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P A I N

Oligomerization of MrgC11 and -opioid receptors in 
sensory neurons enhances morphine analgesia
Shao-Qiu He1, Qian Xu2,3, Vinod Tiwari1, Fei Yang1, Michael Anderson1, Zhiyong Chen1, 
Shaness A. Grenald1, Srinivasa N. Raja1, Xinzhong Dong2,3*, Yun Guan1*

The -opioid receptor (MOR) agonist morphine is commonly used for pain management, but it has severe adverse 
effects and produces analgesic tolerance. Thus, alternative ways of stimulating MOR activity are needed. We 
found that MrgC11, a sensory neuron–specific G protein–coupled receptor, may form heteromeric complexes 
with MOR. Peptide-mediated activation of MrgC11 enhanced MOR recycling by inducing coendocytosis and sort-
ing of MOR for membrane reinsertion. MrgC11 activation also inhibited the coupling of MOR to -arrestin-2 and 
enhanced the morphine-dependent inhibition of cAMP production. Intrathecal coadministration of a low dose of 
an MrgC agonist potentiated acute morphine analgesia and reduced chronic morphine tolerance in wild-type 
mice but not in Mrg-cluster knockout (Mrg KO) mice. BAM22, a bivalent agonist of MrgC and opioid receptors, 
enhanced the interaction between MrgC11 and MOR and produced stronger analgesia than did the individual 
monovalent agonists. Morphine-induced neuronal and pain inhibition was reduced in Mrg KO mice compared to 
that in wild-type mice. Our results uncover MrgC11-MOR interactions that lead to positive functional modulation 
of MOR. MrgC shares genetic homogeneity and functional similarity with human MrgX1. Thus, harnessing this 
positive modulation of MOR function by Mrg signaling may enhance morphine analgesia in a sensory neuron–
specific fashion to limit central side effects.

INTRODUCTION
Agonists to the -opioid receptor (MOR), including morphine, re-
main the primary analgesic options for treating severe acute and 
chronic pain. Unfortunately, because they bind to MORs expressed 
throughout the central nervous system (CNS), dose-limiting central 
adverse effects, addiction, and the development of analgesic tolerance 
present substantial barriers to their clinical use (1). In addition, the 
opioid epidemic with abuse and accidental death from overdose has 
been escalating. Guanine nucleotide–binding protein (G protein)–
coupled receptors (GPCRs), such as adrenergic and -opioid recep-
tors (DORs), may interact with MORs and affect morphine analgesia 
profoundly (2–4). However, these receptors are also widely distrib-
uted in the CNS, and their ligands are associated with central side 
effects. A substantial portion of morphine analgesia is mediated by 
MORs that are expressed on primary sensory neurons in the dorsal 
root ganglion (DRG) and trigeminal ganglion (5). Therefore, selectively 
modulating MOR activity in peripheral afferent neurons would be a 
promising strategy to enhance morphine analgesia while limiting cen-
tral side effects.

GPCRs can form receptor homomers and heteromers, which 
may show different signaling and biologic effects (3). The fact that 
MOR tends to form heteromeric complexes with other GPCR family 
members that enable their functional interactions may offer an op-
portunity to identify new drug targets for pain inhibition that cause 
fewer side effects than conventional opioid analgesics (3, 6–8). How-
ever, a primary sensory neuron–specific GPCR partner that enhances 
MOR activity and morphine analgesia has not been identified. One 
possibility is subtype C of the Mas-related GPCR family (MrgC; mouse 

MrgC11 and rat rMrgC), which is expressed mostly in small-diameter 
primary sensory neurons but not in the CNS (9, 10). MrgCs have 
gained attention for their association with pain and itch (9, 11, 12). 
Studies suggest that activation of MrgCs on the central terminals of 
DRG neurons by intrathecal drug administration inhibits pain in 
various rodent models (11, 13, 14). By conducting the first compre-
hensive examination of physical and functional interplay between 
mouse MrgC11 and MOR, we tested the hypotheses that the two GPCRs 
form heteromeric complexes and that MrgC11 may positively mod-
ulate MOR function.

RESULTS
MrgC11 may physically interact with MOR at the  
cellular level
MrgC11 is expressed exclusively in primary sensory neurons in the 
DRG and trigeminal ganglion and is distributed in small-diameter, 
likely nociceptive, neurons (9, 10). Because MrgC11 may contribute to 
pain inhibition at the central terminals of primary sensory neurons 
similar to the function of MORs (11, 13, 14), we investigated the 
potential interaction of the two receptors. In an immunofluorescence 
staining study, immunoactivity for MrgC and that for MOR were 
highly colocalized in mouse (74%) and rat (90%) DRG neurons 
(Fig. 1A). Colocalization of MrgC and MOR immunoreactivity was 
also identified in mouse spinal cord (fig. S1). The specificity of MrgC 
antibody toward Mrg family members was confirmed in previous 
studies, which showed an absence of MrgC immunoreactivity in the 
spinal cord and DRG of Mrg knockout (KO) mice (15, 16). Furthermore, 
MrgC is expressed specifically on sensory neurons in the peripheral 
nervous system, not in neurons or glial cells of the CNS (9, 15, 16). 
The specificity of monoclonal antibody toward MOR was con-
firmed here in conditional MOR KO mice (fig. S2), which were gen-
erated by crossing Pirt-Cre mice with Oprm1fl/fl mice to exclusively 
delete MOR expression in primary sensory neurons.
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We used these antibodies in a proximity ligation assay (PLA) to 
examine the proximity of the two GPCRs in individual mouse DRG 
neurons. PLA is a relatively sensitive technique that detects colocaliza-
tion of proteins in individual cells, which may be inferred as interaction, 
and reveals cellular and molecular architecture (17–19). PLA signal, lo-
cated mostly near the cell membrane, was detected only in DRG neurons 
of wild-type mice but not in Mrg KO mice (Fig. 1B). Because possible 
nonselective binding of MrgC and MOR antibodies may confound PLA 
findings, we further carried out PLA in human embryonic kidney (HEK) 
293T cells transfected with plasmids expressing FLAG-MOR, Myc-MrgC11, 
or both. FLAG-tagged MOR and Myc-tagged MrgC11 were then detected 
by anti-FLAG and anti-Myc antibodies. PLA signal appeared only in cells 
that were transfected with both receptors (fig. S3). Since PLA can detect 
proteins that are within 40 nm of one another (18, 19), these findings 
suggest that MrgC11 and MOR may reside in close proximity in DRG 
neurons and in HEK293T cells cotransfected with both receptors.

Next, we directly interrogated whether 
MrgC11 and MOR form a complex in a 
heterologous expression system by con-
ducting co-IP experiments in HEK293T 
cells cotransfected with FLAG-MOR and 
Myc-MrgC11. In addition, we examined 
the effect of BAM22, a cleavage product 
of proenkephalin A that has not only a ca-
nonical opioid receptor binding YGGFM 
(Met-enkephalin, BAM1-7) motif in 
its N terminus but also a RYG motif at 
its C terminus that specifically binds to 
MrgC (Fig. 1C) (10). Therefore, BAM22 
serves as a unique bivalent ligand for both 
MrgC and opioid receptors, whereas BAM8-
22 activates MrgC only. Myc-MrgC11 
coeluted from affinity resin in the pres-
ence of FLAG-MOR, and anti-FLAG anti-
body immunoprecipitated a band that 
corresponded to MrgC11 (Fig. 1D). In 
contrast, the specific bands were not ob-
served in the precipitates prepared from 
cells expressing Myc-MrgC11 alone. BAM22 
enhanced MrgC11 and MOR interaction 
in HEK293T cells (Fig. 1E), but BAM1-7 
(BAM without the MrgC binding site) 
did not. This finding suggests that the 
full-length bivalent agonist BAM22 may 
act as a bridge to facilitate MrgC11 as-
sociation with MOR. MOR appears to 
physically interact specifically with MrgC11 
because we did not detect FLAG-MOR 
immunoreactivity either in Myc-MrgA3 
precipitates of HEK293T cells that co-
expressed Myc-MrgA3 and FLAG-MOR 
or in cells that coexpressed Myc-MrgD 
and FLAG-MOR (Fig. 1F). Together, 
these results provide further evidence that 
MrgC11 resides close to MOR in the native 
environment of DRG neurons and forms 
heteromeric complexes that could ren-
der functional interaction.

C-terminal domains of MrgC11 and MOR are important to 
their physical interaction
We next searched for the MrgC11 domain that mediates its physical 
interaction with MOR. Such a site would be important for developing 
candidate drugs to modulate their interactions. Computational anal-
ysis and receptor crystal structure studies have indicated that trans-
membrane domain 5 (TM5), TM6, and the TM1-TM2-helix8 interface 
in GPCRs may be involved in receptor oligomerization (20). By com-
paring the MrgC11 protein sequence with the GPCRs that can form 
heteromers with MOR, we predicted that TM2 of MrgC11 may be 
important to MrgC11-MOR interaction. Therefore, we initially con-
structed a mutated MrgC11 (MrgC11-TM2TM6) in which the pre-
dicted TM2 (MrgC11-TM2) was substituted by TM6 (MrgC11-TM6). 
Unexpectedly, co-IP showed that the mutated MrgC11 still inter-
acted with MOR in cotransfected HEK293T cells (Fig. 2A), suggesting 
that TM2 is not important to MrgC11-MOR interaction.

Fig. 1. Interaction between MrgC11 and MOR. (A) Immunostaining for MrgC and MOR in DRG neurons of wild-type 
(WT) mice and rats (n = 3 animals per group). Arrowheads, (strongly) double-labeled cells; arrows, single-labeled cells. 
Right: Venn diagrams portray cells with strong coexpression. Scale bars, 50 m. (B) Left: Schematic shows the main 
principles of the PLA. Right: PLA signal (red) for colocalization of MrgC and MOR antibodies in DRG neurons from WT 
and Mrg KO mice. DAPI (4′,6-diamidino-2-phenylindole) (blue) counterstained the nuclei. Images are representative 
of four experiments. Scale bars, 20 m. (C) Left: Amino acid sequences of Met-ENK, Leu-ENK, BAM22, and BAM8-22 
from the same precursor, proenkephalin (PENK), in which the consensus sequence (blue) binds the opioid receptor 
in the N terminus and the three–amino acid sequence (red) binds MrgC in the C terminus. Right: Diagram showing 
how BAM22 binds to both MOR and MrgC11. (D) Immunoprecipitation (IP) of Myc and immunoblotting (IB) of solu-
bilized protein extracts derived from HEK293T cells transfected with Myc-MrgC11 and FLAG-MOR. (E) As described in 
(D), cells cotransfected with Myc-MrgC11 and FLAG-MOR were treated with bath application of full-length BAM22 
or BAM1-7. (F) As described in (D), from cells cotransfected with FLAG-MOR and Myc-MrgC11, Myc-MrgA3, or 
Myc-MrgD. (D to F) Data are representative of three to four experiments.
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We then examined whether the C-terminal domain (CTD) of 
MrgC11 is critical to receptor interaction. Because MrgA3 and 
MrgD did not interact with MOR (Fig. 1F), we constructed a mutated 
MrgC11 in which the predicted MrgC11-CTD was substituted with 

the CTD of MrgA3 or MrgD (Fig. 2B). Co-IP revealed that MrgC11-MOR 
interaction was nearly lost in HEK293T cells cotransfected with 
FLAG-MOR and mutated MrgC11-CTDA3 or MrgC11-CTDD 
(Fig. 2C). To further examine the role of the CTD in MrgC11 and 
MOR interaction, we constructed a plasmid expressing a fusion 
protein that contains MrgC11-CTD with green fluorescent protein 
(GFP) fused at the C terminus (MrgC11CTD-GFP). MrgC11CTD-GFP 
interacted directly with MORs in cotransfected cells (Fig. 2D). Fur-
thermore, MrgC11CTD-GFP may compete with full-length MrgC11 
for interaction with MOR because it reduced heteromer formation 
between FLAG-MOR and Myc-MrgC11 (Fig. 2E). In line with the 
co-IP findings, PLA showed that the associations between MOR 
and the two mutated MrgC11s were substantially weaker than that 
between MOR and wild-type MrgC11 (Fig. 2F) and that interaction be-
tween wild-type MrgC11 and MOR could be reduced by MrgC11CTD- 
GFP (fig. S4). Collectively, these findings confirm that the CTD of 
MrgC11 is indispensable to its physical interaction with MOR.

Co-IP studies showed that the CTD is also critical for MOR in-
teraction with MrgC11. First, we constructed a plasmid expressing 
a fusion protein that contains MOR-CTD with GFP fused at the C 
terminus (MORCTD-GFP), which directly interacted with MrgC11 
in cotransfected cells (Fig. 2G). Second, Myc-MORCTD also inter-
acted with MrgC11CTD-GFP (Fig. 2H). Finally, MORCTD-GFP com-
peted with MOR for interaction with MrgC11 and reduced heteromer 
formation between FLAG-MOR and Myc-MrgC11 (Fig. 2I).

Next, we investigated whether heteromer formation also occurs 
between MOR and MrgX1, the human homolog to MrgC that shares 
genetic homogeneity and functional similarity (9, 10, 21). PLA signals 
appeared in HEK293T cells that were cotransfected with FLAG-
MOR and Myc-MrgX1 (fig. S5A). Furthermore, co-IP experiments 
showed that Myc-MrgX1 coeluted from affinity resin in the presence 
of FLAG-MOR and that anti-FLAG antibody immunoprecipitated 
a band that corresponded to MrgX1 (fig. S5B), suggesting that MOR 
and MrgX1 may also interact at the cellular level.

MrgC11 activation induces coendocytosis of MOR and 
targets MOR into the recycling pathway
Heteromer formation between MORs and other GPCRs enables 
functional interaction and modulation of receptor trafficking prop-
erties (2, 3, 6). How the formation of MrgC11-MOR complex affects 
MOR trafficking remains unclear. Hence, we examined the endocytosis 
of MOR in HEK293T cells cotransfected with Myc-MrgC11 and 
FLAG-MOR. The Myc and FLAG peptide tags were located at the N 
termini of MrgC11 and MOR, respectively, and were exposed to the 
extracellular space after the receptors were inserted into the plasma 
membrane (Fig. 3A). We prelabeled the Myc-MrgC11 and FLAG-
MOR on the surface of live cells using mouse anti-Myc and rabbit 
anti-FLAG antibodies. Under control conditions, the prelabeled 
MrgC11 and MOR were located mostly on the cell surface. After a 
45-min stimulation with the MrgC-selective agonists BAM8-22 (5 M) 
and JHU58 (5 M) (13, 14), the prelabeled MrgC11 and MOR were 
both internalized and redistributed into intracellular vesicle-like 
structures (Fig. 3A). In contrast, no marked co-internalization of 
MrgC11 and MOR was observed after applying morphine (5 M for 
45 min), an MOR agonist known to induce minimal endocytosis 
of MOR. However, cotreatment of morphine with a lower dose 
of BAM8-22 (1 M) induced significant co-internalization of both 
receptors (Fig. 3, A and B). The internalized receptors were largely 
colocalized in the same intracellular compartments. These findings 

Fig. 2. MrgC11 interacts with MOR through the CTD. (A) Co-IP to examine the 
interaction between FLAG-MOR and WT Myc-MrgC11 or two mutant MrgC11s in 
HEK293T cells. In two mutant MrgC11s, the second TM2 region was swapped with 
TM6 of MrgC11 (Myc-MrgC11-TM2TM6) or TM2 of MrgD (Myc-MrgC11-TM2D). (B) The 
diagram shows WT MrgC11; mutant MrgC11s in which the CTD was substituted with 
that of MrgA3 (MrgC11-CTDA3) or MrgD (MrgC11-CTDD); MrgC11 CTD (MrgC11CTD); 
and MOR CTD (MORCTD). (C) Co-IP to examine the interaction between FLAG-MOR 
and WT Myc-MrgC11, MrgC11-CTDA3, and MrgC11-CTDD mutants in transfected cells. 
(D) Co-IP to examine the interaction between FLAG-MOR and CTD of MrgC11 
(MrgC11CTD-GFP). (E) Co-IP to examine MrgC11-MOR interaction in the presence of 
MrgC11CTD-GFP. (F) Left: PLA of HEK293T cells cotransfected with FLAG-MOR and 
WT Myc-MrgC11, mutant MrgC11-CTDA3, or MrgC11-CTDD. Scale bar, 20 m. Right: 
Quantification of PLA signal (n = 10 experiments per group). (G and H) Co-IP to 
examine the interaction between MORCTD-GFP and WT Myc-MrgC11 (G) and be-
tween Myc-MORCTD and MrgC11CTD-GFP (H). (I) Co-IP to examine whether expres-
sion of MORCTD-GFP reduces MOR and MrgC11 interaction. (F) ***P < 0.001 versus 
Myc-MrgC11 by one-way analysis of variance (ANOVA) and Bonferroni post hoc 
test. Values are mean ± SEM. Data in (A), (C) to (E), and (G) to (I) are representative 
of three to four experiments.
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provide direct evidence that MrgC11 activation induces and facilitates 
the co-internalization and coendocytosis of MrgC11 and MOR.

We then confirmed MrgC11 activation-induced co-internalization 
of MOR by using immunoblotting and quantified the receptors pre-
sent on the cell surface. In HEK293T cells cotransfected with Myc-
MrgC11 and FLAG-MOR, we biotinylated the proteins that remained 
on the cell surface after BAM8-22 treatment and precipitated them 
with immobilized streptavidin. We found that BAM8-22, which 
only binds MrgC, markedly reduced MOR and MrgC11 on the cell 
surface (Fig. 3C). Another MrgC agonist, JHU58 (5 M) (13, 14), 
induced robust co-internalization of MrgC11 and MOR in mouse 
DRG neurons that were cotransfected with Myc-MrgC11 and FLAG- 
MOR (fig. S6A). In addition, the coexpression of MrgC11CTD-GFP, 
which interacts directly with MORs and hence competes with full-

length MrgC11 for interaction (Fig. 2, D and E), significantly attenuated 
BAM8-22–induced MOR and MrgC11 co-internalization (fig. S6B). 
These findings suggest that physical interaction between MrgC11 
and MOR is essential for receptor co-internalization.

GPCRs activated by selective agonists can be driven into divergent 
lysosomal and recycling pathways, resulting in different postendocytic 
fates and differences in cell signaling strength (3, 7, 22). Hence, un-
derstanding the postendocytic fate of MOR after co-internalization 
with MrgC11 is important for predicting functional outcome. By co-
staining Myc-MrgC11 with a LysoTracker probe in MrgC11-expressing 
HEK293T cells, we showed that only a small amount of MrgC11 was 
redistributed in lysosome-like compartments labeled by the LysoTracker 
probe after 90-min treatment with BAM8-22 and JHU-58 (5 M; 
fig. S7A). Few MORs were present in the lysosome after BAM8-22 

Fig. 3. MrgC11 activation leads to co-internalization and targeting of surface MORs into the recycling pathway. (A) Diagram depicts FLAG-MOR and Myc-MrgC11 at 
the cell surface. Representative images show co-internalization of FLAG-MOR and Myc-MrgC11 in HEK293T cells 45 min after administration of BAM8-22 (5 M), morphine 
(5 M), or both. Arrowheads, internalized receptors. Scale bar, 10 m. Data are representative of three experiments. (B) Experimental design and quantitative data show 
the ratio of internalized MrgC11 and MOR versus total surface immunostaining (n = 23 to 40 cells). (C) Immunoblotting and quantitative data of MOR and MrgC11 on the 
cell surface before and after BAM8-22 (5 M, n = 11 per group). (D) Left: Representative images show that MORs (arrows) were co-internalized with MrgC11 after BAM8-22 
exposure and were not sorted into lysosome-like compartments labeled by LysoTracker (arrowheads). Right: Quantification of receptor-containing vesicles labeled by 
LysoTracker (n = 26 per group). Scale bar, 10 m. (E) Left: Immunoblotting showed a change of biotinylated receptors after a second biotin cleavage, providing a measure 
of receptor recycling. Right: Recycling was quantified by comparing the internalized MrgC11 and MOR at 0 min and 60 min of recycling time (n = 11 per group). (B, C, and E) Two-way 
ANOVA and Bonferroni post hoc test. ***P < 0.001 versus control; ###P < 0.001. Values are mean ± SEM.
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treatment (Fig. 3D). Thus, internalized MrgC11 and MOR were not 
sorted into the degradation pathway. To directly test whether the 
internalized receptors are reinserted back into the plasma mem-
brane, we performed biotinylation assays of receptor recycling in 
HEK293T cells (Fig. 3E). MOR and MrgC11 underwent very weak 
endocytosis under basal conditions (Fig. 3A), but application of 
BAM8-22 (5 M) caused robust co-internalization of surface MOR 
and MrgC11 (Fig. 3, B and C, and fig. S7, B and C). Internalized 
MORs and MrgC11s were mostly reinserted into the plasma mem-
brane after 60 min, with only 18% of the internalized MORs and 3% 
of the internalized MrgC11s retained intracellularly (Fig. 3E). To-
gether, these findings suggest an endocytic sorting of both MOR 
and MrgC11 through recycling pathways after MrgC11 activation.

MrgC11 agonism alters acute morphine inhibition of  
cAMP production
To complement the findings of physical interaction, we next examined 
whether MrgC11 agonism enhances acute morphine-induced in-
hibition of cyclic adenosine 3′,5′-monophosphate (cAMP) production, 
which occurs through MOR signaling coupled to the Gi pathway. In 
HEK293T cells that coexpressed MOR, MrgC11, and a cAMP bio-
sensor construct, acute treatment with morphine dose dependently 
decreased forskolin-induced intracellular cAMP production (Fig. 4A), 
but BAM8-22 by itself had little effect (Fig. 4B). Notably, coapplica-
tion of BAM8-22 (10−6 M) significantly potentiated the inhibition 
of cAMP by low doses of morphine (10−7 and 10−8 M). This finding 
cannot be attributed to additive effect (Fig. 4, C and D). Furthermore, 
this enhancement by BAM8-22 did not occur in cells lacking MrgC11 
expression (Fig. 4D), suggesting MrgC11 involvement.

In contrast to the inhibition of cAMP by acute morphine, chronic 
morphine treatment of cells produces a compensatory up-regulation 
of adenylyl cyclase (23–25). Thus, we next examined whether BAM8- 22 
alleviates the paradoxical cAMP “superactivation” after chronic 
morphine treatment. HEK293T cells transfected with plasmids ex-
pressing FLAG-MOR, Myc-MrgC11, and a cAMP biosensor were 
treated chronically with morphine. Consistent with previous findings 
(25), chronic morphine treatment led to increased cAMP produc-
tion (superactivation; Fig. 4E). Pretreatment with BAM8-22 blocked 
chronic morphine-induced cAMP superactivation in cells that ex-
pressed both MrgC11 and MOR but not in cells without MrgC11 
(Fig. 4F). Therefore, activation of MrgC11 may enhance acute mor-
phine inhibition of cAMP but reduce superactivation of cAMP after 
chronic morphine treatment.

MrgC11 activation reduces MOR and -arrestin-2 coupling
Previous studies suggested that MOR coupling to the -arrestin-2 
pathway may be associated with the development of some mor-
phine side effects (for example, respiratory depression and gastro-
intestinal dysfunction) and analgesic tolerance (26–28). To examine 
whether MrgC11 activation affects MOR and -arrestin-2 coupling, 
we used a NanoBiT complementation assay (Promega) to monitor 
-arrestin recruitment (29). In NanoBiT titration experiments, stim-
ulation of MOR with morphine or DAMGO [(d-Ala2, N-MePhe4, Gly-
ol)- enkephalin] for 20 min dose- dependently increased the NanoLuc 
luminescence, which serves to indicate the recruitment of -arrestin-2 
to MOR (Fig. 5, A and B). In line with previous findings (27, 30, 31), 
morphine induced much less -arrestin-2 recruitment than did 
DAMGO (Fig. 5B), and MrgC11 showed little -arrestin-2 coupling 
either before or after activation by BAM8-22 (Fig. 5, C and D). The 

CTD of MOR also showed substantial -arrestin coupling (Fig. 5E). 
Furthermore, MOR and -arrestin-2 coupling was significantly re-
duced by the expression of Myc-MORCTD (Fig. 5F), suggesting that 
the CTD of MOR is important to -arrestin recruitment.

In the resting state, MOR showed significantly lower affinity to 
-arrestin-2 in cells transfected with MrgC11 than in cells transfected 
with control plasmid. Furthermore, MrgC11 with mutated CTDs 
(CTDD and CTDA3) that do not interact with MOR failed to inhibit 
MOR and -arrestin-2 coupling (Fig. 5G). In the activated state, 
both morphine and DAMGO induced significantly less -arrestin-2 
recruitment to MOR in cells coexpressing wild-type MrgC11 but 
not in cells coexpressing MrgC11 with mutated CTDs (Fig. 5H).

Fig. 4. MrgC agonist potentiates acute inhibition of cAMP production by mor-
phine. (A) Dose-response curve of morphine to inhibit forskolin-induced cAMP 
production in HEK293T cells coexpressing MOR, MrgC11, and cAMP biosensor construct 
(n = 4 experiments). (B) Dose-response curve of BAM8-22 effect on forskolin-induced 
cAMP production (n = 3 experiments). (C) Time course of forskolin-induced cAMP 
production in response to different drug treatments in HEK293T cells (n = 6 to 8 ex-
periments). (D) Quantification of forskolin-induced cAMP production after different 
drug treatments (n = 7 to 12 experiments). (E) Time course of effects of different 
drug treatments on superactivation of the cAMP pathway in HEK293T cells after 
withdrawal from 14-hour chronic morphine (10−6 M) or vehicle treatment (n = 25 to 
27 experiments). (F) Quantification of different drug treatments on chronic morphine- 
induced cAMP superactivation in cells transfected with MOR alone and in cells 
cotransfected with MOR and MrgC11 (n = 25 to 29 experiments). (D and F) One-way 
ANOVA with Bonferroni post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001 versus 
control (blue bar); ##P < 0.01 versus the indicated group. All values are mean ± SEM.
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To better determine the ability of MrgC11 activation to interfere 
with MOR and -arrestin-2 coupling, we further established dose- 
response functions for morphine-induced recruitment of -arrestin-2 
to MOR in the absence or presence of MrgC11. The expression of 
MrgC11 produced a rightward shift in the dose-response curve 
(Fig. 5I). Morphine-induced recruitment of -arrestin-2 was pro-
nounced and rapidly increased to a plateau level in cells expressing 
the control plasmid. However, this effect was largely abolished in cells 
expressing wild-type MrgC11 (Fig. 5J). These findings suggest that 
MrgC11 activation may reduce the coupling of MOR to -arrestin-2, 
possibly because of its interaction with MOR at the CTD, which 
may bias MOR signaling away from the -arrestin-2 pathway.

Cotreatment with MrgC agonist enhances  
morphine analgesia
Physical interaction with other GPCRs can have a positive or negative 
effect on MOR signaling and function. After demonstrating the 
positive functional modulation of MOR by MrgC11 activation at the 
cellular level (Figs. 2 to 5), we next examined the effect of MrgC11-
MOR interaction on morphine analgesia in vivo. In the tail immersion 
test, 1 nmol BAM8-22 (by intrathecal injection), which is below its 
effective dose for pain inhibition, markedly enhanced the inhibition 
of heat nociception by a low dose of morphine [1.3 nmol, intrathecally 
(i.t.)] in wild-type mice but not in Mrg KO mice (Fig. 6A). BAM22, 
a full-length bivalent peptide ligand that binds both MrgC11 and 
opioid receptors, induced robust heat antinociception in wild-type 
mice at 1.3 nmol, a dose at which BAM8-22 and morphine would be 
ineffective (blue; Fig. 6A). In line with these findings, a low dose of 

BAM8-22 (1 nmol, i.t.) also potentiated the inhibition of heat nocicep-
tion induced by a subeffective dose of morphine (1.3 nmol, i.t.) in 
both the hot plate test and Hargreaves test (fig. S8). We conducted 
isobolographical analysis to further determine whether intrathecal 
coadministration of BAM8-22 and morphine induces additive or syn-
ergistic antiheat nociception. The dose-response curves for morphine, 
BAM8-22, and combined drug treatment (1:1 ratio) were established 
for the tail immersion test (Fig. 6B). The parameters were calculated 
by fitting nonlinear least-squares curves, and the half-maximal ef-
fective dose (ED50) was projected by yielding a minimum residual 
sum of squares of deviations from the theoretical curve (32, 33). The 
experimental ED50 of combined drug treatment was 0.6 nmol [95% 
confidence interval (CI), 0.3 to 1.2 nmol], which was much lower 
than the ED50 of morphine (3.2 nmol; 95% CI, 1.4 to 7.4 nmol) or of 
BAM8-22 (4.1 nmol; 95% CI, 2.0 to 8.5 nmol). The experimental 
ED50 of the combined treatment (red dot) fell outside the 95% CIs 
of the theoretical additive ED50 (Fig.  6C, black line), indicating a 
synergistic action (34, 35). Calcium-imaging assays also showed that 
acute cotreatment of DRG neurons with a subeffective dose of mor-
phine (0.2 M) and a low dose of BAM8-22 (0.2 M) significantly 
inhibited the increase in intracellular Ca2+ concentration ([Ca2+]i) 
evoked by capsaicin (0.3 M) in wild-type mice but not in Mrg KO 
mice (Fig. 6D). BAM8-22 at this dose did not induce [Ca2+]i response 
in DRG neurons (fig. S9).

In a chronic morphine tolerance study, the pain-inhibiting effect 
of morphine (10 mg/kg) in the tail immersion test decreased quickly 
from day 2 in Mrg KO mice and completely vanished at 5 to 6 days 
after repetitive subcutaneous administrations. However, in wild-type 

Fig. 5. MrgC11-MOR interaction reduces MOR and -arrestin-2 coupling. (A) Schematic representation of -arrestin recruitment measured by NanoBiT complementation 
assay. (B) Dose-response curves of morphine and DAMGO for stimulation of MOR/-arrestin-2 coupling in HEK293T cells coexpressing MOR-SmBiT and LgBiT–-arrestin-2 
(n = 3 to 4 experiments). (C) Dose-response curves of BAM8-22 for inducing MrgC11/-arrestin-2 coupling (n = 3 to 4). (D) MrgC11/-arrestin coupling (n = 20) versus 
MOR/-arrestin coupling (n = 40). (E) Recruitment of -arrestin to MOR (n = 12) and its CTD (n = 25). (F) Effects of expression of Myc-MORCTD on MOR/-arrestin coupling 
(n = 14 to 16). (G) Effects of coexpression of WT and mutant MrgC11s on morphine-induced MOR/-arrestin-2 (n = 21 to 89). (H) Effects of expression of MrgC11 and 
MrgC11 C-terminal mutants on morphine- and DAMGO-induced -arrestin-2 recruitment (n = 10 to 23). (I) Dose-response curves and (J) time course of morphine (100 M) 
for stimulation of MOR/-arrestin-2 coupling in cells transfected with MrgC11 or control plasmid (n = 8 to 12 per group). (D to F) ***P < 0.001 by Student’s t test. (G and H) 
*P < 0.05, **P < 0.01, and ***P < 0.001 versus control; #P < 0.05, ##P < 0.01, and ###P < 0.001 by one-way ANOVA with Bonferroni post hoc test. Values are mean ± SEM.
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mice, the decrease in morphine analgesia began at a later date (day 4) 
with the same treatment (Fig. 6, E and F). After 10 days of chronic 
morphine administration, cumulative dose-response curves showed 
a significant 3.6-fold shift of the morphine ED50 to the right in wild-
type mice, whereas the potency of morphine in Mrg KO mice showed 
an even greater reduction (4.6-fold; fig. S10A and table S1). Thus, 
morphine tolerance was facilitated in Mrg KO mice, as compared to 
that in wild-type mice. Administration of BAM8-22 (5 nmol, i.t.) to 
wild-type mice before the daily morphine injection on days 5 and 6 
increased the analgesic effect of morphine on days 6 and 7 com-
pared to that in vehicle-treated mice (Fig. 6F and fig. S10B). Together, 
these findings suggest that activation of MrgC11 may counteract 
the development of morphine analgesic tolerance.

Intrathecal coadministration of BAM8-22 (1 nmol) and morphine 
(1.3 nmol) in wild-type mice did not produce well-known morphine 
side effects such as changes in exploration and locomotor activity, 
which we assessed in the open-field test (fig. S11A). Total distance 
traveled and time spent in the center zone (in 10 min) were similar 
in mice that received intrathecal coadministration of morphine and 
BAM8-22 and those that received saline (fig. S11, B and C). In con-
trast, the total distance traveled was significantly increased, and the 
time spent in the center significantly decreased after systemic mor-
phine (5 mg/kg, s.c.) administration.

Morphine-induced neuronal inhibition and analgesia are 
reduced in Mrg KO mice
To complement our findings from the agonist study in wild-type 
mice, we also compared morphine analgesia in wild-type and Mrg KO 
mice. In the tail immersion test (52°C), hot plate test, and Hargreaves 
test, the baseline (meaning predrug) response latencies to noxious 
heat stimuli were all similar in naïve Mrg KO and wild-type mice, 
suggesting normal heat nociception (Fig. 7A). However, morphine 
(2.5 g, i.t.)–induced heat antinociception, as indicated by an in-
crease in tail-flick latency and paw withdrawal latency (Fig. 7, B to D), 
was significantly lower in Mrg KO mice than in wild-type mice. In 
an inflammatory pain model, both Mrg KO and wild-type mice de-
veloped mechanical and heat hypersensitivities on the ipsilateral hind 
paw at 2 to 3 days after intraplantar injection of complete Freund’s 
adjuvant, as indicated by increased paw withdrawal frequency to von 
Frey stimulation and decreased paw withdrawal latency to noxious heat 
stimulation, respectively (Fig. 7, E to G). Although 2.5 g of mor-
phine (by intrathecal injection) normalized mechanical (Fig. 7E) and 
heat hypersensitivity (Fig. 7, F and G) in wild-type mice at 30 min after 
injection, the effect was significantly reduced in Mrg KO mice. The 
inhibition of neuropathic pain–related behavior by intrathecal mor-
phine was also reduced in Mrg KO mice (Fig. 7, H and I). Both wild-type 
and Mrg KO mice developed mechanical and heat hypersensitivity 

Fig. 6. Intrathecal BAM8-22 potentiates morphine analgesia. (A) Time course of pain inhibition after intrathecal drug administration in tail immersion test (52°C) of 
WT (n = 9 to 12 per group) and Mrg KO mice (n = 7 to 9 per group). BAM22, a dual agonist to MrgC and opioid receptor. (B) Dose-response curves of pain inhibition 
[% maximum possible effect (MPE) at 30 min postdrug] by intrathecal morphine, BAM8-22, and combined (1:1 ratio, n = 8 to 9 per group). (C) Isobolographical analysis. 
The experimental ED50 of the combined drug treatment (0.6 nmol; red dot) falls outside the 95% confidence limits of the theoretic additive ED50 (black line). (D) Effects of 
coapplication of BAM8-22 (0.2 M) with a subeffective dose of morphine (0.2 M) on capsaicin (0.3 M)–induced [Ca2+]i increase in WT and Mrg KO DRG neurons (n = 21 to 79). 
(E) Time course of changes of the analgesic effect of morphine after repeated treatments [15 mg/kg, subcutaneously (s.c.)] in WT (n = 7) and Mrg KO (n = 9) mice. (F) Effects 
of BAM8-22 (delivered in two 5 nmol intrathecal injections/day on tolerance days 5 and 6; n = 8) and vehicle (n = 7) on the development of morphine tolerance in WT mice. 
*P < 0.05, **P < 0.01, and ***P < 0.001; ###P < 0.001 by two-way mixed model ANOVA and Bonferroni post hoc test. Values are mean ± SEM.
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on the ipsilateral hind paw at 1 to 2 weeks after chronic constriction 
injury (CCI) of the sciatic nerve. Morphine (2.5 g, i.t.) attenuated 
mechanical and heat hypersensitivity in wild-type mice at 30 min 
after injection but was significantly less effective in Mrg KO mice. 
The reduced morphine analgesia in Mrg KO mice was not due to a 
decrease in MOR expression in the DRG and spinal cord (fig. S12).

Next, using calcium imaging, we evaluated the involvement of 
MrgC11 in regulation of MOR activity in native DRG neurons. 
Morphine attenuates intracellular Ca2+ mobilization through acti-
vation of MOR, which inhibits voltage-dependent calcium channels 
(8, 36). Morphine dose-dependently reduced capsaicin (0.3 M)–
evoked increases in [Ca2+]i in DRG neurons from wild-type mice. 
However, this inhibition of Ca2+ response by morphine was signifi-
cantly decreased in DRG neurons from Mrg KO mice (Fig. 8A). Be-
cause changes in MOR-mediated inhibition in the soma of DRG 
neurons may not reflect changes in their central terminals, we further 

conducted patch-clamp recording of evoked excitatory postsynaptic 
currents (eEPSCs) from dorsal horn neurons that may receive mono-
synaptic and polysynaptic inputs from nociceptive afferent neurons 
(Fig. 8B). In wild-type mice, eEPSCs were recorded from substantia 
gelatinosa (SG; lamina II) neurons in spinal cord slices (L4-L5 seg-
ments) (13). High-intensity paired-pulse stimulation (500 A, 0.1 ms, 
400 ms apart, three tests per min) was applied at the dorsal root to 
activate high-threshold afferent fibers (C fibers).

Paired-pulse stimulation is often used to examine short-term 
neuronal plasticity, which may reflect the probability of neurotrans-
mitter release from presynaptic terminals (14, 37, 38). Accordingly, 
we calculated the paired-pulse ratio (PPR) of eEPSCs to determine 
whether a decrease of presynaptic release of neurotransmitters con-
tributes to drug-induced inhibition of eEPSCs. The PPR is defined 
as the peak amplitude of the second eEPSC (P2) over the first eEP-
SC (P1) evoked by two pulses. At baseline (predrug), the PPR was 

Fig. 7. Intrathecal morphine-induced pain inhibition is reduced in Mrg KO mice. (A) Tail-flick latencies of naïve WT (n = 19) and Mrg KO mice (n = 11) in the tail im-
mersion test (52°C). (B) Intrathecal morphine-induced (7.8 nmol, 5 l, i.t.) heat antinociception in naïve WT (n = 19) and Mrg KO (n = 11) mice. Box-and-whisker plots show 
median (horizontal line), mean (+), interquartile range (box), and maximum and minimum values (“whiskers”). ***P < 0.001 by Mann-Whitney U test. (C and D) Morphine- 
induced heat antinociception (7.8 nmol, 5 l) in naïve WT (n = 8) and Mrg KO (n = 9) mice in Hargreaves test (C) and hot plate test (D). (E) At 2 to 3 days after intraplantar 
injection of complete Freund’s adjuvant (CFA), effects of morphine (7.8 nmol, i.t.) on the increased paw withdrawal frequency to mechanical stimulation in WT mice (n = 8) 
and Mrg KO mice (n = 9). (F and G) Morphine (7.8 nmol, i.t.) inhibition of inflammatory heat hypersensitivity in CFA-treated WT and Mrg KO mice in the Hargreaves test (F) 
and hot plate test (G). (H) At 1 to 2 weeks after CCI, effects of morphine (7.8 nmol, i.t.) on the increased paw withdrawal frequency to mechanical stimulation in WT and 
Mrg KO mice (n = 6 per group). (I) Effects of morphine (7.8 nmol, i.t.) on heat hypersensitivity in CCI-WT and CCI-Mrg KO mice. (C to I) Values are mean ± SEM. *P < 0.05, 
**P < 0.01, and ***P < 0.001 versus WT or indicated group; #P < 0.05 and ##P < 0.01 versus predrug by two-way mixed model ANOVA with Bonferroni post hoc test.
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<1 in both naïve wild-type and naïve Mrg KO mice. A value less 
than 1 suggests paired-pulse depression, which may result when 
fewer presynaptic vesicles are available to release neurotransmitter 
in the second pulse than in the first pulse (37, 38). This observation 
is consistent with previous findings in spinal cord tissue using a 

similar paired-pulse stimulation protocol (14, 39, 40). Bath applica-
tion of 1 M morphine strongly inhibited eEPSCs to the first pulse 
in SG neurons from wild-type mice, which was associated with an 
increase in PPR (Fig. 8B). This result suggests that inhibition of 
eEPSCs by morphine may involve a reduction in presynaptic excitatory 

Fig. 8. Hypothetical model illustrating MrgC11 regulation of MOR activity. (A) Representative traces and quantification show morphine (5 M) inhibition of capsaicin 
(Cap; 0.3 M)–induced [Ca2+]i increase in WT and Mrg KO DRG neurons (n = 54 to 117). Values are mean ± SEM. *P < 0.05 and ***P < 0.001 versus control; ###P < 0.001 by 
two-way mixed model ANOVA with Bonferroni post hoc test. (B) Top: Patch-clamp recording in a lamina II neuron and representative traces of eEPSCs to paired-pulse test 
stimulation (500 A, 0.1 ms, 400-ms interval) before and 5 min after morphine (1 M). Bottom: Quantification of morphine inhibition of eEPSCs and changes in paired-
pulse ratio (n = 8 per group). Box-and-whisker plots show median (horizontal line), mean (+), interquartile range (box), and maximum and minimum values (whiskers). *P < 
0.05, **P < 0.01, and ***P < 0.001 versus predrug; ###P < 0.001 by Mann-Whitney U test. (C) Hypothetical model by which MrgC11 regulates MOR activity. Left: Coactivation 
of MrgC11 and MOR facilitates Gi-coupled regulation of cAMP and shifts the MOR response to agonist away from -arrestin-2 signaling pathways that mediate morphine 
tolerance toward the Gi signaling pathways mediating a therapeutic response. Right: Activation of MrgC11 in the MOR-MrgC11 complex leads to receptor coendocytosis. 
The internalized receptors are sorted into recycling endosomes.
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neurotransmitter release (14, 37, 38). However, the inhibitory effect 
of morphine on eEPSCs was significantly reduced in Mrg KO mice. 
Together, these loss-of-function studies suggest that endogenous 
Mrg signaling may play an important role in morphine analgesia 
and in MOR-mediated neuronal inhibition under physiologic con-
ditions. Additional tests are needed to determine whether the re-
corded lamina II neurons receive monosynaptic and/or polysynaptic 
inputs from primary afferents.

DISCUSSION
Our study revealed that MrgC11 and MOR interact physically at the 
cellular level and lead to functional consequences. Activation of 
MrgC11 promoted coendocytosis of MORs targeted into the recycling 
pathway, reduced the coupling of MOR to -arrestin-2, and enhanced 
morphine inhibition of cAMP production. MrgC agonist potentiated 
acute morphine analgesia and reduced chronic morphine tolerance, 
further illustrating a positive functional modulation of MOR by 
MrgC11 signaling in vivo. Notably, Mrg KO mice exhibited com-
promised morphine analgesia, as compared to wild-type mice. Our 
study reveals a previously unrecognized essential role of MrgC11 in 
modulating MOR activity and implies that MrgC11 may represent 
a primary sensory neuron–specific partner GPCR that modulates 
MOR activity and morphine analgesia.

PLA and co-IP studies suggested that MrgC-enhanced MOR ac-
tivity may arise from physical interplay between the two proteins 
through a critical interface on their CTDs. MrgC11 activation led to 
the co-internalization of MrgC11 and MOR and hence may alter 
the trafficking properties of MOR (2, 6, 41). Internalized GPCRs are 
either degraded in lysosomes or resensitized and recycled (7, 22, 41). 
Moreover, heteromers and homomers may traffic via different post-
internalization pathways (2, 42). We found that the internalized MOR 
was not redistributed in lysosome-like compartments. Therefore, the 
formation of MrgC11-MOR complex through oligomerization may 
facilitate MOR endocytosis and sorting into the recycling pathway 
for reinsertion into the plasma membrane. It is possible that MOR 
activity may also be modulated by MrgC11 signaling through other 
intracellular mechanisms, such as increased coupling of MOR to the 
Gi pathway, which would modulate G protein–coupled receptor kinase– 
and -arrestin–mediated MOR desensitization (26, 28, 31). It remains 
to be determined how MrgC11 and MOR interaction disrupts the 
coupling of MOR to -arrestin-2.

Our results further provide converging biologic and pharmacologic 
evidence for positive functional modulation of MOR by MrgC11 
agonism. Inhibition of cAMP production contributes to morphine 
analgesia (30, 43), but the paradoxical increase in adenylyl cyclase 
activity (superactivation) by chronic morphine treatment indicates 
cellular withdrawal (25, 44). Notably, BAM8-22 enhanced acute 
morphine-induced inhibition of cAMP production and reduced 
chronic morphine-induced cAMP superactivation, which may be 
ameliorated by increased MOR endocytosis and recycling (7, 25). 
Accordingly, facilitation of MOR endocytosis with MrgC agonist 
may reduce protracted MOR desensitization and cellular adapta-
tions that are associated with morphine tolerance. Intrathecal coad-
ministration of a low dose of BAM8-22 increased morphine-induced 
antinociception and limited morphine tolerance. Furthermore, BAM8-
22 enhanced morphine inhibition of the capsaicin-evoked [Ca2+]i 
increase in wild-type DRG neurons but not in Mrg KO DRG neu-
rons. These effects contrast with those from interactions between 

MOR and DOR (6, 42), which target MOR into the degradation 
pathway (2).

Intrathecal MrgC agonist inhibits pain in animal models with-
out notable side effects (11–13, 45–47). BAM8-22, in combination 
with morphine, did not elicit signs of discomfort after intrathecal 
administration. However, subcutaneous injection of BAM8-22 in-
duces scratching behavior, suggesting that MrgC may function in 
sensory processing of itch at peripheral terminals in the skin (12, 48, 49). 
The different effects of MrgC agonists may be due to peripheral and 
spinal receptors being coupled to different signaling pathways (49–51). 
Activation of MrgC and MrgX1 inhibits high voltage–activated calcium 
currents, which reduces neurotransmitter release and attenuate spinal 
nociceptive transmission (13, 14, 21, 52). In contrast, BAM8-22 in 
the periphery activates the Gq pathway to open TRPA1 channels to 
evoke itch (12, 48, 49). The phenomenon of one receptor signaling 
through two opposing pathways is also seen for serotonin receptors 
(53, 54).

Activation of both MrgC11 and MOR by BAM22 may contribute 
to its greater analgesic effect. Bivalent endogenous ligands are rare, 
but another example is the endothelin-1 (ET-1) peptide (55). Like 
the ET-1 peptide, which facilitates and stabilizes the heterodimeric 
conformation, BAM22 may promote the formation of hetero-oligomers 
by MrgC11 and MOR. Engineered bivalent ligands have been gen-
erated to improve drug efficacy by targeting homo-oligomers or hetero- 
oligomers. The affinity and efficacy of the dimeric ligands depend 
on the length of the spacer that links the molecules. On the basis of 
the PEP-FOLD de novo peptide structure prediction method, the 
distance between the two pharmacophores in BAM22 is 15 to 20 Å, 
a length that may enable BAM22 to bridge neighboring MrgC11 and 
MOR effectively.

We also present evidence that pain inhibition by morphine is 
partially dependent on endogenous Mrg signaling, as suggested by 
findings in Mrg KO mice. Furthermore, acute morphine analgesia 
was enhanced, and chronic morphine tolerance was attenuated by 
cotreatment with a low dose of MrgC agonist. Additional studies 
using MrgC11 KO mice will help further validate the role of MrgC11 
in morphine analgesia. Among the 12 functional Mrgs that were 
deleted in Mrg KO mice, MrgC11 is the only receptor for BAM8-22 
(12, 13, 56). Accordingly, the effects of BAM8-22 on morphine an-
algesia are likely to be mediated by MrgC11 in wild-type mice.

The escalation of opioid abuse, addiction, and accidental death 
associated with the current opioid epidemic has been striking. A 
significant proportion of morphine analgesia is mediated by MORs 
on primary sensory neurons and their central terminals in the spinal 
cord (5, 57). Our findings suggest that receptor oligomerization may 
allow MrgC to positively modulate MOR function (Fig. 8C). MrgC 
shares genetic homogeneity with human MrgX1, and the sequence 
of BAM peptides is conserved from rodent to human (9, 10, 21, 58). 
Similar to MrgC, MrgX1 activation also inhibits high voltage–activated 
calcium current and induces pain inhibition (14, 21). Our PLA and 
co-IP studies suggested that MrgX1 also interacts with MOR at the 
cellular level. Nevertheless, physical and functional MOR-MrgX1 
interactions require further investigation. The recent development 
of MrgX1 transgenic mice has made it possible to test MrgX1 ligands 
in conventional mouse models (52). Because MrgC11-MOR inter-
action occurs only in primary sensory neurons, harnessing this un-
precedented positive modulation of MOR function by Mrg signaling 
may enhance morphine analgesia and reduce tolerance in a primary 
sensory neuron–specific fashion. Such drugs should limit the side 
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effects of opioids by reducing the required dose of morphine and 
minimize central adverse effects because they may not enhance MOR 
activation in the brain.

MATERIALS AND METHODS
Mice
For all animal experiments, male mice (20 to 30 g) were used at 2 to 
3 months of age. Mice were housed in groups of three to five on a 
standard 12-hour light/12-hour dark cycle, and all behavioral ex-
periments were performed during the light cycle. No animals were 
excluded from the study, and randomization of experimental groups 
was not required. The experimenter was blind to animal genotypes 
during behavioral testing. Before all behavioral tests, mice were ha-
bituated to behavior rooms for 30 min. Mice that were tested on 
multiple behavioral paradigms were given a resting period of at 
least 1 week between experiments. All animal work was approved 
by the Animal Care and Use Committee of Johns Hopkins University 
School of Medicine.

Mrg KO mice were generated as previously described (12). They 
were backcrossed to C57BL/6 mice for a minimum of nine genera-
tions before homozygous Mrg KO mice were generated. Mrg KO 
mice have a deletion of 845 kb in chromosome 7, which contains 12 
intact Mrg genes, including MrgC11 (11, 12).

To generate MrgA3-eGFP-WT mice, a mouse BAC clone (RP23-
311C15) containing the entire MrgA3 gene was purchased from the 
Children’s Hospital Oakland Research Institute. The BAC clone was 
modified by using homologous recombination in bacteria to generate 
the MrgA3 GFP-Cre transgenic line (16).

Oprm1fl/fl mice have a floxed MOR-encoding gene in which exon 
2 and exon 3 are flanked by two loxP sites (59). To delete MORs 
specifically from primary sensory neurons, we crossed the Oprm1fl/fl 
with Pirt-Cre mice in which the Cre recombinase is under control 
of the Pirt promoter and expressed exclusively in >95% of all DRG 
neurons (60, 61).

Plasmid construction
All primers and oligonucleotides used for the construction of plasmids 
are listed in table S2. The complementary DNAs of mouse MrgC11, 
MOR1, MrgA3, and MrgD were cloned into a pCMV-HA/Myc 
plasmid (Clontech), and the epitope was positioned at the N termini 
of receptors. The Myc-MrgC11-CTDA3, Myc-MrgC11-CTDD, Myc- 
MrgC11-CTD, MrgC11-TM2TM6, and MrgC11-TM2D were con-
structed by two-step polymerase chain reaction (PCR) with the Q5 
mutagenesis kit (New England Biolabs). The C-terminal regions of 
MrgC11 and MOR were first amplified by PCR (primers in table S3) 
and then cloned into the eGFP-N3 vector (Clontech) or a pCMV-Myc 
plasmid. The mouse MrgC11, MOR1, and -arrestin-2 were inserted 
into a NanoBiT PPI plasmid (Clontech). The small subunit (SmBiT) 
was positioned at the C termini of receptors, and the large subunit 
(LgBiT) was positioned at the N terminus of -arrestin-2.

Cell culture and transfection
HEK293T cells were cultured in growth medium that consisted of 
90% Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine 
serum, penicillin (100 U/ml), and streptomycin (100 g/ml) (Invit-
rogen) at 37°C in the presence of 95% O2 and 5% CO2. Using Lipo-
fectamine 2000 (Thermo Fisher Scientific), we transfected the cells 
with 2 to 4 g of plasmid/35-mm dish or 0.1 to 0.2 g of plasmid/96-well 

microplate well and cultured them for 1 to 2 days before experiments. 
We routinely assessed the cells with DAPI staining to confirm the 
absence of mycoplasma.

Cultures of dissociated DRG neurons
DRG from all spinal levels of 4-week-old mice or rats were collected 
in cold DH10 [90% DMEM/F-12, 10% fetal bovine serum, penicillin 
(100 U/ml), and streptomycin (100 g/ml) (Invitrogen)] and treated 
with enzyme solution [dispase (5 mg/ml) and collagenase type I 
(1 mg/ml) in Hanks’ balanced salt solution without Ca2+ or Mg2+ 
(Invitrogen)] at 37°C. After trituration and centrifugation, cells were 
resuspended in DH10, plated on glass coverslips coated with poly-d-lysine 
(0.5 mg/ml; Biomedical Technologies Inc.) and laminin (10 g/ml; 
Invitrogen), cultured in an incubator (95% O2 and 5% CO2) at 37°C, 
and used within 24 hours.

Immunohistochemistry
HEK293T cells cotransfected with Myc-MrgC11 and FLAG-MOR 
expression plasmids were preincubated with mouse anti-Myc antibody 
(1:100; M4439, Sigma-Aldrich), rabbit anti-FLAG antibody (1:100; 
F7425, Sigma-Aldrich), and/or LysoTracker Red DND-99 (1:500; 
Thermo Fisher Scientific) for 30 min at 37°C. Cells were then treated 
with 5 M BAM 8-22, JHU58, morphine, or DAMGO for 30 or 90 min. 
Cells were fixed with 4% paraformaldehyde and 0.2% picric acid and 
then immunostained. wild-type mice and Mrg-cluster gene KO (Mrg 
KO) mice were fixed in 4% paraformaldehyde and 0.2% picric acid. 
Sections of L4-L5 DRG and spinal segments were cut on a cryostat 
and immunostained with custom-made primary rabbit polyclonal 
MrgC antibody (1:500; Proteintech Group Inc.) (15, 16) or a mixture 
of the MrgC antiserum and guinea pig anti-MOR antibody (1:400; 
GP10106, Neuromics). For secondary antibodies, we used Alexa 
568–conjugated (Thermo Fisher Scientific) or Alexa 488–conjugated 
(A11008, Molecular Probes) goat antibody to rabbit, Alexa 488–
conjugated goat antibody to mouse (A10667, Molecular Probes), 
Cy3-conjugated goat antibody to guinea pig (A11073, Jackson Lab-
oratory), and Alexa 488–conjugated goat antibody to mouse immuno-
globulin G1 (A21124, Molecular Probes). All secondary antibodies 
were diluted 1:100 in blocking solution. The total number of neurons 
in each section was determined by counting both labeled and un-
labeled cell bodies. Tissues from different experimental groups were 
processed together.

Proximity ligation assay
PLA was performed with Duolink reagents (Sigma-Aldrich). The 
HEK293T cells and dissociated DRG neurons were cultured as de-
scribed above. The next day, cells were fixed with 4% paraformaldehyde 
at room temperature and then blocked and incubated with primary 
antibodies (1:200; rabbit anti-MrgC, Proteintech Group Inc.; 1:200; 
mouse anti-MOR, mAb63256, Abcam) overnight at 4°C. After in-
cubation, the coverslips were washed with 0.1% Triton X-100 in 
phosphate-buffered saline (PBS) and then incubated with secondary 
antibodies (anti-mouse MINUS probe and anti-rabbit PLUS probe) 
for 2 hours at room temperature. Coverslips were then washed with 
0.1% Triton X-100 in PBS and transferred to wash buffer A (Sigma- 
Aldrich). The PLA reaction was performed according to the man-
ufacturer’s instructions in 20 l of reaction solution per coverslip 
in a humidified chamber. Coverslips were mounted in mounting 
medium (Sigma-Aldrich) and analyzed on a confocal microscope 
(Leica).
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Cell surface biotinylation and immunoblotting
The transfected HEK293T cell cultures were incubated in extracellular 
solution (ECS; 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2.5 mM 
CaCl2, 10 mM Hepes, and 10 mM sucrose) or ECS containing dif-
ferent drugs with or without Sulfo-NHS-LC-Biotin (0.5 mg/ml; 
Pierce) for 45 min at 37°C and then in PBS (Ca2+/Mg2+) containing 
biotin for 45 min at 4°C. After the reaction was stopped, cells were 
lysed in ice-cold radioimmunoprecipitation assay (RIPA) buffer 
[50 mM tris (pH 7.5), 150 mM NaCl, 10% glycerol, 0.1% Triton 
X-100, and bovine serum albumin (0.5 mg/ml)]. The lysates were 
then precipitated with streptavidin. Samples were subjected to SDS– 
polyacrylamide gel electrophoresis, transferred to membranes, 
and probed with the indicated antibodies: FLAG (1:2000; Cell Sig-
naling Technology) and Myc (1:4000; Cell Signaling Technology). 
Protein bands were detected with enhanced chemiluminescence 
(Bio-Rad). Western blots were imaged with the ImageQuant LAS 
4000 (GE Healthcare Life Sciences) and analyzed with ImageJ 
1.46a software.

Biotinylation assay of receptor endocytosis and recycling 
with cleavable biotin reagent
For the biotinylation assay of receptor endocytosis, the transfected 
HEK293T cell cultures were biotinylated with Sulfo-NHS-SS-Biotin 
(1.5 mg/ml; Pierce). Drugs were present throughout all steps and in-
cubations except for the 4°C biotinylation reaction. Cells were then 
incubated at either 4°C to block membrane trafficking or 37°C for 
various times to allow endocytosis to occur. The remaining surface 
biotin was then cleaved by reducing its disulfide linkage with gluta-
thione cleavage buffer (50 mM glutathione in 75 mM NaCl and 10 mM 
EDTA containing 1% bovine serum albumin and 0.075 M NaOH) 
twice for 15 min each at 4°C. Cell membranes were prepared, and 
biotinylated proteins were precipitated. The recycling of MOR and 
MrgC11 receptors was measured biochemically by the loss of inter-
nalized receptors specifically labeled with cleavable (disulfide-linked) 
biotin. The transfected HEK293T cell cultures were treated with 
pharmacologic agents and surface-biotinylated as described above 
and then transferred to 37°C for 30 min to allow endocytosis to occur. 
Cells were cooled to 4°C to stop membrane trafficking, and the re-
maining surface biotin was quantitatively cleaved with glutathione. 
We returned cultures to serum-free growth medium containing 50 mM 
glutathione at 37°C (or 4°C) for various times to allow internalized 
receptors to recycle before the cells were cooled to 4°C and incubated 
with glutathione cleavage buffer. Residual biotinylated (internalized) 
receptors were isolated and detected by immunoblot analysis. Western 
blots were imaged with the ImageQuant LAS 4000 (GE Healthcare 
Life Sciences) and analyzed with ImageJ 1.46a software.

Immunoprecipitation
Cells and tissue were lysed in ice-cold RIPA buffer. The suspended 
lysate was immunoprecipitated at room temperature for 10 min 
with protein G Dynabeads (Thermo Fisher Scientific) that had been 
preincubated for 10 min with 0.5 to 2 g of mouse anti-Myc (Sigma- 
Aldrich) or anti-FLAG antibody (Sigma-Aldrich) at room temperature. 
Immunoprecipitates were collected and aspirated. The Dynabeads 
were then resuspended in RIPA buffer, washed, and incubated in 
SDS sample buffer for 10 min at 70°C. The precipitate was immuno-
blotted as described above. Antibodies against FLAG (1:2000; Cell 
Signaling Technology) and Myc (1:4000; Cell Signaling Technology) 
were used.

Real-time measurement of cAMP dynamics
Briefly, HEK293T cells were plated into 96-well plates and then 
transfected with the biosensor (Promega), MOR, and/or MrgC11 
plasmids. For acute drug experiments in naïve cells, the cells were 
pre-equilibrated with 2% GloSensor cAMP reagent (Promega) in 
CO2-independent medium for 2 hours at room temperature, begin-
ning 48 hours after transfection. The cells were then preincubated 
with the test compound for 10 min before addition of forskolin (15 M) 
alone or mixed with other test compounds. Luminescence was 
quantified on a FlexStation reader (Molecular Devices) for 10 min 
after the addition of forskolin. For chronic drug experiments, cells 
were exposed to the drug for 14 hours, rinsed three times in drug-
free medium to initiate a withdrawal phase, and then given 15 M 
forskolin. Luminescence signal was measured during the following 
10 min. For data expressed as cAMP fold of baseline, relative lumi-
nescent units (RLUs) were measured for 1000 ms at baseline before 
the test drug incubation, and all subsequent RLUs were then divided 
by this baseline. The cAMP fold change was calculated by dividing 
the maximum RLU during the 10-min period by the baseline aver-
age RLU and then normalizing to the control group. For data ex-
pressed as cAMP response change, the RLU change was calculated 
by subtracting the RLU during the 10-min test period from baseline 
RLU and normalizing it to the maximum RLU change (calculated 
by subtracting the maximum RLU during the 10-min test period from 
baseline RLU in the control group). Each data point was a minimum 
of three wells per experimental replicate.

-Arrestin recruitment assays
-Arrestin recruitment was measured by the NanoBiT complementa-
tion assay (Promega). Assays were conducted exactly as instructed 
by the manufacturer (29). Briefly, HEK293T cells were plated into 
96-well plates (Corning) at 2 × 104 cells per well and then cotrans-
fected the next day with the different NanoBiT plasmids (1:1 ratio 
of interacting pairs). For MOR/-arrestin and MrgC11/-arrestin, 
we used mouse MOR or MrgC11 containing C-terminal SmBiT- 
tagged (MOR-SmBiT or MrgC11-SmBiT) and LgBiT-tagged N-terminal 
-arrestin-2 (LgBiT–-arrestin-2). At 24 hours after transfection, 
growth medium was exchanged with Opti-MEM I, and Nano-Glo 
Live Cell Substrate was added. Cells were then incubated for 15 min 
at 37°C, and luminescence was measured with a FlexStation reader 
(Molecular Devices) at 37°C. After thermal equilibration, morphine 
or DAMGO in Opti-MEM I was injected, and measurements were 
continued. To measure MOR-mediated -arrestin recruitment in the 
presence or absence of MrgC11 or MrgC11 mutant coexpression, 
we cotransfected HEK293T cells with MOR-SmBiT, LgBiT–- 
arrestin-2, and MrgC11 in a 16:16:1 ratio. We substituted pCMV-Myc 
for MrgC11 to maintain the same concentration of DNA transfected. 
At least 24 hours after transfection, luminescence was measured on 
a FlexStation reader (Molecular Devices), as described above. Data 
were normalized to that of DAMGO or morphine and analyzed with 
the sigmoidal dose-response function of GraphPad Prism 6.0.

Calcium imaging
Intracellular calcium was measured as previously described (16) 
by an experimenter blind to genotype. Briefly, neurons were loaded 
with Fura-2-acetomethoxyl ester (Thermo Fisher Scientific) for 
30 min in the dark at 22°C. After being washed, cells were imaged 
at 340- and 380-nm excitation for detection of intracellular free 
calcium.
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Whole-cell voltage-clamp recordings from spinal cord slices
We used procedures as described in our previous studies (14, 39). 
Briefly, the lumbosacral segment of spinal cord was removed rapidly 
from wild-type or Mrg KO mice and placed in ice-cold, low-sodium 
Krebs solution (95 mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, 1.25 mM 
NaH2PO4·H2O, 6 mM MgCl2, 1.5 mM CaCl2, 25 mM glucose, 50 mM 
sucrose, and 1 mM kynurenic acid) saturated with 95% O2/5% CO2. 
For electrophysiology recording, spinal cord slices were stabilized 
with a grid (ALA Scientific) and submerged in a low-volume recording 
chamber (SD Instruments) that was perfused with room tempera-
ture Krebs solution (125 mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, 
1.25 mM NaH2PO4·H2O, 1 mM MgCl2, 2 mM CaCl2, and 25 mM 
glucose, with 10 M GABAA receptor blocker bicuculline and 1 M 
glycinergic receptor blocker strychnine) bubbled with a continuous 
flow of 95% O2/5% CO2. Whole-cell patch-clamp recording of lamina 
II cells was carried out under oblique illumination with an Olympus 
fixed-stage microscope system (BX51). Data were acquired with 
pCLAMP 10 software (Molecular Devices) and a MultiClamp amplifier. 
Using a puller (P1000), we fabricated thin-walled glass pipettes (World 
Precision Instruments) that had a resistance of 3 to 6 megohm and 
were filled with internal solution (120 mM K-gluconate, 20 mM 
KCl, 2 mM MgCl2, 0.5 mM EGTA, 2 mM Na2–adenosine triphosphate, 
0.5 mM Na2–guanosine triphosphate, and 20 mM Hepes). The cells 
were voltage-clamped at −70 mV. Membrane current signals were 
sampled at 10 kHz and low-pass–filtered at 2 kHz. Larger-bore pi-
pettes filled with Krebs solution were used for dorsal root stimula-
tion. To evoke EPSCs, we delivered paired-pulse test stimulation to 
the dorsal root consisting of two synaptic volleys (500 A, 0.1 ms) 
400 ms apart at a frequency of 0.05 Hz to activate high-threshold 
afferent fibers (C fibers), followed by a 0.1-ms, 5-mV depolarizing 
pulse [to measure series resistance (Rseries) and input resistance 
(Rinput)]. We monitored Rseries and Rinput and discarded cells if 
either of these values changed by more than 20%. The amplitudes of 
the first (P1) and the second (P2) EPSC were measured, and the 
PPR was calculated as PPR = P2/P1.

Behavioral studies
An experimenter blinded to genotype carried out all behavioral tests, 
and all protocols were approved by the Animal Care and Use Com-
mittee of Johns Hopkins University School of Medicine. Drugs 
were suspended in 0.9% saline to the desired working concentration 
and injected into the intrathecal space of mice under brief isoflurane 
(1.5%) anesthesia. A 30-gauge, 0.5-inch needle connected to a 50-l 
syringe was inserted into one side of the L5 or L6 spinous process 
and moved carefully forward to the intervertebral space. A tail flick 
indicated that the tip of the needle was inserted into the subarachnoid 
space. The needle was removed after administration of drug solu-
tion. One day before behavioral testing, mice were acclimated to the 
environment for 1 hour.

Mechanical sensitivity was assessed with the von Frey test by the 
frequency method. Two calibrated von Frey monofilaments (low 
force, 0.07 g; high force, 0.45 g) were used. Each von Frey filament 
was applied perpendicularly to the plantar side of each hind paw for 
~1 s; the stimulation was repeated 10 times to both hind paws. The 
occurrence of paw withdrawal in each of these 10 trials was ex-
pressed as a percent response frequency: paw withdrawal frequency = 
(number of paw withdrawals/10 trials) × 100%.

For the Hargreaves test, mice were placed under a transparent 
plastic box (4.5 cm × 5 cm × 10 cm) on a glass floor. Infrared light 

was delivered through the glass floor to the hind paw. After accli-
matization sessions, the latency for the animal to withdraw its hind 
paw was measured.

For the hot plate latency test, a rectangular metal surface was 
heated to 55°C. The antinociceptive response was the latency ob-
served from the time the rat was placed on the heated surface until 
the first overt behavioral sign of nociception such as (i) licking of a 
hind paw, (ii) vocalization, or (iii) an escape response. The timer 
was stopped by a foot-operated pedal, and the rat was immediately 
removed from the hot plate. A maximum hot plate latency of 30 s 
was used to prevent tissue damage to the rat’s paws.

Antinociception was assessed with the water immersion tail-flick 
test in 52°C water. The latency to the first sign of a rapid tail flick 
was taken as the behavioral endpoint. Each mouse was tested for 
baseline latency. The test compound dissolved in 5 l of vehicle was 
administrated via lumbar puncture. A maximum score was assigned 
(100%) to animals that did not respond within 10 s. Antinociception 
was calculated by the formula: % maximum possible effect = 100 × 
(test latency − baseline latency)/(10 − baseline latency). Single-dose 
data were analyzed with one-way ANOVA and t test for group com-
parisons (mean ± SEM). Groups of mice were used to determine ED50 
values of morphine analgesia after intrathecal or subcutaneous ad-
ministration of morphine. Analgesia was defined as a doubling or 
greater of the baseline latency for an individual mouse. ED50 values 
for morphine and 95% confidence limits were determined with the 
Bliss program. For chronic morphine treatment, ED50 was deter-
mined 10 days after daily morphine administration (5 mg/kg, s.c.) 
with a cumulative dose-response paradigm.

The open-field test was used to assess the effect of drug administra-
tion on spontaneous exploration and locomotor activity of animals. 
Animals were placed in an open field chamber (40 cm × 40 cm plastic 
box with a wall height of 33 cm) for 10 min. We analyzed total distance 
traveled, time spent in the center, mean travel speed, and number of 
internal periphery crossings in video recordings using SMART 3 
software (Panlab Harvard Apparatus).

Data analysis
All statistical analysis was carried out with GraphPad Prism software 
or IBM SPSS Statistics 21. We performed a normality test on the 
data by using the Shapiro-Wilk test. Data that followed a normal 
distribution are means ± SEM. Comparisons of normally distributed 
data consisting of two groups were made by Student’s t tests. Com-
parisons of data in three or more groups were made by one-way 
ANOVA, followed by the Bonferroni post hoc test. Comparisons of 
two or more factors across multiple groups were made by two-way 
ANOVA, followed by the Bonferroni post hoc test. Data that did 
not follow a normal distribution were analyzed with nonparametric 
ANOVA (Friedman and Kruskal-Wallis) and expressed as medians. 
Post hoc tests (Wilcoxon matched-pairs test and Mann-Whitney 
U test) were used to analyze specific data points. Statistical significance 
was set at P < 0.05 in all tests. Sample sizes were determined in each 
study based on a statistical power analysis (power = 0.80,  = 0.05 
(two-sided)] or previous similar studies (2, 4, 11, 13, 16, 62–64). Rep-
resentative data are from experiments that were replicated biologi-
cally at least three times with similar results. All behavioral experiments 
consisted of a minimum of six animals per group. For the dose- 
response curve analysis, the parameters, minimum or maximum 
effect (Emax), ED50, and Hill coefficient (n) were calculated by fitting 
nonlinear least-squares curves, according to previous studies (32, 33). 
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For the drug interaction analysis, we calculated the value of the the-
oretic additive ED50 according to the previously described method 
(34, 35), and the drug interactions are presented in the conventional 
isobolography.

SUPPLEMENTARY MATERIALS
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that coactivating MrgX in patients may improve the use of opioids for treating pain.
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