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a  b  s  t  r  a  c  t

Orexin  1 (OX-1R)  and  cannabinoid  receptor  (CB1R)  belong  to  the  superfamily  of  G-protein-coupled
receptors  (GPCRs)  and  are  mostly  coupled  to  Gq and  Gi/o  proteins,  respectively.  In vitro  studies  in
host  cells  over-expressing  OX-1R  and  CB1R  revealed  a functional  interaction  between  these  receptors,
through  either  their  ability  to  form  heteromers  or  the  property  for  OX-1R  to trigger  the  biosynthesis
of  2-arachidonoylglycerol  (2-AG),  an  endogenous  CB1R ligand.  Since:  i) OX-1R  and  CB1R  co-espression
has  been  described  at postsynaptc  sites  in hypothalamic  circuits  involved  the  regulation  of  energy
homeostasis,  and  ii) increased  orexin-A  (OX-A)  and  2-AG  levels  occur  in hypothalamic  neurons  during
obesity,  we sought  here  to  investigate  the  OX-1R/CB1R  interaction  in  embryonic  mouse  hypotha-
lamic NPY/AgRP  mHypoE-N41  neurons  which  express,  constitutively,  both  receptors.  Treatment  of
mHypoE-N41  cells  with  OX-A  (0.1-0.3  �M),  but not  with  the  selective  CB1R agonist,  arachidonyl-2-
chloroethylamide  (ACEA;  0.1-0.3  �M), transiently  elevated  [Ca2+]i. Incubation  with  a subeffective  dose
of  OX-A  (0.1  �M)  +  ACEA  (0.1 �M)  led  to stronger  and  longer  lasting  elevation  of  [Ca2+]i, antagonized  by
OX-1R  or  CB1R antagonism  with  SB-334867  or AM251,  respectively.  FRET  and  co-immunoprecipitation
experiments  showed  the formation  of OX-1R/CB1R heteromers  after  incubation  with OX-A  (0.2  �M),  or
OX-A  (0.1  �M) +  ACEA  (0.1  �M),  but not  after  ACEA  (0.2  �M),  in  a manner  antagonized  by  SB-334867  or
AM251.  OX-A  (0.2  �M) or OX-A  (0.1  �M)  +  ACEA  (0.1 �M) also  led to 2-AG  biosynthesis.  Finally,  a stronger

Thr202/185
activation  of  ERK1/2 phosphorylation  in comparison  to basal  or  each  agonist  alone  (0.1-0.2  �M),
was  induced  by  incubation  with  OX-A  (0.1  �M)  + ACEA  (0.1 �M),  again  in a manner  prevented  by  OX-1R
or  CB1R antagonism.  We  suggest  that  OX-A,  alone  at effective  concentrations  on  [Ca2+]i,  or  in combina-
tion  with  ACEA,  at subeffective  concentrations,  triggers  intracellular  signaling  events  via  the  formation
of OX-1R/CB1R heteromers  and  an  autocrine  loop  mediated  by  2-AG.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction
The cannabinoid receptor of type 1 (CB1R) belongs to the family
f G-protein-coupled receptors (GPCRs). It is mainly coupled to Gi,

Abbreviations: 2-AG, 2-arachidonoylglycerol; ACEA, arachidonyl-2-
hloroethylamide; AgRP, agouti-related peptide; CB1R, cannabinoid receptor;
HO, chinese hamster ovary cells; DAG, diacylglycerol; DAGL, diacylglycerol lipase;
RK,  extracellular-signal-regulated kinases; FRET, fluorescence resonance energy
ransfer; GPCRs, G protein coupled receptors; IP3, inositol trisphosphate; NPY,
europeptide Y; OX-A, orexin-A; OX-1R, orexin 1 receptor; PLC, phospholipase C.
∗ Corresponding author.

E-mail address: luigia.cristino@icb.cnr.it (L. Cristino).

ttp://dx.doi.org/10.1016/j.phrs.2016.07.009
043-6618/© 2016 Elsevier Ltd. All rights reserved.
through which it stimulates mitogen-activated kinases and inhibits
N-, P/Q- and L-type Ca2+ channels as well as adenylyl cyclase (AC)
activity, with downstream activation of A-type K+ channels [1].
Receptors for orexin-A (OX-1R) or orexin-B (OX-2R) are GPCRs
belonging to the rhodopsin family [2]. OX-2R couples to the Gq, Gs

or Gi/o subclasses of G proteins and exhibits equal affinity for OX-A
and OX-B [3]. OX-1 R is mostly coupled to Gq [2] and is activated
10 times more potently by OX-A than OX-B. Both OX-A and OX-B
are produced by enzymatic cleavage of the prepro-orexin (PPO),

whose expression is restricted to a small number of neuronal cell
bodies in the lateral hypothalamus (LH) [2,4,5]. OX-A is a 33-amino
acid peptide of 3562 Da [2] and OX-B is a 28-amino acid of 2937 Da
sharing 46% sequence homology with OX-A. Since OX-A and OX-B

dx.doi.org/10.1016/j.phrs.2016.07.009
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phrs.2016.07.009&domain=pdf
mailto:luigia.cristino@icb.cnr.it
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re very ancient neuromodulators, their amino acid sequences are
haracterized by strong phylogenetic conservation [6,7].

In 2003, Hilairet et al. reported for the first time the incidence
f heteromultimerization between CB1R and OX-1R in Chinese
amster ovary (CHO) cells stably co-transfected with the cDNAs
ncoding for these receptors. Notably, heterologous CB1R and OX-
R co-expression improved OX-A-mediated ERK1/2 stimulation
p to ∼100-fold more than when only one of the receptors was
xpressed in cells [8]. This evidence was further demonstrated by
lectron microscopy in OX-1R and CB1R co-transfected HEK293
ells [9] and by fluorescence resonance energy transfer and co-
mmunoprecipitation of receptors tagged, respectively, by “SNAP”
nd “CLIP” labeling at extracellular domain in Flp-In T-REx 293 cells
10].

Besides heteromerization, the potenziation of ERK1/2 phospho-
ylation was attributed to the strong enhancement of the produc-
ion of the endogenous agonist of CB1R, 2-arachidonoylglycerol
2-AG), triggered by the activation of Gq-PLC�-DAGL� pathway
3,11,12]. Several studies have confirmed the ability of OX-A to
otentiate CB1R signaling in vivo, pointing to the functional effect
f this interaction in the regulation of appetite, nociception, and
nxiety-like behaviors because of the widespread co-expression of
hese receptors in different regions of the brain, including the peri-
queductal gray (PAG) [13,14], LH [15], ventral tegmental area [16]
nd arcuate nucleus of the hypothalamus [17]. Taking into account
hat: i) OX-1R and CB1R co-expression occurs at postsynaptic sites
n the hypothalamic circuits regulating energy homeostasis [17],
nd ii) hypothalamic OX-A and 2-AG levels increase during obe-
ity [15,18], the aim of this study was to investigate whether the
mbryonic mouse immortalized hypothalamic cell line (mHypoE-
41) constitutively express both OX-1R and CB1R and can be used
s an easily available in vitro model for the study of OX-1R and
B1R interactions. Since NPY/AgRP is the main signaling system in
HypoE-N41 cells, these neurons also represent an in vitro model

or the study of the regulation of the orexigenic pathways of the
RC.

We  investigated OX-1R − CB1R heteromerization, and its conse-
uences on the Gq(OX-1R)-PLC-DAGL�-2-AG pathway, [Ca2+]i and
ownstream phosphorylation of ERK1/2Thr202/185 by means of cal-
ium imaging, FRET and co-immunoprecipitation experiments and
f 2-AG quantification by liquid chromatography-mass spectrom-
try (LC–MS) in mHypoE-N41 cells.

. Materials and methods

.1. Chemicals

OX-A, arachidonyl-2′-chloroethylamide (ACEA), 1-[2-
ethylbenzoxazol-6-yl]-3-[1,5]naphthyridin-4-yl-urea HCl

SB-334867) and 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-
ethyl-N-1-piperidinyl-1H-pyrazole-3-carboxamide (AM251) as
ell as most reagent-grade chemicals were purchased from Tocris
ioscience (Bristol, UK).

.2. Cell culture

mHypoE-N41cells were cultured in Dulbecco’s modified Eagle’s
edium (Life Technologies) supplemented with 10% fetal bovine

erum (Life Technologies), penicillin (50 units/ml) and strep-
omycin (50 �g/ml), at 37 ◦C in 100 mm culture dishes (Life
echnologies) gassed with an atmosphere of 95% air-5% CO2.
.3. Immunocytochemical analysis

mHypoE-N41cells were seeded on polylysine-coated coverslips,
ashed with PBS and fixed 20 min  with paraformaldehyde 4% in
 Research 111 (2016) 600–609 601

phosphate buffer pH 7.4, 0.1 M.  The cells were then rinsed with
PB and incubated for 30 min  in normal donkey serum (NDS; Jack-
son Immunoresearch) 10% in phosphate buffer pH 7.4, 0.1 M and
finally incubated 4 h at room temperature in a mixture of rabbit
anti-CB1R (dilution 1:200, Calbiochem) and goat anti-OX-1R (dilu-
tion 1:100, Santa Cruz). After, the cells were washed and incubated
2 h in the appropriate mixture of fluorochrome-conjugated sec-
ondary antibodies (donkey anti-goat Alexa Fluor 488 and donkey
anti-rabbit Alexa Fluor 594, diluited 1:50 in NDS block solution) and
finally counterstained with DAPI (4′,6-diamidino-2-phenylindole).
The cells were observed with a Leica DMI6000 fluorescence micro-
scope equipped with a Leica DFC360 cooled digital CCD camera
(Leica Microsystems) and the images were analyzed by LAS AF 2.2.0
software. The specificity of the antibody for OX-1R was tested in
Hcrtr1 (gene encoding OX-1R)-silenced mHypoE-N41 cells by using
western blot analysis.

2.4. Hcrtr1 gene silencing

The Hcrtr1 gene was silenced by transfecting mHypoE-N41
cells with endoribonuclease-prepared siRNA sequences (sc-36131;
Santa Cruz Biotechnology) using Lipofectamine 2000 (Life Tec-
nologies) according to the manufacturer’s instructions. The siRNA
silencing efficiency was  determined 48 h after the initial transfec-
tion by measuring the relative amount of OX-1R protein by western
blot analysis (see above).

2.5. Calcium imaging

[Ca2+]i was assayed using a cell-permeable Ca2+ indicator, Fluo-
4AM (Life Technologies), dissolved in DMSO containing 0.02%
pluronic F-127 (Life Technologies). Briefly, the cells, seeded on
polylysine-coated coverslips, were loaded with 1�M Fluo-4AM
(20 min) in serum free medium. The coverslips were placed into a
perfusion chamber (Leica Microsystems GmbH, Wetzlar, Germany)
mounted on the stage of a Leica digital microscope DMI6000
equipped with CO2 incubator cage (OkoLab, Burlingame, USA) pro-
viding saturated humidity atmosphere containing 95% air and 5%
CO2 at 37 ◦C. For calcium recording, the cells were incubated in
the extracellular solution (145 mM NaCl, 2.5 mM KCl, 1.5 mM CaCl2,
1.2 mM MgCl2, 10 mM D-glucose, and 10 mM HEPES, pH 7.4) and
perfused with each drug dissolved in the same solution. All the
observations and acquisitions of images were performed with 20X
objective lens and carried out by appropriate filter. The excita-
tion and emission wavelengths for Fluo-4AM were 460–495 nm
and 510–550 nm,  respectively. Images were acquired every 3 s,
digitized and then analyzed using LAS AF 2.2.0 Live Data Mode
software (Leica Microsystems, Germany). Data were expressed as
F/Fmax where F is the increase of fluorescence after each single
treatment and Fmax is the mean maximal change of fluorescence
intensity upon addition of reagents. After background subtraction,
the change in fluorescence (�F) was divided by the initial fluores-
cence (F0) to obtain a measure (�F/F0) that is proportional to the
change in Ca2+ (�Ca2+ = �F/F0).

2.6. Fluorescence resonance energy transfer (FRET) acceptor
bleaching method

The OX-1R/CB1R molecular interaction was analyzed using the
FRET acceptor photo-bleaching method. Briefly, after treatment,
the cells were immunostained using goat anti-OX-1R and rabbit
anti-CB1R primary antibodies and respective secondary antibod-

ies conjugated with Cy3 (donor) and Cy5 (acceptor), where the
Cy3/Cy5 couple has a Förster distance of ∼ 5 nm. The cells were
excited sequentially for Cy5 and Cy3 and emission recorded with
adequate advanced ultrafast filter wheels ensuring accurate imag-
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ng (Leica Microsystems). The cells were photobleached and pre-
nd post-bleach images were captured simultaneously. The FRET
fficiency was calculated by comparing donor Cy3 fluorescence
ntensity in the same sample, before and after destroying the accep-
or Cy5 by photobleaching. If FRET was initially present, a resultant
ncrease in donor fluorescence would occur following acceptor
hotobleaching. The FRET efficiency was calculated using the fol-

owing formula: E = 1- IDA/ID, wherein the intensity of Cy3 (donor)
uorescence was measured before (IDA) and after (ID) Cy5 photo-
leaching [19]. All experiments were performed in triplicate and
ata presented as means ± SD. Image frames were collected using
he Leica digital microscope DMI6000 equipped with the appropri-
te filter wheels and the LAS AF FRET SE Wizard software. Control
amples labeled with the donor (Cy3) and acceptor (Cy5) alone
ere used to verify that no bleed-through of acceptor fluorescence
as present in the donor channel. In order to ensure that photo-

leaching per se does not perturb donor fluorescence, we measured
RET by omitting CB1R primary antibody and bleaching Cy5 in sam-
les labelled with OX-1R-Cy3 alone. The background value was
ubtracted from all samples.

.7. Western blot analysis

ERK phosphorylation as well as OX-1R expression was  assessed
sing western blot analysis. Briefly, mHypoE-N41 cells were lysed

n a buffer solution (Tris HCl 50 mM,  NaCl 150 mM,  1% Triton X-
00, EDTA 2 mM,  EGTA 5 mM,  and protease inhibitors mixture)
nd protein concentrations were quantified using Lowry protein
ssay (Bio-Rad Laboratories). Twenty �g of protein were subjected
o 10% polyacrylamide gel electrophoresis and finally, transferred
o PVDF membranes. Membranes were blocked with non-fat dry
owdered milk for 2 h and incubated overnight at 4 ◦C with ERK1/2
1:1000; Cell Signaling), pERK1/2 Thr202/Tyr204 (1:1000; Cell
ignaling), or goat anti-OX-1R antibody (1:500; Santa Cruz Biotech-
ology), followed by 2 h incubation with appropriate secondary
ntibody (Peroxidase labeled ECL). A monoclonal anti-�-actin anti-
ody (1:4000; Sigma-Aldrich) was used as the reference protein
xpression. Detection was performed using chemiluminescence
Clarity ECL; Biorad). Images were analyzed on a ChemiDoc station
ith ImageJ software.

.8. Immunoprecipitation

After treatment, the cells were lysed and protein concentra-
ions were quantified as described above. One mg  of cell lysate
as used for the immunoprecipitation (IP) procedure using a
ynabeads Protein G Kit (Life Technology) following the manu-

acturer’s instructions. Briefly, 10 mg  of mouse anti-CB1R antibody
Calbiochem) was used to immunoprecipitate all proteins bound
o CB1R. IP proteins were recovered by heating at 70 ◦C for 10 min
hrough the captured bead/ProteinG/antigen complex. After load-
ng on SDS-polyacrylamide (10%) gel, IP proteins were transferred
o a PVDF membrane and then the membranes incubated with
he primary polyclonal antibodies anti-CB1R (1:500, Calbiochem)
r anti-OX-1R (1:100, Santa Cruz) overnight at 4 ◦C. Finally, the
embranes were exposed to the secondary antibody (Peroxidase

abeled ECLTM) for 2 h at room temperature. Detection was per-
ormed using chemiluminescence (Clarity ECL; Biorad) and the
mages were analyzed on a ChemiDoc station as indicated above.

.9. Lipid extraction and 2-AG measurement
After treatment, the cells (each data point contained 5×105

ells) and supernatants were homogenized in 50 mmol/L Tris·HCl,
H 7.5, in chloroform/methanol (1:2:1, vol/vol) containing 5 pmol
f [2H]5-2-AG as internal standard, and analysed using liquid
 Research 111 (2016) 600–609

chromatography-atmospheric pressure chemical ionization-mass
spectrometry (LC–MS) as previously described [20]. 2-AG levels
were calculated on the basis of their peak area ratio (in the SIM
mode) with the internal deuterated standard peak areas, and their
amounts (pmol) were normalized per ml  of cells plus medium.

2.10. Statistical analyses

Data are expressed as mean ± SEM or mean ± SD and were ana-
lyzed with GraphPad Prism 6 software, version 6.05 (GraphPad,
Inc.). Statistical differences among treatments were determined by
two-way ANOVA followed by post hoc Bonferroni tests for compar-
ison among means.

3. Results

3.1. Simultaneous activation of OX-1R and CB1R enhances [Ca2+]i
in mHypoE-N41 neurons

We  and others reported the occurrence of a functional interac-
tion between OX-1R and CB1R in the brain [13–16,21]. Both these
receptors belong to the GPCRs superfamily with differences in the
type of G protein to which they couple, with CB1R mainly associated
to Gi/o [22,23], and OX-1R to Gq [2]. We  therefore investigated the
alteration of [Ca2+]i induced by either CB1R and OX-1R activation
in mHypoE-N41 cells. Using immunocytochemical techniques, we
confirmed in these cells the expression of both these receptors.
CB1R and OX-1R were constitutively expressed in mHypoE-N41
cells, often in the same cell department, as shown by the yellow
colour in the merge of Fig. 1. Fluo-4AM, a cell-permeable Ca2+

indicator, was used to measure [Ca2+]i in mHypoE-N41 cells after
treatment with increasing concentrations of OX-A, which was  pre-
viously reported to increase Ca2+ levels in primary neurons [24]. In
this cell line, OX-A was  able to induce a transient cytosolic Ca2+ peak
with the maximum effect at 0.2 �M,  whereas a very weak effect
was observed at 0.3 �M possibly due to agonist-induced recep-
tor desensitization (Fig. 2). This effect was  prevented by SB334867
(10 �M),  a selective OX-1R antagonist. No [Ca2+]i modification was
found at the concentration of 0.1 �M OX-A. As expected, the cytoso-
lic Ca2+ levels were not significantly modified by treatement with
different concentrations of ACEA, a CB1R agonist (Fig. 2). In order to
provide evidence for a synergistic role of OX-1R and CB1R on [Ca2+]i,
we then treated the cells with a sub-effective dose of OX-A (0.1 �M)
in combination with ACEA (0.1 �M).  As shown in Fig. 3, this resulted
in the prolonged and strong increase of [Ca2+]i. This response was
prevented by pre-incubation with both AM251 (0.5 �M),  a CB1R
antagonist/inverse agonist, and SB334867 (10 �M).  Taken together,
these data suggest the possibility that a synergistic action occurs
between OX-1R and CB1R in the control of [Ca2+]i.

3.2. A physical interaction between OX-1R and CB1R is induced
by OX-A in mHypoE-N41 cells

It is generally believed that both CB1R and OX-1R are able to form
homo- and heteromeric complexes with one another as well as with
other types of G-protein-coupled receptors [25]. Since CB1R/OX-
1R heterodimerization occurs in recombinant cells overexpressing
both the receptors, and affect the pharmacology of both recep-
tor types, we  investigated in mHypoE-N41cells the formation of
CB1R/OX-1R heteromers and their putative effects on [Ca2+]i ele-
vation. The CB1R/OX-1R physical interaction was determined by
using a FRET approach based on acceptor photobleaching tech-

nique by recording the changes in the donor fluorescence [19].
We found that FRET efficiency was significantly higher in mHypoE-
N41cells after 30 min  treatement with OX-A (0.2 �M)  compared
to control cells (Fig. 4). This effect was prevented by SB334867
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ig. 1. Expression of OX-1R and CB1R in mHypoE-N41 cells. Representative confoc
n  mHypoE-N41 cells. Cell nuclei were counterstained with DAPI (blue signal). Scale

10 �M).  Besides, the FRET efficiency observed after treatment with
ither 0.1 �M OX-A or ACEA (0.1 �M and 0.2 �M)  alone was not
ignificantly different from the control cells. It is important to note,
owever, that an ineffective dose of OX-A (0.1 �M) in combination
ith ACEA (0.1 �M)  was able to increase the donor fluorescence

ntensity after acceptor photobleaching, yielding a FRET efficiency
imilar to that observed with 0.2 �M OX-A alone. This enhanced
RET efficiency was prevented by both AM251 and SB334867. In
rder to further confirm the occurrence of OX-1R/CB1R heteromers,
e exploited the OX-1R/CB1R co-immunopreciptation assay in
HypoE-N41 cells treated with OX-A (0.1 �M)  or ACEA (0.1 �M),

lone or in combination. Similar to what observed with the FRET
ssay, either agonist per se was not able to produce OX-1R/CB1R co-
mmunoprecipitation, an effect which was instead observed upon
ell treatment with the combination of the two  agonists (Fig. 5). As
spected, this effect was prevented by both SB334867 and AM251
Fig. 5).

Taken together, these results are consistent with the hypothe-
is that in order to form OX-1R/CB1R heteromers a combination of
gonists of either receptor at subeffective concentrations is needed.
hey also suggest that an effective concentration of an OX-1R, but
ot of a CB1R, agonist may  induce heteromerization.

.3. OX-A-induced 2-AG biosynthesis is enhanced by ACEA

It well known that OX-1R, coupled to Gq proteins, induces the

ctivation of PLC� with consequent production of IP3 and DAG, the
AGL� substrate and precursor of 2-AG, the most abundant endo-
annabinoid in the brain [26]. Previous studies from our and other
aboratories have demonstrated that OX-A triggers the biosynthesis
ges of the CB1R (red signal) or OX-1R (green signal) immunocytochemical staining
0 �m.

of 2-AG both in vivo and in vitro [14,15,17,27]. Here we investigated
if OX-A-induced 2-AG biosynthesis also occurs in mHypoE-N41
cells and if this was affected by the formation of CB1R/OX-1R het-
eromers. With this purpose, 2-AG levels were analyzed in cells
treated with OX-A alone (0.2 �M)  or with OX-A (0.1 �M) in com-
bination with ACEA (0.1 �M).  As shown in Table 1, 2-AG levels,
detected using LC–MS, were significantly increased in cells exposed
to 0.2 �M OX-A. The same effect was induced by OX-A (0.1 �M) in
combination with ACEA (0.1 �M),  in a manner sensitive to both
SB334867 and AM251. It is important to note that ACEA (0.1 �M)
alone was  unable to induce 2-AG biosynthesis, and that the eleva-
tion of 2-AG levels induced by either OX-A 0.2 �M alone or OX-A
(0.1 �M)  + ACEA (0.1 �M)  was  erased by co-incubation with the
DAGL� inhibitor O-7460 [28].

3.4. OX-A-and ACEA synergize at inducing ERK phosphorylation

It has been reported that CB1R/OX-1R heteromerization induces
downstream signaling alterations for both receptors [16]. Since
extracellular signal–regulated kinase1/2 (ERK1/2) signaling is one
of the main pathways downstream to both OX-1R and CB1R
[8,29–32], we  investigated if treatment with OX-A alone (0.2 �M)
or OX-A (0.1 �M)  in combination with ACEA (0.1 �M) induces an
alteration in ERK1/2 phosphorylation. As shown in Fig. 6, a 30 min
treatment with OX-A (0.2 �M)  or ACEA (0.2 �M),  as well as OX-A
(0.1 �M)  + ACEA (0.1 �M)  induced a strong increase of ERK phos-

phorylation, as assessed by WB  analysis, in a manner sensitive to
both SB334867 (10 �M)  and AM251 (0.5 �M).  The effect of OX-
A (0.1 �M)  + ACEA (0.1 �M)  was stronger than the effect of OX-A
(0.2 �M)  or ACEA (0.2 �M)  alone.
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Fig. 2. Effect of OX-A or ACEA on intracellular Ca2+. A) Representative micrographs of Ca2+ accumulation in Fluo-4AM- loaded mHypoE-N41 cells treated with different
concentrations of OX-A or ACEA. The Fluo-4AM-loaded cells were also exposed to SB334867 (10 �M) 15 min  before OX-A (0.2 �M) treatment. Untreated and OX-A-treated
cells  were also exposed to ionomycin (4 �M). Images, collected continuosly for 420 s, were analyzed to quantify the mean fluorescence of individual cells using Metamorph
Imaging  Software (Leica MetaMorph AF). Scale bar: 20 �m.  B) Representative traces of the Ca2+ response expressed as �F/F0 intensity of cells treated with OX-A or ACEA
and  with SB334867. Arrows indicate when OX-A or ionomycin (4 �M)  were added to the cells.
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Fig. 3. OX-A and ACEA exert a synergistic potentiation on intracellular Ca2+ at doses per se ineffective. A) Representative micrographs of Ca2+ accumulation in Fluo-4AM-
loaded  mHypoE-N41 cells treated with the combination of ACEA (0.1 �M) and OX-A (0.1 �M)  in the absence or presence of SB334867 (10 �M,  15 min before ACEA/OX-A
t  ACEA
a e Ca2+

i o the 

4

v
O
e
a
c

reatment) or AM251 (0.5 �M,  15 min  before ACEA/OX-A treatment). Untreated and
nd  analyzed as indicated above. Scale bar: 20 �m.  B) Representative traces of th
ndicate when ACEA in combination with OX-A, or ionomycin (4 �M),  were added t

. Discussion

The findings of the present study are in agreement with pre-
ious in vitro FRET studies which described the occurrence of

X-1R/CB1R heteromerization when these two receptors are het-
rologously expressed in the same cell [3,9–12]. However, here we
nalyzed native hypothalamic NPY/AgRP neurons, which express
onstitutively both OX-1R and CB1R. This situation represents more
/OX-A-treated cells were also exposed to ionomycin (4 �M).  Images were collected
response expressed as �F/F0 intensity in cells treated as indicated in A. Arrows

cells.

appropriately the in vivo hypothalamic circuits involved in the
control of important physiological function, such as food intake
[17]. One of the most frequent consequences of OX-1R activation
is the elevation of [Ca2+]i, as found in many recombinant systems

as well as in neurons [2,3,33–37]. This response was originally
accounted for by the canonical pathway of Gq → PLC → inositol-
1,4,5- trisphosphate (IP3) → Ca2+ release from the endoplasmic
reticulum. However, an unexpected discovery was that this
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Fig. 4. Fluorescence resonance energy transfer (FRET) efficiency of OX-1R or CB1R in mHypoE-N41 cells. A) Representative images of OX-1R/CB1R FRET assay in untreated
cells  or cells treated with ACEA (0.2 �M for 30 min) or OX-A (0.2 �M for 30 min). In some experiments cells were treated with the combination of OXA (0.1 �M)  and ACEA
(0.1  �M),  in the absence or presence of SB334867 (10 �M,  15 min  before OX-A/ACEA treatment) or AM 251 (0.5 �M, 15 min  before OX-A/ACEA treatment). B) Mean of OX-
1R/CB1R FRET efficiency in untreated cells or cells treated with OX-A (0.2 �M for 30 min), in the absence or presence of SB334867 (10 �M,  15 min before OX-A treatment)
or  AM 251 (0.5 �M,  15 min  before OX-A treatment). OX-1R/CB1R FRET efficiency was also measured in cells exposed to ACEA (0.2 �M),  to a mix of OX-A (0.1 �M)  and ACEA
(0.1  �M),  with or without SB334867 (10 �M,  15 min  before OX-A/ACEA treatment) or AM251 (0.5 �M,  15 min  before OX-A/ACEA treatment). Data are means ± SD of at least
three  separate experiments, each performed in triplicate. Statistical analysis was performed by two-way ANOVA followed by the Bonferroni post-hoc test. **p < 0.001 vs
vehicle-treated cells.
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Fig. 5. Co-immunoprecipitation of OX-1R and CB1R from mHypoE-N41 cells. Cells were treated with OX-A (0.1 �M for 30 min) in the absence or presence of ACEA (0.1 �M
for  30 min). In some experiments, cells were exposed to the combination of OX-A (0.1 �M) and ACEA (0.1 �M),  in the absence or presence of SB334867 (10 �M,  15 min  before
OX-A/ACEA treatment) or AM251 (0.5 �M,  15 min  before OX-A/ACEA treatment). After treatment, cells, prepared as described in Materials and methods, were processed for
immunoprecipitation with an anti-CB1R antibody. IP proteins were analyzed by immunob
at  least three separate experiments, each performed in triplicate. Statistical analysis was
vs  vehicle-treated cells.

Table 1
2-AG levels in mHypoE-N41cells.

Treatment 2-AG (pmol/ml)

Untreated 3.2 ± 1.8
OX-A (0.1 �M) 4.0 ± 0.7
ACEA (0.1 �M)  2.8 ± 0.7
OX-A (0.1 �M)/ACEA (0.1 �M)  200 ± 40***
OX-A (0.1 �M)/ACEA (0.1 �M)/SB334867 4.5 ± 0.4 (***)
OX-A (0.1 �M)/ACEA (0.1 �M)/AM251 2.6 ± 0.5 (***)
OX-A (0.2 �M) 270 ± 60***
OX-A (0.2 �M)/O-7460 6.7 ± 1.8◦◦◦

OX-A(0.1 �M)/ACEA (0.1 �M)/O-7460 5.6 ± 0.5 (***)
SB334867 3.4 ± 1.4
AM251 4.2 ± 1.0
O-7460 6.1 ± 1.5

Endogenous levels of 2-AG were quantified by LC–MS in mHypoE-N41 cells treated
with OX-A (0.1 �M;  30 min) in the absence or presence of ACEA (0.1 �M).  In other
experiments, the cells were treated with OX-A (0.1 �M)/ACEA (0.1 �M)  after 15 min
pre-exposure to SB334867 (10 �M)  or AM251 (0.5 �M)  or O-7460 (10 �M,  a selec-
tive DAGL� inhibitor). Data from untreated cells as well as from cells treated with
0.1 �M ACEA, 0.2 �M OX-A, SB334867 or AM251 are also reported. 2-AG levels were
normalized per ml  of cells + medium. Each sample contained 5 × 105 cells. Results
represent means ± SEM of three separate experiments, and were compared by using
t
c

r
c
r
o

wo-way ANOVA followed by the Bonferroni’s test. ***p < 0.0001 vs vehicle-treated
ells; (***)p < 0.0001 vs OX-A/ACEA treated cells; ◦◦◦ p < 0.0001 vs. OX-A treated cells.

2+
esponse required extracellular Ca influx through non-selective
alcium operated channels (i.e. voltage-gated Ca2+ channels, a
everse-acting Na+/Ca2+ exchanger, store-operated Ca2+ channels
r non-selective cation channels; reviewed in [3] and [37]). This
lotting with anti-CB1R or OX-1R antibodies. Fold data represent the means ± SD of
 performed by two-way ANOVA followed by the Bonferroni post-hoc test. *p < 0.01

response was identified as the major mediator of orexin-induced
depolarization in CNS neurons [3,32,37–42] and is different from
that seen in the canonical PLC−Ca2+ release pathway since: i) it is
a very early response to OX-A/OX-1R binding and is not secondary
to Ca2+ store release (store-operated Ca2+ influx; reviewed in [43]);
ii) it does not require IP3 [3,11,32,37,44–46]. Here, we tested OX-
1R and CB1R functionality in terms of their effect on [Ca2+]i and
how such effects are influenced by either simultaneous or separate
activation of the receptors. An increase of [Ca2+]i occured after cell
treatment with a combination of OX-A and ACEA at the doses that
produced no effect per se. This effect was  stronger than the similar
effect observed with the optimal concentration of OX-A and was
blocked by pretreatment of cells with the antagonists SB334867
and AM251, suggesting a synergistic OX-1R/CB1R interaction in
mHypoE-N41 native cells. This functional interaction is likely due to
CB1R and OX-1R heteromerization, as directly shown here by using
a FRET assay. Indeed, using the same experimental conditions as
with the [Ca2+]i assay, we  found an increase of FRET efficiency, and
detected OX-1R and CB1R co-immunoprecipitation, after simulta-
neous stimulation of OX-1R and CB1R. These effects were blunted
in cells pretreated with either SB334867 or AM251, indicating that
the correct functionality of both OX-1R and CB1R is crucial for their
heteromerization.

It has been proposed that OX-1R and CB1R form heteromeric
complexes that affect trafficking of OX-1R and potentiate CB1R

signaling. Moreover, it has been shown, in CHO cells overexpress-
ing the recombinant receptors, that OX-1R activation releases
2-AG, which then acts as a potent paracrine messenger stimu-
lating CB1R on neighboring cells [3,9–12]. Our findings not only
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Fig. 6. Co-incubation of mHypoE-N41 cells with ACEA and OX-A enhances ERK phosphorylation. Representative immunoblots of ERK1/2 phosphorylation in cells exposed
to  OX-A (0.1 or 0.2 �M,  30 min), ACEA (0.1 or 0.2 �M,  30 min) or a mix  of OX-A (0.1 �M)  and ACEA (0.1 �M),  in the absence or presence of SB334867 (10 �M, 15 min before
O ld data
i med b
*

r
m
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f
t
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X-A/ACEA treatment) or AM251 (0.5 �M,  15 min before OX-A/ACEA treatment). Fo
n  triplicate and normalized to vehicle-treated cells. Statistical analysis was  perfor
**p  < 0.0005 vs vehicle-treated cells; ###p < 0.0005 vs OX-A/ACEA-treated cells.

eveal the formation of OX-1R/CB1R heteromeric complex in a
ore physiologically relevant neuronal model, but also identify
q(OX-1R)-PLC-DAGL-dependent 2-AG production as a potentially

mportant contributor to the OX-1R/CB1R synergism, which, there-
ore, occurs at the level of both the physical interaction between
he two receptors and their downstream signals. In fact, our
ata show that: i) OX-A-induced, and DAGL-mediated, biosyn-
hesis of 2-AG is enhanced by ACEA; ii) a similar intensity of
ignal outcomes, in terms of FRET efficiency, [Ca2+]i elevation, ERK
hosphorylation and 2-AG biosynthesis, is achieved in cells upon

ncubation with either OX-A alone, at an efficacious concentration
0.2 �M),  or OX-A + ACEA at concentrations otherwise ineffective
er se (0.1 �M).  These results are of special relevance to previ-
us in vivo findings showing that Gq(OX-1R)-PLC-DAGL-dependent
-AG production occurs in hypothalamic areas regulating energy
omeostasis [15–17] or in extra-hypothalamic areas, i.e. the PAG
nd the VTA, involved in the control of nociception [13,14] or in
eward and drug seeking behaviors [47], respectively. The prox-
mity of the two receptors in a heteromer might represent an
ffective mechanism to potentiate common downstream signals,
.e. ERK1/2 activity, when the single basal OX-A and 2-AG levels are
ot sufficient alone, particularly as OX-1R efficiently activates 2-AG
roduction, and also this effect appeared here to be amplified by
he heteromerization of the two receptors.
In agreement with its physiological function, OX-A in the
ypothalamus exhibits strong diurnal fluctuations, with peaks
ccurring during sleep to wake transitions, arousal and appetite
 represent the means ± SEM of at least three separate experiments, each performed
y two-way ANOVA followed by the Bonferroni post-hoc test. *p < 0.05, **p < 0.005,

[48]. OX-A up-regulation is paralleled by elevation of 2-AG levels
in the same area in rodents [15,17]. Starting from the present data,
it is tempting to suggest that the occurrence of OX-1R/CB1R het-
eromerization, together with the reciprocal fluctuations of OX-A
and 2-AG levels in the brain, lead to the amplification of dowstream
cells signals as well as endocannabinoid levels, during different
physiological or pathological states.
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