB1-CB2Hets
in microglia would explain the findings by Chung et al. (2011,
2016), who reported that nonselective cannabinoid receptor ago-
nists were neuroprotective in a MPTP model and that selective
CB1 receptor antagonists prevented nigral neuroprotection and
reduction of microglial i) NADPH oxidase activity, ii) reactive oxy-
gen species production and iii) DNA damage. The CB1 receptor-
mediated effects were not due to neuronal receptors as neuropro-
tection against the MPTP insult was not evident in neuron-
enriched cultures but in mesencephalic cocultures of neurons
and microglia (Chung et al., 2011). We found that expression of
CB1-CB2 receptor complexes significantly increased in the lesioned
hemisphere of 6-hydroxy-DA-treated rats. This result is consistent
with activation of microglia in this PD model (He et al., 2001).
What was interesting, though, was to discover that heteromer
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complex expression returned to normal in rats receiving chronic
levodopa treatment that did not exhibit dyskinesia whereas both
the number of heteromer-containing cells and the heteromer
expression level increased in dyskinetic rats (Fig. 5B). Such finding
may be due to a compensatory mechanism in which cannabinoid
receptor activation could be neuroprotective or, alternatively, the
overexpression of receptor heteromers could trigger, in full or in
part, the manifestation of dyskinetic movements. These results
that did not correlate with increased microgliosis, constitute a base
to propose CB1-CB2Hets as targets to either combat or prevent
involuntary movements in patients undertaking a dopamine
replacement therapy.

It should be noted that cannabinoid effects on microglia may be
qualitatively different depending on the stage of cell activation. In
fact, our results contrast with those reported by Ribeiro et al.
(2013) who, in LPS-activated microglial BV-2 cells, identified an
agonist-mediated reduction of ERK1/2 phosphorylation that is
the opposite to what we here detect with the selective agonists
used (ACEA and JWH133). Ribeiro et al. (2013) simultaneously
treated cells with LPS and cannabinoid receptor ligands and waited
6 h to assess the level of ERK1/2 phosphorylation. We first acti-
vated cells and then added cannabinoid receptor ligands to mea-
sure MAPK pathway activation within 10 min. These diverse
effects should be taken into account to find the most appropriate
therapeutic window for cannabinoid drugs.

As pointed out by Rom and Persidsky (2013), the discovery of
therapeutic agents targeting CB2 receptors is hampered by inter
alia their complex signaling pathways. The hydrophobic nature of
cannabinoids and functional selectivity are further sources of com-
plexity. Biased agonism and GPCR heteromerization may cause
functional selectivity, the first being more useful for drug discovery
and the latter being useful for discovering the physiological rele-
vance of cannabinoid receptor signaling in health and disease. Even
using the same selective agonists, JWH133 and ACEA, functional
selectivity was evident when comparing within-heteromer allos-
teric interactions. In fact, in all cell models, and also when compar-
ing data in homozygous versus heterozygous transgenic animals,
the negative allosteric receptor-receptor interactions became pos-
itive under activation conditions. Our BRET data in naïve and LPS
plus IFN-c -treated cells show that the differential allosteric mech-
anisms correlated with a structural change within the CB1-CB2Het.
Taken together our results suggest an active conformation in the
CB1-CB2Het, which would be the real target of endogenous or syn-
thetic cannabinoids in reactive microglia. Drug discovery should
take into account the occurrence of CB1-CB2Hets as well as the
dynamics of the allosteric receptor-receptor interactions in these
complexes in activated microglia in which the enhanced CB1-CB2

receptor-receptor interactions regulate endocannabinoid function.
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