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0-Opioid receptors are G-protein-coupled receptors that regulate nociceptive and emotional responses. It has been well established that
distinct agonists acting at the same G-protein-coupled receptor can engage different signaling or regulatory responses. This concept,
known as biased agonism, has important biological and therapeutic implications. Ligand-biased responses are well described in cellular
models, however, demonstrating the physiological relevance of biased agonism in vivo remains a major challenge. The aim of this study
was to investigate the long-term consequences of ligand-biased trafficking of the 5-opioid receptor, at both the cellular and behavioral
level. We used & agonists with similar binding and analgesic properties, but high [SNC80 ((+)-4-[(aR)-ce-((2S,5R)-4-allyl-2,5-dimethyl-
1-piperazinyl)-3-methoxybenzyl]-N,N-diethylbenzamide)]- or low [ARM390 (N,N-diethyl-4-(phenyl-piperidin-4-ylidenemethyl)-
benzamide)]-internalization potencies. As we found previously, a single SNC80 — but not ARM390 —administration triggered acute
desensitization of the analgesic response in mice. However, daily injections of either compound over 5 d produced full analgesic tolerance.
SNC80-tolerant animals showed widespread receptor downregulation, and tolerance to analgesic, locomotor and anxiolytic effects of the
agonist. Hence, internalization-dependent tolerance developed, as a result of generalized receptor degradation. In contrast, ARM390-
tolerant mice showed intact receptor expression, but 8-opioid receptor coupling to Ca>* channels was abolished in dorsal root ganglia.
Concomitantly, tolerance developed for agonist-induced analgesia, but not locomotor or anxiolytic responses. Therefore,
internalization-independent tolerance was produced by anatomically restricted adaptations leading to pain-specific tolerance.
Hence, ligand-directed receptor trafficking of the 5-opioid receptor engages distinct adaptive responses, and this study reveals a
novel aspect of biased agonism in vivo.

Introduction sponses under conditions of persistent pain (Nadal et al., 2006;
Opioid receptors regulate numerous physiological processes, in- Gavéllriaux-Ruff etal, 2008?- 8'OP_iOid receptors also modula.te
cluding reward, pain, and stress. 8-Opioid receptors show a func- emotional responses. Genetic deletion of either the receptor (Fil-

tional profile distinct from that of w- or k-opioid receptors liol et al., 2000) or its endogenous ligand, enkephalin (K6nig et
(Kieffer and Gavériaux-Ruff, 2002) and play an important role in al., 1996), results in anxiogenic and depressive-like behaviors.
chronic pain. 8 agonists are poor analgesics in acute pain (Gal- Further, exogenous & agonists produce anxiolytic and antide-
lantine and Meert, 2005), but are highly effective following  Pressant effects (Broom et al., 2002; Saitoh et al., 2004; Perrine et
chronic inflammatory or neuropathic pain (Fraser et al., 2000;  al., 2006). Altogether, evidence from both pharmacological and
Hurley and Hammond, 2000; Cahill et al., 2003). The analysis of ~ genetic approaches indicates that the 6-opioid receptor is an im-
S receptor knock-out mice has further established the existence of ~ Portant player in both nociceptive and emotional processing, and

an inhibitory 8 receptor tone, which reduces nociceptive re- ~ Iepresents a promising therapeutic target for pain and mood
disorders.
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pharmacology and for facilitating drug development (Bosier and
Hermans, 2007; Galandrin et al., 2007). However, evidence is
mostly based on in vitro experiments using recombinant cell sys-
tems. A major challenge in GPCR research, today, is to demon-
strate the physiological relevance of agonist-biased signaling and
regulation in vivo.

The existence of ligand-biased internalization at opioid recep-
tors has been demonstrated in vitro, and the in vivo relevance of
this phenomenon is under intense investigation and debate
(Kieffer and Evans, 2002; Kim et al., 2008). In this study, we
address biased agonism for the & opioid receptor in vivo at the
level of receptor regulation. The aim of the study was to deter-
mine whether agonist-biased receptor trafficking produced
differential long-term behavioral adaptations. To correlate
ligand-induced receptor internalization with receptor function
in vivo, we took advantage of a knock-in mouse line expressing
functional &-opioid receptors with a fluorescent tag (DOR-
eGFP) (Scherrer et al., 2006). We examined the pain-relieving
effects of two 8-opioid receptor agonists with similar binding and
analgesic properties, but high or low internalization potencies.
We found that chronic treatments with the two compounds led
to entirely distinct adaptive responses at both the receptor, cellu-
lar, and behavioral levels.

Materials and Methods
DOR-eGFP and wild-type mice

All experiments were performed in accordance with the European Com-
munities Council Directive of 24 November 1986 and with AALAC. In
this study both DOR-eGFP knock-in (male and female) and wild-type
C57BL/6] (male) mice were used. Knock-in mice were produced by ho-
mologous recombination. In these mice the eGFP cDNA was introduced
into exon 3 of the 8-opioid receptor gene, in frame and 5’ from the stop
codon. C57BL/6] mice were purchased from Charles River. Mice aged 12
weeks on average, were housed in a temperature- and humidity-
controlled animal colony on a 12 h dark-light cycle. Food and water were
available ad libitum.

o agonists

SNC80 [(+)-4-[(aR)-a-((2S,5R)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-
methoxybenzyl]- N, N-diethylbenzamide] (Calderon et al., 1994) is a non-
peptidic 6 agonist with high selectivity for the 8-opioid receptor.
AR-M1000390 (ARM390, N, N-diethyl-4-(phenyl-piperidin-4-ylidenem-
ethyl)-benzamide) is an SNC80 derivative (Wei et al., 2000), synthesized at
AstraZeneca Research and Development Montreal. ARM390 was adminis-
tered per os by gavage, as it is an irritant when injected intraperitoneally
(AstraZeneca, personal communication).

Ex vivo tissue analysis of DOR-eGFP mice

Membrane preparations were performed as described previously (Befort
etal,, 2001). Whole brain and the lumbar segment of the spinal cord were
removed, immediately frozen in isopentane or dry ice, and stored at
—80°C before use. For the brain, [ *H]naltrindole and [ *>S]GTP+S assays
were performed on whole brain or spinal cord membranes. Whole brain
membranes were prepared by homogenizing the brain in ice-cold 0.25 m
sucrose solution 10 vol (ml/g wet weight of tissue). Samples were then
centrifuged at 1100 X g for 10 min. Supernatants were collected and
diluted 5 times in buffer containing 50 mm Tris-HCI, pH 7.4, and 1 mm
EDTA, following which they were centrifuged at 35,000 X g for 30 min.
The pellets were homogenized in 2 ml of ice-cold sucrose solution (0.32
M), aliquoted and kept at —80°C until further use.

For saturation binding studies, 50 ug of membrane proteins were
incubated with variable concentrations of [ *H]naltrindole (0.1-2 nm)
for 1 h at 25°C. Nonspecific binding was determined in the presence of 10
M naloxone. Incubation was terminated by rapid filtration through
0.1% polyethyleneimine-presoaked microplate filters (Unifilter GF/B),
and washing with ice-cold buffer (50 mm Tris-HCI, pH 7.4). Bound
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radioactivity was quantified using a liquid scintillation counter. B, ,, and
K, values were calculated using Microsoft Excel Software.

For each [ **S]GTP+S binding assay 5 ug of protein was used per well.
Samples were incubated with and without 8-opioid receptor agonists
(10 * to 10 "2 m), for 1 h at 25°C in assay buffer containing 50 mm
Tris-HCI, pH 7.4, 3 mm MgCl,, 100 mm NaCl, 0.2 mm EGTA, 30 um GDP
and 0.1 nm [*>S]GTPyS. Incubation was terminated by rapid filtration
and washing in ice-cold buffer (50 mm Tris-HCI, 5 mm MgCl,, 50 mm
NaCl, pH 7.4). Bound radioactivity was quantified using a liquid scintil-
lation counter. Nonspecific binding was defined as binding in the pres-
ence of 10 um GTP+S, and basal binding indicates binding in the absence
of agonist.

To determine the subcellular distribution of DOR-eGFP after agonist
stimulation, mice were anesthetized with ketamine/xylazine (100/10 mg/
kg) and intracardially perfused with 10 ml of 9.25% sucrose in ddH,O
followed by 30 ml of 4% paraformaldehyde in 0.1 M phosphate buffer
(PB; pH 7.4). Brains, spinal cords and dorsal root ganglia were then
postfixed for 2 h at 4°C in the fixative solution. The tissue was then
cryoprotected at 4°C in a 30% sucrose, 0.1 M PB solution until the tissue
sank. Tissue was then frozen in isopentane and stored at —80°C until cut.
Freely floating sections were cut at 30 um in a cryostat. Sections were
mounted on Superfrost glass slides in 0.01 M PBS, and DOR-eGFP recep-
tor distribution was immediately examined in different & receptor-rich
regions. All samples were observed under Leica confocal microscopes
(SP1 or SP2UV; 63X objective and numerical aperture of 1.32), and the
LCS (Leica) software was used for image acquisition. Quantification of
cell surface mean fluorescence intensity was determined using Image]
software. Nuclear fluorescence defined the background level and was
subtracted from the cell membrane fluorescence measures (for further
details, see Scherrer et al., 2006). In total, 3—4 neurons/region/mouse
were analyzed, and there were 3—5 mice/group.

Behavioral testing

Inflammatory pain model. All experiments were performed between
8:00—16:00 h. In all cases mice were habituated to the testing area for 20
min daily for 2 d before baseline testing. Two different variations of the
Complete Freund’s Adjuvant (CFA) model of inflammatory pain were
used (Pradhan et al., 2009). To assess mechanical pain CFA was injected
into the paw. To assess thermal pain CFA was injected into the tail.
Separate groups of animals were used for each endpoint.

For mechanical responses, the threshold for responses to punctate
mechanical stimuli (mechanical allodynia) was tested according to the
up-and-down method (Chaplan et al., 1994). In this case, the plantar
surface of the animal hindpaw was stimulated with a series of eight von
Frey filaments (bending force ranging from 0.01 to 2 g). Before the in-
jection of CFA baseline mechanical responses (dashed line) were deter-
mined. Inflammation was induced by injecting 15 ul of CFA into the
plantar surface of the paw, and animals were subsequently tested 48 h
later (Abbadie et al., 2003).

For thermal responses, heat hyperalgesia was assessed by immersing
the tail (5 cm from the tip) into a 46°C water bath. Tail withdrawal
latencies were determined, and a cutoff of 40 s was established. Before the
injection of CFA, baseline mechanical responses (dashed line) were de-
termined. Inflammation was induced by injecting 20 ul of CFA 3 cm
from the tip of the tail, and all drug tests occurred at least 48 h later.

To ensure that all animals were treated similarly, each mouse received
both intraperitoneal and per os injections. Therefore, animals challenged
with SNC80 (10 mg/kg, i.p.) also received a per os injection of dH,O
(SNC80 group), those challenged with ARM390 (10 mg/kg, p.o.) re-
ceived an intraperitoneal injection of 0.9% saline (ARM390 group), and
control animals were injected with intraperitoneal saline and per os
dH,O (control group). Mice were treated chronically with drug or vehi-
cle for a maximum of 6 d. Drug was administered every 24 h, unless
otherwise stated, and pain responses were assessed 45 min after drug
treatment.

Quantification of locomotor activity. Before locomotor testing, mice
were chronically tested in the CFA tail model to ensure that tolerance to
6 agonists was established. CFA was applied to the tail to ensure intact
locomotor responses. Locomotor activity was measured using clear
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Acute SNC80, but not ARM390, produces transient receptor internalization and behavioral desensitization in DOR-eGFP mice. A, Desensitization (12 H) and recovery (24 H) of the

analgesic response in the CFA tail model of inflammatory pain. Injection 1, Thermal responses in DOR-eGFP mice treated with vehicle (control), SNC80 (10 mg/kg), or ARM390 (10 mg/kg). Injection
2, Animals rechallenged 12 (left) or 24 h (right) following Injection 1. Dashed lines represent baseline thermal responses pre-CFA. For drug effects, ***p << 0.001, two-way repeated-measures
ANOVA, n = 4—6 mice/group. Acute behavioral desensitization occurs for SNC80 only. B, Internalization and recovery of surface receptors 12 and 24 h after drug treatment. Brain and dorsal root
ganglia were analyzed by confocal microscopy, and representative images of these regions are shown. Mean cell surface fluorescence was quantified in 3—4 sections per region per mouse. White
bars, control group; gray bars, SNC80 group; black bars, ARM390 group; ***p << 0.001, one-way ANOVA, n = 3—4 mice/group. In vivo internalization is triggered by SNC80 only.

Plexiglas boxes (21 cm X 11 cm X 17 cm) placed over an infrared plat-
form. Locomotor activity was assessed using the ViewPoint videotrack-
ing software. Counts were integrated in 5 min bins and added to obtain
total locomotor activity for a 2 h period. Animals were habituated for 10
min to the locomotor test cages 24 h before the test day. On the test day,
basal (in the absence of drug) locomotion was assessed for 1 h, mice were
then injected with either vehicle or SNC80 (3 mg/kg, i.p.) following
which locomotion was assessed for 2 h.

Elevated plus maze test. Before testing in the elevated plus maze, mice
were chronically tested in the CFA tail model to ensure that tolerance to
8 agonists was established. CFA was applied to the tail to ensure intact
locomotor responses. The elevated plus maze was made of Makrolon
plastic sheeting, and consisted of a cross shape, comprising two open
arms, and two closed arms (15 cm high walls, Viewpoint, Lyon, France).
Each runway was 5 cm wide and 45 cm long. All testing occurred in low
lighting conditions of 25 lux, as determined at the level of the center
square. Time spent, and entries into each arm were determined using the
ViewPoint videotracking system. Animals were initially placed in the
central square of the maze, facing toward a closed arm, and allowed to
explore the maze freely for 5 min. Mice were treated with either SNC80
(10 mg/kg, s.c.) or vehicle 60 min before the test. Any animals that fell off
the maze were not included in subsequent data analysis.

Electrophysiological recording

The whole-cell patch-clamp technique was used to record voltage-
dependent Ca** channel (VDCC) activity from DRG neurons (Axo-
patch 200A amplifier, Molecular Devices). Wild-type C57BL/6] mice
were injected with CFA into the paw, and 48 h later were made tolerant to
vehicle, SNC80 or ARM390 over 5 d. Mice were killed 6 h after the last

drug injection (day 5), and DRGs were dissected, chemically and physi-
cally dissociated, and plated. All recordings were performed within 24 h
after plating. Culture medium was replaced by an external solution that
contained (in mm): 130 TEA-CI, 10 CaCl,, 5 HEPES, 25 p-glucose and
2.5 X 10 ~* tetrodotoxin at pH 7.2. Recording electrodes contained (in
mwm): 105 CsCl, 40 HEPES, 5 p-glucose, 2.5 MgCl,, 10 EGTA, 2 Mg”—
ATP and 0.5 Na*-GTP, pH 7.2. The potential difference between the
open electrode and the bath ground was zeroed before establishing a
=1-G61527 resistance seal. No compensation was made for the cancel-
lation of liquid junction potential. Ca** currents were activated by de-
polarizing neurons from —80 to 10 mV for 100 ms at 10 s intervals.
Currents were low-pass filtered at 2 kHz and digitized (Digidata, Molec-
ular Devices) at 10 kHz. Leak currents were nulled using the P/4 subtrac-
tion method. DRG neurons were rapidly and continuously superfused (5
ml/min) with external solution. SNC80 (1 um) was diluted into external
solution on the day of the experiment and applied through the perfusion
system. Experiments were performed at room temperature (22-24°C).
Mean Ca*" current amplitudes were measured (pCLAMP 9.0, Molecu-
lar Devices) between 5 and 10 ms after initiating the depolarizing step.
Mean current amplitudes were then plotted against time. Stable record-
ings were fitted by a linear function to compare, by extrapolation, control
current amplitude to the current amplitude recorded in the presence of
opioid receptor agonists.

Statistical analysis

Data are expressed as mean = SEM. All nonlinear regression analysis was
performed with GraphPad Prism v4, and all statistical analysis by Sig-
maStat software. For pain experiments, two-way repeated-measures
ANOVAs were performed followed by Tukey’s post hoc analysis. For
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associative tolerance nonparametric multiple
comparisons (Mann—-Whitney U tests) were
made with a Holm-Bonferroni correction. For
locomotor stimulation and elevated plus maze
analysis, multiple comparisons were made
using Bonferroni corrected ¢ tests. For electro-
physiological recordings, responses were com-
pared using ANOVA followed by a Tukey’s post
hoc analysis.

Results

Two selective 8 agonists were used through-
out the study: SNC80 (Calderon et al.,
1994), and ARM390 (Wei et al., 2000). Both
compounds show similar receptor binding
and G-protein activation properties (Wei et
al., 2000; Marie et al., 2003; Pradhan et al.,
2009), and produce comparable pain-
relieving effects in models of inflammatory
pain (Pradhan et al., 2009). The two com-
pounds penetrate the blood brain barrier
following systemic injection and produce
centrally mediated emotional responses
(our unpublished results). However, in
both cell systems and in vivo, SNC80 triggers
robust 8 receptor internalization, whereas
ARM390 does not produce significant re-
ceptor trafficking (Marie et al,, 2003;
Pradhan et al., 2009).

Acute SNC80, but not ARM390
treatment produces transient
desensitization of the

analgesic response

We previously showed that SNC80, but not
ARM390, produced acute behavioral desen-
sitization 4 h after acute administration; and
that this response was restored 24 h after the
initial injection (Pradhan et al., 2009). Here
we first examined whether acute behavioral
desensitization could be observed at a later
time point (12 h) and also confirmed the
recovery of receptor function after 24 h.
CFA was injected into the tail of DOR-eGFP
mice, and strong heat hyperalgesia was ob-
served 48 h later (Fig. 1 A, controls vs dashed
lines). An initial injection of either SNC80
or ARM390 reversed the CFA-induced hy-
peralgesia, and the two compounds were
equally effective (Fig. 1A,B, Injection 1).
Twelve hours after the first injection, a sec-
ond injection of SNC80 was ineffective,
while 24 h after the first injection the antihy-
peralgesic effect of the compound was re-
stored (Fig. 1 A, Injection 2, 12 Hand 24 H).
ARM390 produced potent antihyperalgesia
at the second injection, both 12 and 24 h
after the first injection (Fig. 1A, Injection 2,
12 H and 24 H). A parallel group of DOR-
eGFP animals were killed at the time that

they would have received the second drug injection. We observed
robust DOR-eGFP internalization 12 h after SNC80 (Fig. 1 B, 12 H),
and cell surface fluorescence was restored at the 24 h time point (Fig.
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Figure2.  Chronic SNC80 and ARM390 both produce analgesic tolerance. Development of tolerance in two mouse strains and two pain

models. All animals were tested every 24 h with vehicle (control), SNC80 (10 mg/kg), or ARM390 (10 mg/kg) for 5 d. Left, CFA tail, thermal
responses in DOR-eGFP mice. Middle, CFA tail, thermal responses in wild-type (57BL/6) mice. Right, CFA paw, mechanical responses in
wild-type (57BL/6) mice. Dashed lines represent baseline mechanical or thermal responses pre-CFA. n = 5—10 mice/group. Analgesic
tolerance developed similarly for SNC80 and ARM390, independent of mouse strain or nociceptive endpoint.
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Figure3.  Chronic SNC80 and ARM390 produce distinct adaptive responses at the receptor level. A, Subcellular DOR-eGFP localization.

Brain and dorsal root ganglia were analyzed 24 h after the last drug treatment (day 6) by confocal microscopy, and representative images
areshown. Mean cell surface fluorescence was quantified in 3— 4 sections per region per mouse. White bars, control group; gray bars, SNC80
group; black bars, ARM390 group; ***p << 0.001, one-way ANOVA, n = 3— 4 mice/group. Both SNC80 and ARM390 animals show surface
fluorescence, but the signalis significantly reduced in the SNC80 group. B, Scatchard plot of [ *H]naltrindole saturation binding performed
on brain membranes. Experiments were performed in triplicate; n = 3—5 mice/group. £, (nm) and B,,,,, (pmol/mg) values were compa-
rable for control (0.13 == 0.004 nw, 0.20 == 0.02 pmol/mg) and ARM390 (0.10 == 0.006 nw, 0.20 == 0.03 pmol/mg) groups, while specific
binding was undetectable in the SNC80 group. €, D, SNC80-induced [3SS]GTPyS binding in brain (C) or spinal cord (D) membrane prepa-
rations. The y-axis shows mean = SEM specific [ **S1GTP-yS binding expressed as percentage basal binding (i.e., absence of agonist). n =
3 mice/group. For brain, ECs, (nw) and £, (percentage basal) values are comparable for control (466 = 1.1 nw, 231 = 3.3%) and
ARM390-tolerant (302 = 1.1 nm, 245 =+ 3.5%) groups, while [ **S]GTPyS binding was strongly attenuated (239 = 1.3 nw, 140 = 1.5%)
in the SNC80-tolerant group. Similar results were observed in the spinal cord. EC;; and £, ., values were as follows: control, 433 == 1.2 nw,
167.4 == 1.9%), ARM390-tolerant group (455 == 1.2 nm, 176.2 == 2.8%), and SNC80-tolerant group (220 = 1.4 nw, 124.6 == 1.4%).
Chronic SNC80 produces DOR-eGFP receptor downregulation, while ARM390 leaves receptors at the cell surface.

1 B, 24 H). In contrast, ARM390 treatment did not induce receptor

internalization at any time examined (Fig. 1 B, 12 H and 24 H).
Thus, as we showed previously (Pradhan et al., 2009), receptor

internalization (SNC80 but not ARM390) leads to acute desensi-
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tization of the analgesic response, observable 4H and 12H after
treatment. Importantly, 24 h following treatment with either
SNC80 or ARM390, DOR-eGFP was detected on the cell surface
and these receptors were fully functional, regardless of whether
receptor internalization had occurred previously or not.

Chronic SNC80 and ARM390 treatments produce full
analgesic tolerance, independent of receptor internalization
Because SNC80- and ARM390-exposed animals appeared indis-
tinguishable 24 h after the first treatment, we examined the con-
sequences of chronic SNC80 or ARM390 treatment every 24 h.
We first tested heat hyperalgesia in DOR-eGFP mice (Fig. 2, left).
Animals were injected with CFA into the tail, and 48 h later were
treated with vehicle, SNC80 (10 mg/kg) or ARM390 (10 mg/kg)
every 24 h for 5 d. Heat hyperalgesia was stably expressed over the
5d, as observed in control animals. As expected, both SNC80 and
ARM390 efficiently reduced heat hyperalgesia on day 1. The drug
effect gradually decreased over the 5 d, regardless of the internal-
ization properties of the compounds. The time course for the
development of tolerance was comparable for the two drugs, and
complete tolerance was observed at day 5. We repeated the same
experiment using wild type C57BL/6] mice (Fig. 2, middle). Tol-
erance developed similarly for the two & agonists indicating that
this observation was not specific to the DOR-eGFP strain. Finally,
we determined whether tolerance to SNC80 and ARM390 was
endpoint specific. We injected wild type mice with CFA in the
paw, and tested mechanical allodynia by von Frey hair stimula-
tion after 48 h (Fig. 2, right). Again, tolerance was observed in
both SNC80- and ARM390-treated animals. As with heat hyper-
algesia, tolerance developed to the two drugs at the same rate, and
was complete by day 5. Together, our results show that analgesic
tolerance develops for both SNC80 and ARM390, independent of
the high- or low-internalizing properties of the agonist.

SNCB80- and ARM390-tolerant animals show distinct

receptor modifications

We then investigated the status of 8-opioid receptors after the
establishment of tolerance to either SNC80 or ARM390. We ex-
amined DOR-eGFP receptor subcellular localization, ligand
binding and G-protein coupling. As in Figure 2, DOR-eGFP mice

VEH SNC80 ARMS390

Chronic SNC80and ARM390 both produce analgesic cross-tolerance. SNC80-tolerant mice were challenged with ARM390 (10
mg/kg), and ARM390-tolerant mice were challenged with SNC80 (10mg/kg). Graphs show tolerance and cross-tolerance data. A, CFA paw,
mechanical response in DOR-eGFP mice. B, CFA tail, thermal response in (57BL/6J wild-type mice. Dashed lines represent baseline me-
chanical responses pre-CFA.n = 5 mice/group. Cross-tolerance occurs in both treatment groups. C, Repeated nociceptive testing produced
associative tolerance. Inflammatory pain was induced in the paw of (57BL/6J mice, and 48 h later they were either tested daily for 5 d with
vehicle (tested) or leftin theirhome cage (novice). On day 6, mice were challenged with vehicle, SNC80 (10 mg/kg), or ARM390 (10 mg/kg).
Dashed lines represent baseline mechanical responses pre-CFA. n = 5—6 mice/group. Antiallodynic effects of SNC80 or ARM390 were
reduced in the habituated (tested) groups compared with corresponding novice drug groups (*p << 0.05, **p < 0.01), indicating that
associative tolerance had developed. Nevertheless, in the hahituated/tested animals, the two agonists continued to produce significant
antiallodynic effects (*p < 0.01 compared with habituated vehicle controls), demonstrating that associative tolerance only partially
accounts for the full tolerance and cross-tolerance observed in chronically SNC80- or ARM390-treated animals.
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were subjected to CFA injection in the tail,
and treated for 5 d with vehicle, SNC80 or
ARM390. Full tolerance was observed by
day 5 (data not shown), and animals were
killed 24 h after the last injection (day 6)
for ex vivo analysis. SNC80-tolerant ani-
mals showed cell surface expression of
DOR-eGFP in all areas examined (Fig.
3A). Importantly however, the fluores-
cent signal was significantly reduced, sug-
gesting that receptor downregulation had
occurred. Further, [ *H]naltrindole bind-
ing was undetectable in brain membranes
(Fig. 3B), and [*°S]GTP+S binding was
severely attenuated in the brain (Fig. 3C)
and spinal cord (Fig. 3D). These results
indicate that repeated SNC80 treatment
leads to strong receptor downregulation
throughout the nervous system. This
result is consistent with our previous
observation of lysosomal targeting of
DOR-eGFP following agonist-induced
receptor internalization (Pradhan et al.,
2009, see references therein).

In sharp contrast, ARM390-tolerant animals showed in-
tense DOR-eGFP surface fluorescence in both DRG and hip-
pocampus, comparable to the control group (Fig. 3A).
Further, ARM390-tolerant animals showed [>H]naltrindole
(Fig. 3B) and [*°S]GTP+S binding in brain (Fig. 3C), and
spinal cord (Fig. 3D) membrane preparations that were com-
parable to the control group. Hence, 8-opioid receptor surface
expression, receptor number and receptor coupling to
G-proteins are intact in ARM390-tolerant animals. In contrast
to SNC80, tolerance to ARM390 does not seem to involve
adaptive mechanisms at the receptor level.

Associative Tolerance

* *%

SNCB80- and ARM390-tolerant animals show cross-tolerance
to analgesic responses
At this stage of the study, the finding that 6-opioid receptors were
intact and expressed on the cell surface in ARM390-tolerant an-
imals, was most intriguing. This observation led us to examine
analgesic responses of these animals to SNC80, using a cross-over
design. A first experiment was performed in DOR-eGFP mice,
using the CFA paw model (Fig. 4A). As in the previous experi-
ments, mice were made tolerant to SNC80 or ARM390 by daily
treatments over 5 d. On the sixth day, SNC80-tolerant animals
were challenged with ARM390, and ARM390-tolerant animals
were challenged with SNC80. An antiallodynic effect was not
detected for either compound, indicating that cross-tolerance
had established in both SNC80- and ARM390-tolerant groups.
We performed a second cross-tolerance experiment, using wild-
type C57BL/6] mice in the CFA tail model (Fig. 4 B). Again, none
of the compounds showed antihyperalgesic activity in tolerant
animals, indicating that cross-tolerance developed independent
of mouse strain or analgesic endpoint (mechanical or thermal).
As ARM390 produced tolerance and cross-tolerance in the
absence of changes at the receptor level, we explored the possibil-
ity that this tolerance was due to associative tolerance resulting
from our repeated testing paradigm. Consistent with previous
reports (Gamble and Milne, 1989; Williams et al., 2001, see ref-
erences therein), repeatedly testing mice for 5 d with vehicle re-
sulted in an attenuation of analgesic effects, and this was observed
for both SNC80 and ARM390 (Fig. 4C). However, this associative
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tolerance only partially contributed to the
full tolerance produced by either & agonist
as both still produced a significant antial-
lodynic effect in the habituated group.
These results indicate that the observed
tolerance to either SNC80 or ARM390 re-
sulted from both associative and nonasso-
ciative (drug) factors, and confirmed the
development of drug-induced tolerance
in response to chronic ARM390.
Altogether, these data show that neither
SNC80-tolerant animals, whose receptors
are downregulated, nor ARM390-tolerant
animals, whose receptors are intact at the
cellular level, respond to any & agonist in a
model of pain. We conclude that repeated
agonist treatment abolishes 8-opioid anal-
gesia, either via internalization-dependent or
internalization-independent mechanisms.

ARM390-tolerant mice respond to
SNC80 at receptor trafficking and
behavioral levels

We further investigated 6-opioid receptor
function in ARM390-tolerant animals.
We first examined SNC80-induced recep-
tor internalization in both SNC80- and
ARM390-tolerant animals. As in previous
experiments, mice were made tolerant to
SNC80 or ARM390 over 5 d. On the sixth
day SNCB80-tolerant animals were chal-
lenged with ARM390, ARM390-tolerant
animals were challenged with SNC80, and
tissue from central and peripheral nervous
systems were analyzed by confocal micros-
copy. In accordance with our previous ob-
servation (Fig. 3A), SNC80-tolerant animals
showed DOR-eGFP downregulation, as ev-
idenced by significantly reduced fluores-
cence in the hippocampus, striatum and
dorsal root ganglia (Fig. 5A). Interestingly,
robust DOR-eGFP internalization was ob-
served in ARM390-tolerant animals upon
challenge with SNC80, in both the central
and peripheral nervous system (Fig. 5A). In
combination with receptor binding and
G-protein coupling data from tolerant ani-
mals (Fig. 2D, E), this result confirms that

chronic treatment with ARM390 leaves & receptors functionally in-
tact at the cell surface and readily responsive to agonist-induced

internalization.

Because SNC80 was able to internalize 6-opioid receptors

Pradhan et al. @ Ligand-Biased Tolerance at 5-Opioid Receptors

>

Control SNC80-ARM390 ARM390-SNC80
75
£
kS| . [50
@ *k*k 25 o
2
a g
& 5 9
[&] =
8_ m K S
2 x4 25 @
T &
@
o 3
I 75 3
2 50
a
*k*k
* %X 25
*
B 0
3 £
< ®
]
5 g
= o
)
e £
E =
2 X
©
Control SNC80 ARM390 Control SNC80 ARM390
Figure 5.  Chronic ARM390 induces analgesic tolerance only, leaving other 8-opioid receptor responses intact. A, SNC80-

induced internalization in SNC80- and ARM390-tolerant animals. Striatum, hippocampus, and dorsal root ganglia were analyzed
by confocal microscopy, and representative images are shown. Mean cell surface fluorescence was quantified in 3— 4 sections per
region per mouse. White bars, control group; gray bars, SNC80 group; black bars, ARM390 group; *p << 0.05, ***p < 0.001,
one-way ANOVA, n = 3—4 mice/group. After chronic ARM390, surface & receptors can be internalized by SNC80. B, SNC80-
induced locomotor activation in SNC80- and ARM390-tolerant animals. Wild-type C57BL/6J mice were chronically treated with
vehicle, SNC80, or ARM390, following which they were challenged with either vehicle or SNC80 (3 mg/kg, i.p.). For drug effects,
*¥p < 0.01, as determined by multiple ¢ tests with Bonferroni corrections, n = 5— 6 mice/group. Control and ARM390-tolerant
animals, but not SNC80-tolerant animals, showed SNC80-induced locomotor activation. €, SNC80-induced anxiolysis in SNC80-
and ARM390-tolerant animals. Wild-type (57BL/6J mice were made tolerant to SNC80 or ARM390, and all groups were challenged
with either vehicle or SNC80 (10 mg/kg, s.c.), and tested in the elevated plus maze. Data represent the percentage time spentin the
open arms compared with total time spent in open and closed arms. For drug effects, **p << 0.01, *p << 0.05 as determined by
multiple t tests with Bonferroni corrections, n = 5— 6 mice/group. Control and ARM390-tolerant animals, but not SNC80-tolerant
animals, showed an SNC80-induced anxiolysis. Altogether, chronic SNC80 produces generalized behavioral tolerance, while
chronic ARM390 induces analgesic tolerance only.

SNCB80 (Fig. 5B). SNC80-tolerant animals were unresponsive to
the locomotor stimulant effect of SNC80, consistent with a pre-
vious report (Jutkiewicz et al., 2005). In contrast, robust SNC80-
induced locomotor stimulation was observed in both control and

in the ARM390-tolerant animals, but was unable to produce
antiallodynic or antihyperalgesic effects (Fig. 4), we tested
whether SNC80 could elicit other behavioral responses that do
not involve pain processing mechanisms. SNC80 is known to
produce locomotor activation (Spina et al., 1998) and anxio-
lytic responses (Saitoh et al., 2004) and we therefore tested
both behaviors. We treated three groups of wild-type
C57BL/6] mice with either vehicle (control), SNC80 (SNC80-
tolerant) or ARM390 (ARM390-tolerant) and established tol-
erance over 5 d, as described previously. On day 6, mice in each
group were challenged in a locomotor test with either vehicle or

ARM390-tolerant animals. The anxiolytic effect of SNC80 was
examined in another experimental group, and similar results
were obtained (Fig. 5C). Acute SNC80 challenge did not modify
the behavior of SNC80-tolerant animals in the elevated plus
maze. However, control and ARM390-tolerant animals did re-
spond to acute SNC80 and spent significantly more time in the
open arms, indicating a reduction in anxiety levels. Therefore,
after a 5 d chronic regimen, ARM390 treatment produced toler-
ance and cross-tolerance at the level of pain responses, while
agonist-induced locomotor activation and anxiolysis remained
intact.
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Figure 6.  Chronic SNC80 and ARM390 both reduce & receptor-mediated inhibition of
Ca”* channels in DRGs. The inhibitory effect of SNC80 (1 um) on voltage-dependent
(a”* channels was measured in medium-large DRG neurons. A, B, Exemplar currents
from SNC80-responsive (4) or -nonresponsive (B) DRGs. (1, baseline depolarization; 2,
SNC80-induced inhibition). Calibration: 10 ms, 20 mA on the x- and y-axes, respectively. C,
SNC80inhibited Ca*™ currents in ipsilateral DRGs from CFA (V, 33 = 11%), but not naive
(N, —0.13 = 0.87%) animals. Both chronic SNC80 (S) and ARM390 (A) treatments re-
duced this effect to levels seen in naive DRGs (11.7 = 5.3 and 0.12 == 2.4%, respectively).
Cumulative data from 6 —14 cells are presented showing percentage SNC80 inhibition of
Ca®" currents; *p < 0.05, ***p < 0.001.

ARM390-tolerant animals show desensitization at the level of
the dorsal root ganglia

We next investigated the mechanism of ARM390-induced anal-
gesic tolerance. We focused on 6 receptor activity at the level of
the DRG, as these contain first order neurons in pain transmis-
sion, but are not primary mediators of locomotor and emotional
processing. Due to technical limitations we could not analyze &
receptor radioligand or [*°S]GTP%S binding in the DRGs, as
performed in brain and spinal cord membranes. A main down-
stream signaling effector of & receptors are VDCCs, which are
inhibited by 8 agonists in DRGs (Walwyn et al., 2005). As in
previous experiments, wild-type C57BL/6 mice were treated with
CFA in the paw, and made tolerant to SNC80 or ARM390 over
5 d. On day 6, we measured SNC80-induced Ca?" channel inhi-
bition in DRGs collected from these animals (Fig. 6). The SNC80
challenge was ineffective in DRGs from naive animals, as pre-
viously described (Walwyn et al., 2005). In contrast, SNC80
efficiently inhibited Ca®" channels following CFA-induced
inflammation, consistent with enhanced & receptor function
following chronic pain (Cahill et al., 2003). In DRGs from
SNC80-tolerant animals, 8-mediated regulation of Ca*"
channel activity was significantly reduced, in agreement with &
receptor downregulation following chronic treatment with
this drug (Fig. 3A-D). Remarkably, §-regulated Ca®" channel
inhibition was also reduced, and even abolished in DRGs from
ARM390-tolerant mice. Therefore, chronic treatment with
ARM390 does not change surface localization (Fig. 3A), recep-
tor number (Fig. 3B), coupling to G-proteins in the CNS (Fig.
3C,D), or ability to internalize (Fig. 5A), but does desensitize &
receptor-VDCC coupling. This disruption of & receptor-
Ca’"channel interaction in primary nociceptors could ex-
plain the analgesic tolerance in ARM390-tolerant animals.
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Discussion

Ligand-biased tolerance and 8-opioid receptors

A major challenge in the field of GPCR research is to understand
the implication of ligand-biased signaling and regulation on
physiological processes in vivo. To date, only a few examples have
demonstrated the existence of in vivo agonist-biased mechanisms
leading to specific behavioral responses. Hallucinations induced
by specific 5HT,, agonists were shown to involve activation of a
specific G-protein signaling pathway at cortical 5HT, , receptors,
highlighting the relevance of ligand-directed signaling in psycho-
active processes (Gonzalez-Maeso et al., 2007). In the opioid re-
search field, ligand-directed trafficking at the u-opioid receptor
was recently shown as a predictor of u-opioid tolerance and de-
pendence (Kim et al., 2008). Here, we show that ligand-biased
trafficking at another opioid receptor, the 8-opioid receptor,
leads to differential long-term adaptations in vivo and produces
two highly distinct forms of behavioral tolerance.

We investigated the in vivo consequences of chronic treatment
with either a high (SNC80)- or a low (ARM390)-internalizing
agonist, both at the neuronal level and in several 8-opioid
receptor-regulated behaviors. Our results indicate that chronic
SNC80 treatment results in a robust and widespread downregu-
lation of 8-opioid receptors throughout the nervous system. This
adaptive cellular response is accompanied by a complete loss of
all 8 receptor-mediated behavioral responses, including analge-
sia, locomotor activation and anxiolysis. In contrast, chronic
ARM390 treatment does not modify receptor expression at the
cell surface. Nevertheless, tolerance develops specifically to the
pain-relieving effects of & agonists, while other & receptor-
regulated behaviors are unchanged. The intriguing analgesic-
specific tolerance elicited by ARM390 is associated with an
adaptive response at the level of voltage-dependent Ca*" chan-
nels in DRGs. Together, our results indicate that analgesic toler-
ance can be established by at least two distinct pathways (Fig. 7).

Internalization-dependent tolerance

Chronic treatment by the internalizing agonist (SNC80) resulted
in DOR-eGFP downregulation at the cellular level. §-Opioid re-
ceptor downregulation has been described earlier in transfected
cell systems (Malatynska et al., 1996; Trapaidze et al., 1996; Ko et
al., 1999; Whistler et al., 2002). This process results from receptor
targeting to lysosomal compartments following internalization
(Pradhan et al., 2009), and is considered a classical GPCR re-
sponse to chronic agonist exposure (Ferguson, 2001; Law et al.,
2004; Christie, 2008). In vivo, we did not observe significant
downregulation following acute SNC80, and cell surface recep-
tors were restored within 24 h after internalization had occurred,
either by de novo synthesis or recruitment from intracellular
stores (Pradhan et al., 2009; this study). However repeated
SNC80 injections every 24 h, resulted in profound receptor
downregulation, suggesting that degradation ultimately over-
came receptor recovery. This phenomenon occurred throughout
the nervous system, and all agonist-induced responses at the be-
havioral level were lost. A previous study also reported tolerance
to the convulsant and locomotor stimulant effects of SNC80
following chronic treatment (Jutkiewicz et al., 2005). In that
study, however, antidepressant effects of the compound re-
mained and receptor downregulation was not observed
throughout the brain. This discrepancy with our analysis of
long-term effects of SNC80 may arise from different routes of
drug administration (Jutkiewicz et al., 2005) and behavioral
measures. Under our experimental conditions, robust recep-
tor downregulation in SNC80-tolerant mice was revealed by
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four different ex vivo parameters (imag-

Internalization-dependent
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Internalization-independent

ing, radioligand and [**S]GTP%S bind-
ing, and Ca’* channel conductance)
and in three behavioral responses (anal-
gesia, locomotion and anxiolysis). To-
gether, our comparison of high- and
low-internalizing agonist effects strongly
suggests that 6-opioid receptor internaliza-
tion in vivo is a major regulatory event that
leads to generalized tolerance.

Acute
Treatment
1 X 24H cycle

L. . 4H-12H
Internalization-independent tolerance

Chronic treatment with the low-
internalizing agonist (ARM390) pro-
duced behavioral tolerance only at the
level of pain processing, while leaving lo-

24H

SNC80

Receptor internalization/uncoupling

Restoration of receptor function

SNC8(Q ARM
ARM390 39

TEST TEST

Intact receptor function

|

Analgesia Analgesia
Behavioral Intact behavioral
desensitization response

Intact receptor function

comotor and emotional responses intact.
We investigated the underlying cause for
this particular type of internalization-
independent tolerance focusing on adap-
tations occurring in DRGs, the first order
neurons of the pain processing pathway.
Chronic ARM390 treatment affected
neither the overall receptor number and
cellular localization, nor ability of the re-
ceptor to internalize in these cells. Be-
cause the receptor seemed unaffected,
we hypothesized that internalization-
independent tolerance resulted from cel-
lular adaptations occurring downstream
of the receptor. Many signaling effector
systems have been described, including
GPB7y-mediated regulation of voltage-
dependent Ca** channels (Williams et
al., 2001; Christie, 2008) in DRGs (Wal-
wyn et al., 2005). Our data demonstrate
that & receptor inhibition of Ca®* chan-
nel activity, indeed, has desensitized in
these cells, providing a mechanism for
the ARM390 tolerance to analgesic re-
sponses. Importantly, this adaptive response seems specific to
DRGs, as we did not observe any alteration of G-protein acti-
vation in the brain and spinal cord in ARM390-tolerant ani-
mals, and centrally mediated behaviors remained intact. This
anatomically restricted adaptation may have resulted from al-
tered & receptor function in DRGs following CFA administra-
tion (Gendron et al., 2006) or altered coupling between 6
receptors and Ca®" channels. Overall our findings demon-
strate that chronic receptor activation does not necessarily
induce universal adaptive responses in vivo, but can recruit
specific processes in restricted neuronal pathways. We also
cannot exclude the possibility that, in addition to DRG-
specific mechanisms, other adaptations may occur at the sys-
tems level through recruitment of opponent processes within
the pain neurocircuitry (Ossipov et al., 2005; Simonin et al.,
2006).

Cellular or systems level adaptive mechanisms have been
proposed in the context of the w-opioid receptor. The low-
internalizing u agonist morphine produces analgesic tolerance. A
proposed hypothesis is that continuous signaling at the receptor
is responsible for the development of counter-adaptations that
lead to reduced analgesic effects of the drug (Whistler et al., 1999;
He et al., 2002; Kieffer and Evans, 2002). However, the parallel

Chronic
Treatment
5 X 24H cycles

Figure 7.

processing pathways.

Receptor degradation

Generalized tolerance

Intact receptor at the cell surface

Locomotion
Analgesia

Analgesic tolerance

Locomotion )
Analgesia

Two distinct paths toward analgesic tolerance. The scheme summarizes receptor analysis at the cellular level (sub-
cellular localization, receptor number, G-protein coupling, and Ca* channel activity) and behavioral data obtained throughout
this study. Data highlight the distinct adaptive processes elicited by chronic treatment using either the high-internalizing agonist
(SNC80, left) or the low-internalizing agonist (ARM390, right). Top, A single 24 h treatment cycle leads to restored or intact
receptors, with seemingly identical functional properties both at cellular and behavioral levels. Bottom, Five 24 h treatment cycles
produce highly distinct forms of tolerance. Chronic SNC80 downregulates receptors throughout the nervous system, as classically
described in cellular models, leading to generalized tolerance at the behavioral level. Chronic ARM390 does not modify receptor
expression at the cell surface, but decreases & receptor-mediated Ca>* channel responses in DRGs. Further, tolerance develops
only foranalgesic but not locomotor or emotional responses, indicating that in vivo adaptations occur specifically at the level of pain

between the two opioid receptors remains limited to low-
internalizing agonists, because p-opioid receptors rapidly recycle
following internalization while 8-opioid receptors are degraded
(Ko et al., 1999; Tanowitz and von Zastrow, 2003; Hanyaloglu
and von Zastrow, 2008).

Therapeutic implications

Conclusions from this study have therapeutic implications as &
agonists are being tested clinically for the treatment of pain, anx-
iety and severe depression (Dondio, 2000; Dondio et al., 2001).
From our data, it appears that internalizing and noninternalizing
agonists would both produce tolerance in pain management.
However, the development of noninternalizing & agonists may be
of particular interest for the treatment of anxiety and depression,
as tolerance is less likely to occur in this context (Jutkiewicz et al.,
2005).

In conclusion, this study shows that ligand-directed traf-
ficking leads to the development of differential tolerance at
8-opioid receptors. The ligand-specific tolerance observed in
this study strengthens the notion that ligand-biased responses
have important implications in GPCR biology in vivo. Our
findings uncover a novel aspect of biased agonism, which ex-
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tends the concept of ligand-specific signaling to ligand-biased
tolerance.
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