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Introduction

Remifentanil is a synthetic opioid that is commonly used during
anaesthesia owing to its rapid onset, ultra-short duration of action and
quick recovery (Thompson and Rowbotham, 1996). Intraoperative use
of remifentanil was, however, associated with paradoxically increased
pain hypersensitivity, commonly known as opioid-induced hyper-
algesia, and significant additional amount of opioid was required for
postoperative analgesia, suggesting acute analgesic opioid tolerance
(Komatsu et al., 2007; Guignard et al., 2000; Crawford et al., 2006;
Suhitharan et al., 2018; Wu et al., 2019; de Hoogd et al., 2018; Sanfi-
lippo et al., 2016; Grape et al., 2019; Fletcher and Martinez, 2014;
Motamed et al., 2017). Development of acute opioid-induced receptor
tolerance remains a major focus in understanding the underlying
mechanism of this observation (Guignard et al., 2000; Vinik and Kissin,
1998).

Mu-opioid receptors (MOR) are G-protein-coupled receptors
(GPCRs) expressed in dorsal root ganglion (DRG), spinal cord dorsal
horn, and multiple brain regions involved in nociceptive information
processing (Wang et al., 2018). Delineation of the life cycle of MOR1,
including biosynthesis, subcellular distribution, recycling and degrada-
tion, is the grounds for understanding MORI1 ligand-initiating

phenotypes. Opioid administration may cause surface functional MOR
down-regulation by inducing phosphorylation and endocytosis, which
contribute to the receptor desensitization or short-term tolerance (Wil-
liams et al., 2013). In neuronal cell bodies, morphine tolerance is
associated with rapid MOR sensitization, and impaired subsequent re-
covery or recycling following endocytosis (Williams et al., 2013).
Emerging evidence suggests that, in parallel to other GPCRs, protein—
protein interactions regulate the structural and functional organization
of the MOR signaling complexes. More than 20 MOR-interacting pro-
teins have been identified to non-canonically modulate MOR cell
signaling, trafficking, and subcellular localization, and may therefore
affect opioid-induced pain perception, analgesic tolerance and depen-
dence (Georgoussi et al., 2012; Milligan, 2005; Petko et al., 2013). For
instance, B-arrestin as an MOR-interacting protein is crucial for the
desensitization, internalization, degradation and recycling of MOR in
the canonical MOR signalling pathway (Marie et al., 2006). Morphine
physically binds with and induces redistribution of Wntless from cyto-
plasmic to membrane compartments in the rat locus coeruleus,
contributing to MOR membrane localization (Jaremko et al., 2014).
MOR also interacts with spinophilin, leading to MOR signaling modu-
lation and endocytosis (Charlton et al., 2008).

Given multiple MOR-interacting proteins could affect the signalling
properties of MOR and mediate its function, we hypothesised that
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Abbreviations

ANOVA Analysis of variance

ANXA2 Annexin A2
CGRP Calcitonin gene-related peptide
co-IP Co-immunoprecipitation

DAMGO [D-Alaz-MePhe4-GlyS-ol] enkephalin

DAPI 4’,6-diamidino-2-phenylindole
ddH,O Double-distilled water
DMEM  Dulbecco’s modified eagle’s medium

DRG dorsal root ganglion

FBS foetal bovine serum

FKBP12 FK506 binding protein 12
GPCRs  G-protein-coupled receptors
HEK293 Human embryonic kidney 293

HPLC-MS/MS High performance liquid chromatography with
tandem mass spectrometry

1B4 Isolectin B4

P Immunoprecipitation

LASEC Laboratory Animal Services Centre
LPS lipopolysaccharide

MIPs MOR-interacting proteins

MOR Mu-opioid receptors
PBS Phosphate-buffered saline

PVDF polyvinylidene difluoride

RIPA Radioimmunoprecipitation assay
SDS Sodium dodecyl sulfate

SEM standard error of mean

TLR4 Toll-like Receptor 4

identification and functional characterization of novel MOR-interacting
proteins will help to delineate cellular and molecular mechanism of
action of remifentanil. In this study, we identified novel MOR-
interacting proteins (MIPs) using formaldehyde cross-linking and
immunoprecipitation. The roles of MIPs on MOR sorting and subcellular
location were then investigated. Our findings may aid understanding the
molecular mechanisms underlying remifentanil-induced receptor
redistribution.

Materials and methods

Cell cultures

All reagents were purchased from Life Technologies, Carlsbad, CA,
USA, unless otherwise specified. Human embryonic kidney 293
(HEK293) cells (ATCC, Manassas, VA, USA) were cultured in Dulbecco’s
modified eagle’s medium (DMEM) supplemented with 10% foetal
bovine serum (FBS) and 1% antibiotic-antimycotic. All cells were
cultured at 37 °C with 5% carbon dioxide in humidified atmosphere.
Remifentanil hydrochloride (Ultiva, Abbott, Chicago, IL, USA) was used
in this study.

Animals

250-300 g male Sprague Dawley rats were used in this study. All rats
were provided by the Laboratory Animal Services Centre (LASEC), the
Chinese University of Hong Kong. The animals were housed in groups
per cage with animal chow and water ad libitum on a 12 h light/dark
cycle at 23 + 2 °C. All animal experimental procedures were approved
by the Animal Experimentation Ethics Committee of the Chinese Uni-
versity of Hong Kong.

Plasmid construction and cell transfection

Human MOR and ANXA2 genes from U-251 cells-derived cDNA were
cloned into pcDNA3.1-mCherry and pcDNA3.1-EGFP backbone plas-
mids, respectively. Primer sequences for pMOR-mCherry are: sense, 5’-
CGAGCTCAAGCTTCGATGGACAGCAGCGCTGC-3';  antisense, 5'-
GGCGACCGGTGGATCGGGCAACGGAGCAGTTTC-3'. Primer sequences
for PANXA2-EGFP are: sense, 5-TCCGGACTCA-
GATCTATGGGCCGCCAGCTAGC-3’;  antisense, 5'-GTCGACTGCA-
GAATTCTAGTCATCTCCACCACACAG-3'. Cell transfection was
performed using Lipofectamine 2000: plasmid (2:1) mixtures according
to the manufacturer’s instructions.

Formaldehyde cross-linking and immunoprecipitation (IP), silver staining
and high-performance liquid chromatography with tandem mass
spectrometry (HPLC-MS/MS)

U-251 MG cells were re-suspended to 1 x 107 cells/ml, exposed to
and pelleted in formaldehyde solution or phosphate-buffered saline

(PBS) for 10 min before quenching with ice-cold 1.25 M glycine/PBS.
Cells were then lysed in 1 ml radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris HCI, pH 8.0, 150 mM sodium chloride, 1% NP-40,
0.5% sodium deoxycholate), 1 mM EDTA, protease inhibitors (Com-
plete mini, EDTA-free, Roche Diagnostics, Basel, Switzerland) per 1 x
108 cells for 60 min on ice. Cell lysates were pre-cleared with protein G
magnetic beads for 2 h then incubated with antibodies and beads
overnight with gentle agitation at 4 °C. The beads were washed three
times with RIPA buffer and denatured in 4 x reducing SDS Loading dye
[500 mM Tris HCI, pH 6.8, 8% sodium dodecyl sulfate (SDS), 40%
glycerine, 20% p-mercaptoethanol, 5 mg/ml bromophenol blue] for
SDS/PAGE analysis. Silver staining was carried out using Pierce Silver
staining kit (ThermoFisher Scientific, Waltham, MA, USA) according to
manufacturers’ protocol. Briefly, gels were fixed in 10% (v/v) acetic
acid/30% (v/v) ethanol for 15 min, rinsed with double-distilled water
(ddH»0) for 10 min twice and sensitized with sensitizer working solu-
tion for 1 min. The gels were then rinsed three times in ddH,0 before 10-
minute incubation in stain working solution. Acetic acid was used to
quench the developing reaction. Specific bands compared to IgG-IP were
excised and sent for HPLC-MS/MS (N-Cell Technology, Ltd. Shenzhen,
China).

Co-immunoprecipitation

Rat DRG tissue was freshly harvested and immediately lysed in lysis
buffer. Co-immunoprecipitation (co-IP) was performed using protein G
magnetic beads as described above according to manufacturer’s proto-
col. Cell lysates were incubated with antibodies and beads overnight
with gentle agitation at 4 °C. The beads were then rinsed twice with PBS
and denatured in 4 x reducing SDS Loading dye for SDS/PAGE analysis.
Antibodies against ANXA2 (Santa Cruz Biotechnology, Santa Cruz, CA)
were used for co-IP.

Western blots

Denatured cell lysate in loading dye was subjected to SDS/PAGE in
10% or 15% gels. Separated proteins were transferred to polyvinylidene
difluoride (PVDF) membrane (Millipore, Billerica, MA, USA), blocked
with 5% (w/v) skim milk for 1 h and incubated with primary antibodies
against MOR, ANXA2 or f-actin (Santa Cruz Biotechnology, Santa Cruz,
CA) overnight at 4 °C. The membranes were rinsed and incubated with
horseradish peroxidase-conjugated anti-mouse or rabbit secondary an-
tibodies (Cell signalling technology, Beverly, MA, USA) for 1 h at room
temperature. Enhanced chemiluminescence detection system (GE
Healthcare Biosciences, Pittsburgh, PA, USA) was used for band
visualization.

Immunohistochemistry
Rat DRG tissue was fixed in 4% paraformaldehyde followed by 30%
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sucrose solution cryopreservation and cryosectioning. Transfected
HEK293T cells were plated onto cover slips, treated and fixed in 4% (w/
v) paraformaldehyde. Standard immunohistochemistry protocol was
performed using antibodies against ANXA2 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), OPRM1 (R&D Systems, Minneapolis, MN, USA),
mCherry (ImmunoWay Biotechnology Company, Plano, TX, USA),
Rabl1 (Abcam, Cambridge, UK), CGRP (Sigma-Aldrich, St. Louis, MO,
USA), Substance P (Sigma-Aldrich, St. Louis, MO, USA) and Isolectin GS-
IB4 (ThermoFisher Scientific, Waltham, MA, USA). Samples were
mounted with ProLong Gold Antifade Mountant with 4',6-diamidino-2-
phenylindole (DAPI) (ThermoFisher Scientific, Waltham, MA, USA) for
examination using confocal microscopy.

Single-cell RNA-seq analysis

DRG neuron single-cell RNA sequencing (scRNA-seq) dataset
(GSE63576) was publicly available. Data extraction and graph prepa-
ration were performed with R (version 4.0.3). Marker genes for DRG
neuronal cluster 1-10 were reported (Li et al., 2016).

Statistical analysis

The degree of co-localization of the fluorescence signal was deter-
mined using an in-built image analysis software of SP8 TCS confocal
microscopy platform (Leica, Wetzlar, Germany) and represented as
relative Pearson’s correlation index. Membrane MOR intensity analysis
was performed with ImageJ. Data were expressed as the mean +
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standard error of mean (SEM). Analysis of variance (ANOVA) was used
and followed by post-hoc Tukey’s or Bonferroni tests for correction of
multiple comparisons. Spearman’s correlation analysis was performed
for Oprm1 and Anxa2 using the scRNA-seq dataset.

Results

Identification of ANXA2 as a novel MOR-interacting protein

MOR-interacting proteins play important roles in modulating MOR1
signalling. We first conducted formaldehyde cross-linking and IP to
isolate MOR signalling complexes from U-251 MG glioblastoma cells
(Fig. 1A). Silver staining of the SDS-PAGE showed that there were
multiple specific bands in the cross-linking IP lanes, compared to anti-
IgG negative control (Fig. 1B). These specific bands were sent for pro-
tein identification using HPLC-MS/MS. Ninety-six candidate proteins
were identified, two of which (GTPase and mGIuR5) are previously
identified MOR-interacting proteins (Supplementary Table 1). Of note,
ANXAZ2 had the highest ion score (Supplementary Table 1) and peptide
number (Fig. 1C, 2B, C and Supplementary Figure S1). ANXA2 was
therefore chosen as the potential novel MOR-interacting protein candi-
date for further study.

ANXAZ2 was a MOR-interacting protein in rat DRG
To confirm that ANXA2 was an in vivo MOR-interacting protein, we
performed staining and co-IP using rat DRG tissue. Immunofluorescence

Fig. 1. Identification of ANXA2 as a novel MOR1-
interacting protein. (A) A flow diagram showing the
procedures of formaldehyde (FA) cross-linking
immunoprecipitation for MOR-interacting protein
identification. (B) Silver staining of MOR-interacting
proteins separated in SDS-PAGE. M, Marker; IgG, an-
tibodies against rabbit IgG as negative control; MORI,
antibodies against MOR1. (C). Peptide fragments,
highlighted in bold letters, identified by HPLC/MS-MS
in human ANXA2 amino acid sequence.

IlgG  MOR1

MGRQLAGCGDAGKKASFKMSTVHEILCKLSLEGDHSTPPSAYGSVKAYTNFDAERDALNIETAIKTKGVD

EVTIVNILTNRSNAQRQDIAFAYQRRTKKELASALKSALSGHLETVILGLLKTPAQYDA SELKASMKGLG

TDEDSLIEIICSRTNQELQEINRVYKEMYKTDLEKDIISDTSGDFRKLMVALAKGRRAEDGSVID YELID

QDARDLYDAGVKRKG TDVPKWISIMTERSVPHLQKVFDRYKSYSPYDMLESIRKEVKGDLENAFLNLVQC

IQNKPLYFADRLYDSMKGKG TRDKVLIRIMVSRSEVDMLKIRSEFKRKYGKSLY YYIQQDTKGDYQKALL

YLCGGDD
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assay was performed to determine the distribution of ANXA2 and MOR1
in rat DRG tissues. Confocal microscopy confirmed that ANXA2 and
MOR1 were co-localized in cytoplasm and on cell membrane (Fig. 2A).
Additional immunofluorescence assays showed that ANXA2 and MOR1
were co-localized in DRG neuronal populations. Specifically, the two
proteins were expressed in peptidergic subsets expressing neuropeptide
substance P and calcitonin gene-related peptide (CGRP, Supplementary
figure S2A and B), and peptidergic subset expressing isolectin B4 (IB4,
(Supplementary figure S2C) (Ju et al., 1987; Nagy and Hunt, 1982;
Silverman and Kruger, 1990). We also evaluated the differential
expression of Oprml and Anxa2 in a publicly available DRG neuron
scRNA-seq dataset (GSE63576). Both Oprm1 and Anxa2 were identified
in a subset of neuronal population (Supplementary figure S2D) (Li
et al., 2016). Correlation analysis indicated a positive association be-
tween Oprm1 and Anxa2 (rho = 0.39, p = 6.9 x 10, Supplementary
figure S2E). Oprml and Anxal selectively co-expressed in neurons
expressing markers (high level of Nppb, 1131ra, Nts and Htrlf) of
neuronal cluster 2 (C2, Supplementary figure S2F), which was re-
ported to respond to heat and pinch but not pressure (Li et al., 2016).
Collectively, these results suggested that MOR1 and ANXA2 were co-
expressed in DRG neurons. Following the spatial overlap of ANXA2
and MORI1 in DRG neurons, co-IP using rat DRG tissues was performed
to demonstrate the interaction between the two proteins. Western blots
showed that MOR1 was immunoprecipitated by anti-ANXA2 antibodies.
No MOR1 was detected when rabbit IgG antibodies were used for mock
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co-IP (Fig. 2B).

Reduced MORI redistribution to plasma membrane after internalization by
enforced expression of ANXA2

Less accessible opioid receptors on the cell membrane was consid-
ered as a potential mechanism for acute opioid tolerance caused by
remifentanil (Nowoczyn et al., 2013). Consistent with previous studies,
our cellular assay showed that 3 h of remifentanil treatment induced
reduction of membrane mCherry-tagged MOR1 immunofluorescence in
a dose-dependent manner (Fig. 3A and B). This slowly recovered in a
period lasting more than 3 h after drug washout (Fig. 3C). To explore the
role of ANXA2 in MOR1 internalization, we overexpressed eGFP-tagged
ANXA2 in HEK293 cells transfected with MOR1-mCherry. As demon-
strated in Fig. 3B and C, ANXA2 overexpression further significantly
reduced cell surface availability of MOR1 and slowed down the re-
distribution of MOR to the cell membrane.

Trapping of MOR1 in late endosomes by ANAX2

In general, MOR1 internalization was followed by rapid (within 1 h)
plasma membrane re-distribution that was carried by recycling endo-
somes. However, remifentanil caused unexpectedly long MOR1 recy-
cling time (greater than 3 h). We tested if remifentanil could “mislead”
the sorting of MOR1 to alternative intracellular structures. We per-
formed immunofluorescence staining to visualize recycling endosome
marker Rabl1l in HEK293 cells transfected with MOR1-mCherry and
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Fig. 2. MOR1 interacted with ANXAZ2 in rat dorsal root ganglion tissue. (A) Immunofluorescence assay of ANXA2 and MOR1 in rat dorsal root ganglion tissue. Green,
ANXA2. Red, MOR1. Blue, DAPI. (B) Immunoblots of co-immunoprecipitated proteins from rat dorsal root ganglion tissue using anti-ANXA2 antibodies. IP,
immunoprecipitation; WB, western blotting; MOR1, anti-MOR1 antibodies; ANXA2, anti-ANXA2 antibodies; b-actin, anti-f-actin antibodies; IgG, anti-rabbit IgG

antibodies. Arrows indicate specific bands in each blot.
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Fig. 3. ANXA2 overexpression delayed the membrane MORI1 re-distribution
after remifentanil washout. (A) Remifentanil reduced mCherry-tagged MOR1
cell membrane immunofluorescence intensities in a dose-dependent fashion.
HEK293 cells with mCherry-MOR1 overexpression were treated with various
doses of remifentanil for 3 hours. Enforced expression of ANXA2 further
reduced MOR1 cell membrane distribution. Arrowheads, internalized MOR1
vesicles. (B) Immunofluorescence intensities quantification of A (n = 41 to 60
cells each group from 5 independent experiments. p < 0.001, factorial ANOVA).
(C) Immunofluorescence intensities of mCherry-tagged MOR1 recycled to
plasma membrane after remifentanil washout (for 3 hours) was delayed by
ANXA2 overexpression (n = 48 to 78 cells for each group from 5 independent
experiments. p < 0.001 factorial ANOVA). n.s., non-significant, *, p < 0.05 and
** p < 0.01 compared to control group with Tukey’s multiple comparison tests.

ANXA2 (Supplementary Figure S3). Surprisingly, we found that
remifentanil caused high level of co-localization of MOR1 and Rab11,
indicative of re-distribution of MOR1 in recycling endosomes. Of note,
ANXA2 overexpression further increased the co-localization of MOR1
and Rabl1 (Fig. 4A and B). When remifentanil was washed out, the co-
localization of MOR1 and Rabll was reduced in a time-dependent
fashion, as indicated by the Pearson’s correlation coefficient. Howev-
er, in the presence of ANXA2 overexpression, the coefficient remained
stable from 0 to 3 h (Fig. 4C). This suggested that ANXA2 retarded
MORI recycling after remifentanil washout by trapping MOR1 in “slow”
recycling endosomes (Naslavsky and Caplan, 2018).

Neurobiology of Pain 10 (2021) 100071
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Fig. 4. ANXA2 contributed to the retention of MOR1 in the cytoplasmic
compartment. (A) Remifentanil induced MOR1 co-localization to the late
recycling endosome marker Rabll. (B) Quantification of co-localization of
MOR1 and Rabl1. Relative Pearson’s correlation indicated MOR1 and Rabl1
co-localization. In comparison with the control plasmid, ANXA2 overexpression
increased colocalization of MOR with Rab11. n = 20 for Control, n = 26 for
ANXA2 overexpression. *, p < 0.05, Student’s t test. (C) ANXA2 overexpression
delayed MORI1 recycling after remifentanil washout (p < 0.001, factorial
ANOVA). Remi, Remifentanil. n = 40 cells each group from 3 independent
experiments. *, p < 0.05 and **, p < 0.01, adjusted by Bonferroni correction.

Discussion

Intraoperative infusion of high-dose remifentanil (cumulative dose
of > 25 pg/kg) has been repeatedly reported to cause higher post-
operative opioid requirement, indicative of an acute opioid tolerance.
The underlying mechanisms remain elusive. In this study, we identified
ANXA2 as a novel MOR1-interacting protein that retards membrane re-
localization of MOR1 after remifentanil treatment. We showed that in
the presence of remifentanil, ANXA2 overexpression sorted MOR1 to
late endosomes, which in turn retarded cell surface distribution of
MORI1 after remifentanil withdrawal. Our study therefore provided a
plausible mechanism, where ANXA2-mediated reduction of MOR1
availability in the cell membrane.

The molecular network driving opioid tolerance development varies
among different types of opioids or treatment paradigms. With respect
to the types of opioids, agonist-selective MOR1 internalization has been
considered as an important mechanism to prevent acute opioid
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tolerance development. For instance, [D-Ala2-MePhe*-Gly®-ol] enkeph-
alin (DAMGO) rapidly induces MOR1 endocytosis within 30 min after
treatment. Consistent with this, repeated administration of DAMGO did
not induce acute opioid tolerance. Knockdown of dynamin abolished
DAMGO-induced MOR1 internalization and caused DAMGO tolerance
(Ueda et al., 2001). In contrast, opioid-induced acute analgesic tolerance
could be prevented by PKC inhibition (Ueda et al., 2001) or knockdown
of cellular FK506 binding protein 12 (FKBP12) (Yan et al., 2014), which
leads to MORI1 internalization. One plausible theory underlying these
processes is that MORI1 internalization followed by rapid recycling
contributes to its functional re-sensitization and counteracts opioid
tolerance (Koch and Hollt, 2008). However, MORI1 internalization
without rapid recycling would lead to reduced MOR1 cell surface
availability and contribute to opioid tolerance. In this regard, chronic
opioid treatment has been revealed to cause persistent MOR1 internal-
ization in neurons along with the establishment of opioid tolerance
(Drake et al.,, 2005). Opioid-induced MORI1 internalization was
frequently observed in the nervous system. Morphine pellets, which
constantly release this opioid after implantation, caused significant
MOR internalization in the spinal cord from 3 h to 48 h. However,
morphine analgesia declined from 2 h and disappeared after 12 h,
indicating that prolonged receptor internalization could not prevent
opioid tolerance (Rodriguez-Munoz et al., 2007). For remifentanil,
short-term administration (1 h) induced elevation of intracellular
MOR1-mCherry puncta numbers but reduction of mCherry plasma
membrane fluorescence, implying that remifentanil caused MOR1
internalization. It should be noted that, after remifentanil washout,
reduced MOR1 membrane expression sustained for at least 3 h,
compared with the vehicle group. Prolonged MORI1 internalization
following remifentanil administration thus may not refer to receptor re-
sensitization. Instead, it may cause deficient responses of other MOR1
agonists (e.g. morphine) to the cells. Our study highlighted that a time-
dependent subcellular redistribution of MORI1 after remifentanil
administration should be explored in future animal studies to delineate
the mechanisms of remifentanil-related MOR receptor redistribution.
Meanwhile, we found that enforced expression of ANXA2 further
delayed the recovery of cell membrane distribution of MOR1, inferring
that ANXA2 may play a role in this process. In contrast, ANXA2 over-
expression did not affect DAMGO-induced MOR1 cell membrane inter-
nalization (Supplementary Figure S4), indicating the function of
ANXA2 on MORI1 recycling is agonist-specific. More noteworthy is that
opioid tolerance is a complex process that involves the interplay of in-
dividual cellular responses, as well as recruitment of different neuronal
circuits, suggesting that receptor trafficking alone is insufficient to
produce morphine tolerance (Williams et al., 2013). The contribution of
ANXA2-induced MOR1 recycling to analgesic tolerance requires further
investigation.

ANXA2 has been shown to promote internalization of several mem-
brane proteins. For instance, ANXA2 is critical for Toll-Like Receptor 4
(TLR4) internalization in response to lipopolysaccharide (LPS) binding.
In keeping with this, ANXA2 knockout leads to sustained TLR4 mem-
brane expression and aggravated inflammatory response (Zhang et al.,
2015). In this study, we identified ANXA2 as a novel MOR1-interacting
protein. Moreover, ANXA2 facilitated MORI internalization after
remifentanil administration, indicative of a similar action of ANXA2 on
TLR4. Our studies suggested that ANXA2-mediated actions represent a
common mechanism for receptor internalization. Indeed, intracellular
TLR4 was sorted mainly to early-endosomes by ANXA2, which is also
evident as for MOR1. In addition, we observed that MOR1 was co-
localized with Rabl1 (a marker of recycling endosomes) after remi-
fentanil treatment. However, remifentanil-induced binding to recycling
endosomes did not lead to rapid MOR1 redistribution on the cell surface.
Instead, MOR1 was “trapped” in the endosomes for at least 3 h after
remifentanil exposure. It is possible that deferred membrane redistri-
bution of MOR1 might contribute to opioid receptor tolerance, in which
a subsequently higher dose of morphine is required to achieve sufficient
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analgesia, resulting in morphine tolerance.
Conclusions

Taken together, we reported that ANXA2 retarded membrane
redistribution of MOR1 after remifentanil exposure. Interventions tar-
geting ANXA2 might represent a novel approach to maintain adequate
cell-surface MOR and thus morphine analgesia after remifentanil
administration.
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