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Delta-opioid receptor (DOR) agonists display antinociceptive properties with less adverse effects than morphine
derivatives and other opioids targeting mu-opioid receptor. However, a loss of their antinociceptive effect
(tolerance) rapidly develops upon repeated treatments and could be due to the fast degradation of DOR. The G
Protein-coupled Receptor-Associated Sorting Protein 1 (GPRASP1) has been involved in DOR sorting for
degradation in vitro. Here, using a novel mouse line combining a knock-out for GPRASP1 and a knock-in for a
fluorescent DOR-eGFP, we show that GPRASP1 is mandatory for the development of antinociceptive tolerance to
the DOR agonist SNC80 in models of neuropathic and inflammatory pain. Surprisingly, DOR down-regulation
upon repeated activations, phosphorylation kinetics of SNC80-activated DOR and DOR coupling to Gi proteins
were unaffected by the loss of GPRASP1. Instead, changes in the dynamics of DOR plasma membrane localization
were observed in GPRASP1 knockout neurons. Affinity-Purification of DOR followed by Mass Spectrometry
analyses revealed, for the first time in the brain, that SNC80 alters DOR’s interactome. In the absence of
GPRASP1, the association of activated DOR with newly identified partners, particularly Synapse differentiation-
inducing gene protein 1 SYNGI1, was reduced. These findings indicate that SNC80-induced antinociceptive
tolerance is not driven by DOR down-regulation but rather by GPRASP1-mediated changes in DOR trafficking
and downstream signaling.

derivatives and of synthetic opioids such as fentanyl and methadone, are
still considered as major targets for its treatment [5-8].

1. Introduction

Chronic pain is a serious health issue that concerns 20 % of adults in
Western countries [1]. For around 5-8 % of people, it is subcategorized
as High-Impact chronic pain [2-4] because it has various psychological
impacts and becomes disabling in daily life. Among the G
Protein-Coupled Receptors (GPCRs) involved in the establishment and
maintenance of chronic pain, opioid receptors and particularly mu
opioid receptor (MOR), the receptor of drugs like morphine and its

In line with its involvement in regulation of nociception, the delta
opioid receptor (DOR) could be an alternative drug target for the
treatment of chronic pain [9]. DOR is located in different regions of the
nervous system involved in the modulation of nociception and pain,
including the dorsal root ganglia, spinal cord, striatum and amygdala.
Like MOR, it is coupled to Gj/, proteins and reduces the transmission of
nociceptive signals [10]. Studies on animal models of chronic pain of
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various etiologies (neuropathic, inflammatory, cancer and diabetic)
have shown that DOR stimulation with agonists prevents both me-
chanical and thermal hyperalgesia [11]. DOR agonists do not induce
side-effects of MOR agonists such as constipation or respiratory
depression, and display low addictive properties [12]. However, one of
the main limitations of the use of DOR agonists, such as SNC80 (a pro-
totypical DOR agonist promoting fast receptor internalization), is the
rapid development of an antinociceptive tolerance following their daily
administration [13,14].Tolerance refers to the reduction of the effect of
a drug upon successive administrations. Analgesic tolerance to MOR
agonists appears to depend upon two processes, namely i) cellular
tolerance that includes mechanisms such as the decrease in functional
MORs caused by their desensitization and internalization through
p-arrestins, and the reinforcement of counteracting signaling, such as
over-activation of the adenylyl cyclase; and ii) adaptive modifications of
the pain circuitry of the nervous system and development of
opioid-induced hyperalgesia [15-17]. Antinociceptive tolerance to MOR
agonists is ligand-dependent and much effort has been directed towards
developing biased agonists that poorly activate the B-arrestin pathways
and thereby induce less tolerance [18,19]. Although a rapid degradation
of DOR in lysosomes [13,14,16] following its internalization by
B-arrestinl [20,21] has been suggested to represent a critical step, the
molecular mechanisms underlying the development of antinociceptive
tolerance to DOR agonists are less well characterized.

One of the main proteins thought to be involved in DOR degradation
in vitro is the GPCR-associated Sorting protein 1 (GPRASP1). Two-hybrid
screens have identified an interaction between the carboxyl-terminal
domains of GPRASP1 and DOR [22,23] further confirmed by
pull-down assays [22-24] and by co-immunoprecipitation in vitro
[22-25]. Pull-down assays also revealed that GPRASP1 interacts with
the C-terminal domain of a large number of GPCRs [22,24]. Over-
expression of GPRASP1 in Human Embryonic Kidney (HEK293) cells
was shown to increase ligand-induced DOR degradation, as assessed by
radioligand binding experiments [23]. GPRASP1 has been further
implicated in degradation of GPCRs in vitro including the degradation of
the dopamine D2 and D3 receptors [26,27] and DOR via interactions
with the Hepatocyte growth factor-regulated tyrosine kinase substrate
(HGS) component of the Endosomal Sorting Complex Required for
Transport (ESCRT-0) protein complex and dysbindin [28,29] as well as
the degradation of the cannabinoid receptor (CNR1) [30,31] via an
interaction with Beclin2 [32,33]; for review see [34,35].

Several teams have independently generated GPRASP1-deficient
mice [36-39] and have studied their behavior as well as the degrada-
tion of different receptors upon their repeated stimulation. Converging
results clearly establish the requirement of GPRASP1 for adaptations
following repeated activations of D2 and D3 receptors [36-38] or of
f2-adrenoceptors [40] and in the development of antinociceptive
tolerance to agonists targeting CNR1 [41]. However, conflicting results
have been reported concerning degradation of GPCRs upon repeated
activations in GPRASP1 KO mice [35-37,40,41] indicating that the role
of GPRASP1 in chronic stimulation of GPCRs still needs clarification.

While DOR was the first GPCR shown to interact with GPRASP1 in
vitro, no study has been undertaken to understand its role in DOR
signaling and trafficking in vivo. Here, we used a novel mouse line
combining a knock-out (KO) for GPRASP1 [36] and expressing a
knock-in (KI) fluorescent DOR fused at its cytoplasmic C-terminal tail
with the enhanced Green Fluorescent Protein (eGFP) [14,42-45] in
models of persistent pain to explore the mechanism of antinociceptive
tolerance induced by repeated activations of DOR and to track the cell
fate of the receptor. We now demonstrate that GPRASP1 is required for
the development of antinociceptive tolerance to SNC80 by a mechanism
independent of both DOR down-regulation and coupling to hetero-
trimeric Gi/o proteins, strengthening its potential as a new drug target.
We further identified novel DOR-interacting partners modulated by
GPRASP1 expression as other candidates implicated in the development
of tolerance.
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2. Material and methods
2.1. Compounds

The Complete Freund’s Adjuvent (CFA, F5881) and Naltrexone hy-
drochloride (N3136) were obtained from Sigma Aldrich. Naltrindole
hydrochloride (HY-101177) and SNC 80 (07829 J), were obtained from
Interchim (Cayman chemical company, Ann Arbor, MI, USA). Radioac-
tive [3H] -Deltorphine II was synthetized by Perkin Elmer
(NET1087959UC)

2.2. Engineering of DOR-eGFP/GPRASP1 KO mice

DOR-eGFP/GPRASP1 KO mice were obtained by crossbreeding DOR-
eGFP Kl mice [44] and GPRASP1 KO mice [36] (See Supplementary data
and methods). All mice used in this study were C57/Bl6/J: 129svPas
(50:50 %). All experiments were carried out in strict accordance with the
European guidelines for the care of laboratory animals (European
Communities Council Directive 2010/63/EU) and approved by the local
ethical committee APAFIS#26036-202006010931233 v5. All efforts
were made to minimize animal discomfort and to reduce the number of
animals. Our study examined male and female animals in the neuro-
pathic pain model and similar findings in this pain model are reported
for both sexes.

2.3. Neuropathic pain model and assessment of mechanical and cold
allodynia

Before the surgery, mice were given two weeks to acclimatise to the
experimental device then basal thresholds for mechanical and thermal
sensitivity were evaluated during 5 consecutive days from day minus 26
(D-26) to day minus 21 (D-21). Neuropathic pain was induced by
chronic constriction injury (CCI) on the main branch of the right sciatic
nerve, as described in [46] (Supplementary data and methods). Animals
were 8-18 weeks old on the day of the surgery, n =10-12 per group.

Mechanical allodynia (AD) was assessed with a series of eight von
Frey filaments (VF, Bioseb, Vitrolles, France), according the up & down
method [47,48]. Briefly, calibrated VF filaments with the bending force
of 0.008-2 g were applied on the hind paw, starting at 0.4 g. Depending
on whether the animal responded to this stimulation, the higher or lower
grammage filament was tested next. The response/non-response
sequence was used to determine a sensitivity threshold. Contralateral
paw was used as internal control. Cold allodynia was evaluated with a
cold plate apparatus (CP). Mice were placed 5min on a plate cooled to
4°C, from which they cannot escape, and each paw lift was scored [49].

2.4. Inflammatory pain model and assessment of mechanical and thermal
hyperalgesia

Mice were accustomed to the manipulation and the test device dur-
ing one week. The basal nociceptive threshold of the animals was then
measured daily for 5 days from day minus 7 (D-7) to day minus 3 (D-3).
To induce an inflammatory pain, CFA was injected at the base of the tail
(20 pL, sub-cutaneously (s.c.) in the caudal region, 1 cm from the base,
using a 24 G needle with Hamilton syringe, adapted from [13,50]. The
development of hyperalgesia was observed 72 h after the CFA injection.

Mechanical hyperalgesia (HA) was evaluated with the tail pressure
test (TPT) with an instrumented rodents’ pincher (RP1, Bioseb). A
gradual pressure was applied to the base of the tail, near the site where
the inflammatory agent was injected until the animal removes its tail,
indicating the pressure necessary to induce a withdrawal reflex of the
tail. Baseline was typically around 200g allowing to visualize the
hyperalgesia in a significant manner 72h post-CFA. Thermal hyper-
algesia was assessed by the tail immersion test (TIT). The distal two-
thirds of the mouse tail were placed in water at 46.5+ 0.5 °C [13,50].
The time taken to observe the tail withdrawal reflex was monitored. The
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temperature of the waterbath was adjusted in order to have a baseline 2.5. In vivo evaluation of antinociceptive effects of SNC80

threshold around 10 sec allowing to visualize the hyperalgesia in a sig-

nificant manner 72 h post-CFA. The cut-offs were defined as three times Animals were divided according to genotypes in groups equilibrated

the average baseline threshold according to the International Associa- for baseline nociception. Allodynia or hyperalgesia were verified by

tion for the Study of pain (IASP) recommendations therefore of around adequate tests. Agonist treatment was performed when allodynia or

600 g in the TPT and 30sec in the TIT. All measures were done in hyperalgesia were established (significant differences with baseline

triplicates during baseline and in duplicate during testing, mechanical nociceptive threshold). The agonist SNC80 was diluted in saline solution

and thermal nociception were evaluated on the same animals on the (NaCl 0.9 %) and placed in acidic conditions (6 mM HCI) at a concen-

same day, as we have observed very reproducible results for this one tration of 1 mg/mL [14,21,51].

time-point analysis in animals and that no pain sensitization was In the neuropathic pain model, SNC80 was administered intraperi-

observed following this procedure. toneally (i.p.) once a day up to 9 days in males in a first experiment.
Animals were either non-fluorescent DOR (Fig. S3B, C, E, F), ho- Nociceptive threshold was evaluated 45 min after each SNC80 admin-

mozygotes for DOR-eGFP (Fig. 1E, F, FigS3A, D, G, H) or a mix of het- istration as in [14]. Mechanical allodynia was measured daily by Von
erozygotes and homozygotes for DOR-eGFP (Fig. 1C, D). They were 8-22 frey’s tests (VF) and for cold allodynia, only one test on cold plate (CP)
weeks old on the day of CFA injection. was performed, after mechanical antinociceptive tolerance in WT mice
was established. In the neuropathic pain model, mechanistic differences
between females and males have been reported [52-54]. We therefore
generated females in a subsequent crossing of mice since the GPRASP1
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Fig. 1. Absence of antinociceptive tolerance in DOR-eGFP/GPRASP1 KO mice: neuropathic and inflammatory pain models. The experimental designs are
depicted above each graph of the corresponding experiment in A, B, C. (A, B) After baseline mechanical threshold measurements (BL) for five days with Von Frey’s
filaments (VF, D-26 to D-21), mice received chronic constriction injury (CCI) surgery of the right paw (red arrow). Allodynia (AD) was verified on day 15 (D15) and
day 19 (D19) post-surgery. The anti-allodynic effect of SNC80 was investigated once a day 45 min after its administrations starting from day 1 (D1) (black arrows,
10 mg/kg i.p.). Values are expressed as mean+ SEM of n = 12 WT male mice, n = 11 GPRASP1 KO male mice, n = 11-12 WT female, n = 10 GPRASP1 KO female
mice. (C, D) After baseline (BL) mechanical and thermal threshold measurements by tail pressure test TPT (C) and tail immersion test TIT (D) for five days (D-7 to D-
3), inflammation was induced by CFA injection 1 cm from the base of the tail of male mice at D-3. Hyperalgesia (HA) was verified on Day 1. The anti-hyperalgesic
effect of SNC80 was investigated 45 min after its administrations starting from Day 1 (D1) with two consecutive SNC80 administrations at 4 h intervals followed by
one daily administration up to 5 injections of agonist in total (black arrows, 10 mg/kg i.p.). Values are expressed as mean + SEM (C) or individual values with means
+ SEM (D) of n = 30-31 WT mice, n = 36 GPRASP1 KO mice. Selective antagonist naltrindole administration (Nti, red arrow, 5 mg/kg s.c., 20 min prior the last
SNC80 injection (dashed red line in C, dashed histogram in D, n = 11 GPRASP1 KO mice). Brains and spinal cord were collected by dissection after the last
administration of SNC80 (C purple arrows). (E, F) Dose-response of the antinociceptive effect of SNC80 (5 or 20 mg/kg, i.p.) in the inflammatory pain model. The
mechanical modality was evaluated in the same experimental design than in (C) by the TPT, WT mice (E) and in GPRASP1 KO mice (F). Values are expressed as
individual values with means & SEM of n = 8 for WT and n = 12 for GPRASP1 KO. Statistical analyses performed by two-way ANOVA followed by a Tukey’s multiple
comparison post hoc test. In A, B, C; WT vehicle vs WT SNC80: ### p < 0.0005; # P < 0.05. KO vehicle vs KO SNC80: ™ P < 0.0001, KO SNC80 vs KO Nti SNC80: ¢
$ P < 0.0005. In D, E, F, G : SNC80 compared to vehicle * P < 0.05; P < 0.0005;
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gene is on the X chromosome. Female were then tested in a second
cohort, for which the repeated SNC80 treatment was shortened to 7 days
since no development of antinociceptive tolerance was observed in
GPRASP1 KO mice at each SNC80 injection, while tolerance was
established on day 3 onwards in WT mice.

In the inflammatory pain model, no difference between sex has been
observed previously concerning the extent of anti-nociceptive effect of
SNC80 administration or the development of tolerance upon a repeated
SNC80 treatment [20,21]. In male mice, two injections of SNC80 were
performed at four-hour intervals on day 1 to precipitate antinociceptive
tolerance according to [13,20,21], and then once a day up to 4 days.
Nociception was measured by tail pressure and tail immersion tests (TPT
and TIT respectively). The CFA model experiments were conducted in
three independent experiments of n = 10-12 male mice per groups:
experiment 1 was performed with one dose of SNC80 (10 mg/kg, i.p.)
followed by the dissection of brains and lumbar spinal cords 5 h after the
last behavioral test. Experiment 2 was performed with three doses of
SNC80 (5-10-20 mg/kg, i.p.) followed by the dissection of brain 24 h
after the last behavioral test. Experiment 3 was performed with mice
treated with repeated SNC80 injections, but 20 min prior to the 5th
injection of SNC80 in GPRASP1 KO mice, Naltrindole (5 mg/kg, s.c,)
was administered as described in [55]. This selective DOR antagonist
was used to confirm that antinociception triggered by SNC80 in
GPRASP1 KO mice occurred through the activation of DOR.

2.6. Behavioral data analysis

Statistical analyses were performed with GraphPad Prism v5
(GraphPad, San Diego, CA, USA). Two-way ANOVA (treatment geno-
type) analysis was used to compare the antinociceptive effect of SNC80
and tolerance development. One-way ANOVA analysis with multiple
comparison followed by Tukey’s post hoc analysis was performed to
compare changes between SNC80 treated groups and vehicle from
GPRASP1 wild-type (WT) and GPRASP1 KO mice.

2.7. Dissections

Brains and spinal cords were collected 4 h or 24 h after the last
behavioral measurement. For the biochemical analysis that needed lysis
of the tissues (radioligand binding, Western blot, immunoprecipitation),
mice were killed by cervical dislocation and their brain was collected.
Using large scissors, the spine was cut between T7 and L5 and the
lumbar spinal cord was collected by Phosphate buffer saline (PBS,
137 mM NaCl; 2,7 mM KCI; 4,3 mM NayHPO4 2 H20; 1,4 mM KH3POy;
pH = 7,4) flushing. Organs were frozen on dry ice as soon as possible and
stored at —80°C. For immunohistochemical section imaging experi-
ments, mice were anesthetized by intraperitoneal injection of ketamine/
xylazine (100 mg/kg of Imalgéne 1000 Boehringer Ingelheim Animal
Health, Lyon, France + 10 mg/kg of Rompun 2 %; Bayer HealthCare,
Kiel Germany, respectively) and perfused intracardiacally with flow rate
of 10 mL/min, during 2 min with PBS to remove blood from the vascular
system. Then tissues were fixed with PFA, 4 % (from EM-15714-S 32 %,
Electron Microscopy Sciences, Hatfield, UK) diluted in 1x PBS, for 5 min.
Organs were post-fixed in the same PFA solution for 24 h, cryoprotected
in sucrose (30 % diluted in PBS) for 24 h at 4°C before being embedded
in Cryomatrix (Optimal Cutting Temperature medium, N°6769006,
Thermo scientific, UK) and kept frozen at —80°C.

2.8. Quantification of DOR-eGFP from brain membranes by radiolabeled
binding experiments

To proceed to quantification of DOR binding sites, >H-Deltorphin II
and 100 pg of brain membranes (see Total membrane preparation in
Supplementary data and methods) were incubated in binding buffer
(50 mM Tris HCl, 1 mM EDTA) in absence or presence of 1 uM
naltrexone hydrochloride during 2h at 25°C under agitation. The
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receptor-ligand complexes were filtered as described in [49] using a cell
harvester apparatus (Brandel, Alpha Biotech Ltd, London, UK), on a
glass fiber filters (Whatman GEB; GE Healthcare, Saclay, France) pre-
incubated with a polyethyleneimine solution containing 50 mM Tris HCL
pH 7,4 and 0,5 % PEI (P3143, Sigma Aldrich, Saint-Louis, USA). Filters
were then placed in scintillation counting vial (S207-5, Snap Twist,
Simport, Beloeil, Quebec, Canada) with 2,5 mL of scintillation cocktail
(Ultima Gold, 6013159, Perkin Elmer, Boston, MA, USA). After 12 h of
incubation the radioactivity in each tube was quantified by scintillation
counting on a Tricarb 4810 apparatus. To determine the maximum of
possible binding (Bmax), a range of concentrations of 3H-Deltorphin II
from 0,09 nM to 6,4 nM was used. Background was determined with
1 uM naloxone hydrochloride. Once the Bmax determined by extrapo-
lation of the saturation curve (on GraphPad Prism), samples from ani-
mals used for dose-effect evaluation were tested at a single saturating
concentration of 3H-Deltorphin II (4 nM). Animals were males, either
WT non-fluorescent DOR (Fig. S4A), homozygotes for DOR-eGFP
(Fig. S4B), heterozygotes for DOR-eGFP (Fig. 2A, left panel) or a mix
of heterozygotes and homozygotes for DOR-eGFP (Fig. 2A, right panel).
When a combination of heterozygotes and homozygotes for DOR-eGFP
animals were used, DOR quantities were normalized to vehicle-treated
GPRASP1-WT mice of the same genotype.

2.9. Quantification of DOR-eGFP from spinal cord lysates followed by
immunoprecipitation

Spinal cords were kept frozen at —80°C until the lysis. Tissue weight
was between 10 and 20 mg and lysis was performed in 350 pL of lysis
buffer without detergents (50 mM tris HCl pH7,4, 150 mM Nacl, pro-
tease inhibitors (Complete, Roche, N°11873580001)). 5 ceramic beads
(1,4 mm in diameter) were used to grind each spinal cord at 4°C by 2
cycles of 12 sec at 4260 rpm in Bioprep-24R (Allsheng) with a 5 sec
interruption in between. The lysates were then centrifuged at 4°C for
10 min at 500 g. The supernatant was collected and detergents were
added according to the supernatant volume (1 % Nonidet P40, 0,25 %
sodium deoxycholate, 0,1 % sodium dodecylsulfate (SDS) and the vol-
ume of each sample was then completed to 1.2 mL with complete lysis
buffer (50 mM tris HCI pH7,4, 150 mM NaCl, 1 % Nonidet P40, 0,25 %
sodium deoxycholate, 0,1 % sodium dodecylsulfate (SDS) containing
protease inhibitors (Complete, Roche, N°: 11873580001). The protein
concentration was quantified by the BCA method, according to manu-
facturer instructions. 0.5 mg of proteins from one mouse were then
mixed with 15 pl anti-GFP-Trap agarose beads (GTA-20, Chromotek)
previously washed then conditioned with the lysis buffer. DOR-eGFP
immunoprecipitations were carried out for 16 h on a turning wheel at
4°C. On the following day, the beads were collected after centrifugation
at 5 min at 2500 g at 4°C. Three washes of 1 mL ice-cold Wash buffer
(50 mM tris HCI pH7,4, 150 mM NaCl, 1 % Nonidet P40, 0,25 % sodium
deoxycholate, 0,1 % sodium dodecylsulfate (SDS) without protease in-
hibitors) were done.

2.10. Western blot analysis of brain membranes or of immunoprecipitated
DOR-eGFP

Samples from 50 ug of brain membranes or immunoprecipitations
(total amount for spinal cord samples, or 12,5% from co-
immunoprecipitation of brain extracts) were resolved by SDS-PAGE.
Samples were mixed to 4X Laemmli buffer (50 mM Tris pH 6,8, 6 M
urea, 6 % beta-mercaptoethanol, 3 % SDS) to obtain a final concentra-
tion of 1X Laemmli buffer, shaked for 15 min and heated for 3 min at
95°C just before being loaded on 1.5 mm, 10 % acrylamide gels. Pro-
teins were transferred onto PVDF membranes (Immobilon R P, Mem-
brane PVDF 0,45pum, IPVH00010, Merk Millipore, Darmstadt,
Germany) by electrotransfer at 30 V and 4°C in transfer buffer (25 mM
Tris HCI pH 7,4; 192 mM glycine; 0,01 % SDS, 10 % Ethanol) overnight.
Membranes were then saturated in PBS containing 0,1 % Tween and 5 %
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Fig. 2. Down-regulation of SNC80-activated DOR-eGFP is similar in both WT and GPRASP1 KO mice. (A, B, C) Quantifications of DOR-eGFP amount: In brain
membranes, the DOR quantification was performed by two techniques, radiolabeling binding (A) or Western Blot (WB) (B). In spinal cord lysates, DOR quantification
was performed by immunoprecipitation with GPF-trap beads (IP) followed by Western Blot (C). Brains and lumbar spinal cords of CFA-inflamed WT and GPRASP1
KO male mice treated with vehicle or SNC80 were dissected 5 h after the fifth injection of SNC80. (A) Left: Representative saturation curves of DOR quantification in
brain membranes using *H-deltorphin II radiolabeled selective ligand for one animal in triplicates. Right: The amount of DOR determined by specific binding with
4 nM of *H-deltorphin II was expressed as % of the mean value of DOR quantity in WT-vehicle animals. (B) Left: Representative Western blots to detect GPRASP1 and
DOR-eGFP from 50 pg of brain membranes. Each lane represents protein extracts from one mouse. DOR-eGFP was detected using anti-GFP-HRP antibodies. Actine
was detected with anti-actine antiboby, GPRASP1 with anti-GPRASP antibodies. Right: Quantification of the GFP signal as % of the mean relative luminescent RLU
value of the DOR-eGFP band in WT-vehicle animals. (C) Left: Representative Western blots to detect GPRASP1 protein or actine from 50 pg spinal cord lysates (each
lane represents one mouse) or to detect GFP signal from immunoprecipitated DOR-eGFP using 0.5 mg of proteins from one mouse spinal cord followed by Western
blots with anti-GFP-HRP antibodies. Right: Quantification of the GFP signal as % of the mean relative luminescent RLU value of the DOR-eGFP band in WT-vehicle
animals. Data are represented as individual values and means +£SEM of n = 5-7 WT mice; n = 4-7 GPRASP1 KO mice. Statistical analysis by One way ANOVA
followed by Tukey’s post hoc test, * P < 0.05, ™ P < 0.005; ~ P < 0.0005.

non-fat dry milk (w/vol) for one hour before incubating with a primary
antibody. Primary antibodies were incubated 2-3 h at room tempera-
ture (anti-GFP-HRP, anti-actine) or ON at 4°C (anti-GPRASP, anti-
phospho DOR) with shaking. If required, after 2 quick and 5 long
(5-5-15-5-5 min) washes, the relevant secondary antibody coupled
with horse radish peroxidase was incubated (1 h at RT). Primary and
secondary antibodies were diluted and incubated as described in Supp.

Table S1. Chemiluminescence was used to reveal signal, by Immobilon®
Western (Chemiluminescent HRP substrate, P90720 WBKLS0500, Merk
Millipore, Burlington, Vermont, USA) on a luminescent image analyzer
(Amersham Imager 680, GE Healthcare Bio-science AB, Uppsala, Swe-
den) and protein expression was quantified by ImageQuant ™ TL soft-
ware. If another antibody was used on the same membrane, desorption
of the previous antibodies was performed with tris-glycine solution
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(0.2 M HCIl, 0.4 M Glycine in PBS pH7,4) before probing. Animals were
males, homozygotes for DOR-eGFP (Fig. S4C, D), a mix of heterozygotes
and homozygotes for DOR-eGFP (Fig. 2B, C, right panels). When a
combination of heterozygotes and homozygotes for DOR-eGFP animals
were used, DOR quantities were normalized to vehicle-treated GPRASP1
WT mice of the same genotype.

2.11. Immunohistochemistry

Brain sections were cut at 25 ym with a cryostat (Leica CM3050S)
and stuck on slice (super frost plus Epredia JIS00AMNZ) at room tem-
perature prior storing at —20°C. Immunohistochemistry experiments
were performed as described [44 and Supplementary data and
methods]. Animals were males, homozygotes for DOR-eGFP.

2.12. Images acquisitions and analysis

Global slides acquisition was performed as described [56], with the
slide scanner Nanozoomer 2 HT and fluorescence module L11600-21
(Hamamatsu Photonics, Japan, see Supplementary data and methods).
Global DOR-eGFP positive neurons mainly from hippocampus, striatum,
cortex and septum were detected from Nanozoomer files with NDPview
software. Cellular distribution of DOR-eGFP signal was quantified from
confocal images on Icy software using a macro [57]. Green-positive cells
were selected (GFP signal+ AlexaFluor488) and manually delimited.
The green fluorescence intensities were measured for the total cell area
and for the subplasmalemmal area (4 pixels wide). The percentage of
DOR-GFP in the subplasmalemmal area was then obtained by (multi-
plying the mean fluorescence intensity of GFP in the subplasmalemmal
area by its area) divided by (the total area of the cell multiplied by its
mean fluorescence intensity).

2.13. Co-immunoprecipitations of DOR-eGFP complexes from brain
extracts

Brains were collected from groups with no CFA-inflammation, CFA-
inflammation and CFA-inflammation + SNC80 treatment (n = 3 per
groups). A non-fluorescent DOR-WT group was used as negative control.
First, CFA (20 pl, s.c.) was injected to induce inflammation and SNC80
(10 mg/kg, i.p.) was administered three days later. Mice were sacrificed
15 min, 30 min, 2 h, 4 h and 24 h after SNC80 injection. In a last group
of animals, a second administration of SNC80 was performed 24 h after
the first one and organs were collected 30 min later. Brains were
immediately frozen on dry ice and stored at —80°C. All the procedure
was performed at 4°C and samples kept on ice as much as possible. In a
5 mL tube, one frozen brain was placed with 20 ceramic beads (1,4 mm
in diameter) in 3 mL of lysis buffer (20 mM HEPES pH7,8, 50 mM NacCl,
0,5% n-Dodecyl p-D-Maltopyranoside (DDM), 0,3 % 3-[(3-chol-
amidopropyl)diméthylammonio]-1-propanesulfonate (CHAPS), 7,5 mM
iodoacétamide, cOmplete™ protease inhibitor cocktail 1x
(11873580001, Roche, Darmstadt, Germany), phosphatase inhibitor
(PhosSTOP 4906837001, Sigma-aldrich, France). 2 cycles of 15 sec at
4260 rpm with a 5 sec interruption in between were performed on
bioprep-24R at 4°C (Allsheng). Samples were than centrifuged at 12
000 g for 10 min at 4°C to eliminate foam before collecting the super-
natant. 3 mL of ice-cold lysis buffer were then added to the pellet before
a novel cycle of homogenization at 4°C using the bioprep-24R. Super-
natants were collected and incubated on a turning wheel at 4°C for
90 min. Debris not solubilized by lysis were then removed by centrifu-
gation at 16 000 g 30 min at 4°C. A pre-clarification was realized on
lysates with 40 uL of unloaded agarose beads (Bab-20 from Chromotek)
on a turning wheel at 4°C for 30 min. Beads were removed by centri-
fugation for 5 min at 2500 g at 4°C, supernatants were collected and
proteins were quantified by the Bradford method. 2.5 mg of brain pro-
teins from one mouse were then mixed with 40 pl anti-GFP-Trap agarose
beads (GTA-20, Chromotek) previously washed then conditioned with
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the lysis buffer. Co-immunoprecipitations using brain extracts from one
mouse were performed in duplicates. DOR-eGFP immunoprecipitations
were carried out for 16 h on a turning wheel at 4°C. On the following
day, the supernatant was collected after centrifugation at 5 min at
2500 g at 4°C. Three washes of 1 mL (ice-cold Wash buffer with the
same composition than lysis buffer except inhibitors) were done prior to
dissociate the immunoprecipitated material from the GFP-beads in
elution buffer (50 mM Tris HCl 50 mM DTT 1 % SDS 1 mM EDTA,
0,005 % bromophenol blue, 10 % glycerol) following twice the
following procedure: 100 pl elution buffer, vortex for 15 min at RT, 95°C
5 min, centrifugation 16 000 g 5 min RT, 80 pl of supernatant collected
for analysis. The two supernatants were pooled (160 ul in total) than
stored before analysis (one aliquot of 40 ul for Western blot (25 % of the
Co-IP) and one aliquot with the remaining 120 pl for Mass spectrometry
analysis). Animals were males, homozygotes for DOR-eGFP.

2.14. In vivo phosphorylation studies

The kinetic of phosphorylation of DOR was assessed by Western blot
from samples processed for DOR-eGFP Co-IP experiments from brain
extracts using 12,5 % of the material for each blot. Phosphorylations of
Threonine 361 and Serine 363 were revealed with corresponding anti-
bodies according to [58,59] (Supp. Table S1) on two separate mem-
branes resulting from the samples of the duplicated co-IP. The
membranes were then desorbed to evaluate the total DOR-eGFP quan-
tities with anti-GFP-HRP antibodies.

2.15. Mass spectrometry (AP-MS) analysis of the interactome of DOR-
eGFP

The remaining of the DOR-eGFP co-immunoprecipitated material of
one of the duplicates (n = 3 per groups) were reduced (dithiothreitol,
10 mM, 20 min at 25°C) and alkylated (iodoacetamide 50 mM, 30 min
at 25°C) on cysteines, then co-affinity-precipitated proteins were
resolved by SDS-PAGE and stained with colloidal Coomassie Blue
(Euromedex, #10-0911) as previously described for the analysis of the
interactome of metabotropic Glutamate 2 (GRM2) receptor from pre-
frontal cortex [60 and Supplementary data and methods). Briefly, as in
[60], Protein Mass Spectra (MS) intensities were extracted as Label Free
Quantification (LFQ) values from Maxquant protein groups results file
considering only unique and razor peptides. Raw LFQ values were
transformed into log base 2 values. Proteins matching reverse database
or contaminants database were filtered out. An absence of signal in the
bait samples, corresponding to Missing Not At Random (MNAR) values
was interpreted primarily as absence of a stable or detectable interaction
with the DOR-eGFP bait under the specific experimental conditions.
Proteins were retained only if they had at least two measured MS in-
tensities out of three replicates in at least one bait condition (i.e. at most
one missing value out of three replicates in that condition) with the
exception of proteins from the negative control immunoprecipitation,
where proteins were retained regardless of the number of missing values
so as not to exclude proteins that were not detected at all under the
negative control conditions (potentially the best candidates for an
interaction with DOR). For Figs. 5A and 5B, values were normalized on
the most frequent values of protein LFQ observed in each MS injection
[as in 60]. The list of proteins (Supp. Table S2) consists of those
exhibiting a significant enrichment in co-immunoprecipitates,
comparing protein LFQ in the negative control group with protein LFQ
in each of the other group (Student Ttest, p-value < 0.05 [as in 60]). For
Fig. 5C to Fig. 5K, Fig. 6 and Supp. Fig. S6, raw LFQ values were
normalized to the LFQ values of DOR observed in each MS injection.
Statistics were performed using Perseus software (v2.0.7.0) with two
methods of implementation for the residual missing values. For Figs. 5A
and 5B and Supp. Table S2 [as in 60], the “left-shifted normal distri-
bution” approach implemented in the Perseus software for label-free
proteomics data, with a down-shift of 1.8 and a width of 0.3 on the
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log-intensity scale was used to replace missing values in each condition.
This method assumes that missing values in IP-based LFQ datasets pre-
dominantly arise from undetected features and therefore replaces them
with small random values sampled from a distribution modeled on the
lower tail of the intensity distribution. Residual missing values were
implemented to O for Fig. 5C to Fig. 5K, Fig. 6 and Supp. Fig. S6.

3. Results

Before addressing the role of GPRASP1 in the development of anti-
nociceptive tolerance, we first verified that GPRASP1 interacts with
DOR in vivo using DOR-eGFP mice. Indeed, when DOR-eGFP was
immunoprecipitated from brain extracts using GFP-Trap beads,
GPRASP1 was co-immunoprecipitated, as detected by Western blot with
validated anti-GPRASP antibodies [61] (Supp. Fig. S1). As DOR-eGFP
mice were previously demonstrated to show no detectable alteration
in pain behavioral analyses neither in antinociceptive tolerance to DOR
agonists as compared to wild-type mice [13,14,42,43], we then crossed
this mouse line with GPRASP1 KO animals [36] and used the resulting
DOR-eGFP/GPRASP1 KO mice in the rest of our study, unless otherwise
stated.

3.1. Absence of antinociceptive tolerance to SNC80 in GPRASP1 KO mice

3.1.1. Neuropathic pain model

We first studied the role of GPRASP1 in the development of anti-
nociceptive tolerance to the DOR agonist SNC80 in the chronic
constriction injury (CCI) model. The anti-allodynic effect of SNC80 was
evaluated daily in both males and females using the von Frey (VF) test.
The basal mechanical sensitivities of the paw to calibrated filaments
were 1.9 £ 0.1 g in WT males similar to 1.8 +£ 0.1 g in GPRASP1 KO
males (Figs. 1A) and 1.6 & 0.1 g in WT females similar to 1.7 + 0.1 g in
GPRASP1 KO females (Fig. 1B). Nineteen days after surgery, allodynia
(AD) was significantly observed in both genotypes and both sexes, the
basal sensitivities of the paw being decreased to 0.3 & 0.1 g in WT males
and 0.4 £+ 0.1 g in GPRASP1 KO males (Fig. 1A) and 0.4 + 0.1 g in WT
females similar to 0.5 + 0.1 g in GPRASP1 KO females (Fig. 1B). Ani-
mals were then administered once a day with SNC80 (10 mg/kg, i.p.,
45 min before testing). The anti-allodynic effect of the first adminis-
tration of SNC80 on day 1 was similar in WT and GPRASP1 KO mice both
in males and females (mechanical sensitivities back to 1.7 + 0.2 g in WT
males, 1.8 + 0.2 g in GPRASP1 KO males, 1.7 + 0.2 gin WT females and
1.9 £ 0.1 g in GPRASP1 KO females, with p < 0.0001 compared to
vehicle treated groups, except for WT females with p = 0.001; F = 93.58
in males and F = 24.4 in females). In WT mice, the anti-allodynic action
of SNC80 started to decline after the second administration and was
completely absent from day 3 onwards both in males (Fig. 1A) and fe-
males (Fig. 1B), indicating the development of antinociceptive toler-
ance. In contrast, the anti-allodynic effect of SNC80 remained unaffected
in GPRASP1 KO mice throughout the experiment (Fig. 1A-B). In the
same cohorts, once tolerance to SNC80 was clearly established in WT
mice, cold allodynia was assessed once using the cold plate (CP) test
(Supp. Fig. S2). In WT males, the number of paw lifts was similar in
vehicle and SNC80-treated groups showing tolerance to SNC80 in this
thermal modality while in GPRASP1 KO males treated with SNC80, the
number of paw lifts was significantly reduced compared to vehicle
treated mice (10 + 2 in WT + SNC80 compared to 3 + 1 in GPRASP1 KO
mice, p < 0.05, F = 6.85, Supp. Fig. S2A), indicating again that toler-
ance to SNC80 did not develop in GPRASP1 KO mice. SNC80-treated
GPRASP1 KO females also display a diminished number of paw lifts as
compared to SNC80-treated WT but not significantly (7 + 2 in WT +
SNC80 compared to 2 +1 in GPRASP1 KO mice, F = 2.38, Supp.
Fig. S2B). Altogether, these results indicate that GPRASP1 is mandatory
for the development of antinociceptive tolerance to DOR agonist SNC80
both in males and females exhibiting neuropathic pain.

Biomedicine & Pharmacotherapy 194 (2026) 118913

3.1.2. Inflammatory pain model

We further investigated tolerance to SNC80 in male mice injected
with Complete Freund Adjuvant (CFA, 20 pl, s.c.) at the base of the tail.
To accelerate the development of antinociceptive tolerance, two
consecutive administrations of SNC80 at 4 h intervals were performed
onday 1 asin [13]. Thereafter, SNC80 was administered once a day for a
total of 5 injections in 4 days (Fig. 1C). Note that for subsequent
biochemical analyses of the same cohort, the brain and the lumbar spinal
cord of these animals were collected at the end of the behavioral tests,
when the antinociceptive effect of SNC80 was over (5 h after the fifth
administration of SNC80).

Sensitivity of the animals to mechanical and thermal stimuli was
assessed in the tail pressure (TPT) and tail immersion (TIT) tests,
respectively, 45 min after each SNC80 injection (Fig. 1C). In the me-
chanical modality, basal nociceptive threshold and CFA-induced
hyperalgesia (HA, measured 3 days after its injection) were similar in
both WT and GPRASP1 KO mice (basal sensitivities to 186 + 3 g in WT
males similar to 196 + 3 g in GPRASP1 KO males, dropping significantly
to 122 &+ 3 g in WT males similar to 127 + 3 g in GPRASP1 KO males
upon HA Fig. 1C). The first SNC80 administration (10 mg/kg) induced
similar anti-hyperalgesic effects in WT and in GPRASP1 KO mice (back
to 185 + 6 g in WT males similar to 198 + 6 g in GPRASP1 KO males,
significantly different from the corresponding vehicle treated groups
with p = 0.0005 for WT and p < 0.0001 for GPRASP1 KO mice, F =
27.84). In WT, this anti-hyperalgesic activity started to decline after the
second administration of SNC80 and was completely absent at the third
administration onward whereas SNC80 effect remained statistically
significant in GPRASP1 KO mice at each injection (p < 0.0001 between
vehicle and SNC80, F = 27.84). When measuring the thermal nocicep-
tive threshold of the animals (Fig. 1D), again, while the SNC80 anti-
hyperalgesic effect was significant in WT and GPRASP1 KO mice at
the first injection compared to vehicle treated mice (6.8 & 0.5 sec for
vehicle treated and 9.4 + 0.4 sec in SNC80 treated WT mice, p = 0.0001
between vehicle and SNC80; 5.7 4 0.3 sec for vehicle treated and 9.6
+ 0.4 sec in SNC80 treated GPRASP1 KO mice, p < 0.0001); the fifth
SNC80 anti-hyperalgesic effect remained statistically significant from
vehicle treated animals only in GPRASP1 KO mice (5.9 + 0.4 sec for
vehicle treated and 7.6 & 0.4 sec in SNC80 treated GPRASP1 KO mice,
p = 0.02 between vehicle and SNC80, F = 11.73).

We next performed several control experiments. First, DOR selective
antagonist naltrindole administration, 20 min before the fifth SNC80
administration (Nti, 5 mg/kg, s.c.), fully reversed the antinociceptive
action of SNC80 in GPRASP1 KO mice in the mechanical modality,
demonstrating that antinociception is mediated by the activation of DOR
and not by an off-target action (Fig. 1C mechanical modality, dashed
line 122 + 7 g for the GPRASP1 KO Nti + SNC80 group instead of 167
+ 5 g for the GPRASP1 KO + SNC80 group, p = 0.0004). In the thermal
modality, the Nti effect did not reach significance (Fig. 1D thermal
modality, dashed histogram, 6.5 + 0.6 sec for the GPRASP1 KO Nti +
SNC80 group and 7.6 + 0.4 sec for the GPRASP1 KO + SNC80 group,
p = 0.60). Second, as previously reported [14], we confirmed that the
acute anti-hyperalgesic effect and development of antinociceptive
tolerance induced by repeated administrations of SNC80 were similar in
DOR-eGFP and non-fluorescent DOR WT mice illustrating that the eGFP
does not affect DOR function (Supp. Fig S3A-B mechanical modality
S3D-E thermal modality). Then, we showed that antinociceptive toler-
ance to SNC80 was also absent in non-fluorescent DOR GPRASP1 KO
mice (Supp. Fig. S3C-S3F). Finally, we investigated the consequences of
repeated administrations of lower and higher doses of SNC80 (5 mg/kg
and 20 mg/kg, respectively) in WT and GPRASP1 KO. The first injection
of 5 mg/kg and 20 mg/kg of SNC80 produced anti-hyperalgesic effects
in the mechanical modality in WT and GPRASP1 KO mice (Figs. 1E and
1F, p =0.02 and p < 0.0001 compared to vehicle treated mice at the
20 mg/kg doses of SNC80 respectively). After the fifth SNC80 injection
(5 mg/kg and 20 mg/kg), a significant anti-hyperalgesic response was
still observed in GPRASP1 KO mice (Fig. 1F, p = 0.03 and p < 0.0001
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compared to vehicle treated GPRASP1 KO mice at the 5 mg/kg and
20 mg/kg doses of SNC80 respectively) but not in WT mice (Fig. 1E).
Likewise, an anti-hyperalgesic response to a fifth SNC80 injection was
detectable in the thermal modality in GPRASP1 KO mice (Supp.
Fig. S3G-H respectively, p < 0.005, SNC80 GPRASP1 KO compared to
vehicle treated GPRASP1 KO mice).

Collectively, these results show that GPRASP1 is essential for the
development of antinociceptive tolerance to SNC80 in two different
models of persistent pain. Of note, also we did not score it, both WT and
GPRASP1-KO mice displayed convulsive-like effects [21,51,62] upon
injection of the first dose of 20 mg/kg of SNC80, but this effect dis-
appeared after subsequent injections as reported previously for WT mice
[21]. This suggests that GPRASP1 is not implicated in seizure tolerance.

3.2. SNC80-induced down-regulation of DOR-eGFP is similar in WT and
GPRASP1 KO mice

We then investigated the consequences of the absence of GPRASP1
on the down-regulation of DOR elicited by a repeated SNC80 treatment
in vivo using brain and spinal cord collected following the inflammatory
pain experiment. *H-Deltorphine II saturation curves were established
on brain membranes after the fifth administration of SNC80 (10 mg/kg)
or of vehicle (Fig. 2A). In vehicle-treated animals, the Kp and Bmax
values for DOR-eGFP were similar in WT and GPRASP1 KO mice (WT-
vehicle, Kp: 2.7 + 0.89; Bmax 100 + 17 %; GPRASP1 KO-vehicle, Kp:
4.2 £+ 1.33; Bmax 120 + 13 % of WT-vehicle) suggesting that GPRASP1
does not significantly affect the total amount of DOR-eGFP nor its
conformational states. As previously described [14], in DOR-eGFP mice,
the receptor was massively degraded after the repeated treatment with
SNC80 (81 +£6 % of DOR receptor binding loss in WT + SNC80
compared to vehicle p = 0.0016, F = 15.09 Fig. 2A). Surprisingly, the
same extent of down-regulation of DOR-eGFP was measured after the
repeated SNC80 treatment of GPRASP1 KO mice (86 + 3 % of DOR re-
ceptor binding loss in GPRASP1 KO + SNC80 mice compared to vehicle
p = 0. 0006, Fig. 2A). As a control showing that the eGFP tag does not
affect DOR down-regulation, quantification of non-fluorescent DOR
with 3H-Deltorphine II in brain membranes of WT and GPRASP1 KO
mice (Supp Fig. S4A) showed that repeated administrations of SNC80
(10 mg/kg, 5 times) induced the same level of non-fluorescent DOR
reduction in presence or absence of GPRASP1. Moreover, quantification
of DOR-eGFP with H-Deltorphine II in mice treated with the lowest
dose of SNC80 (5 mg/kg, 5 times) indicated less DOR reduction but to
the same extent in GPRASP1 KO than in WT (57 + 10 % of DOR receptor
binding loss in WT + SNC80 and 54 + 2 % in GPRASP1 KO + SNC80
compared to vehicle-treated animals; Supp. Fig. S4B). A high level of
DOR down-regulation was observed following repeated administrations
of the highest dose of SNC80 (20 mg/kg, 5 times) both in WT and
GPRASP1 KO mice (83 =1 % of DOR receptor binding loss in WT +
SNC80 and 88+ 3% in GPRASP1 KO + SNC80 compared to
vehicle-treated animals, Supp. Fig. S4B).

We also quantified DOR-eGFP from the same brain membrane lysates
by Western blot with anti-GFP antibodies in order to avoid any bias
associated with radioligand binding experiments. As shown on Fig. 2B,
the initial level of DOR-eGFP was similar in the presence or absence of
GPRASP1 (WT-vehicle 100 + 6 %; GPRASP1 KO-vehicle 98 + 6 % of
WT-vehicle) and the decrease in DOR-eGFP following SNC80 treatments
(10 mg/kg, 5 times) was similar in WT and GPRASP1 KO mice (61
+ 3 % of GFP signal loss in WT + SNC80 and 67 + 3 % in GPRASP1 KO
-+ SNC80 compared to vehicle-treated animals, p = 0.006 and p = 0.004
respectively, F = 10.11). DOR down-regulation quantified by WB also
showed a dose/effect with SNC80 (47 + 9 % of DOR receptor binding
loss in WT + 5 mg/kg SNC80 and 65 + 14 % in GPRASP1 KO + 5 mg/kg
SNC80 compared to vehicle-treated animals; 69 + 8 % of DOR receptor
binding loss in WT + 20 mg/kg SNC80 and 80 + 3 % in GPRASP1 KO +
20 mg/kg SNC80 compared to vehicle-treated animals, Supp. Fig. S4C-
D).
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We next immunoprecipitated DOR-eGFP from lumbar spinal cord
extracts with anti-GFP-trap beads and quantified the receptor by West-
ern blotting with anti-GFP antibodies (Fig. 2C). The level of DOR was
similar in vehicle-treated WT (100 + 5 % of GFP signal) and GPRASP1
KO mice (91 + 17 % of GFP signal of WT-vehicle). The down-regulation
of spinal DOR was similar to that measured in the brain (10 mg/kg, 5
times) in both WT and GPRASP1 KO mice (65 + 4 % of DOR receptor
binding loss in WT + SNC80 and 69 + 4 % in GPRASP1 KO + SNC80
compared to vehicle-treated animals, p =0.0003 and p = 0.0006
respectively, F = 14.80), indicating that DOR down-regulation also takes
place in the spinal cord where it is not affected by the absence of
GPRASP1. Taken together, these results show that GPRASP1 is not
necessary for DOR down-regulation elicited by a repeated SNC80
administration.

Since GPRASP1 is implicated in the development of antinociceptive
tolerance to DOR agonist but not in DOR down-regulation, we analyzed
further, using the inflammatory pain model, potential differences in the
cellular and molecular environment of DOR-eGFP between WT and
GPRASP1 KO mice that could explain the mechanism of antinociceptive
tolerance mediated by GPRASP1.

3.3. GPRASP1 is involved in the dynamic of DOR at the plasma
membrane in response to inflammation and SCN80 treatment

We first investigated whether the absence of GPRASP1 had any effect
on the subcellular localization of DOR-eGFP. Brains from saline mice
and CFA-inflamed mice, repeatedly treated or not with SNC80, were
collected 24 h after the 5th administration of SNC80 and DOR-eGFP
subcellular distribution was analyzed in the brain by confocal micro-
scopy. As previously described [13,14,42-45], the DOR-eGFP signal was
at the plasma membrane with detectable signal within cytoplasmic or-
ganelles (Fig. 3A).

As shown in Fig. 3B, analysis of the percentage of DOR-eGFP fluo-
rescence at the plasma membrane vs fluorescence of the entire cell
indicated that neurons from CFA-treated WT mice had a significantly
higher number of receptors localized at or close to the plasma membrane
as compared to saline-treated mice (32.72 + 0.87 % after CFA compared
with 26.47 + 1.17 % before CFA, p < 0.0001, F = 11.02). Conversely,
no difference was observed between saline- and CFA-GPRASP1 KO mice
(26.76 + 0.89 % after CFA compared with 29.86 + 0.77 % before CFA).
Twenty-four hours after the 5th SNC80 injection, the proportion of DOR-
eGFP at the plasma membrane was significantly reduced in WT mice
(24.67 £ 1.11 % in CFA 4 SNC80), as compared to vehicle-treated CFA-
mice (p < 0.0001), suggesting a shift in the distribution of the subcel-
lular localization of the remaining DOR towards intracellular organelles.
Again, no difference was observed in GPRASP1 KO mice between
vehicle- and SNC80-treated CFA-mice (26.26 + 0.80 % in CFA +
SNC80). Altogether, these results indicate that GPRASP1 might play a
role in the dynamic of DOR subcellular localization in response to in-
flammatory and SNC80 stimuli.

3.4. Phosphorylation of DOR-eGFP is similar between WT and GPRASP1
KO mice

Desensitization and p-arrestin-dependent internalization of DOR
have been proposed to depend upon phosphorylation on two residues of
DOR C-tail, Threonine (T361) and Serine (S363) [58,59]. We therefore
examined kinetics of these phosphorylation sites on immunoprecipi-
tated DOR-eGFP from brain extracts using GFP-Trap beads after one or
two administrations of SNC80 (on day 1 and day 2) in CFA-inflamed
mice (Fig. 4A). In WT mice, S363 phosphorylation of DOR peaked at
15 min after SNC80 administration as compared to non-activated mice
and then decreased to return to basal level 24 h after SNC80 injection on
day 1 (Fig. 4A-B). After a second SNC80 stimulation of 30 min on day 2,
S$363 phosphorylation was similar to that of the first stimulation. S363
phosphorylation was modulated by SNC80 in GPRASP1 KO mice with
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Fig. 3. Dynamic of DOR-eGFP localization at the plasma membrane is different in brains of DOR-eGFP/GPRASP1-WT versus DOR-eGFP/GPRASP1 KO mice.
(A) Representative confocal images of DOR subcellular localization assessed by immunofluorescence of DOR (GFP revealed by signals from direct GFP-fluorescence
together with anti-GFP/ alexafluor 488) in brain slices of vehicle- and SNC80-treated WT and GPRASP1 KO mice. Brains were dissected out 24 h after the fifth SNC80
administration. Scale bar 8 um. (B) Proportion of DOR-eGFP in the sub-plasmalemmal compartment in percent of the whole fluorescence signal of the cell. Briefly, the
green fluorescence intensities were measured for the total cell area and for the subplasmalemmal area (4 pixels wide). The percentage of DOR-GFP in the sub-
plasmalemmal area was then obtained by (multiplying the mean fluorescence intensity of GFP in the subplasmalemmal area by its area) divided by (the total area of
the cell multiplied by its mean fluorescence intensity). Data are represented as individual values and means + SEM of n = 65 neurons WT saline, n = 103 WT-CFA,
n = 86 WT-CFA+SNC80, n = 69 neurons GPRASP1 KO saline, n = 77 GPRASP1 KO-CFA, n = 96 GPRASP1 KO-CFA+SNC80 counted in each group with 4 mice/
group. Statistical analysis by One-way ANOVA analysis followed by Tukey’s post hoc test, " P < 0.0001.

similar amplitude and kinetics. We made the same observation for the Following the second SNC80 injection of 30 min on day 2, the phos-
phosphorylation of DOR on T361, which reached a maximal level 2 h phorylation of T361 was similar to that measured after the first injection
after the first SNC80 administration on day 1 and remained at a high in WT and GPRASP1 KO mice. Collectively, these results suggest that
level 4 h after, both in WT and GPRASP1 KO mice (Figs. 4A and 4C). desensitization kinetic to SNC80, as measured by phosphorylation of
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Fig. 4. DOR phosphorylation as a function of time after SNC80 activation is similar in brain of DOR-eGFP/GPRASP1-WT versus DOR-eGFP/GPRASP1 KO
mice. Phosphorylations of DOR-eGFP was evaluated in untreated condition, CFA-inflamed conditions and following one or two stimulations by SNC80 at 24 h
intervals (10 mg/kg, i.p.). DOR-eGFP was immunoprecipitated (IP) on anti-GFP-trap beads from brain extracts of homozygotes DOR-eGFP male mice in duplicates
and the immunoprecipitated material was analyzed by Western blot. (A) Scheme of the 8 time-points of brain dissections before and after SNC80 injections.
Representative Western blots used to quantify DOR phosphorylations, to detect total DOR-eGFP, actine and GPRASP1. (B, C) Quantifications of phosphorylations of
DOR-eGFP on Serine 363 (B) and on Threonine 361 (C) normalized to the DOR-eGFP signal detected on the same Western blot membrane. Data are represented as
individual values and means + SEM of n = 3 male mice/time-point/genotype. Untreated conditions (light blue=WT, orange= GPRASP1 KO), CFA SNC80 WT mice in

dark blue, CFA SNC80 GPRASP1 KO mice in red.

DOR-eGFP, are similar between WT and GPRASP1 KO mice. Of note, in
this experiment, GPRASP1 co-immunoprecipitated with DOR-eGFP from
brains of WT mice at all time points before and after SNC80 activation
and not from control GPRASP1 KO animals (Fig. 4A). Surprisingly, no
significant variation in the amount of GPRASP1 associated with
DOR-eGFP could be observed during the time-course of SNC80 activa-
tion, suggesting that GPRASP1 interacts with DOR in a constitutive
manner.

3.5. Coupling of DOR-eGFP with heterotrimeric Gi/o proteins is not
affected by the absence of GPRASP1

We further analyzed putative difference in desensitization of DOR by
measuring G protein coupling to DOR using an interactomic approach.

10

The interactome of DOR-eGFP was compared in four conditions: un-
treated, CFA-inflamed mice before and 30 min after the first SNC80
injection when antinociception is present and after the second SNC80
injection when differences in antinociception between WT and
GPRASP1 KO mice are developing. Proteins from brain lysates that co-
immunoprecipitated with DOR-eGFP using GFP-Trap beads were iden-
tified by mass spectrometry MS and compared with a negative control
using non-fluorescent DOR-WT brain lysates subjected to the same
protocol with GFP-Trap agarose beads. Overall, 778 proteins out of 1386
detected proteins were significantly more abundant in one condition at
least over the negative control (P < 0,05, Supp. Table S2). As expected,
DOR and the eGFP were among the most enriched proteins in the im-
munoprecipitates as compared to negative controls, both in WT and
GPRASP1 KO mice (see in Fig. 5A-B Volcano plots illustrating the
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difference in protein abundance in DOR-GFP immunoprecipitates for
each identified protein by MS from DOR-eGFP/GPRASP1-WT or
GPRASP1 KO mice brain versus negative control CNTR immunopre-
cipitates, respectively). In WT CFA-inflamed mice, the first and second
SNC80 administrations induced significant increases in Ga subunits of
heterotrimeric Gj/, proteins associated with DOR, compared to condi-
tions without SNC80 (Gail, Gai2, Gai3, Gaol and Gf1, GB2 in Fig. 5C-H,
respectively, statistical analyses by volcanoplots comparing non-
activated versus the second SNC80 injection in Supp. Fig. S5). Of note,
the heterotrimeric Gy subunits were not identified in the interactome of
DOR. Likewise GPRASP1 was not detected by MS while it was detected
in DOR-eGFP immunoprecipitates by Western blot (Fig. 4A) illustrating
some limits in our AP-MS procedure. B-arrestin2 was not found either,
while p-arrestin 1 (ARRB1) was present but not significantly enriched in
any conditions of the DOR interactome (Fig. 5A, B, Supp. Table S2)
suggesting that at the time-point 30 min after SNC80 activation, most
activated DOR were still engaged in G-protein coupling. Gp5 was present
in the interactome but was not modulated by SNC80 (Fig. 5I), while
surprisingly, Gaz was significantly enriched in the DOR interactome
upon the second SNC80 activation over the non-activated DOR as well as
Gas, although in a non-significant manner (Fig. 5J-K and Supp. Fig. S5).

Overall, the interactome of DOR was almost identical between WT
and GPRASP1 KO mice. Importantly, in the absence of GPRASP1, het-
erotrimeric Gj,, proteins were also enriched in the DOR interactome
after a first then a second SNC80 activation (Fig. 5C-H and for the sta-
tistical analyses presented by volcanoplots see Supp. Fig. S5) and their
levels in the co-immunoprecipitates were not significantly different to
that measured in WT mice. Taken together, these results indicate that
GPRASP1 does not modulate DOR coupling to heterotrimeric G proteins
in CFA-inflamed mice following one or two SNC80 administrations at
24 h intervals. In addition, the fact that we detected SNC80-induced
coupling of different pools of DOR to different pools of G/, proteins
demonstrated the robustness of our quantitative biochemical approach
to purify DOR interacting proteins.

3.6. Synaptic proteins identified in the DOR interactome

Several proteins known to be enriched in neurons and in synapses
(pre and/or post-synaptic) were identified in the DOR interactome of
untreated WT mice (Fig. 5A protein names labeled in black). One of the
most abundant proteins compared to negative control was GP158
(Fig. 5A), an unconventional GPCR for glycine [63]. Several other
GPCRs were enriched in the interactome of DOR such as the metabo-
tropic glutamate receptors (GRM1 and GRM3) and the cannabinoid re-
ceptor (CNR1) as well as ionic channels (Fig. 5A). With scarce exceptions
(protein names labeled in dark blue for WT mice, Fig. 5A or in dark red
for GPRASP1 KO mice Fig. 5B), there was no significant difference in the
levels of these neuronal and synaptic proteins in DOR interactome be-
tween WT and GPRASP1 KO mice in any conditions (compare untreated
WT mice, Fig. 5A; protein names labeled in black with untreated
GPRASP1 KO mice Fig. 5B; protein names labeled in black and com-
parison of all 4 conditions before and after SNC80 activation in the two
genotypes Supp. Fig. S6A-L). The excitatory amino-acid transporter 4
(EAA4) and the semaphorin 4 A (SEM4) became less associated with
DOR after the second activation with SNC80 in WT mice and signifi-
cantly less in GPRASP1 KO mice as compared to WT animals (Supp.
Fig. S6E-F, respectively).

3.7. Differences in the DOR interactome between WT and GPRASP1 KO
mice

A few proteins were in complex with DOR in a GPRASP1-dependent
manner. In untreated animals, the signaling Receptor-type tyrosine-
protein phosphatase epsilon (PTPRE) was significantly enriched with
DOR compared to negative controls only in WT mice (compare protein
name labeled in light blue Fig. 5A with Fig. 5B and Fig. 6A) while
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inversely the Dolichol-phosphate mannosyl-transferase subunit 1
(DPM1) was significantly more associated with DOR in the absence of
GPRASP1 (compare Fig. 5A with protein name labeled in orange in
Fig. 5B and Fig. 6B). The Synapse differentiation-inducing gene protein
1 (SYNG1 or SYNDIG1), an auxiliary subunit of glutamatergic ionotropic
(AMPA) receptors [64], co-immunoprecipitated with DOR both in WT
and GPRASP1 KO untreated mice (Fig. 5A and B). Unexpectedly, SYNG1
was very strongly recruited to SNC80 activated DOR in both genotypes
(Fig. 6C and Supp Fig. S5). Compared to the first SNC80 activation,
SYNG1 abundance was significantly higher after the second SNC80
activation on day 2 only in WT mice (Fig. 6C). Although not significant
(P = 0.068), there was a difference of SYNG1 amount between the
interactome of DOR-eGFP in WT and GPRASP1 KO after the second
SNC80 injection. The response of SYNG1 to SNC80 was unique, since
DOR association with another auxiliary subunit of AMPA receptors, the
Proline-rich transmembrane protein (PRRT1 = SYNDIG4) or with the
AMPA selective Glutamate receptor 2 (GluR-2 = Gria2) itself was not
modulated upon DOR activation by SNC80 (Fig. 5A-B, Fig. 6D-E and
Supp. Fig. S5).

A few proteins became associated with DOR upon the second SNC80
administration vs non-activated CFA-inflamed WT mice but not signif-
icantly associated to DOR in GPRASP1 KO mice (compare Supp.
Fig. S5A-B): the Mitogen-activated protein kinase 1 (ERK-2 for Extra-
cellular Regulated kinase 2, Fig. 6F), the Potassium-Channel Tetrame-
rization Domain Containing 12 (KCTD12, Fig. 6G) and the Ubiquitin
carboxyl-terminal hydrolase 5 (UBP5, for Ubiquitin-Binding Protein 5,
Fig. 6H), contrary to ubiquitin that was significantly enriched after the
second SNC80 injection in both WT and GPRASP1 KO mice (Fig. 6I).
Both the membrane trafficking sorting nexin Rho GTPase-activating
protein (peptides detected by MS corresponding either to RHG33 or
RHG32) and the signaling C-Maf-Inducing protein (CMIP), became
specifically recruited to twice activated DOR only in WT mice (identified
in four replicates out of six SNC80 activated samples Fig. 6J and K),
while in the absence of GPRASP1, it was the E3 ubiquitin-protein ligase
(RNF126) that became instead recruited to SNC80 activated DOR
(identified in four replicates out of six Fig. 6L).

Taken together, these results suggest that, already at steady state and
further upon activation, GPRASP1 modulates the interaction of DOR
with a subset of proteins, some of which could participate together with
GPRASP1 in the development of antinociceptive tolerance.

4. Discussion and conclusion

4.1. Uncoupling antinociceptive tolerance from receptor down-regulation
during repeated activation of DOR in persistent pain: mandatory role of
GPRASP1

In this study, we demonstrate that SNC80 produces a persistent and
complete anti-hyperalgesic effect in both male and female GPRASP1 KO
mice in a neuropathic pain model as well as in male GPRASP1 KO mice
in an inflammatory pain model, that did not lessen upon daily injections.
Due to a combination of technical, ethical, and financial constraints,
female mice were not tested in the inflammatory pain model. Never-
theless, we propose that GPRASP1 is required for the development of
antinociceptive tolerance to SNC80, a high-internalizing DOR agonist
[13,21,51] regardless of the pain model or the sex of the animals.
Together with p-arrestin 1, GPRASP1 represents the second
DOR-interacting protein reported to produce a clear phenotype of
reduced antinociceptive tolerance to SNC80. p-arrestin 1 had previously
been implicated in the development of analgesic tolerance to SNC80
using an inflammatory pain model similar to ours, except that complete
Freund’s adjuvant (CFA) was injected into the plantar surface of the hind
paw in both male and female mice [20,21] rather than the base of the
tail. In p-arrestin 1 KO mice, an anti-hyperalgesic effect was observed
following each daily SNC80 injection; however, the effect was less
robust than that observed in GPRASP1 KO mice. This difference may be
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attributable to variation in SNC80 dosing, as the study using p-arrestin 1
KO mice reported increased SNC80 efficacy at the first injection
compared to WT mice. To maintain equipotent conditions, the SNC80
dose used in WT mice was 10 mg/kg, whereas it was reduced to 3 mg/kg
in p-arrestin 1 KO mice [21]. In our inflammatory pain model, we tested
three SNC80 doses, and the results suggested that SNC80 was approxi-
mately equipotent in the two genotypes: GPRASP1 KO mice displayed

Biomedicine & Pharmacotherapy 194 (2026) 118913

significant anti-hyperalgesic responses to SNC80 at the first injection of
5, 10, or 20 mg/kg.

Previous cellular assays suggested that GPRASP1 promotes DOR
degradation via lysosomal pathways [23,29]. To explore this in vivo, we
compared DOR levels in WT and GPRASP1 KO inflamed male mice
following a repeated SNC80 treatment using radioligand binding and
DOR-eGFP Western blotting. Despite differences in methodology
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Fig. 5. DOR-eGFP coupling to Gi/o proteins is similar in brain of WT and GPRASP1 KO mice activated once or twice by SNC80. DOR-eGFP was immu-
noprecipitated on anti-GFP-trap beads from 2.5 mg of protein brain extracts/per mice and analyzed by mass spectrometry MS n = 3 male mice/time-point/genotype.
(A, B) Volcano plot illustrating the difference in protein abundance in DOR-GFP immunoprecipitates for each identified protein by MS from DOR-eGFP/GPRASP1-WT
untreated mice brain versus negative control CNTR immunoprecipitates (non-fluorescent DOR-WT/ GPRASP1-WT) (A) and from DOR-eGFP/GPRASP1 KO untreated
mice brain versus negative control CNTR immunoprecipitates (B). Proteins with two or three missing values represented 6.68 % of proteins in the WT interactome
and 9.38 % in the GPRASP1 KO interactome, indicating that the fraction of highly missing features used for interpretation is limited. Missing values were imple-
mented randomly as part of a normal distribution (width 0.3, down shift 1.8) for statistical analysis using Perseus software with Student T test. DOR and GFP are
labeled in green. Proteins that were modulated according to a treatment are labeled in dark blue (A) or red (B). Inset in (B): Comparison of DOR and GFP detected in
the DOR-eGFP immunoprecipitated materials analyzed by MS between 4 conditions: untreated mice, CFA-inflamed, CFA-inflamed 30 min after a first SNC80
administration or 30 min after a second SNC80 administration at 24 h intervals). Protein MS intensities were extracted as Label Free Quantification (LFQ) values.
Raw LFQ values were transformed into log base 2 values. Protein LFQ intensities in the negative control group are compared with protein LFQ intensities in each of
the other groups. Data are represented as individual values and means 4+ SEM of n = 3 mice. (C, D, E, F, G, H, I, J, K): Comparison of raw LFQ intensities of each
heterotrimeric G protein subunits detected in the DOR-eGFP immunoprecipitated material between the 4 conditions normalized to the raw LFQ value of DOR
observed in each MS injection. Data are represented as individual values and means + SEM of n = 3 mice. The missing values were implemented with a single value
of 0 for statistical analysis using Perseus software with Student T test excluding conditions with 2 or 3 missing values (no histogram depicted). * P < 0.05,
"~ P < 0.005.

(radioligand binding using an agonist detecting mainly high-affinity 4.3. Novel role of GPRASP1 in trafficking and signaling rather than
receptors and Western blotting detecting total DOR) both approaches degradation of DOR
showed similar receptor degradation across genotypes. This indicates

that GPRASP1 is not essential for DOR degradation in vivo. Using this Kinetics of the interactome of DOR upon activation with an agonist
time two methods, our findings are clearly confirming prior works have already been studied in vitro [66,67]. The interactome of DOR
showing that in vivo, degradations of cocaine-stimulated D2R or using forebrain extracts of a knock-in flag-tagged-DOR mouse line has
chronically activated p2-adrenoceptors are not dependent on the been characterized as well, but in naive animals only [68]. To investi-
expression of GPRASP1 [36,40]. In addition, GPRASP1 was also shown gate further how DOR could be functionally impaired upon repeated
in these previous studies to be necessary for the establishment of activations in mice expressing GPRASP1, we examined for the first time
detrimental adaptations following repeated GPCR’s activations, the DOR interactome in brain samples as a function of activation using
including tolerance in the case of activated 2-adrenoceptors, suggesting four conditions: untreated mice, CFA-inflamed, or following one or two
a common molecular mechanism, implicating GPRASP1, that is not SNC80 treatments. First, the identification of all Gai/o proteins with
related to receptor degradation [40]. activated DOR represents a very strong and specific quality control of

Our results suggest as well that antinociceptive tolerance in WT mice our DOR interactomic analysis. Second, using our AP-MS analysis of
does not result directly from DOR loss. Yet, pre-treatment with the brain samples, with a different mouse line, and a different biochemical
highly selective DOR antagonist naltrindole abolished the sustained procedure, we confirm several DOR-associated proteins, including
anti-hyperalgesic effect of SNC80 in GPRASP1 KO mice. From our several GPCRs and membrane channels identified in the previous study
Western blot experiments using brain or spinal cord extracts to quantify [68] and their enrichment was constant across genotypes and condi-

DOR, it appears that approximately 20 % of the remaining DOR re- tions: GP158 [63] was the most enriched protein but also CNR1, GRM3,
ceptors may be sufficient to elicit a complete antinociceptive effect of the B2 subunits of the GABA A chloride channel receptor GABRB2, the
SNC80 in GPRASP1 KO mice. In our previous study involving chronic voltage-gated potassium channels (KCNA2 =Kv1.2) and EAA4. We also

activation of B2-adrenoceptors with formoterol, less than 40 % of the confirm RAB15, a small GTPase but not RAB10, while the latter was
receptors remained in GPRASP1 KO mice following chronic exposure to demonstrated to play a role in DOR exocytosis using HEK293 cell het-
the formoterol agonist [34]. Nevertheless, formoterol produced a full erologous expression [68]. New interactors identified in our study
bronchodilatory effect in these mice, whereas it showed no effect in WT included GRM1, astrocyte-associated membrane protein (MLC1), syn-

mice [34]. This raised the hypothesis that the remaining DOR in aptophysin (SYPH), semaphorin (SEM4), and Disintegrin and metal-
GPRASP1 KO mice retains full signaling capacity, while in WT mice, a loproteinase domain-containing protein 23 (ADA23). DnaJ homolog
similar residual pool of DOR may be desensitized or otherwise func- subfamily C member 5 (DNAJC5), a chaperone implicated in synaptic
tionally impaired. exocytosis [69], was also strongly enriched. As DOR is expressed in pre-
and post-synaptic neurons as well as in astrocytes, our results indicate

that we have immunoprecipitated different pools of DOR depending on

4.2. Coupling to heterotrimeric G protein is unaltered between WT and its cellular expression. The constant presence of these proteins in com-
GPRASP1 KO mice plex with DOR across conditions and time of activation suggests that the
majority of DOR remains at the plasma membrane or synaptic sites up to

To address this, we evaluated DOR coupling to heterotrimeric G 30 min post-SNC80. However, EAA4 and SEM4 showed reduced asso-

proteins. We first analyzed DOR phosphorylation, a hallmark of desen- ciation with DOR following the second SNC80 administrations, implying
sitization. In vitro, SNC80 induces rapid phosphorylation at Ser363 fol- possible receptor relocalization upon repeated activations.

lowed by Thr361 [59]. We assessed these phosphorylation events after Among novel findings, SYNG1 emerged as a particularly interesting
two SNC80 injections spaced 24 h apart and found similar phosphory- DOR interactor. SYNG1 has not been previously associated with any
lation kinetics in WT and KO mice. We then analyzed DOR coupling to GPCR signaling [64], yet we observed its robust recruitment to DOR
Gai/o subunits using quantitative proteomics. We could detect the following SNC80 activation. The interaction seems unrelated to AMPA
coupling of DOR upon SNC80 activation with all the Gai/o subunits. No receptor activity, as neither AMPA receptors nor PRRT1 showed
difference in coupling extent was observed between WT and GPRASP1 increased association with DOR. Other potential DOR signalosome
KO mice, suggesting intact G protein activation in both genotypes.  components identified included ERK-2, KCTD12, and UBP5. Interest-
Notably, while Ser363 phosphorylation has been linked to DOR inter- ingly, KCTD12 has been linked to MOR desensitization [70], while UBP5
nalization in vitro, a recent study questioned the requirement of phos- regulates Cav3.2 channel stability in pain pathways [71]. These proteins
phorylations in a presynaptic DOR overexpression neuronal model [65]. may thus contribute to DOR signaling and antinociceptive response.
Our results support this ambiguity, as phosphorylation and G protein Although the overall DOR interactome was similar between geno-

coupling kinetics overlapped, suggesting that phosphorylation of Ser363 types, we identified notable differences. In WT untreated mice, DOR
may not drive desensitization of DOR in vivo.
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Fig. 6. Differences in DOR interactome between WT and GPRASP1 KO brains. (A, B, C, D, E, F, G, H, I, J, K, L) Comparison of raw LFQ intensities of each novel
protein detected in the DOR-eGFP immunoprecipitated material between the 4 conditions normalized to the raw LFQ value of DOR observed in each MS injection.
Data are represented as individual values and means & SEM of n = 3 mice. The missing values were implemented with a single value of O for statistical analysis using
Perseus software with Student T test excluding conditions with 2 or 3 missing values (no histogram depicted). * P < 0.05, ™" P < 0.005. (M, N) Proposed model for the
role of GPRASP1 and the newly identified proteins in complex with DOR in the development of antinociceptive tolerance to SNC80 agonist by the activation of
signaling events counteracting G-protein dependent antinociception in WT mice (M) that are absent in GPRASP1 KO mice (N).
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interacted selectively with the phosphatase PTPRE, which negatively
modulates voltage-gated K™ channels [72]. This interaction was absent
in GPRASP1 KO mice and may influence receptor priming in inflam-
matory conditions [9,73]. However, this association diminished in
inflamed WT mice, leaving its role in tolerance unclear. Conversely, in
untreated GPRASP1 KO mice, DOR showed increased association with
DPM1 and RNF126. DPM1 is involved in N-glycosylation in the endo-
plasmic reticulum (ER) [74] and interestingly, using the ligation prox-
imity assay in vitro, a proximity of MOR with DPM1 was reduced upon
MOR activation [70]. In addition, RNF126 was shown in vitro to regulate
the sorting of the chemokine GPCR CXCR4 towards lysosomes [75].
These suggest prolonged ER residency together with an altered DOR
trafficking in the absence of GPRASP1. Fluorescence microscopy on
brain neurons confirmed subtle differences in intracellular trafficking of
DOR between genotypes. On the other hand, differences in receptor
localization may not fully explain tolerance since SNC80 can penetrate
inside cells due to its hydrophobicity where it stabilizes DOR in its active
form [76], and since endosomal DOR signaling contributes to anti-
nociception [77].

Our working hypothesis is that GPRASP1 may participate in a
negative-feedback signaling mechanism that limits antinociceptive
signaling, thereby contributing to tolerance. (Fig. 6M, N). A role of
GPRASP1 in signaling is supported by in vitro studies indicating that
GPRASP1 expression can modulate GPCR signaling such as Gg-, Gs-,
MAPkinase pathways, and NFKB- or CREB-dependent transcriptional
signaling in the case of the viral chemokine receptor US28, of insulin
secretion of the glucagon-like peptide GLP-1 receptor or of f2-adreno-
ceptors [40,78,79]. Our proposed negative-feedback model is further
supported by our recent study in mice, which demonstrated that
GPRASP1 is required for the development of both tolerance and the
paradoxical bronchial hyperreactivity induced by chronic activation of
B2-adrenoceptors with formoterol [40]. Indeed, how else can the
simultaneous occurrence of paradoxical effects and tolerance in other
GPCR signaling pathways be explained, if not by proposing an equilib-
rium of opposing forces in which one signaling event triggers a negative
feedback loop? This, in fact, represents a classical mechanism in signal
transduction.

From our interactomic study, we identified new candidates that may
trigger this counteracting antinociceptive signaling together with
GPRASP1 (Fig. 6M, N). Indeed, only in WT mice was the association of
SYNG1 with DOR further increased after a second SNC80 activation and
the same was true, although to a lesser extent for the MAPkinase ERK-2,
KCTD12 and UBPS5. In addition, we could detect an engagement of
activated DOR with a sorting nexin (either RHG33 = SNX26 or RHG32
[80,81] and with the CMIP signaling protein [82] in WT but not in
GPRASP1 KO mice. Both RHG33 and RHG32 had been already detected
in the interactome of Flag-DOR naive mouse midbrain [68] confirming
that, in GPRASP1 KO mice, the loss of at least one of these two proteins
could have functional consequences. The function of CMIP in the central
nervous system remains to be explored.

Future research should focus on validating these signaling in-
teractions in specific brain regions and cell types relevant to pain
modulation. The integration of omics-based approaches may further
clarify the role of GPRASP1 in cellular allostasis and help guide the
development of next-generation analgesics with reduced tolerance
liabilities.

While p-arrestin-biased agonists dominate drug discovery, our find-
ings suggest alternative regulatory layers mediated by proteins like
GPRASP1. Given its role in adaptation to chronic stimulation of other
GPCRs, i.e. cannabinoids, dopaminergic, chemokine receptors and f2-
adrenoceptors [30,36,37,40], GPRASP1 could represent a promising
therapeutic target across various indications.
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