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Opioid tendency to generate analgesic tolerance has been previously linked to biased internalization. Here, we assessed an alternative
possibility; whether tolerance of delta opioid receptor agonists (DORs) could be related to agonist-specific recycling. A first series of
experiments revealed that DOR internalization by DPDPE and SNC-80 was similar, but only DPDPE induced recycling. We then estab-
lished that the non-recycling agonist SNC-80 generated acute analgesic tolerance that was absent in mice treated with DPDPE. Further-
more, both agonists stabilized different conformations, whose distinct interaction with G�� subunits led to different modalities of
�-arrestin2 (�arr2) recruitment. In particular, bioluminescence resonance energy transfer (BRET) assays revealed that sustained acti-
vation by SNC-80 drew the receptor C terminus in close proximity of the N-terminal domain of G�2, causing �arr2 to interact with
receptors and G�� subunits. DPDPE moved the receptor C-tail away from the G�� dimer, resulting in �arr2 recruitment to the receptor
but not in the vicinity of G�2. These differences were associated with stable DOR-�arr2 association, poor recycling, and marked desen-
sitization following exposure to SNC-80, while DPDPE promoted transient receptor interaction with �arr2 and effective recycling, which
conferred protection from desensitization. Together, these data indicate that DORs may adopt ligand-specific conformations whose
distinct recycling properties determine the extent of desensitization and are predictive of analgesic tolerance. Based on these findings, we
propose that the development of functionally selective DOR ligands that favor recycling could constitute a valid strategy for the produc-
tion of longer acting opioid analgesics.

Introduction
Opioids are the most efficacious analgesics known, but their use
is restricted by the development of tolerance (Dworkin, 2009).
Analgesic tolerance is defined as a decrease in potency following
repeated drug administration. Depending on the time frame for
its development, tolerance may be classified as acute (minutes to
hours) or chronic (days to weeks) (Christie, 2008). Reports show-
ing that knockout of �-arrestin2 (�arr2) reduced acute and
chronic tolerance induced by morphine indicate that �arr2 plays
an important role in the generation of each of these functional

adaptations (Bohn et al., 1999, 2000, 2002). At the molecular
level, �arrs participate in the regulation of opioid receptor signal-
ing (Dang et al., 2011; Raehal and Bohn, 2011), contributing to
functional desensitization (Lowe et al., 2002; Qiu et al., 2007) and
triggering internalization (Zhang et al., 2005; Qiu et al., 2007). In
the case of DORs, internalization may lead to lysosomal traffick-
ing for subsequent degradation (Whistler et al., 2002; Hislop et
al., 2009) or may result in receptor recycling (Gomes et al., 2000;
Zhang et al., 2008) via a Rab11-dependent mechanism (Archer-
Lahlou et al., 2009). The sorting of DORs to these alternative
destinations has also been shown to involve �arr2 (Zhang et al.,
2008).

The exact mechanism by which �arrs contribute to analgesic
tolerance remains unclear (Dang et al., 2011; Nagi and Piñeyro,
2011). Studies using �-opioid receptor (MOR) agonists indicate
that different opioids induce different degrees of tolerance. For
example, morphine produces similar analgesic tolerance as oxy-
codone (Madia et al., 2009), but more so than methadone (Kim et
al., 2008) or etorphine (Madia et al., 2009). Since internalization
efficacy of these agonists is also distinct (Arttamangkul et al.,
2008), tolerance has been linked to differences in agonist ability
to recruit �arrs and induce MOR sequestration (Martini and
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Whistler, 2007). DOR agonists with distinct internalization pro-
files also differ in the generation of tolerance. In particular, ad-
ministration of the internalizing agonist SNC-80 resulted in
acute analgesic tolerance that was not observed following the
administration of non-internalizing AR-M1000390 (Pradhan et
al., 2009). On the other hand, alternative reports indicate that
DOR internalization and tolerance may not be strictly related.
For example, deltorphin II and SB235863 have similar internal-
ization capacity as SNC-80, but, unlike the latter, they maintain
their analgesic efficacy after acute administrations (Beaudry et al.,
2009, 2009). Furthermore, despite differences in triggering inter-
nalization, long-term administration of SNC-80 and of AR-
M1000390 both eventually result in the generation of tolerance
(Pradhan et al., 2010).

In the present study, we tested the hypothesis that biased re-
cycling could predict the degree of tolerance induced by DOR
agonists. Our results indicate that SNC-80 generated acute anal-
gesic tolerance whereas DPDPE did not. Assays monitoring DOR
trafficking in HEK293 cells and neurons revealed that maximal
internalization by both agonists was the same, but only DPDPE
elicited receptor recycling. Importantly, BRET assays showed
that differences in recycling resulted from stabilization of ligand-
specific conformations that established distinct interactions with
G�� subunits and �arr2.

Materials and Methods
DNA constructs
Constructs encoding human DORs fused to either the green fluorescent
(GFP) or yellow green fluorescent protein (YFP) were generated by sub-
cloning the entire coding sequence (excluding the stop codon) of the
receptor into pGFP-N2 (PerkinElmer Life) or pEYFP-N2 (BD Biosci-
ences) vectors, to produce a fusion protein in which the receptor was
separated from the corresponding fluorophore by a seven-amino acid
linker (Breit et al., 2006). Plasmids encoding GFP or YFP fused at the N
terminus of human G�2 were obtained by subcloning the human G�2
coding sequence into GFP or YFP vectors (Galés et al., 2005). The recom-
binant plasmid encoding for human G�i1-Luc91 was prepared using a
flexible linker to insert the coding sequence of humanized Renilla lu-
ciferase (RLuc; PerkinElmer Life Sciences) into that of human G�i1

between residues Leu91 and Lys92 (Audet et al., 2008). The GFP10-Epac-
Rluc BRET 2-cAMP biosensor was constructed in three steps as described
by Leduc et al. (2009). First, GFP10, the linker GSAGT-(Acc65I/
HindIII)-KLPAT, and Rluc were inserted in pcDNA3.1/Zeo (Invitrogen)
(Hamdan et al., 2007). Part of human Epac1 (residues 144 – 881) was
then amplified by PCR, digested by Acc65I-HindIII, and inserted using
the same restriction sites between GFP10-GSAGT and KLPAT-Rluc3 in
pCDNA3.1/Zeo. Finally, the substitutions T781A and F782A were intro-
duced by PCR to remove the Rap1-binding site of Epac1. Murine DORs
tagged with the Flag epitope at the N terminus were a generous gift from
Dr. M. von Zastrow (University of California at San Francisco, San Fran-
cisco, CA).

Cell culture and transfections
Immortalized cell lines. Human embryonic kidney 293 (HEK293) cells
were cultured in DMEM supplemented with 10% fetal bovine serum, 2
mM L-glutamine, 100 unit/ml penicillin-streptomycin, at 37°C in a hu-
midified atmosphere at 95% air and 5% CO2. For transient expression of
recombinant proteins, HEK293 cells were seeded at a density of 3 � 10 6

cells in 100 mm Petri dishes, cultured for 24 h, and transfected with
vectors encoding BRET constructs for DORs, G-protein subunits, or
�arr2 in combination with complementary signaling partners, as de-
tailed below. Transfections were done with polyethylenimine (Poly-
sciences) according to a previously published protocol (Boussif et al.,
1995). For trafficking and binding assays, HEK293 cells were stably trans-
fected with Flag-DORs. Monoclonal cell lines were produced using Li-
pofectamine (Invitrogen) to transfect 6 �g of DNA/100 mm Petri dish
followed by selection with G418 (500 �g/ml). For cAMP accumulation

assays, HEK293-Flag-DOR cells were plated onto 100 mm Petri dishes
and transfected with 3 �g of the GFP10-Epac-Rluc BRET2-cAMP bio-
sensor using Lipofectamine (Invitrogen). Cells were then subject to se-
lection using hygromycin (50 �g/ml).

Primary neuronal cultures. Primary neuronal cultures for use in immu-
nofluorescence assays were prepared from rat postnatal prefrontal cortex
(P0 –P2) using a procedure adapted from a previously described method
(Fasano et al., 2008). Briefly, pups were cryoanaesthetized, their brains
rapidly removed and transferred into ice-cold dissociation solution
(NaS04 90 mM; K2SO4 30 mM; MgCl2 5,8 mM; CaCl2;HEPES 10 mM;
glucose 20 mM; pH 7,4). The prefrontal cortex was dissected and digested
in papain solution (20 units per ml; 40 min at 37°C), following which the
product was passed through Pasteur pipettes of progressively decreasing
diameter for mechanical dissociation. The suspension obtained was cen-
trifuged, cells resuspended, and diluted to a density of 2.5 million per
milliliter before plating on glass coverslips precoated with collagen/poly-
L-lysine (each at 0.1 mg/ml). Cells were cultured in NeuroBasal A
medium supplemented with B27 (4%), 100 unit/ml penicillin-
streptomycin, Glutamax (2%), and fetal bovine serum (10%) for 24 h. At
this time, coverslips were transferred from their home dish to a 6-well
plate containing 2 ml of NeuroBasal A medium/well and transfected with
Flag-DORs (8 �g of DNA/well) by means of a modified calcium phos-
phate transfection protocol (Shieh et al., 1998). Briefly, a calcium phos-
phate/DNA precipitate was formed in HEPES-buffered saline (pH 7.03)
and was added drop wise to the NeuroBasal A medium. After 30 min
transfection, neurons were washed in Hank’s balanced salt solution and
returned to their original culture medium.

Evaluation of DOR trafficking in HEK293 cells
ELISA-based assays. Measurement of surface-expressed receptors and
quantification of receptor internalization was assessed using an ELISA-
based method adapted from a previously published protocol (Archer-
Lahlou et al., 2009). HEK293 cells stably expressing Flag-DORs were
seeded at a density of 10 5 cells/well and grown on 24-well polylysine-
coated plates for 48 h. The day of the experiment, vehicle, DPDPE, or
SNC-80 (1 �M) were introduced in new incubation medium containing
DMEM/HEPES 20 mM for the indicated times. The internalization reac-
tion was stopped by addition of cold PBS. After three PBS washes, cells
were fixed for 15 min at 4°C in paraformaldehyde (3%) and nonspecific
binding was blocked by incubation with PBS/BSA 1%/CaCl2 1 mM at
room temperature (RT) for 30 min. Cells were subsequently incubated
with anti-FLAG M1 antibody (1:1000; Sigma-Aldrich) for 1 h (RT),
washed three times, and incubated with peroxidase-conjugated (HRP)
anti-mouse antibody (1:8000; GE Healthcare) for 30 min. After extensive
washing, 200 �l of the HRP substrate o-phenylenediamine dihydrochlo-
ride (SIGMA FAST OPD, Sigma-Aldrich) was added to each well. The
reaction was allowed to proceed for 8 min and stopped using 50 �l of 3N
HCl. Two-hundred microliters of the mix were then transferred to a
96-well plate for optical density (OD) evaluation at 492 nm in a micro-
plate reader (Victor3; PerkinElmer). OD readings corresponded to the
signal generated by receptors at the cell surface. The amount of sur-
face receptors internalized following exposure to agonists was calcu-
lated by subtracting OD obtained in the presence of agonist from the
one obtained in its absence. Results were expressed as percentage of
receptors initially present at the membrane according to the following
calculation: 100 � (OD Basal �OD Stimulated)/(OD Basal) where OD Basal

and OD Stimulated correspond to the signal obtained in absence or
presence of agonist respectively.

Recycling of internalized receptors to the plasma membrane was esti-
mated using a variant of the assay described above. One hour before
inducing internalization with a single dose of DPDPE or SNC-80 (1 �M;
30 min), protein synthesis was blocked with 10 �M cycloheximide that
remained present throughout the duration of the assay. At the end of the
internalization period, the agonist was removed by washing with DMEM
at 37°C (3 � 1 min). Cells were then placed within the incubator to
recover in an agonist-free medium (DMEM/HEPES/cycloheximide) for
increasing periods of time. In experiments using naltrindole (1 �M),
naloxone (1 �M), or morphine (10 �M), these drugs were introduced
immediately after agonist washout and remained present in the incuba-
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tion medium throughout recovery. Experiments were stopped by addi-
tion of cold PBS, and the steps to label membrane DORs proceeded as
described in the previous paragraph. The amount of internalized recep-
tors that recycled back to the surface was expressed as percentage of
receptors internalized following exposure to the agonist.

Flow cytometry assays. HEK293 cells stably expressing FLAG-DORs were
incubated with vehicle (DMSO 0,01%), D-Pen-2,5-enkephalin (DPDPE), or
(�)-4-[(aR)-a-((2S,5R)-4-Allyl-2,5-dimethyl-1-piperazinyl)-3-methoxy-
benzyl]-N,N-diethylbenzamide (SNC-80) (1 �M) for the indicated time pe-
riods. At the end of treatment, cells were washed three times in ice-cold PBS
and subsequently resuspended in Tyrode’s solution (140 mM NaCl, 2,7 mM

KCl, 1 mM CaCl2, 12 mM NaHCO3, 5,6 mM D-glucose, 0,49 mM MgCl2, 0,37
mM NaH2PO4, 25 mM HEPES pH 7,4) at 4°C. Nonspecific sites were blocked
with Tyrode containing 1% BSA for 30 min (4°C) and surface receptors were
then labeled by successive incubation with first (1:1000; anti-FLAG rabbit
Sigma-Aldrich) and second (1:1000; goat anti-rabbit, Alexa Fluor 488, Invit-
rogen) antibodies (30 min). After labeling, cells were washed two times with
Tyrode’s solution and Flag-DORs present at the membrane were quantified
by flow cytometry on a FACsCalibur flow cytometer (BD Biosciences). In-
ternalization was calculated by subtracting membrane fluorescence gener-
ated by treated samples from fluorescence produced in vehicle-treated cells.
Results were expressed as a percentage of membrane labeling in the absence
of ligand.

Evaluation of DOR trafficking in neurons
Immunocytochemistry experiments were performed 2 d after transfec-
tion. Labeling of surface Flag-DORs was done by introducing Ca 2�-
dependent mouse anti-Flag M1 antibody (1:100; Sigma) to the
incubation medium 30 min before vehicle (DMSO 0,01%), DPDPE, or
SNC-80 (10 �M). Following treatments of increasing durations (15–120
min), neurons were washed in Ca 2�-free PBS (3 � 1 min, at 37°C). These
washes allowed us to remove treatment drugs as well as antibody bound
to surface receptors, thus ensuring that only internalized Flag-DORs that
were protected from washes conserved their first antibody labeling (Var-
gas and Von Zastrow, 2004). In experiments monitoring internalization,
washed cells were immediately fixed with 4% PFA and permeabilized in
PBS/0.1%Triton. Nonspecific sites were blocked with PBS/BSA 1% (10
min at RT), and neurons were then exposed to second antibody (donkey
anti-mouse Alexa-488; 1:1000; Invitrogen). Images were acquired using a
FluoView 1000 confocal laser-scanning microscope (Olympus). Mean
cytosolic labeling intensity was quantified in cells that had been exposed
to vehicle or agonist for 60 min, using ImageJ according to a previously
described method (Scherrer et al., 2006). Briefly, nuclear integrated in-
tensity was subtracted from the integrated intensity present within the
perimeter of the neuron soma. The resulting value was divided by the
area comprised between the nuclear and outer perimeters of the cell to
yield mean cytosolic intensity. Nuclear fluorescence was considered as
the background.

In experiments assessing receptor recycling, cells were labeled with
first antibody as above and exposed to agonist or vehicle for 60 min.
Following treatment, neuron cultures were washed in Ca 2�-free PBS
(3 � 5 min, at 37°C) and returned to the incubator for 60 min recovery in
neurobasal medium. After recovery, cells were fixed and processed as
above to assess intracellular fluorescence. For evaluation of surface label-
ing, neurons that had recovered from agonist exposure were washed with
PBS and exposed to second antibody without being permeabilized. Re-
cycling was determined from two complementary measures: (1) evaluat-
ing intracellular fluorescence that remained present after recovery from
agonist exposure, and (2) counting the number of cells that recovered
surface labeling following incubation in the absence of ligand. In total,
four independent experiments were performed in which 8 –28 neurons/
condition were sampled.

Intermolecular BRET assays
All BRET assays were performed in HEK293 cells. The effect of sustained
agonist exposure on DOR-G-protein interaction was assessed using a
methodology that we had previously developed and validated for detec-
tion of ligand-induced conformational changes within DOR-G-protein
complexes (Galés et al., 2005, 2006; Audet et al., 2008; Audet and Piñeyro,

2011). Briefly, 100 mm Petri dishes plated with HEK293 cells were trans-
fected with: (1) DOR-GFP (8 �g), G�i1-Luc (1 �g), G�1 (4 �g), and G�2
(4 �g) or (2) DOR-Luc (0.25 �g), GFP-G�2 (6 �g), G�i1 (4 �g), and
G�1 (4 �g). These BRET constructs have been previously shown to sup-
port normal signaling and to establish specific interactions among them-
selves (Galés et al., 2005, 2006; Audet et al., 2008). Two days after
transfection, HEK293 cells expressing different BRET pairs and their
accessory subunits were exposed to vehicle, DPDPE, or SNC-80 (1 �M)
for 60 min. At the end of treatment, cells were washed three times (1 min
each) with PBS at 37°C, before distributing them into 96-well micro-
plates (white Optiplate; PerkinElmer Life Sciences). The Rluc substrate,
DeepBlueC coelenterazine (PerkinElmer Life Sciences), was manually
added into each well to a final concentration of 5 �M, and BRET2 read-
ings were obtained 2 min after substrate addition (Galés et al., 2005;
Audet et al., 2008). In experiments assessing the acute effect of naltrin-
dole (1 �M) on cells that had been preexposed to DPDPE and SNC-80,
HEK293 cells were treated and washed as above and the antagonist was
introduced 2 min before coelenterazine. BRET2 readings were obtained
using a modified top-count apparatus (TopCount; NXTTM, Packard
Bioscience) that allows the sequential integration of the signals detected
in the 370 – 450 nm and 500 –530 nm windows. The BRET2 signal gen-
erated by each sample was determined by calculating the ratio of the light
emitted by GFP (500 –530 nm) over the light emitted by Rluc (370 – 450
nm). BRET2 values were then corrected by subtracting the background
signal (detected when the Rluc-tagged construct was expressed without
acceptor) from the BRET signal detected in cells coexpressing both Rluc
and GFP (netBRET).

For assessing �arr2 recruitment, BRET1 assays were conducted using a
modified version of a protocol that we had previously optimized for this
purpose (Azzi et al., 2003). HEK293 cells grown in 100 mm Petri dishes
were transfected with: (1) �arr2-Luc (0.5 �g), DOR-YFP (6 �g), G�i1 (3
�g), G�1 (3 �g), and G�2 (3 �g) or (2) �arr2-Luc (0.5 �g), YFP-G�2 (3
�g), G�i1(3 �g), G�1(3 �g), and Flag-DORs (6 �g). The ability of the
�arr2-Luc construct to support normal DOR internalization as well as
the specificity of its interaction with DOR-YFP or YFP-G�2 were estab-
lished before its use (data not shown). Two days after transfection,
HEK293 cells were used to monitor one of the following: (1) the kinetics
of �arr2-Luc recruitment to DOR-YFP or YFP-G�2; (2) the effect of
sustained agonist exposure on each of these BRET pairs, or (3) the BRET
signal generated by �arr2-Luc/DOR-YFP and �arr2-Luc/YFP-G�2 pairs
at different times during recovery from agonist treatment. For kinetic
assays cells were suspended in PBS (RT), transferred to 96 well plates, and
introduced into a Victor3 plate reader (PerkinElmer Life Sciences) in
which coelanterazine h (1 �g/ml) was automatically injected into each
well. DPDPE or SNC-80 (10 �M) were injected 5 min later, and BRET1
measures were obtained every 18 s for a period of 6 min. For the two other
assays, cells were kept in the incubator at 37°C and treated with DPDPE
or SNC-80 (1 �M) for 30 or 60 min. At the end of treatment, cells were
washed with PBS (3 � 1 min, DMEM, 37°C) and either immediately
redistributed to 96-well plates for BRET1 readings, or were returned to
the incubator to recover from treatment before BRET measures were
taken. BRET1 readings were obtained 5 min after manual addition of
coelenterazine h using 440 – 480 and 520 –550 nm filters, to respectively
monitor Rluc and YFP emissions. Corrected netBRET1 values were ob-
tained as above.

Intramolecular BRET for evaluation of cAMP accumulation
Changes in intracellular cAMP levels were assessed by means of an Epac-
BRET2 biosensor (Leduc et al., 2009), which undergoes conformational
changes upon cAMP binding (Barak et al., 2008). These conformational
changes modify the basal signal generated by donor-acceptor pairs lo-
cated at the C- and N-terminal ends of the biosensor, thus allowing to
monitor variations in second messenger levels by monitoring changes in
BRET (Barak et al., 2008; Leduc et al., 2009). Specifically, HEK293 cells
stably expressing Flag-DORs and the Epac-BRET cAMP biosensor (Le-
duc et al., 2009) were seeded at a density of 5000 cells/well and grown on
96-well polylysine-coated plates for 48 h. The day of the experiment,
medium was replaced with fresh DMEM/20 mM HEPES and 1 h before
exposure to DPDPE, SNC-80 (1 �M; 60 min) or vehicle (DMSO 0.01%)
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cells were treated with 10 �M cycloheximide, which was allowed to re-
main in the incubation medium throughout the experiment. In experi-
ments in which monensin (50 �M) was used, the drug was introduced
into the incubation medium together with cycloheximide and also re-
mained present throughout the experiment. At the end of treatment with
DPDPE or SNC-80, cells were washed (2 � 1 min) with PBS at 37°C and
were immediately incubated with Tyrode’s solution containing 20 �M

forskolin, 750 �M isobutyl-methyl-xanthine (IBMX), and indicated
DPDPE concentrations. After 3 min incubation with forskolin, IBMX,
and DPDPE, DeepBlueC coelenterazine was added into each well to a
final concentration of 5 �M. BRET2 readings were obtained 9 min after
substrate addition to allow for cAMP accumulation to take place. Alter-
natively, cells were washed (3 � 1 min) with DMEM/20 mM HEPES at
37°C and returned to the incubator to recover for 30 min before cAMP
production was assessed. Inhibitory dose–response curves were obtained
by subtracting BRET ratios obtained in the presence of increasing con-
centrations of DPDPE from basal ratios. Values obtained in presence or
absence of monensin were each normalized to the maximal inhibition
induced by DPDPE in their corresponding controls. Before carrying out
experiments, the ability of the biosensor to detect changes in cAMP pro-
duction was compared with a previously described radiometric method
(Audet et al., 2005) EC50 values for DPDPE-mediated modulation of
cAMP production were 7 � 1 and 4 � 1 nM for radiometric and BRET-
based assays, respectively (n � 3– 6).

Coimmunopurification and Western blot
This procedure was adapted from a previously described method
(Archer-Lahlou et al., 2009). Briefly, HEK293 cells were transfected with
�arr2-Luc (0.5 �g), YFP-G�2 (3 �g), G�i1 (3 �g), G�1 (3 �g), and
Flag-DORs (6 �g). Two days later, HEK293 cells were treated with
DPDPE or SNC-80 (1 �M; 30 min), and, at the end of incubation, they
were either immediately used for membrane preparation or washed (3 �
1 min, DMEM, 37°C) and allowed to recover for 30 min before their use.
Membranes were prepared by suspending cells in lysis buffer (5 mM Tris
pH 7,4, 3 mM MgCl2, 2 mM EDTA, 1 mM NaF, 1 mM Na3VO4, 5 �g/ml
leupeptine, 5 �g/ml soybean trypsin inhibitor, and 10 �g/ml benzami-
dine;) and homogenizing them in an ultraturax (IKA). Following a short
centrifugation at 500 � g to pellet mitochondria and nuclei, the super-
natant containing membranes and cytosol was recovered and centrifuged
at 30,000 � g for 20 min. The resulting membrane pellet was resuspended
in lysis buffer for a second round of centrifugation (30,000 � g; 20 min).
At the end of this second round, the membrane pellet was suspended in
solubilization buffer (0.5% N-dodecyl-maltoside, 25 mM Tris pH 7.4, 140
mM NaCl, 2 mM EDTA, 1 mM NaF, 1 mM Na3VO4, 5 �g/ml leupeptine, 5
�g/ml soybean trypsin inhibitor, and 10 �g/ml benzamidine) and agi-
tated at 4°C for 2 h, following which the solubilized material was centri-
fuged at 20,000 � g for 30 min. Flag-DORs were immunopurified from
the supernatant by means of an anti-FLAG M2 antibody resin. Briefly, 40
�l of antibody-coupled resin equilibrated in solubilization buffer and
supplemented with 0.1% bovine serum albumin (w/v) were added to 500
�l of solubilized membranes and kept overnight at 4°C under gentle
agitation. The next morning the resin was centrifuged, washed twice with
500 �l of solubilization buffer, and four times with 500 �l of modified
solubilization buffer [containing 0.1% instead of 0.5% N-dodecyl-
maltoside (w/v)]. The receptor was then eluted by incubating the resin
for 10 min at 4°C with 100 �l of modified solubilization buffer contain-
ing the FLAG peptide (150 �g/ml). This elution was repeated three times,
and the eluates were combined and concentrated by membrane filtration
over Microcon-30 concentrators (Millipore). SDS sample buffer was
then added and samples were used for SDS-PAGE. Resulting gels were
transferred onto nitrocellulose (GE Healthcare), and �arr2-Luc or YFP-
G�2 recovered with Flag-DORs were revealed using mouse anti-Luc (1:
1000 Millipore) or rabbit anti-GFP (1:10,000; Abcam) antibodies,
followed by corresponding secondary HRP-conjugated antibodies (1:
40,000; GE Healthcare). Flag-DORs in each sample were detected by
probing membranes with rabbit anti-FLAG antibody (1:5000; Sigma)
and the corresponding secondary antibody (1:40,000; GE Healthcare).
Chemiluminescence detection reagents (GE Healthcare) were used to
reveal the blotted proteins, and relative intensities of the labeled bands

were analyzed by densitometric scanning using MCID (Imaging Re-
search). Densitometric values were used to calculate �arr2-Luc/Flag-
DOR and YFP-G�2/Flag-DOR ratios for each condition.

Radioligand binding assays
Binding assays were performed in HEK293 cells stably transfected with
Flag-DORs. The method used has been previously described (Piñeyro et
al., 2001). Briefly, saturation curves were obtained by suspending 25 �g
of protein in 300 �l of PBS and incubating cells for 1 h (21°C) at RT with
increasing concentrations of [ 3H]naltrindole (0.05–5 nM). For competi-
tion binding assays, cells were similarly diluted and incubated with 1.5 nM

[ 3H]naltrindole together with increasing concentration of the unlabeled
antagonist. Nonspecific binding was determined in the presence of 10 �M

naltrindole. Incubation was terminated by rapid filtration in a cell har-
vester (Inotech) through GF/C filters (Whatman) presoaked in 0.1%
polyethylenimine. Bound radioactivity was measured by scintillation
counting, and binding parameters were calculated from nonlinear least-
squares analysis of the experimental data using Prism (Graph-Pad
Software).

Surgical procedures, drug treatments, and behavioral measures
The spared nerve injury model of neuropathic pain was induced in male
CD-1 mice as previously described (Decosterd and Woolf, 2000; Shields
et al., 2003). Nerve injury-dependent induction of mechanical hypersen-
sitivity was measured using calibrated von Frey filaments according to
the up-down method (Chaplan et al., 1994), using filaments selected for
mice (Millecamps et al., 2010) and expressed as the 50% withdrawal
threshold in grams. Lower thresholds indicate increased sensitivity. The
induction of mechanical hypersensitivity was confirmed 1 month follow-
ing surgery and DPDPE (10 nmoles), SNC-80 (60 nmoles), or vehicle
(0.3% tartaric acid in distilled water) were injected intrathecally by direct
lumbar puncture (Hylden and Wilcox, 1980). Animals were tested at 15
min intervals for 60 min and then a second injection was administered.
Injections and behavioral measures were performed by two different
experimenters, each blind to experimental group.

Statistical analyses
BRET, binding, and coimmunoprecipitation experiments as well as
FACs and ELISA-based assays were analyzed using one-way or two-way
ANOVA. cAMP accumulation data were analyzed using three-way
ANOVA. Mean cytosolic labeling intensity in neurons was analyzed by
two-way ANOVA and the number of cells displaying surface labeling was
analyzed with a two-tail paired t test. In every case, unequal groups were
orthonormalized by Gram–Schmidt procedure. Post hoc Bonferroni tests
were used as required to compare selected groups.

Results
DPDPE and SNC-80 display similar internalization but
distinct recycling profiles
Recent reports suggest that biased internalization may predict
DOR agonist ability to induce tolerance (Pradhan et al., 2009,
2010). Here, we were interested in establishing the extent to
which tolerance may be predicted from the recycling profile of
DOR agonists. DPDPE and SNC-80 were chosen as test ligands as
they phosphorylate DORs at different residues (Okura et al.,
2003), differences that may influence both DOR internalization
(Zhang et al., 2005) and recycling (Zhang et al., 2008). Trafficking
induced by each agonist was assessed in HEK293 cells and cortical
neurons to ensure that if differences between ligands were ob-
served, they would not be due to the cellular background in which
receptors were expressed. Internalization was first assessed in
cortical neurons, using an antibody feeding technique that al-
lowed us to specifically label surface DORs before exposing them
to drug or vehicle (Vargas and Von Zastrow, 2004). At the end of
treatment, all receptors remaining at the membrane were
stripped of first antibody, such that only DORs that were pro-
tected from the wash by internalization would be revealed by
subsequent immunofluorescence labeling. Figure 1A shows that
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exposure to vehicle induced a modest, time-dependent increase
in intracellular labeling, which is consistent with constitutive
internalization of DORs. Exposure to SNC-80 or DPDPE induced a
greater time-dependent increase in intracellular immunoreactivity,
which was similar for both agonists. Quantification of immu-
noreactivity confirmed that 60 min exposure to DPDPE or
SNC-80 resulted in similar internalization by both agonists
(Fig. 1 B).

To corroborate that the internalization capacity of DPDPE
and SNC-80 were similar, endocytosis was assessed in HEK293
using flow cytometry (Fig. 1C) or an ELISA-based assay (Fig. 1D)
as alternative approaches. Independent of the method used, in-
ternalization measured at 30 and 60 min was the same for both
agonists. At a shorter incubation time (15 min), internalization
induced by DPDPE was less than that observed for SNC-80, al-
though the difference was only evident in the flow cytometry
assay (Fig. 1C).

Several studies performed in heterologous expression systems
have shown that internalized DORs are rapidly committed for
degradation (Whistler et al., 2002; Hislop et al., 2009). However,
data shown in Figure 1A indicate that internalized DORs steadily
accumulate within the neuron soma, suggesting the possibility
that neuronal DORs could be available for recycling even after
prolonged periods of agonist exposure. To verify this possibility,

DOR recycling was assessed in neurons in which internalization
had been previously induced by 60 min exposure to DPDPE or
SNC-80 (10 �M). Recycling was evaluated by taking two comple-
mentary measures: (1) the proportion of internalized receptors
that remained trapped in the cytosol 60 min after agonist removal
(Fig. 2A,B) and (2) the number of agonist-treated cells that re-
covered surface labeling following incubation in the absence of
agonist (Fig. 2C,D). To obtain the first measure we quantified
intracellular immunoreactivity in neurons that were labeled im-
mediately after exposure to agonist and in neurons that were
allowed to recover in the absence of ligand. Intracellular labeling
was 44 � 7 immediately after internalization by SNC-80 and
37 � 5 after recovery, indicating that 84 � 8% (n � 4) of seques-
tered DORs remained trapped in the cytosol (Fig. 2B). In the case
of DPDPE, this proportion dropped to 47 � 6% (n � 4) with
intracellular intensity values of 19 � 5 and 40 � 7 with and
without recovery, respectively (Fig. 2B). To ascertain whether
receptors that disappeared from the intracellular compartment
were indeed recycling, we verified whether internalized DORs
were able to regain the membrane after recovery from treatment.
To do so, neurons were exposed to agonist or vehicle, and, at the
end of treatment, the agonist was removed and DORs remaining
at the membrane were stripped of their first antibody, such that
subsequent labeling would only reveal receptors that regained the

Figure 1. Internalization induced by DPDPE and SNC-80 is similar. A, Cortical neuron cultures were incubated with primary antibody to label surface Flag-DORs. Neurons were then treated with
DPDPE or SNC-80 (10 �M) for the indicated times. After stopping treatment, antibody bound to surface receptors was stripped, cells were fixed, permeabilized, and labeled with secondary antibody
for visualization of intracellular labeling. A representative example from three independent experiments is shown. B, Histograms correspond to mean intracellular fluorescence intensity quantified
in neurons that were exposed to agonists or vehicle for 1 h and represent mean � SEM of four independent experiments. Internalization data were analyzed together with recycling results shown
in Figure 2 B by means of repeated measures two-way ANOVA (interaction F(2,15) � 13.02, p � 0.001). Bonferroni post hoc for multiple comparisons among internalization groups: ***p � 0.001
comparing drugs to vehicle; p � 0.05 comparison among drugs. C, HEK293 cells expressing Flag-DORs were exposed to DPDPE or SNC-80 (1 �M) for the indicated time periods. Receptors at the cell
surface were measured by FACs. Results correspond to loss of surface receptors and are expressed as a percentage of receptors present at the membrane before internalization. Data represent
mean� SEM of four independent experiments that were analyzed by repeated measures two-way ANOVA (interaction F(2,15) �5.33, p �0.05). Bonferroni post hoc for multiple comparisons: *p �
0.05 comparing DPDPE to SNC-80 at 15 min. D, HEK293 cells expressing Flag-DORs were exposed to DPDPE or SNC-80 (1 �M) for the indicated time periods. Receptors at the cell surface were
measured by an ELISA-based method, as described in the experimental section. Results correspond to loss of surface receptors and are expressed as a percentage of receptors present at the
membrane before internalization. Data represent mean � SEM of six independent experiments that were analyzed by repeated measures two-way ANOVA (interaction F(5,55) � 0.8, p � 0.05;
difference among drugs F(1,55) � 0.2, p � 0.05).
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membrane during recovery from inter-
nalization. Neurons that were exposed to
vehicle displayed no surface labeling,
which is consistent with the observation
that ligand-independent internalization
was minimal (Fig. 1A). On the other
hand, membrane immunoreactivity was
evident in cells that had been preexposed
to DPDPE and SNC-80, indicating a cer-
tain level of recycling for each ligand (Fig.
2C). The amount of receptors that recy-
cled to the membrane following exposure
to each of the agonists was estimated by
means of a “recovery ratio.” This ratio was
calculated by dividing the number of im-
munoreactive neurons that recovered la-
beling in agonist-treated slides by the total
number of surface-labeled neurons pres-
ent in slides that were not subject to treat-
ment. Figure 2D shows that the recovery
ratio in DPDPE-treated neurons was
larger than the one obtained in those ex-
posed to SNC-80. Together, results from
these experiments indicate that following
internalization by SNC-80, DORs re-
mained predominantly trapped within
the cytosol, while those internalized by
DPDPE abandoned the intracellular com-
partment to regain the membrane.

DOR recycling was also assessed in
HEK293 following 30 min exposure to
DPDPE or SNC-80 (1 �M). As shown in
Figure 3A, none of the receptors internal-
ized by SNC-80 were able to recycle while
53 � 3% of those internalized by DPDPE
reappeared at the membrane. Moreover,
saturation and displacement binding as-
says using [ 3H]naltrindole confirmed
that the absence of recycling observed for
SNC-80 could not be simply attributed to
incomplete drug washout, since Kd (Fig.
3B) and Bmax (see Fig. 6A) values for the
radioligand were restored to pretreatment
levels following removal of this agonist.

Differences in DOR recycling are
consistent with agonist propensity to
induce desensitization and acute
analgesic tolerance
Studies using recycling inhibitor monen-
sin or dominant-negative Rab11 mutants
indicate that recycling helps reduce the
impact of desensitization on DOR re-
sponsiveness (Archer-Lahlou et al., 2009). To determine whether
the extent of desensitization induced by the two agonists was
consistent with their respective recycling patterns, we monitored
how 1 h treatment with SNC-80 or DPDPE (1 �M) modified
DOR responsiveness to subsequent stimulation by DPDPE.
Changes in cAMP production were examined using an Epac-
BRET2 biosensor (Barak et al., 2008; Leduc et al., 2009) that
allows us to monitor intracellular variations in second messenger
levels through changes in BRET. In naive cells that had been
preexposed to vehicle, incubation with increasing concentrations

of DPDPE induced a dose-dependent decrease in second messen-
ger levels (Fig. 4A,B). Preexposure to either agonist modified
DOR responsiveness to DPDPE, as evidenced by a decrease in the
agonist’s potency and efficacy to inhibit cAMP production. In
particular, SNC-80 induced a larger right shift and more pro-
nounced decrease in Emax than those induced by DPDPE (Fig.
4A), indicating greater desensitization by the former. Impor-
tantly, both agonists displayed similar ability to maximally
inhibit forskolin-stimulated cAMP production (Emax SNC-80: �
70 � 2; Emax DPDPE: � 69 � 3; EC50 SNC-80: 5 � 1 nM; EC50

Figure 2. Recycling of neuronal DORs is different following exposure to DPDPE and SNC-80. A, Neurons were treated as in Figure
1 A following which they were washed and either immediately processed for intracellular labeling (stimulated) or were first
allowed to recover for 60 min in the absence of ligand (stimulated � recovery). Labeling of intracellular DORs was done as in Figure
1 A. The image shows a representative example of one of four independent experiments. B, Histograms represent mean intracel-
lular intensity in neurons that were stimulated and immediately labeled (dashed), or in neurons that were first allowed to recover
in the absence of ligand (filled). Note: dashed bars correspond to internalization values in Figure 1 B. Results represent mean �
SEM of four independent experiments. Recycling data were analyzed together with internalization results shown in Figure 1 B by
means of repeated measures two-way ANOVA (interaction F(2,15) � 13.02, p � 0.001). Bonferroni post hoc for multiple compar-
isons: ***p � 0.001 comparing recovery by DPDPE and SNC-80; #p � 0.001 comparing stimulated versus stimulated � recovery
for DPDPE. C, Neurons were treated and washed as indicated above before allowing them to recover in the absence of ligand. At the
end of the recovery period, cells were processed for surface labeling as described in the experimental section. The image shows a
representative example of surface labeling obtained in different treatment conditions and corresponds to one example of four
independent experiments. D, Histograms represent “recovery ratios” obtained following recovery from exposure to DPDPE or
SNC-80 and correspond to mean � SEM of four independent experiments. “Recovery ratios” were calculated by dividing the
number of labeled neurons present in agonist-treated slides by the total number of surface-labeled neurons present in slides that
were not subject to treatment. Recovery ratios were analyzed by paired t test; **p � 0.01.
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DPDPE: 8 � 1 nM; p � 0.05; two-way ANOVA; n � 6), which
suggests that the observed differences in desensitization were not
necessarily efficacy-related. On the other hand, desensitization by
DPDPE and SNC-80 were distinctively modified by monensin. In
particular, monensin enhanced desensitization by DPDPE but
not SNC-80, indicating that only the former relied upon recy-
cling to mitigate functional consequences of desensitization.
Apart from its protective role during the actual process of desen-
sitization (Archer-Lahlou et al., 2009), DOR recycling has also
been shown to support resensitization once the agonist has been
removed (Trapaidze et al., 2000). In contrast, studies performed
on MORs indicate that resensitization can take place at the mem-
brane, independent of any type of receptor trafficking (Dang and
Christie, 2011). We found that the presence of monensin did not
significantly modify resensitization following exposure to either
agonist (Fig. 4B). Although these data do not allow us to con-
clude whether DOR resensitization takes place at the membrane,
they show that recovery of DOR responsiveness in the first 30 min
after agonist removal does not require recycling.

Based on the data obtained with monensin, it is possible to
conclude that recycling mitigates loss of receptor responsiveness
during desensitization by DPDPE but not SNC-80. Thus, one
would expect repeated administration of SNC-80 to cause larger
loss of functional DORs as compared with DPDPE and conse-
quently a larger degree of tolerance. The latter assumption was
tested using an animal model of chronic pain. Several lines of

evidence indicate that DORs are specifically involved in modu-
lating chronic pain of inflammatory and neuropathic origin, as
follows: (1) DOR function is enhanced in both of these condi-
tions (Cahill et al., 2007), (2) mice with global DOR knock out
(Nadal et al., 2006) or with genetic ablation of DORs in nocicep-
tive sensory neurons display enhanced pain behavior in both
models (Gaveriaux-Ruff et al., 2011), and (3) administration of
selective DOR agonists attenuates pain hypersensitivity, particu-
larly mechanical allodynia (Scherrer et al., 2006; Gaveriaux-Ruff
et al., 2011). Consequently, we used a murine model of neuro-
pathic pain to determine whether antiallodynic effects of DPDPE
and SNC-80 displayed different degrees of tolerance. Since mech-
anisms regulating receptor responsiveness are typically involved
in the generation of acute analgesic tolerance (Christie, 2008), we
determined whether two successive intrathecal injections of equi-
analgesic doses of either DPDPE or SNC-80 resulted in differen-
tial loss of the analgesic response. Figure 4C shows that mice
which received saline injections displayed marked hypersensitiv-
ity to mechanical stimuli over the course of repeated testing.
Administration of the first injection of DPDPE or SNC-80 simi-
larly reduced pain sensitivity. However, while DPDPE main-
tained its analgesic efficacy after its second injection, SNC-80 did
not, indicating the development of acute analgesic tolerance for
the non-recycling agonist.

Sustained activation by DPDPE and SNC-80 stabilized DORs
into conformations that distinctively interact with G��
subunits
The idea that agonist bias in trafficking could contribute to dis-
tinct potential for tolerance presupposes the existence of agonist-
specific conformations (Urban et al., 2007; Kenakin and Miller,
2010). However, there is no physical evidence confirming
whether conformations stabilized by ligands that display distinct
trafficking profiles do indeed stabilize different conformations.
To design an experiment that would allow us to assess whether
DPDPE and SNC-80 stabilized DORs into different conforma-
tions, we reasoned that the regulatory events which take place
during the development of acute tolerance typically involve de-
sensitization, and consequently changes in receptor G-protein
coupling. Hence, if the two agonists were to stabilize DORs into
different conformations, then each of these conformations would
be expected to distinctively modify DOR interaction with the
G-protein. We have previously shown that BRET assays consti-
tute a valuable tool to evaluate acute conformational changes
undergone by DORs upon binding of different ligands (Audet et
al., 2008; Audet and Piñeyro, 2011). We now used a similar ap-
proach to monitor how sustained activation by DPDPE or
SNC-80 (1 �M; 60 min) modified DOR interactions with G���
subunits. G�i1-Luc/DOR-GFP and DOR-Luc/GFP-G�2 were
the biosensors used to monitor DOR interaction with G�i1 and
G�1�2 subunits, respectively. In keeping with our previous ob-
servations, both BRET pairs displayed spontaneous energy trans-
fer, confirming that DORs constitutively associate with
G�i1�1�2 subunits (Audet et al., 2008). Spontaneous netBRET
values generated by G�i1-Luc/DOR-GFP and DOR-Luc/GFP-
G�2 were 0.051 � 0.01 and 0.37 � 0.03 (n � 4 –5), respectively.
Sustained exposure to either agonist reduced netBRET at the
DOR G�i1 interface (Fig. 5A). In contrast, both agonists had
opposing effects at the DOR-Luc/GFP-G�2 pair, with DPDPE
decreasing and SNC-80 increasing the spontaneous netBRET sig-
nal (Fig. 5C). Given the position of donor/acceptor tags in the
different BRET pairs, it is possible to conclude that both agonists
caused the receptor C terminus and G� subunit to separate from

Figure 3. DPDPE and SNC-80 elicit different DOR recycling in HEK293 cells. A, Cells stably
expressing wild-type DORs were incubated with SNC-80 or DPDPE (1 �M; 30 min) to induce
internalization. At the end of treatment, cells were washed to remove agonist and allowed to
recover for the indicated periods of time before membrane receptors were assessed using an
ELISA-based method. Results were expressed as percentage of internalized DORs and represent
mean � SEM of 4 – 8 independent experiments. Curves were compared by mixed two-way
ANOVA (interaction F(4,50) � 23.8, p � 0.001; difference among drugs p � 0.001). B, HEK293
cells were treated and washed as above before being used in [ 3H]naltrindole displacement
assays in which the radioligand (1.5 nM) was displaced with the indicated concentrations of cold
naltrindole. Kd values were calculated from concentrations that inhibited [ 3H]naltrindole bind-
ing by 50% (IC50) using the Cheng–Prusoff equation. Kd CTLs: 223 � 40 pM; Kd following
SNC-80: 302 � 42 pM; Kd following DPDPE: 280 � 40 pM.
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one another. On the other hand, the BRET increase induced by
SNC-80 at the DOR-Luc/GFP-G�2 pair indicated that the recep-
tor C terminus was drawn closer to the N-terminal domain of
G�2. The reduction of this signal by DPDPE implied a separation

Figure 4. DPDPE and SNC-80 differ in their ability to induce desensitization and acute anal-
gesic tolerance. HEK293 cells were incubated with 10 �M cycloheximide and treated or not with
monensin (50 �M) before exposing them to vehicle (DMSO 0.01%), DPDPE, or SNC-80 (1 �M; 60
min). At the end of treatment, cells were washed and either immediately used to monitor cAMP
accumulation after agonist-induced desensitization (A) or were first allowed to recover in the
absence of ligand so as to evaluate resensitization (B). Results are expressed as percentage of
maximal inhibition obtained in corresponding untreated controls, and correspond to 5– 6 in-
dependent experiments performed in duplicates. A, Desensitization data were analyzed by
means of three-way ANOVA (agonist � monensin � concentration). Interaction for agonist �
monensin groups (F(2,188) � 7.20, p � 0.01). Bonferroni post hoc for multiple comparisons:
control versus desensitization by DPDPE p � 0.001; control versus desensitization by SNC-80
p � 0.001; desensitization by DPDPE versus desensitization by SNC-80 p � 0.001; desensiti-
zation by DPDPE versus desensitization by DPDPE � monensin p � 0.001; desensitization by
SNC-80 versus desensitization by SNC-80 � monensin p � 0.05. B, Resensitization data were
analyzed as above. Interaction for agonist � monensin groups was nonsignificant (F(2,235) �
1.7, p � 0.05). Effect of agonist factor: F(2,235) � 267, p � 0.001; effect of monensin factor:

4

F(1,235) � 0.75, p � 0.05. Bonferroni for post hoc comparisons showed resensitization follow-
ing DPDPE versus resensitization following SNC-80, p � 0.001. C, One month following induc-
tion of the spared nerve injury model of neuropathic pain, calibrated von Frey filaments were
used to evaluate the reversal of mechanical hypersensitivity following administration of an
intrathecal injection of either vehicle, DPDPE or SNC-80. The 50% withdrawal thresholds ( g)
were then evaluated three times every 20 min, before administering a second identical dose of
the corresponding treatment followed by similar assessment. Results are expressed as mean �
SEM, n � 10 –20/treatment group. Data were analyzed using three-way ANCOVA (treat-
ment� testing over time� injection) using basal thresholds (t �0) as coregressor (F(1,231) �
22.0, p � 0.001; heterogeneity of regression slope: F(17,214) � 1.15, p � 0.05). Treatment �
injection interaction (F(1,231) �5.3, p �0.05) allowed the following comparisons: effect of first
DPDPE injection versus effect of first SNC-80 injection: p � 0.05; effect of second DPDPE injec-
tion versus effect of second SNC-80 injection: p � 0.01; effect of first versus second DPDPE
injection: p � 0.05; effect of first versus second SNC-80 injection: p � 0.05.

Figure 5. Sustained exposure to DPDPE and SNC-80 stabilized DORs into conformations that
distinctively interact with G�� subunits. HEK293 cells were transfected with G�i-Luc/DOR-GFP
(A, B) or DOR-Luc/GFP-G�2 (C, D) plus indicated accessory proteins. On the day of the experi-
ment they were exposed to DPDPE (1 �M), SNC-80 (1 �M), or vehicle (0.01% DMSO) for 60 min.
At the end of treatment, cells were resuspended, washed, and transferred to a microplate where
coelenterazine was added 2 min before BRET2 measures. Results were expressed as the differ-
ence between netBRET values obtained in vehicle and agonist-treated cells, and correspond to
mean�SEM of 4 –5 independent experiments (A, C). In experiments assessing the acute effect
of naltrindole (1 �M) in cells that had been preexposed to DPDPE or SNC-80, the antagonist was
introduced 2 min before coelenterazine. Results were expressed as the difference between
netBRET values obtained in presence or absence of naltrindole (B, D). Statistical comparisons
were done by repeated measures two-way ANOVA on netBRET values. (A, B): agonist � nal-
trindole interaction was not significant (F(2,20) � 1.9, p � 0.05); effect of agonist factor
(F(2,20) � 32.9, p � 0.001), effect of naltrindole factor (F(1,20) � 0.6, p � 0.05); Bonferroni for
post hoc comparisons showed ***p � 0.001 comparing drugs to vehicle. (C, D): agonist �
naltrindole interaction (F(2,15) � 9.3, p � 0.01), Bonferroni for post hoc comparisons showed
*p � 0.05; ***p � 0.001 comparing agonist to vehicle; #p � 0.01 comparing DPDPE versus
SNC-80 in CTL groups and in naltrindole groups; &p � 0.01 comparing netBRET values in
presence and in absence of naltrindole.
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of the same two regions. These opposing BRET changes indicate
that both agonists induced distinct orientation of the receptor C
terminus relative to G�2.

The idea that DORs were distinctively modified by sustained
exposure to either agonist (1 �M; 60 min) was also supported by
binding assays performed in HEK293 cells stably expressing Flag-
DORs. As shown in Figure 6A, exposure to DPDPE caused a
decrease in the total number of sites labeled by [ 3H]naltrindole, a
reduction that took place without change in the total amount of
receptor protein (Fig. 6B). The latter observation together with
the fact that naltrindole affinity for the receptor also remained
unchanged (Fig. 3B), allowed us to rule out downregulation and
lingering free agonist as possible causes for the apparent loss of
antagonist binding sites. Alternatively, [ 3H]naltrindole may have
failed to recognize all conformational states stabilized by DPDPE,
a phenomenon that has been previously reported for other DOR
ligands (Piñeyro et al., 2001). Unlike DPDPE, preexposure to
SNC-80 allowed complete recovery of Bmax binding (Fig. 6A),
suggesting that [ 3H]naltrindole similarly recognized DORs sta-
bilized by the agonist and those present in naive cells. Further-
more, if reduction in naltrindole binding capacity were due to the
radioligand being incapable of recognizing all the conforma-
tional states stabilized by DPDPE, one would expect that the
population of DORs reacting to naltrindole would be smaller
following treatment with this agonist than after exposure to SNC-
80. Consistent with this interpretation, biosensors assessing DOR
interaction with G�� subunits indicated that addition of naltrin-
dole to cells that had been preexposed to SNC-80 resulted in
larger BRET changes than addition of the antagonist to cells that
were pretreated with DPDPE (Fig. 5D).

Sustained exposure to SNC-80 and DPDPE induced
agonist-specific interactions among DORs, G�1�2 subunits,
and �arr2
Having confirmed that DPDPE and SNC-80 stabilized DORs
into distinct conformations, we next sought to characterize the
interactions established between each of these conformations
and proteins that like �arr2 participate in the development of
tolerance (Zhang et al., 2008; Dang et al., 2011). To compare
�arr2 recruitment to receptors stabilized by DPDPE and SNC-80,

we turned to BRET assays, using �arr2-
Luc/DOR-YFP as a biosensor. As shown
in Figure 7A, DPDPE and SNC-80 both
induced �arr2 recruitment with a half-life
of �2 min, which is in reasonable agree-
ment with previous reports (Molinari et
al., 2010). The BRET change induced by
SNC-80 was larger than the one induced
by DPDPE, a difference that was clearly
established within the first 2 min of re-
ceptor activation and remained present
after sustained exposure to the agonist
(Fig. 7B).

BRET data assessing agonist effects on
DOR-G-protein interaction indicated
that only SNC-80 caused the receptor C
terminus to approach to the free end of
the G�� dimer. We were therefore inter-
ested in finding out whether �arr2 re-
cruitment by the two agonists would
entail differential interaction with G��.
To assess this possibility we used a biosen-
sor that would allow us to monitor �arr2

recruitment from the vantage point of the G�� dimer, i.e.: �arr2-
Luc/YFP-G�2. Interestingly, only SNC-80 increased BRET at the
�arr2-Luc/YFP-G�2 pair (Fig. 7C,D), indicating that this agonist
was the only one bringing the regulatory protein in close prox-
imity of the N-terminal domain of G�2. As for �arr2 interaction
with the receptor, differences between DPDPE and SNC-80 ap-
peared rapidly after agonist addition (Fig. 7C) and were main-
tained over 1 h of receptor stimulation (Fig. 7D). At this time,
BRET changes induced by SNC-80 at �arr2-Luc/DOR-YFP and
�arr2-Luc/YFP-G�2 pairs were respectively two- and six-fold
higher than those induced by DPDPE.

�arrs are known to influence receptor recycling such that re-
ceptors that establish a stable interaction with these regulatory
proteins are those that recycle the least (Oakley et al., 1999; Zhang
et al., 1999). Moreover, the stability of receptor-�arr association
is partly determined by the specific phospho-residues different
receptor subtypes make available for �arr binding (Oakley et al.,
1999; Hanson and Gurevich, 2006). Given that DPDPE and
SNC-80 phosphorylate DORs at different amino acids (Okura et
al., 2003), and since both agonists induce different modalities of
�arr2 recruitment, we sought to determine whether DOR-�arr2
association promoted by each agonist displayed different stabil-
ity. In a first series of experiments, we used BRET assays to deter-
mine the stability of DOR-�arr2 association. To do so, we
induced �arr2 recruitment by DPDPE or SNC-80 (1 �M, 30
min), and then measured the time required by �arr2-Luc/DOR-
YPP and �arr2-Luc/YFP-G�2 pairs to recover their basal BRET
values upon the removal of each agonist. As before, BRET
changes monitored at the �arr2-Luc/DOR-YPP pair revealed sig-
nificant �arr2 recruitment by DPDPE (Fig. 8A) and by SNC-80
(Fig. 8B). Furthermore, cells that were exposed to DPDPE recov-
ered prestimulation BRET values within 30 min of agonist re-
moval (Fig. 8A), while the signal remained unchanged in cells
that recovered from exposure to SNC-80 (Fig. 8B). Also in keep-
ing with our previous observations, SNC-80 was the only of the
two agonists to increase BRET at the �arr2-Luc/YFP-G�2 pair
(Fig. 8C), and, similar to �arr2 interaction with the receptor,
BRET levels did not attain prestimulation values upon agonist
removal (Fig. 8D). Finally, we verified whether coexpression with
�arr2 could have modified agonist-induced conformational

Figure 6. Sustained exposure to DPDPE and SNC-80 stabilized DORs into conformations that were distinctively recognized by
[ 3H]naltrindole. A, HEK293 cells stably expressing Flag-DORs were exposed to DPDPE, SNC-80 (1 �M; 1 h), or vehicle (0.01%
DMSO). Following treatment, cells were washed and [ 3H]naltrindole binding was then assessed. Histograms represent mean �
SEM of Bmax binding obtained in four independent experiments. Statistical comparisons were done by repeated measures one-way
ANOVA (F(2,6) � 20.9, p � 0.01) using Bonferroni for post hoc comparisons: *p � 0.05 comparing SNC-80 vs DPDPE; **p � 0.01
comparing control versus DPDPE. Right panel corresponds to a representative example of four independent saturation experi-
ments. B, HEK293 cells expressing Flag-DORs were exposed to agonist or vehicle as above. Following treatment cells were washed
and membrane lysates prepared. The solubilization product was then separated by electrophoresis SDS-PAGE and receptor protein
was revealed by immunoblot. A representative example of four independent experiments is shown.
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changes at the DOR-G�� interface. Results from these experi-
ments are shown in Figure 8, E and F, and indicate that SNC-80
and DPDPE conserved their ability to respectively increase or
reduce the BRET signal generated by DOR-Luc/YFP-G�2. Fur-
thermore, only DPDPE allowed this BRET pair to attain pre-
stimulation values during recovery (Fig. 8D). Thus, together,
observations obtained with these three BRET pairs indicate that
receptor activation by SNC-80 induced a stable DOR-G��-�arr2
association while DPDPE induced a transient interaction be-
tween the receptor and the regulatory protein.

To confirm observations obtained using BRET technology, we
performed coimmunopurification assays in which we assessed
how DPDPE and SNC-80 modified the amount of �arr2-Luc and
YFP-G�2 that copurified with Flag-DORs. Purifications were
performed either immediately after receptor stimulation (30
min, 1 �M) or following 30 min recovery in the absence of ligand
(Fig. 9). Consistent with in vivo observations, stimulation by
SNC-80 resulted in increased recovery of G�2-YFP and �arr2-
Luc (Fig. 9A), while incubation with DPDPE only increased the
amount of �arr2 associated to the receptor (Fig. 9B). Copurifica-

tion assays performed following recovery from agonist pretreat-
ment were also consistent with BRET data. Thus, in cells that
recovered from exposure to DPDPE, the amount of �arr2-Luc
that coprecipitated with the receptor was reduced to pretreat-
ment values (Fig. 9B). In contrast, in cells that recovered from
exposure to SNC-80, the amounts of �arr2-Luc or G�2-YFP that
copurified with DORs was not different from those obtained im-
mediately after recruitment (Fig. 9A), thus confirming the stable
association of DORs, G��, and �arr2.

Data analyzed thus far indicate that each agonist caused the
receptor C terminus to distinctively position itself with respect to

Figure 7. DORs stabilized by DPDPE and SNC-80 distinctively interact with �arr2. HEK293
cells were transfected with recombinant plasmids for the BRET pairs and accessory proteins as
indicated in the figure to assess �arr2 recruitment from the vantage point or the receptor (A, B)
or the G�� dimer (C, D). A, On the day of experiment, HEK293cells were suspended in PBS and
distributed into a microplate following which they were introduced into the plate reader and
incubated with coelanterazine for 5 min before adding DPDPE or SNC-80 (1 �M). BRET1 mea-
sures were obtained every 18 s following agonist addition. Data correspond to one of three
independent experiments. B, HEK293 cells were incubated with DPDPE or SNC-80 (1 �M; 37°C)
before resuspending them in PBS and taking BRET1 readings 5 min after manual addition of
coelenterazine h. Results were expressed as the difference between netBRET values obtained in
vehicle and agonist-treated cells and correspond to mean � SEM of at least five independent
experiments. NetBRET values obtained in vehicle-treated cells: 0.021 � 0.004. Statistical com-
parisons were done by repeated measures one-way ANOVA on netBRET values. (F(4,16) �262.3,
p � 0.001) using Bonferroni for post hoc comparisons: ***p � 0.001 comparing drugs to
vehicle; #p � 0.001 comparing DPDPE versus SNC-80. C, Cells were processed as in A and BRET
measures similarly taken. D, Treatment, BRET measures, expression of results, and statistical
analyses were performed as in B. Results correspond to mean � SEM of five independent.
netBRET values in vehicle-treated cells: 0.019 � 0.002. Repeated measures one-way ANOVA
(F(4,16) � 23.6, p � 0.001), using Bonferroni for post hoc comparisons: ***p � 0.001 compar-
ing SNC-80 to vehicle; #p � 0.001 comparing DPDPE versus SNC-80.

Figure 8. The duration of �arr2 association with DOR-G�� complexes depends on the
activating agonist. HEK293 cells were transfected with recombinant plasmids for the indicated
BRET pairs and accessory proteins. On the day of the experiment, they were exposed to 1 �M

DPDPE (A, C, E) or SNC-80 (B, D, F) for 30 min. Treatment was stopped and cells washed by
addition of PBS, following which they were either immediately used for BRET measures or were
first allowed to recover in presence or absence of naltrindole (1 �M) for the indicated periods of
time. BRET1 readings were taken 5 min after manual addition of coelenterazine. All data are
expressed as percentage of mean netBRET values observed in vehicle-treated controls, and
correspond to mean � SEM of three to six independent experiments. Statistical comparisons
for each BRET pair were done on netBRET values using repeated measures one-way ANOVA. A,
B: (F(14,56) � 36.7, p � 0.001), #p � 0.001; &p � 0.001; ***p � 0.001 comparing treatments
to vehicle. C, D: (F(14,70) � 20.5, p � 0.001); &p � 0.001; ***p � 0.001 comparing treatments
to vehicle. E, F: (F(10,20) � 33.9, p � 0.001); &p � 0.001; *p � 0.05, ***p � 0.001 comparing
treatments to vehicle.

4836 • J. Neurosci., April 4, 2012 • 32(14):4827– 4840 Audet et al. • Recycling Bias of Opioid Receptor Agonists



the G�� dimer. SNC-80 caused �arr2 to be recruited in the prox-
imity of the N-terminal domain of G�2 and was accompanied by
stable �arr2 association to the receptor and poor recycling. In the
case of DPDPE, �arr2 did not approach the BRET tag present in
G�2, and its association to the receptor was transient. Moreover,
kinetics of DOR-�arr2 dissociation (t1/2 � 12 min) were similar
to those of receptor recycling (t1/2 � 12 min), suggesting a corre-
lation between recycling and �arr2 dissociation upon DPDPE
removal. The C-terminal domain of DORs has been previously
shown to actively contribute to DOR recycling (Zhang et al.,
2008; Trapaidze et al., 2000), raising the possibility that distinct
positioning of the C terminus by the two agonists could lead to
differential stability of DOR-�arr2 interactions. If this were the
case, changing the orientation of the receptor C terminus should
modify the stability with which DORs activated by SNC-80 asso-
ciate with �arr2. To test this assumption we assessed whether
naltrindole (1 �M), the ligand that only modified DOR-G�2 in-
teraction induced by SNC-80 (Fig. 5C), had any effect on the
stability of the DOR-G��-�arr2 complex promoted by this ago-
nist. The effect of naltrindole on BRET signals generated by the
different pairs of interest is shown to the right hand side of
each series of SNC-80 histograms presented in Figure 8 B, D,E.

The presence of the antagonist during re-
covery from exposure to SNC-80 caused
the DOR-G�2-�arr2 complex to fall
apart, as indicated by the recovery of pre-
treatment BRET signals at pairs monitor-
ing different interactions within the
complex (Fig. 8B,D,F). In contrast, the
addition of naltrindole to cells recovering
from exposure to DPDPE was without ef-
fect at each of the BRET pairs tested (Fig.
8A,C,E).

Finally, we reasoned that if the ability
to induce a stable DOR-�arr2 association
was contributing to poor recycling by
SNC-80, then introducing naltrindole
during recovery from treatment should
not only destabilize the DOR-G��-�arr2
complex but also rescue recycling. Figure
10A shows that naltrindole (1 �M) was
able to rescue DOR recycling in SNC-80
treated cells, an effect that was mimicked
by the antagonist naloxone (1 �M), but
not by the agonist morphine (10 �M). On
the other hand, naltrindole did not mod-
ify DOR recycling by DPDPE, an observa-
tion that was consistent with naltrindole’s
lack of effect on DOR-�arr2 interaction
that was promoted by this agonist.

Discussion
Results obtained in this study indicate that
agonist ability to support DOR recycling
was associated with distinct degrees of
receptor desensitization and different
potential for inducing acute analgesic tol-
erance. Differences in recycling were sup-
ported by the adoption of agonist-specific
conformations whose distinctive interac-
tion with G�� subunits led to specific mo-
dalities of �arr2 recruitment by DOR/
G�� complexes.

DORs adopt agonist-specific conformations
The idea that ligand-specific trafficking could determine opioid
potential for generating tolerance has raised considerable atten-
tion since this type of bias could provide the basis for developing
opioid ligands with longer lasting analgesic actions. However, to
design this type of ligands, a better understanding of the molec-
ular determinants of biased trafficking is needed. In fact, al-
though agonist-specific conformations are currently recognized
as the molecular bases of functional bias (Urban et al., 2007;
Kenakin, 2007), there is little knowledge of how agonist-specific
receptor states may determine distinct trafficking patterns elic-
ited by different agonists. In the present study, we showed that
sustained activation by SNC-80 and DPDPE resulted in the sta-
bilization of receptors states in which the receptor C terminus
adopted different spatial orientations. Such differences were re-
vealed by ligand-specific BRET changes at a biosensor monitor-
ing DOR interaction with the G�� dimer. At this interface,
SNC-80 and DPDPE were respectively shown to approach or
separate the C-terminal end of the receptor and the N-terminal
domain of G�2, indicating distinct conformational changes by
each agonist.

Figure 9. The stability of �arr2 association to DOR-G�� complexes depends on the activating agonist. HEK293 cells expressing
or not Flag-DORs, �arr2-Luc, YFP-G�2, and accessory heterotrimeric G�i1 and G�1 subunits were treated with 1 �M SNC-80 (A,
B) or DPDPE (C, D) for 30 min. At the end of treatment, cells were washed and immediately used in coimmunopurification assays
or were first allowed to recover for 30 min in the absence of agonist. Cells were then lysed, Flag-DORs purified, and the resulting
product separated by SDS-PAGE. Blots show representative examples of the amounts of �arr2-Luc and YFP-G�2 that were
copurified with Flag-DORs in the following: (1) non-transfected HEK293 cells; (2) transfected cells that were not exposed to agonist;
(3) transfected cells that were exposed to agonist during 30 min, and (4) transfected cells that were exposed to agonist and then
allowed to recover for 30 min in the absence of ligand. Insets show control blots of proteins amounts present in lysates before
immunopurification and amount of Flag-DOR immunopurified for each sample. Histograms show results obtained by compiling
densitometric measures of eight independent experiments. Data are expressed as percentage of �arr2-Luc/Flag-DOR or YFP-G�2/
Flag-DOR ratios in controls. Statistical comparisons of immunoreactivity ratios were done by repeated measures one-way ANOVA.
�arr2-Luc association with Flag-DORs (A, C): (F(4,28) � 10.0, p � 0.001); *p � 0.05, **p � 0.01 comparing treatments to vehicle;
#p � 0.05 comparing �arr2-Luc/Flag-DORs ratios following recovery or not from DPDPE treatment. YFP-G�2 association with
Flag-DORs (B, D): (F(4,28) � 13.8, p � 0.001); *p � 0.05; **p � 0.01 comparing treatments to vehicle.
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The notion that the population of cellular DORs was distinc-
tively modified by each agonist was also supported by binding
data. On the one hand, the conservation of [ 3H]naltrindole bind-
ing capacity following exposure to SNC-80 indicated that the
total number of DORs and their ability to recognize the radioli-
gand was unaffected by treatment with this agonist. On the
other hand, pretreatment with DPDPE caused a reduction in
Bmax that was not determined by downregulation of receptor
protein. The fact that naltrindole’s apparent affinity for the
receptor remained unchanged indicated that the decrease in
Bmax could neither be explained by lingering free agonist. It is
also unlikely that slow dissociation kinetics may have ac-
counted for Bmax reduction by DPDPE. Actually, if slow ago-
nist dissociation were the basis for the loss of naltrindole
binding sites, koff values would predict a Bmax reduction by
both agonists (Knapp et al., 1991, 1996). Furthermore, based
on dissociation kinetics, SNC-80 would be expected to pro-
duce a greater loss of [ 3H]naltrindole binding sites than
DPDPE, which was clearly not the case since treatment with
SNC-80 did not modify radioligand binding. Alternatively, the
DPDPE-dependent decrease in Bmax may have resulted from
the adoption of a conformation that was poorly recognized by
[ 3H]naltrindole. Data showing that naltrindole-induced
BRET changes at the DOR-G�2 interface were much smaller in
cells that had been pretreated with DPDPE than SNC-80 sup-
port this line of thinking. Differential recognition of the ra-
dioligand could have been determined by DPDPE and SNC-80
distinctively modifying receptor ability to isomerize into
[ 3H]naltrindole-binding conformations. Changes in DOR
isomerization constants have been previously reported fol-
lowing prolonged incubation with other DOR ligands (Pi-
ñeyro et al., 2001). Furthermore, it is also possible that each
agonist may have caused receptors to traffic to different sub-
cellular compartments, which need not be equally accessible
to the radioligand probe. Differences in isomerization and/or
sorting could both be determined by the distinct DOR-G��-
�arr2 interactions promoted by each agonist.

Distinct modalities of �arr2 recruitment support agonist-
related differences in recycling
�arrs interact both with the C-terminal domain and intracellular
loops of GPCRs (Hanson and Gurevich, 2006; Bennett et al.,
2000). For example, �arrs may associate with the second intra-
cellular loop of the receptor and displace G� (Krupnick et al.,
1997). In doing so they provide a mechanism that supports the
classical idea of �arrs causing desensitization by disrupting the
physical association between receptor and G protein. In keeping
with this notion and with previous reports (Okura et al., 2003;
Galés et al., 2005; Ayoub et al., 2007), sustained exposure to
DPDPE or SNC-80 both reduced the spontaneous BRET signal
generated by the G�i-Luc/DOR-GFP pair by more than two
thirds. On the other hand, we found that DOR interaction with
the G�� dimer persisted during prolonged periods of agonist
stimulation. In fact, 60 min exposure to SNC-80 increased the
basal signal at the DOR-Luc/GFP-G�2 pair, indicating not only
that DORs and G�� subunits remained in close proximity of one
another, but that the receptor C terminus was drawn closer to
G�2. The decrease in energy transfer that was caused by DPDPE
at the same BRET pair was a low percentage of the spontaneous
signal (�10%), and as such more akin to a conformational rear-
rangement than to a disruption of preexisting DOR-G�� com-
plexes (Audet et al., 2008). Previous studies have shown that
opioid receptors remain associated to G�� subunits during
recruitment of G-protein receptor kinases (Li et al., 2003).
Data provided herein indicate that DOR/G�� association may
persist into subsequent steps of the desensitization cascade,
during �arr recruitment and even later on, after receptor un-
coupling from G� has taken place.

The G�� dimer directly interacts with GPCRs (El Far et al.,
2001; Mahon et al., 2006). This association does not necessarily
involve the same residues as those implicated in �arr recruit-
ment (Kouhen et al., 2000; Qiu et al., 2007), conferring recep-
tors the ability to simultaneously associate both with �arrs and
G��. Conversely, �arrs may interact with G� subunits (Yang
et al., 2009) through residues that do not necessarily contrib-
ute to G� association to the receptor (Hanson and Gurevich,
2006; Mahon et al., 2006), thus allowing for the regulatory
protein to simultaneously associate with receptors and the
G�� dimer. BRET and coimmunopurification data obtained
in this study are consistent with such scenario because both
DOR agonists promoted �arr2 recruitment to receptors that
remained at least partly associated to the G�� dimer. How-
ever, only SNC-80 supported recruitment of �arr2 in close
proximity of the N-terminal domain of G�2, underscoring a
role for DOR-G�� complexes in establishing ligand-specific
interactions with regulatory proteins. G�� contribution to
producing ligand-specific modalities of DOR-�arr2 associa-
tion was further evidenced by results obtained with naltrin-
dole. Indeed, this antagonist caused the receptor C terminus to
move away from G�2 and destabilized the DOR-�arr2 inter-
action promoted by SNC-80. The antagonist was without ef-
fect on the stability of DOR-�arr2 association by DPDPE,
which did not involve G�2 in the first place. Together with
conformational changes that disrupted the DOR-G��-�arr2
complex, naltrindole changed the recycling phenotype of the
conformation stabilized by SNC-80 into one that resembled
recycling elicited by DPDPE. The interconversion from one
conformational/functional phenotype to the other provides a
causal link between the conformations stabilized by different
ligands and their distinct recycling profiles.

Figure 10. Naltrindole allows us to rescue DOR recycling following SNC-80 exposure.
HEK293 cells stably expressing wild-type DORs were incubated with SNC-80 (A) or DPDPE (B; 1
�M, 30 min) to induce internalization. At the end of treatment, cells were washed to remove
agonist and allowed to recover for the indicated periods of time in the presence or absence of the
indicated ligands. At the end of each recovery period, membrane receptors were assessed using
an ELISA-based method. Receptors recovered at the membrane were expressed as percentage
of internalized DORs and represent mean � SEM of 4 –9 independent experiments. Data were
analyzed with mixed two-way ANOVA. A, Time � treatment interaction for SNC-80 (F(15,156) �
4.3, p � 0.001); using Bonferroni for post hoc comparisons: p � 0.001 comparing SNC-80 to
SNC-80 � naloxone or to SNC-80 � naltrindole; p � 0.05 comparing SNC-80 to SNC-80 �
morphine. B, No time � treatment interaction was observed for DPDPE (F(5,48) � 0.4, p �
0.05), p � 0.05 comparing DPDPE to DPDPE � naltrindole.
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Agonist-specific recycling patterns determine differences in
DOR desensitization, and are predictive of agonist potential
for inducing acute analgesic tolerance
Previous studies have shown that different internalization pat-
terns could contribute to agonist differences in producing DOR
desensitization and analgesic tolerance (Pradhan et al., 2009,
2010). Here, we showed that desensitization and acute analgesic
tolerance produced by DPDPE and SNC-80 were quite distinct
despite similar ability to induce DOR internalization. On the
other hand, tendency to induce acute tolerance was inversely
correlated with agonist ability to induce recycling. In particu-
lar, the non-recycling agonist SNC-80 produced acute analgesic
tolerance that was absent in mice treated with the recycling ago-
nist DPDPE. We have also shown that recycling mitigated desen-
sitization caused by DPDPE but not SNC-80. Since
desensitization is thought to actively contribute to the develop-
ment of acute tolerance (Bohn et al., 2004; Christie, 2008; Nagi
and Piñeyro, 2011), it is tempting to speculate that acute analgesic
tolerance may result from distinct recycling patterns that deter-
mine agonist ability to induce desensitization. On the other hand,
Pradhan et al. (2010) have clearly demonstrated that the tendency
to induce chronic analgesic tolerance is not necessarily depen-
dent on agonist ability to induce DOR desensitization.

Although DOR ability to undergo recycling has been fre-
quently reported (Trapaidze et al., 2000; Zhang et al., 2008;
Archer-Lahlou et al., 2009), these receptors have also been de-
scribed as being committed for degradation via interaction with
G-protein coupled receptor associated sorting proteins (GASPs)
(Whistler et al., 2002; Hislop et al., 2009). The data obtained in
this study allows reconciling both types of observations by show-
ing that post-endocytic trafficking might not be a fixed property
of the receptor, but a quality determined by the adoption of
agonist-specific conformations. In this sense, it is interesting to
note that GASPs’ ability to target opioid receptors for downregu-
lation is subject to conformational restrains (Thompson et al.,
2007).

In summary, the data presented in this study shows that recy-
cling patterns that result from stabilization of agonist-specific
conformations are predictive of analgesic tolerance. These obser-
vations are consistent with the notion that development of biased
agonists that favor recycling may help produce novel, longer act-
ing opioid analgesics.
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