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G-protein-coupled receptors (GPCRs)1 represent one of the
largest protein superfamilies, with around 1000 receptors in
vertebrates (1). The classical paradigm of GPCR function stipulates that GPCRs localize on the cell surface and are activated
by the binding of agonist ligands. This leads to G-protein activation and initiates various changes in intracellular signaling
pathways. After activation, most GPCRs are endocytosed from
cell surface and travel to low pH endosomes, allowing the
ligand to detach before the receptor is recycled back to the cell
surface or sent through late endosomes to lysosomes for degradation (2). Increasing evidence shows also that some GPCRs
are not totally inactive in the absence of ligands but exhibit
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“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
The nucleotide sequence(s) reported in this paper has been submitted
to the GenBankTM/EBI Data Bank with accession number(s).
□
S The on-line version of this article (available at http://www.jbc.org)
contains one movie.
¶ To whom correspondence should be addressed. Tel.: 33-1-40-79-5184; Fax: 33-1-40-79-47-57; E-mail: zsolt.lenkei@espci.fr.
1
The abbreviations used are: GPCR, G protein-coupled receptor;
CB1R, CB1 cannabinoid receptor; GFP, green fluorescent protein;
EGFP, enhanced GFP; MFR, membrane fluorescence ratio; Tf, transferrin; TfR, Tf receptor; WIN, WIN55,212-2; M␤CD, methyl-␤-cyclodextrin; ER, endoplasmic reticulum.
This paper is available on line at http://www.jbc.org

tonic (i.e. constitutive) activity, with elevated basal levels of
intracellular signaling (3).
Pharmacological characterization of constitutively active
GPCRs leads to the definition of three different ligand classes:
agonists, neutral antagonists, and inverse agonists. In the twostate model of receptor activation (4), receptors are in equilibrium between a inactive and an active state. An agonist stabilizes the active state, shifting the receptor population toward
activation, a neutral antagonist binds with equal affinity to
both active and inactive conformation, whereas an inverse agonist will preferentially stabilize the inactive state. In the
absence of ligand, the equilibrium for most GPCRs is shifted
strongly to the inactive state, whereas for constitutively active
receptors, the equilibrium is shifted toward the active state.
Thus, by spontaneously adopting the active conformation, constitutively active GPCRs are able to mobilize cellular signaling
pathways in the absence of agonist ligands, and inverse agonist
ligands inhibit this basal activation.
The cannabinoid type I receptor (CB1R) is one of the most
abundant GPCRs in the central nervous system, with a high
level of expression in cortex, hippocampus, basal ganglia, and
cerebellum (5). CB1Rs are coupled to Gi/o-proteins, and activation results in inhibition of cAMP accumulation; mitogen-activated protein kinase activation; inhibition of L, P, Q, and N
type Ca2⫹ channels; and activation of Kir type K⫹ channels (6).
Interestingly, the CB1R, like numerous other GPCRs, displays
a high level of constitutive activity (3), either when heterologously expressed in nonneuronal cells (7) or in neurons where
CB1Rs are endogenous (8, 9).
In contrast to pharmacology, few studies address the question of intracellular trafficking of constitutively active GPCRs
(10, 11). Therefore, we studied the subcellular distribution of
the CB1R as well as its trafficking in response to various
pharmacological stimulations. We constructed a CB1-EGFP
chimera, transiently expressed CB1-EGFP in HEK-293 cells
and quantified the subcellular distribution and translocation
after different pharmacological treatments. Our results indicate that the constitutively active CB1R undergoes constitutive
endocytosis and recycling mediated by the small GTPases Rab5
and Rab4, respectively.
EXPERIMENTAL PROCEDURES

Plasmids, Antibodies, and Reagents—Antibody production was performed by Eurogentec (Herstal, Belgium). The C-Ter antibody was
produced by injection of a peptide corresponding to the last 14 Cterminal residues (positions 459 – 473) of the rat CB1R coupled to keyhole limpet hemocyanin in rabbits followed by affinity purification of
sera against the 459 – 473 peptide. The L14 antibody, kindly provided
by Dr. Ken Mackie (University of Washington, Seattle, WA), is directed
against the same epitope that is present both in the rat and the mouse
receptor. The specificity of the L14 antibody was verified by Western
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The CB1 cannabinoid receptor (CB1R) displays a significant level of ligand-independent (i.e. constitutive)
activity, either when heterologously expressed in nonneuronal cells or in neurons where CB1Rs are endogenous. The present study investigates the consequences
of constitutive activity on the intracellular trafficking of
CB1R. When transfected in HEK-293 cells, CB1R is present at the plasma membrane, but a substantial proportion (⬃85%) of receptors is localized in intracellular vesicles. Detailed analysis of CB1-EGFP expressed in HEK293 cells shows that the intracellular CB1R population is
mostly of endocytic origin and that treatment with inverse agonist AM281 traps CB1R at the plasma membrane through a monensin-sensitive recycling pathway.
Co-transfection with dominant positive or dominant
negative mutants of the small GTPases Rab5 and Rab4,
but not Rab11, profoundly modifies the steady-state and
ligand-induced intracellular distribution of CB1R, indicating that constitutive endocytosis is Rab5-dependent,
whereas constitutive recycling is mediated by Rab4. In
conclusion, our results indicate that, due to its natural
constitutive activity, CB1R permanently and constitutively cycles between plasma membrane and endosomes,
leading to a predominantly intracellular localization at
steady state.
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K. Mackie, personal communication.

0.1% Triton X-100. For transferrin uptake experiments, cells were
placed in serum-free minimal essential medium for 1 h and incubated
with Cy3-Tf diluted to 1:400 for 1 h at 37 °C before fixation.
Cell Microscopy—For confocal microscopy, images (1024 ⫻ 1024 pixels) of individual cells were obtained on a Leica TCS NT confocal
laser-scanning microscope by the use of a ⫻ 63, numerical aperture 1.4
oil immersion objective and ⫻ 4 zoom, resulting in a pixel size of 38.75
nm. Excitation was done at 488 nm, and fluorescence detection used a
525 ⫾ 25-nm bandpass filter. Each image was realized on the equatorial
cross-section through the cell that maximized nuclear diameter. Cells
were randomly chosen in the well for each condition, with phenotypic
consideration to avoid dead, dividing, or highly CB1R-overexpressing
cells. In our protocol, cells are fixed 2– 4 h (depending from the incubation length) after seeding, displaying a rather spherical form that
allows precise equatorial optical sectioning and facilitates quantification. Co-detection of EGFP and red fluorescence (Cy3 or Alexa® 568)
was done by excitation at 488 and 568 nm, using simultaneous detection with 525 ⫾ 25-nm bandpass and ⬎590-nm longpass filters.
For live cell imaging, CB1-EGFP-transfected HEK-293 cells were
imaged on the ultrafast 4/5D deconvolution imaging system at Institut
Curie (Paris, France) (15), using a Leica DM-IRBE microscope equipped
with a ⫻ 100, numerical aperture 1.4 objective and a temperaturecontrolled box at 37 °C (The Box & The Cube, LIS). Stacks of images
with a 0.2-m Z step (⬃10 –15 frames/stack) were acquired every 3 s for
5 min. After deconvolution (15), stacks were projected along the z axis
using Metamorph Software (Universal Imaging Corp.).
Image Quantification—Confocal images were used to quantify the
subcellular distribution and translocation of CB1R (11, 16). In-housedeveloped macro algorithms (available on request), written for the
public domain Object Image software (available on the World Wide Web
at simon.bio.uva.nl/object-image.html), were used to measure the subcellular distribution of the CB1Rs in HEK-293 cells. We measured
mean fluorescence density values S, C, and N, corresponding to the
surface (measured from the edge of the cell to 300 nm inside), cytoplasm, and nucleus of the cell. The nuclear fluorescence N, corresponding to the background, was subtracted from the S and C values, which,
once multiplied by the respective areas, yielded the S⬘ and C⬘ total
specific fluorescence. The displayed result is the S⬘/C⬘ ratio that we call
the membrane fluorescence ratio (MFR). The mean cell fluorescence,
measuring the CB1R expression level in individual cells, was obtained
by measuring the background-corrected mean density of the total cellular area (surface and cytoplasm).
RESULTS

CB1-EGFP Is Functional and Displays a Predominantly Intracellular Localization in HEK-293 Cells—In order to directly
visualize and quantify the traffic of the CB1R, we created a
chimeric protein by fusing EGFP to the C terminus end of the
CB1R (CB1-EGFP). CB1R activation results in cAMP inhibition by negatively regulating adenylate cyclase activity (6). In
nontransfected HEK-293 cells, forskolin stimulation induces a
37 ⫾ 1.03-fold accumulation of cAMP. In contrast, cells transiently expressing the wild type CB1R (CB1-WT) or CB1-EGFP
show a 2-fold lower level of cAMP accumulation, with a stimulation factor of 17.3 ⫾ 0.51 and 19.8 ⫾ 0.28, respectively (Fig.
1A). Thus, CB1R exerts a constitutive inhibitory effect on
cAMP accumulation in HEK-293 cells, consistent with previous
data obtained in CHO cells (7) or rat brain membrane preparations (17). This effect is similar for CB1-WT and CB1-EGFP,
showing that CB1-EGFP is functional.
Strikingly, observation of CB1-EGFP-expressing HEK-293
cells by confocal microscopy shows that CB1-EGFP receptors
are localized both on the plasma membrane and in intracellular
vesicles (Fig. 1B). We quantified CB1-EGFP subcellular distribution on confocal images by measuring the MFR, which is the
ratio of plasma membrane fluorescence over intracellular fluorescence (see “Experimental Procedures”). Quantification of
CB1-EGFP distribution on equatorial confocal sections of individual cells leads to a MFR of 0.19 ⫾ 0.02 for control cells in a
typical experiment (see Figs. 1E and 4, A (a) and B). If we
translate this value to express the percentage of CB1Rs that
are intracellular, the result shows that ⬃85% of CB1Rs are
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blotting and immunohistochemistry on CB1⫹/⫹ and CB1⫺/⫺ mice.2
The N-Ter antibody was produced by Double-X program (Eurogentec)
with coinjection of keyhole limpet hemocyanin peptides corresponding
to residues 22–36 and 53– 67 of the receptor in rabbits, followed by
affinity purification of the sera against the 53– 67 peptide. The antihuman transferrin receptor OKT9 antibody was from ATCC, and the
Cy3-conjugated transferrin was a gift from Dr. Alice Dautry (Institut
Pasteur, Paris, France). Anti-Golgi matrix 130 protein (GM130; Golgi
marker) was from Transduction Laboratories, the anti-protein-disulfide
isomerase (endoplasmic reticulum (ER) marker) was from Stressgene,
and the 6C4 antibody (marker of late endosomes (12)) was a gift of Dr.
Bruno Goud (Institut Curie, Paris, France). The Rab-EGFP (13) plasmids were generously provided by Dr. Robert Lodge (Université du
Quebec, Laval). Alexa®-labeled secondary antibodies were from Molecular Probes, Inc. (Eugene, OR). Cannabinoid ligands were from Tocris.
All other chemicals were from Sigma.
DNA Constructs—The CB1R sequence was amplified without its stop
codon from rat genomic DNA using the primers 5⬘-TTTGGATCCATGAAGTCGATCATCCTAGAT and 3⬘-TTTACCGGTAGAGCCTCGGCGGACGT and inserted between the AgeI and BamHI sites of the
pEGFP-N1 plasmid (Clontech), generating the CB1-EFGP construct.
The CB1-WT construct coding for the untagged CB1R was obtained by
inserting a stop codon into the CB1-EGFP sequence at the end of the
CB1R coding sequence using the QuikChangeTM mutagenesis system
(Stratagene). All constructs were verified by full-length sequencing.
Cell Culture and Transfection—HEK-293 cells (ATCC CRL-1573)
cultivated in minimal essential medium, 7.5% fetal calf serum (Invitrogen) were transfected in 6-well plates with 0.8 g of CB1-EGFP plasmid
DNA using Effectene reagent (Qiagen). For the Rab-EGFP experiments, cells were co-transfected with 0.4 g of Rab-EGFP plasmid. Lilly
pork kidney cells (LLC-PK1; ATCC CL-101) were grown and transfected as previously described (14). Neuroblastoma SHSY-5Y cells
(ATCC CRL-2266) were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum and transfected with 0.8 g of
plasmid CB1-EGFP DNA using Effectene.
Pharmacological Assays in HEK-293 Cells—For the cAMP assay, a
bioluminescent assay was performed following the manufacturer’s instructions (Tropix). Briefly, cells seeded in precoated 96-well plates
were preincubated the next day 15 min at 37 °C with phosphate-buffered saline, 0.1% bovine serum albumin, 1 mM isobutylmethylxanthine,
1 M RO20-1724 and then incubated for 15 min at 37 °C in the presence
of 10 M forskolin and processed for bioluminescent assay. For CB1R
trafficking experiments, cells were seeded 48 –72 h after transfection on
polyallylamine-treated chambered coverglass 8-well slides (Labtek,
Nunc) and assayed as described previously (11). Briefly, after a 1-h
preincubation with 70 M cycloheximide, cells were incubated for 15
min at 4 °C in Earle’s buffer (140 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 0.9
mM MgCl2䡠6H2O, 25 mM HEPES, pH 7.6) supplemented with 0.2%
bovine serum albumin, 0.01% glucose, 0.08 mM phenanthroline, and 70
M cycloheximide. Cells were then incubated with ligands in supplemented Earle’s buffer for 30 min at 4 °C, before being incubated at
37 °C for various periods of time. After incubation, cells were washed
with ice-cold Earle’s buffer and fixed.
Immunohistochemistry—The specificity of the C-Ter, L14, and N-Ter
antibodies was verified by colocalization of immunostaining with GFP
fluorescence in CB1-EGFP-expressing cells, and negative controls were
performed either by omitting the primary antibody or by depleting the
primary antibody with corresponding blocking peptides, resulting in a
complete loss of immunolabeling. The staining pattern of the C-Ter
antibody and that of the L14 antibody were similar. For immunostaining of fixed cells, HEK-293 cells were fixed for 15 min in phosphate-buffered saline, 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100, immunostained for 1 h for CB1R using the C-Ter or L14
primary antibody diluted to 1:1000 at room temperature, and incubated
for 30 min with anti-rabbit Alexa® 568 secondary antibody diluted to
1:400 at room temperature. For live immunostaining of surface receptors, cells were incubated for 5 min at the end of treatments in supplemented minimal essential medium with N-Ter antibody diluted to
1:400. Cells were fixed with phosphate-buffered saline, 4% paraformaldehyde and incubated for 30 min at room temperature with anti-rabbit
Alexa® 568 secondary antibody diluted to 1:400. For live antibody
feeding, cells were incubated for 2 h at 37 °C in supplemented minimal
essential medium with N-Ter antibody diluted to 1:200 and fixed with
4% paraformaldehyde. Cells were then incubated with anti-rabbit
Alexa® 568 secondary antibody without or after permeabilization with
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localized to cytoplasmic vesicles in the equatorial plane of control cells.
This distribution could result from heterologous overexpression of CB1R in HEK-293 cells. HEK-293 cells transiently
transfected with CB1-EGFP show a large range of expression
levels. We thus quantified 145 cells showing large variations
in the mean cell fluorescence (indicating expression level) and
of membrane fluorescence ratio (representing subcellular
distribution). The resulting graph (Fig. 1C) shows that there
is no correlation between the expression level and the
membrane/cytoplasm distribution, since the correlation coefficient R2 is very low (⬍0.005) and the slope of the correlation is
weakly negative, not significantly different from zero, showing
that the MFR does not vary with the mean cell fluorescence.
Moreover, GFP-tagged AT1A angiotensin II (11) or somatostatin SSTR2 receptors expressed at the same levels in HEK-293
cells localize predominantly at the plasma membrane (data not
shown), showing that overexpression is not the cause of intracellular receptor accumulation. Furthermore, it is not due to
the GFP tag, since untagged CB1-WT receptors detected by
immunohistochemistry display the same intracellular distribution (data not shown). Finally, a similar distribution is observed in cell lines other than HEK-293 such as polarized
epithelial LLC-PK1 cells (14) (Fig. 1D, a) or SHSY-5Y neuroblastoma cells (Fig. 1D, b), where CB1-EGFP also localizes
predominantly in intracellular vesicles.
Intracellular CB1R Distribution Indicates Endocytic Origin—Intracellular CB1R localization has been previously reported (18, 19), and these intracellular receptors could presumably correspond to maturing receptors in the neosynthetic
pathway. To assess the proportion of newly synthesized intracellular CB1R receptors, we monitored the distribution of CB1EGFP receptors after continuous treatment (1– 4 h) with cycloheximide, an inhibitor of protein synthesis. This treatment
does not change the distribution of CB1Rs (Fig. 1E), suggesting
that neosynthesis is not the primary source of intracellular
CB1R fluorescence.
We also performed labeling of various intracellular compartments of cycloheximide-treated CB1-EGFP-expressing cells
(Fig. 2): Golgi apparatus with anti-GM130 antibody (a– d), ER

FIG. 2. Immunolabeling pattern of intracellular CB1R suggest
endocytic origin. CB1-EGFP-expressing cells with immunostaining
of intracellular structures: Golgi apparatus (a– d), ER (e– h), TfR (i–l),
endocytosed Cy3-transferrin-containing endosomes (Tf; m–p), and late
endosomes (LE; q–t). Scale bar, 10 m. Insets (d, h, l, p, and t) show
higher magnification of the zone boxed in c, g, k, o, and s, with colocalization of receptor clusters with TfR- or Tf-positive endosomes
(arrowheads).

with anti-protein-disulfide isomerase antibody (e– h), transferrin receptor (TfR)-containing endosomes with anti-TfR
OKT9 antibody (i–l), endocytosed transferrin (Tf) with Cy3-
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FIG. 1. CB1-EGFP is functional and localizes in several cell lines to both the plasma membrane and endosomes. A, forskolinstimulated cAMP production of HEK-293 cells, untransfected (NT) or transfected with CB1-EGFP or CB1-WT. B, HEK-293 transiently expressing
CB1-EGFP (a), stained with C-Ter antibody (b), with overlay (c). Scale bar, 20 m. Note that untransfected cells (*) are not labeled by the C-Ter
antibody, showing its specificity (b). C, graph showing the MFR (ratio of the corrected total fluorescences of surface versus cytoplasm, as described
under “Experimental Procedures”) versus the mean cellular intensity (as a measure of CB1-EGFP expression level in each cell) for 145
CB1-EGFP-transfected HEK-293 cells. The MFR and the expression level are not correlated (R2 ⬍ 0.005). The gray bar shows the range of
qualifying transfection levels for quantification in subsequent experiments (mean cellular fluorescence from ⬃20 to ⬃50). On top are shown two
cells that correspond to a very low CB1R-expressing cell (left, green dot on graph) and a highly CB1R-expressing cell (right, blue dot on graph). The
two images were acquired and post-treated identically, and the two cells show the same distribution pattern for CB1R. Scale bar, 5 m. D, a,
confocal image of epithelial LLC-PK1 cells expressing CB1-EGFP. Scale bar, 10 m. b, confocal image of a neuroblastoma SHSY-5Y cell expressing
CB1-EGFP. Scale bar, 10 m. E, quantification of the MFR for CB1-EGFP-expressing cells after a 4-h incubation with or without 70 M
cycloheximide (CHX). n ⫽ 8 cells. Results are expressed as mean ⫾ S.E. and are representative of two independent experiments.
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conjugated Tf (m–p), and late endosomes with 6C4 antibody
(q–t). CB1Rs do not show major colocalization with neosynthesis (Golgi and ER) or with degradative (late endosomes) pathways. Intracellular CB1R-positive vesicles are morphologically
similar to TfR-positive endosomes, and several TfR- or Tfpositive endosomes contain CB1R (Fig. 2, i–p, arrowheads in l
and p), but CB1Rs do not significantly colocalize with TfRs that
appear in perinuclear recycling endosomes. Thus, the majority
of intracellular CB1Rs are not likely to correspond to maturing
or degrading receptors but rather have an endocytic origin.
Dynamics of CB1-EGFP in Living HEK-293 Cells—Live cell
imaging using four-dimensional deconvolution microscopy allowed us to gain insights into dynamics of CB1-EGFP in HEK
cells (Fig. 3 and Movie 1 in the Supplementary Material). Using
fast acquisition rates (one Z-stack every 3 s), we observed living
CB1-EGFP-transfected HEK-293 cells. This allowed us to track
CB1-EGFP-containing vesicles moving across the cytoplasm
with remarkable spatial and temporal resolution (Fig. 3, B and
C). Vesicles show various dynamics: certain ones are rapidly
moving over long distances across cytoplasm (red trajectory in
Fig. 3B), and others show rapid movements between periods of
relative immobility (see green trajectory in Fig. 3B and montage
in Fig. 3C), whereas others are more static (see blue trajectory
in Fig. 3B). Events of fission and fusion between vesicles or
with plasma membrane can also be observed. Thus, CB1-EGFP
show very fast dynamics in HEK-293 cells that are compatible
with possible constitutive trafficking of CB1R between plasma
membrane and cytoplasm.
CB1Rs Redistribute upon Treatment with Agonist and Inverse Agonist—Using confocal microscopy, we monitored the
effects of various cannabinoid ligands on the subcellular distribution of CB1-EGFP by measuring the MFR variation. In parallel, we labeled surface receptors with the N-Ter antibody,
directed against an extracellular epitope in the amino terminus
of the receptor. Incubation for 3 h with agonist WIN55,212-2
(WIN; 330 nM) (Fig. 4A) or CP 55,940 (1 M, data not shown)
leads to complete endocytosis of the plasma membrane-localized population of CB1Rs (Fig. 4, A and B), with a 75% decrease
of the MFR and an almost complete disappearance of surface
receptor labeling (Fig. 4A, e). Two other CB1R agonists: methanandamide (mAn), a stable analog of the endocannabinoid
anandamide, and the putative endocannabinoid noladin ether
(NE) also provoke CB1R endocytosis, with a decrease of the
MFR to values close to that induced by WIN (Fig. 4B). These
results are consistent with previous observations of CB1R endocytosis (18, 20 –22).

Next, we investigated the effects of the cannabinoid inverse
agonist AM281 (23), an analog of SR141716A (Rimonabant).
AM281 is able to antagonize endocytosis induced by the agonist
WIN (Fig. 4B), restoring the MFR of control cells. Importantly,
when applied alone, AM281 (7 M for 3 h) induces translocation
of intracellular CB1Rs toward the plasma membrane, clearing
the cytoplasm of CB1R-containing vesicles (Fig. 4A, g). The
antibody-labeled surface population rises (Fig. 4A, h), accompanied by a 2-fold increase of the MFR (Fig. 4B). Since the
amount of total CB1-EGFP fluorescence does not change notably after incubation with AM281 (data not shown), the upregulated plasma membrane-localized CB1Rs are most likely
to be translocated (externalized) from intracellular endosomes.
The structurally related inverse agonist AM251 has a similar
effect (data not shown). Control experiments using immunodetection of the untagged CB1-WT receptor demonstrated that
untagged CB1R trafficking induced by WIN and AM281 (data
not shown) is identical to CB1-EGFP.
To further characterize CB1R endocytosis and externalization, concentration-response and kinetic curves for translocation induced by WIN and AM281 were established (Fig. 4C).
WIN-induced endocytosis is dose-dependent with an EC50 of
2.07 ⫾ 0.01 nM, and AM281 induces dose-dependent externalization with an EC50 of 3.41 ⫾ 0.22 nM (Fig. 4C, a), values that
are close to the Kd reported for WIN and AM281 (24, 25).
Interestingly, kinetics of CB1R endocytosis and externalization
(Fig. 4C, b) are clearly different. WIN induces an exponential
decay of the membrane population of CB1Rs, with a half-time
of 4.3 ⫾ 0.6 min, leading to total endocytosis after 30 min, a
value that is typical for GPCR endocytosis (26). AM281-induced
externalization is slower, with a linear increase of the MFR
ratio reaching a plateau after 2 h.
CB1R Is Constitutively Endocytosed and AM281-induced Externalization Is Recycling-dependent—In order to directly demonstrate constitutive endocytosis, we incubated live CB1R-expressing HEK-293 cells with the N-Ter antibody. After 2 h of
incubation at 37 °C, the antibody is detected in intracellular
vesicles (Fig. 5A, e), showing constitutive endocytosis of CB1R.
One could predict that if receptors were constitutively endocytosed, blocking endocytosis without interfering with recycling
would lead to accumulation of receptors on the plasma membrane, mimicking the effect of AM281. Acute depletion of
plasma membrane cholesterol content by the use of methyl-␤cyclodextrin (M␤CD) has been shown to inhibit clathrin-mediated endocytosis of the TfR, whereas recycling of the TfR is not
modified by this treatment (27). Indeed, after incubation with
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FIG. 3. Live imaging of CB1-EGFP in HEK-293 cells. Four-dimensional deconvoluted time lapse imaging of a HEK-293 cell expressing
CB1-EGFP. Z-stacks of 15 images, with a 0.2-m step, were acquired every 3 s for 5 min. Shown are maximum projections of deconvoluted stacks.
A, cell at 0 s. Scale bar, 10 m. B, cell at the end of acquisition (300 s), with trajectories of three vesicles during acquisition. The times on trajectories
correspond to the total times during which the vesicle could be tracked. C, zoom corresponding to box on whole cell image (A) at different time
points, showing a mobile endosome highlighted in green (arrowhead, green trajectory on B).

Constitutive Trafficking of CB1R

10 mM M␤CD for 2 h, TfR endocytosis is strongly inhibited, and
recycled TfRs accumulate on the plasma membrane (Fig. 5B, e
and g). In a similar way, CB1Rs are strongly externalized by
this treatment (Fig. 5B, d and g), further indicating that the
formation of the intracellular pool of receptors is a result of
constitutive endocytosis.

FIG. 5. CB1R is constitutively endocytosed in HEK-293 cells, and
AM281-induced externalization is recycling-dependent. A, live NTer antibody feeding of CB1-EGFP expressing cells. Cells were incubated
for 2 h with N-ter antibody and fixed. Immunolabeling was performed
without (a– c) or after (d–f) permeabilization with Triton X-100. Scale bar,
10 m. B, effect of inhibition of endocytosis by acute depletion of plasma
membrane cholesterol on the subcellular distribution of TfR and CB1R.
Confocal images of CB1-EGFP-transfected HEK-293 cells fixed after 2 h
of incubation at 37 °C with vehicle (a– c), 10 mM M␤CD for acute depletion
of plasma membrane cholesterol (d–f), CB1-EGFP fluorescence (a and d),
TfR immunolabeling (b and e), and overlay (c and f). Scale bar, 10 m. g,
quantification of the effect of M␤CD treatment (n ⫽ 8 –15 cells). Results
are expressed as mean ⫾ S.E. and are representative of two independent
experiments. ***, p ⬍ 0.001 for significance of difference between control
and M␤CD treatment for CB1-EGFP. $$, p ⬍ 0.01 for significance between control and M␤CD treatment for TfR labeling. C, effects of recycling
inhibitor monensin on CB1R externalization. Confocal images of CB1EGFP transfected HEK-293 cells and treated 3 h at 37 °C with 7 M
inverse agonist AM281 alone (a) or together with monensin (Mon; 70 nM)
(b). Scale bar, 10 m. c, quantification of the effects of monensin on the
subcellular distribution and AM281-induced externalization of CB1EGFP (n ⫽ 8 cells). Results are expressed as mean ⫾ S.E. and are
representative of two independent experiments. **, p ⬍ 0.01; for significance of difference between distribution with vehicle-treated cells. ##, p ⬍
0.01 for significance between inverse agonist-induced externalization
with and without recycling inhibitor. Scale bar, 5 m.
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FIG. 4. Translocation of CB1R after pharmacological treatments in HEK-293 cells. A, confocal images of HEK-293 cells transfected with CB1-EGFP and treated for 3 h at 37 °C in the presence of
cycloheximide. Scale bar, 5 m. a– c, equatorial section of an untreated
cell showing EGFP fluorescence on the plasma membrane and in small
vesicules. a, CB1-EGFP fluorescence; b, surface receptors detected with
N-Ter antibody; c, overlay. d–f, endocytosis after incubation with 330
nM agonist WIN. g–i, externalization after treatment with 7 M inverse
agonist AM281. B, quantification of the subcellular distribution of CB1EGFP following incubation with ligands at a concentration corresponding to 100 times Kd: 330 nM for WIN, 9 M for methanandamide (mAn),
and 2 M for noladin ether (NE). Inverse agonist AM281 was applied at
a 500 Kd concentration (7 M). For each condition, the MFR was measured for a population of 8 –12 cells. C, a, concentration-response curves
for WIN and AM281 effects on subcellular CB1-EGFP distribution.
Cells were preincubated for 30 min at 4 °C with various concentration
of ligand and then incubated at 37 °C for 20 min without ligand for WIN
(pulse-chase) or 3 h in the presence of ligand for AM281. b, time course
of the effects of WIN and AM281 on subcellular CB1R distribution.
Cells were preincubated for 30 min at 4 °C with 330 nM WIN or 7 M
AM281 and then incubated at 37 °C for various periods of time in the
absence (WIN) or presence (AM281) of ligand. Results are expressed as
mean ⫾ S.E. and are representative of two independent experiments. *,
p ⬍ 0.05; **, p ⬍ 0.01; ***, p ⬍ 0.001, compared with control.
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If AM281 acts by sequestering CB1Rs that have been delivered to the plasma membrane by constitutive recycling, blocking the recycling process would antagonize the AM281 effect.
Monensin, a potent inhibitor of recycling (11, 25), strongly
inhibits the AM281-induced externalization (Fig. 5C). In addition, other compounds that have been shown to inhibit recycling of the TfR receptor (28, 29) and of the AT1A angiotensin II
receptor (13), the phosphoinositide 3-kinase inhibitors wortmannin and LY294002, and brefeldin A also inhibit CB1R
externalization induced by AM281 (data not shown). These
compounds have a broad range of cellular effects; they unravel
the constitutive endocytosis of CB1R and indicate that AM281
may act through constitutive recycling but do not allow unambiguous identification of the intracellular pathways involved.
Constitutive Cycling of CB1R Is Regulated by the Small
GTPases Rab5 and Rab4 but Not Rab11—We thus sought to
identify the molecular partners that control CB1R endocytosis
and recycling by studying the role of three members of the Rab
family of small GTPases (30). Rab5 is required for the delivery
of membrane proteins from the plasma membrane to early
endosomes (31), Rab11 has been shown to control the slow
component of recycling from the perinuclear recycling endosomes to the plasma membrane (32), whereas Rab4 was suggested to play a role in both slow and fast recycling to the

plasma membrane (33). Rab4, Rab5, and Rab11 have been
shown to control the agonist-mediated endocytosis and recycling of many GPCRs (34, 35). However, the role of these Rabs
has never been studied to specifically address constitutive trafficking of a constitutively active GPCR. In HEK-293 cells expressing EGFP-tagged Rab5, Rab4, or Rab11, we observed that
cotransfected CB1Rs colocalized mainly with Rab5 and Rab4
(Fig. 6A, arrows) but not significantly with Rab11 (Fig. 6C).
Control experiments show that the amount of wild type RabEGFP plasmids used for cotransfection does not interfere with
steady-state CB1R localization and ligand-induced translocation (Fig. 6, B and D; MFR for Rab4-WT-, Rab5-WT-, and
Rab11-WT-transfected cells is not significantly different from
the controls shown in Fig. 4B).
We then used GDP-bound (dominant negative) and GTPbound (dominant active) Rab mutants fused with EGFP (13) to
assess the influence of each Rab protein on the distribution of
CB1Rs and their ligand-induced translocation. Expression of
GDP-bound (dominant negative) Rab5-S34N induces an endocytosis deficit for CB1Rs (Fig. 6A, b), shifting the MFR toward
higher values for all pharmacological conditions (Fig. 6B, a).
Furthermore, endocytosis of CB1Rs is reduced after incubation
with WIN, suggesting that endocytosis is severely impaired. On
the contrary, expression of GTP-bound (dominant active) Rab5-
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FIG. 6. The constitutive endocytosis/recycling cycle of CB1R is regulated by Rab5 and Rab4 GTPases. HEK-293 cells were cotransfected with the CB1-WT receptor and EGFP-tagged wild type (RabWT) or mutant Rab GTPases. Two days later, cells were incubated for 3 h in
the presence of vehicle, 660 nM WIN, or 7 M AM281, permeabilized, and immunostained for CB1R using the L14 antibody and Alexa®-568
anti-rabbit secondary antibody. A, confocal images of representative cells for control conditions with different mutants (columns) of Rab5 or Rab4
GTPases (rows). Green, Rab-EGFP; red, CB1R immunolabeling; scale bar, 5 m. The insets show higher magnification of cells, with colocalization
of receptor clusters with Rab-positive endosomes (arrows) or noncolocalized structures (arrowheads). B, quantification of the receptor distribution
in cells expressing Rab5 (a) or Rab4 (b) mutants after a 3-h incubation at 37 °C with vehicle (Control), 660 nM WIN, or 7 M AM281 (n ⫽ 8 cells).
Results are expressed as mean ⫾ S.E. and are representative of two independent experiments. **, p ⬍ 0.01; ***, p ⬍ 0.001, compared with
vehicle-treated, RabWT-transfected cells; $$$, p ⬍ 0.001 compared with WIN-treated, RabWT-transfected cells; #, p ⬍ 0.05; ###, p ⬍ 0.001
compared with AM281-treated, RabWT-transfected cells. C, HEK-293 cells expressing Rab11WT-EGFP and CB1-WT immunolabeled for CB1R
with the L14 antibody (a– c) or expressing Rab11WT-EGFP alone immunolabeled for endogenous TfR using the OKT9 antibody (d–f). Scale bar,
5 m. The insets show higher magnification of cells; Rab11 is present mostly in perinuclear recycling endosomes (a and d, arrows), and CB1Rs do
not significantly colocalize (b, arrowheads), whereas TfRs show consistent colocalization (e, arrowheads) with this compartment. D, quantification
of the receptor distribution in cells expressing Rab11 mutants after a 3-h incubation at 37 °C with vehicle (Control), 660 nM WIN, or 7 M AM281
(n ⫽ 8 cells). Results are expressed as mean ⫾ S.E. and are representative of two independent experiments. ***, p ⬍ 0.001 compared with
vehicle-treated, RabWT-transfected cells.
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DISCUSSION

We have investigated spontaneous and ligand-induced intracellular translocation of CB1R in order to elucidate how an
important pharmacological property of this receptor, the high
level of constitutive activity (3), influences its functional trafficking. In HEK-293 cells as well as in LLC-PK1 epithelial cells
or SHSY-5Y neuroblastoma cells, CB1-EGFP is predominantly
localized in endosomes at steady state. Detailed analysis in
HEK-293 cells shows that this distribution is a result of
constitutive activity-dependent cycling of CB1R between
the plasma membrane and endosomes, mediated by the small
GTPases Rab5 and Rab4.
We used a GFP chimera protein to allow direct visualization
of CB1R. Such fusion proteins are now widely used to study
protein trafficking (38), and their usefulness is amply demonstrated for GPCRs (39, 40). In our study, we first verified that
CB1-EGFP was functional by measuring constitutive inhibition of cAMP accumulation after forskolin stimulation, showing
that tagged CB1-EGFP and untagged CB1-WT behaved similarly. Moreover, WIN-induced endocytosis and AM281-induced
externalization were also verified after immunolabeling of
CB1-WT (see Rabs-EGFP experiments), showing no differences
with CB1-EGFP. Thus, CB1-EGFP is a fusion protein whose
pharmacology and trafficking are similar to CB1-WT.
At steady state, CB1-EGFP is expressed on the plasma mem-

brane, but a substantial proportion (⬃85% of total fluorescence) of receptors is also present in intracellular vesicles. The
presence of intracellular CB1 receptors was also observed in
the pioneering studies of Hsieh et al. (18) in AtT20 cells and of
Coutts et al. (19) in hippocampal neurons. Intuitively, CB1Rcontaining intracellular vesicles could correspond to maturing
receptors in the neosynthetic pathway. In fact, several constitutively active GPCRs, like mutants of the vasopressin V2
receptor (41) or the wild type ␦-opioid receptor (42), are retained in the ER before reaching the cell surface, leading to a
mostly intracellular phenotype. However, we found no effect of
protein synthesis inhibition by cycloheximide (up to 4 h) on the
intracellular distribution of CB1-EGFP. Moreover, the colocalization of CB1R-containing endosomes with Rab5- and Rab4positive endosomes argues for localization of intracellular
CB1Rs in endocytosis and recycling pathways. Finally, CB1EGFP-positive vesicles do not significantly colocalize with organelles associated with synthesis (Golgi or ER) but rather
resemble endocytic vesicles (endosomes) like those positive for
TfR. The fact that only few endosomes contain both TfR and
CB1R suggests that sorting events separate endocytosed CB1R
and TfR, as described for the ␤2-adrenergic receptor and the
TfR (43). Interestingly, we also detect clear segregation
between CB1R and TfR in a downstream portion of the endocytic pathway, where CB1Rs avoid Rab11-positive perinuclear
recycling endosomes, whereas TfRs are enriched in this
compartment.
Our data suggest that CB1Rs are constitutively endocytosed.
First, antibodies that bind an extracellular epitope of CB1R in
live cells are spontaneously endocytosed and subsequently
found inside endosomes. Second, inhibition of clathrin-mediated endocytosis by acute depletion of plasma membrane cholesterol (27) translocates both intracellular TfRs and CB1Rs to
the plasma membrane, demonstrating that endocytosis is required to generate the intracellular population of CB1Rs, similarly to TfRs. Third, spontaneous endosomal accumulation of
CB1R is blocked by coexpression of a GDP-bound (inactive)
mutant of Rab5 and enhanced by the GTP-bound (active) mutant. These results imply that CB1Rs are constitutively endocytosed and use Rab5-mediated postendocytotic trafficking
pathways, similarly to agonist-activated GPCRs like the AT1A
angiotensin II receptor, the ␤2 adrenergic receptor, endothelin
receptors, and D2 dopamine receptors (35).
Constitutive (i.e. tonic) endocytosis in the absence of ligand
has also been observed for other wild type GPCRs such as
chemokine CXCR4 receptor (44), thyrotropin receptor (25), M2
muscarinic receptor (45), thrombin receptor (46), and thromboxane A2 receptor (47). However, these studies do not address
the relationship between constitutive activity and tonic
endocytosis.
The relationship between constitutive activity and constitutive endocytosis of the CB1R is revealed by the translocation
effect of inverse agonist treatment. Treatment with the inverse
agonist AM281 translocates intracellular CB1Rs to the plasma
membrane, as first observed by Rinaldi-Carmona et al. (21),
probably due to stabilization of the inactive form of the receptor
that does not internalize. Inverse agonist-induced externalization of a constitutively active GPCRs has also been shown
previously for mutants of AT1A (11), for vasopressin V2, and for
␣1B adrenergic receptor (48). The externalization process is
clearly different from the up-regulation phenomenon, a general
up-regulation of receptor expression level occurring after long
term (⬃24-h) treatment with inverse agonists and requiring
protein synthesis, as shown for constitutively active mutants of
the ␣1B adrenergic receptor (49). Here, the relatively short time
(⬃2 h) necessary to reach maximal inverse agonist effect, and
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Q79L favors endocytosis, leading to cells containing large aberrant vesicles (Fig. 6A, c), as described previously (13, 36). The
CB1R is endocytosed into these vesicles, leading to a drop of the
MFR. Interestingly, incubation with AM281 is able to externalize CB1R, but a considerable amount of receptor remains
sequestered in these large vesicles (Fig. 6B, a).
Effects of Rab4 mutants (Fig. 6A, d–f) are opposite to those of
Rab5 mutants, showing that Rab4 is involved in CB1R recycling. Expression of GDP-bound Rab4-S22N impairs recycling,
leading to a steady-state distribution with more endocytosed
receptors, and AM281 externalizes these receptors less efficiently (Fig. 6B, b). Notably, the intracellular pool of CB1Rs
does not colocalize with the Rab4-S22N-EGFP (Fig. 6A, e).
Furthermore, cotransfection of the GTP-bound Rab4-Q67L externalizes the receptors and is able to antagonize WIN-induced
endocytosis. The remaining intracellular pool of receptors colocalizes with Rab4-Q67L-EGFP-positive vesicles (Fig. 6A, f).
Finally, constitutive endocytosis and recycling of CB1R is not
dependent on Rab11, since no change occurs in the distribution
and translocation of CB1R when Rab11 mutants are co-expressed (Fig. 6, C and D). CB1R does not significantly colocalize
with Rab11 and seems to be largely excluded from Rab11positive perinuclear recycling endosomes (Fig. 6C, a– c), and
the few endosomes that are Rab11 and CB1R-positive are
rather likely to be Rab5-, Rab11-positive sorting endosomes
(37). The capacity to modify GPCR trafficking (32) of the Rab11
mutants employed in our study was verified using TfR immunolabeling. Contrary to CB1Rs, TfRs are largely present in
Rab11-positive perinuclear recycling endosomes (Fig. 6C, d–f).
Rab11 mutants were able to modulate TfR cycling, with enhanced plasma membrane localization of TfR in Rab11-WT- or
Rab11-Q70L (GTP-bound)-transfected cells compared with
nontransfected cells, whereas transfection of Rab11-S26N
(GDP-bound) leads to intracellular accumulation of TfRs compared with Rab11-WT-transfected cells (data not shown). Thus,
the lack of effects of Rab11 mutants on CB1R trafficking was
not due to inefficient Rab11 mutants but rather to the absence
of CB1R in Rab11-mediated trafficking pathways. CB1R are
thus likely to constitutively cycle between plasma membrane
and endosomes through Rab5-dependent constitutive endocytosis and Rab4-dependent constitutive recycling.
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the constant use of cycloheximide allows to rule out protein
synthesis as the primary source of externalized receptors. Furthermore, the total amount of CB1-EGFP fluorescence in cells
does not change notably along the time courses studied. The
alternative hypothesis of immature receptors being translocated from the ER to the plasma membrane by a chaperone
effect of membrane-permeant inverse agonists, as shown for
mutant vasopressin V2 receptors (41) or ␦ opioid receptors (50),
seems also not applicable here; intracellular CB1Rs are not
localized in the ER and are of endocytic origin. Furthermore,
AM281-induced externalization depends on Rab4 and is
blocked by monensin, showing involvement of recycling
pathways.
The intracellular CB1R population could result from internalization provoked by the presence of endogenous cannabinoid
ligands secreted by the cells or present in the serum-containing
medium, and, in this case, AM281 would act also as an antagonist. This possibility is difficult to formally exclude, since
there is no neutral antagonist for the CB1R. However, we found
no significant change in the CB1R distribution when we monitored CB1-EGFP-expressing HEK-293 cells up to 3 h after
incubation with fresh, ligand-free buffer (see the control curve
in Fig. 4C, b), indicating that basal endocytosis was not due to
secreted cannabinoid ligands but rather due to the constitutive
activity of CB1R.
To achieve externalization, there must be a mechanism that
brings CB1Rs to the plasma membrane. Here we suggest that
this mechanism is a constitutive recycling process; the majority
of CB1Rs externalized by the inverse agonist are probably
receptors that have been previously endocytosed. This constitutive recycling is dependent on Rab4, since a GDP-bound
(inactive) mutant of Rab4 promotes intracellular CB1R accumulation, whereas a GTP-bound (active) mutant leads to externalization. Rab4 is considered to drive both recycling from
early endosomes and recycling endosomes (37). Rab11 has been
shown to drive slow recycling from perinuclear recycling endosomes (32). CB1R does not seem to pass through Rab11-positive perinuclear recycling endosomes, and Rab11 does not in-
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FIG. 7. Proposed model for the constitutive trafficking of the
CB1R. Plasma membrane-localized CB1Rs are in an equilibrium between active R* (red) and inactive R (orange) states. Once activated,
either constitutively or by an agonist ligand, the receptor is internalized
through a Rab5-mediated pathway (green arrow). The receptor then
travels through early endosomes (EE) and sorting endosomes (SE) and
is recycled back to the plasma membrane by Rab4-mediated recycling
pathways (blue arrows). Since recycling is slower than endocytosis, the
majority of receptors are localized to endosomes at steady state. The
inverse agonist, which stabilizes the inactive conformation of the receptor, leads to externalization by sequestering recycled receptors on the
plasma membrane.

tervene in constitutive trafficking of CB1R. For CB1R, the
main recycling route seems to be Rab4-dependent, displaying
relatively slow kinetics, since AM281-induced externalization
is maximal after 2 h. Since recycling is slower than endocytosis,
as shown by different kinetics of WIN and AM281 effects, the
majority of CB1Rs is found in endosomes at steady state.
Thus, the CB1R is constitutively and permanently activated,
endocytosed, and recycled, and inverse agonists externalize
CB1R by inhibiting constitutive activation. Recently, constitutively active mutants of the AT1 angiotensin II receptor were
shown to participate in a similar cycle (11). Very recent work of
Marion et al. (10) also reports constitutive endocytosis and
inverse agonist-induced externalization of constitutively active
forms of the 5HT2C serotonin receptor, showing constitutive
recruitment of ␤-arrestin 2. Here we extend the model of constitutive endocytosis for another constitutively active wild type
GPCR, the CB1R, and we also identify the intracellular pathways implicated in this constitutive endocytosis and recycling.
Our model of the constitutive trafficking cycle of CB1Rs between plasma membrane and endosomes is depicted in Fig. 7.
The question of the physiological relevance of such a cycle
remains open, and constitutive trafficking of CB1R in neurons
is currently under investigation in our laboratory. Nevertheless, in vivo description of constitutively active endogenous H3
receptors (51), together with discovery of the first endogenous
inverse agonists, the agouti-related peptide on the melanocortin MC1 receptor (52, 53), has paved the way toward new
paradigms of GPCR physiology and deeper understanding of
brain function.
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