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Gprotein-coupled receptors play a pivotal role inmany physiological
signaling pathways. Mounting evidence suggests that G protein-
coupled receptors, including opioid receptors, form dimers, and
dimerization is necessary for receptor maturation, signaling, and
trafficking. However, the physiological role of dimerization in
vivo has not been well-explored because of the lack of tools to
study these dimers in endogenous systems. To address this prob-
lem, we previously generated antibodies to μ-δ opioid receptor
(μOR-δOR) dimers and used them to study the pharmacology and
signaling by this heteromer. We also showed that the heteromer
exhibits restricted distribution in the brain and that its abundance
is increased in response to chronic morphine administration.
Thus, the μOR-δOR heteromer represents a potentially unique
target for the development of therapeutics to treat pain. Here, we
report the identification of compounds targeting μOR-δOR hetero-
mers through high-throughput screening of a small-molecule li-
brary. These compounds exhibit activity in μOR-δOR cells but not
μOR or δOR cells alone. Among them, CYM51010 was found to
be a μOR-δOR–biased ligand, because its activity is blocked by
the μOR-δOR heteromer antibody. Notably, systemic administra-
tion of CYM51010 induced antinociceptive activity similar to
morphine, and chronic administration of CYM51010 resulted in
lesser antinociceptive tolerance comparedwith morphine. Taken
together, these results suggest that CYM51010, a μOR-δOR–biased
ligand, could serve as a scaffold for the development of a unique
type (heteromer-biased) of drug that ismore potent andwithout the
severe side effects associated with conventional clinical opioids.

Studies with mice lacking opioid receptors show that the
antinociceptive actions of clinically administered opioids,

such as morphine or fentanyl, involve the activation of μ-opioid
receptors (μORs) (1). However, continued opioid use leads to
undesired side effects, including respiratory depression, con-
stipation, immunosuppression, and development of tolerance
and addiction (2). In an effort to identify novel compounds that
are as effective as morphine in the treatment of chronic pain but
without the associated side effects, our group, among others, has
investigated the modulation of μOR function by receptor het-
eromerization. We found that μOR can form interacting com-
plexes with δ-opioid receptors (δORs), that both receptors are in
close proximity to interact in live cells, and that, in heterologous
systems, low nonsignaling doses of some δOR ligands can po-
tentiate the binding and signaling of μOR agonists (3–5). The
recently reported crystal structure of μOR (6), in which receptors
were crystallized as parallel dimers, is consistent with the idea
that μOR can associate in complexes.
We also generated mAbs selective to μOR-δOR heteromers;

we showed that the latter can be detected in the brains of WT
but not KO mice and that heteromer levels are increased in brain
regions involved in pain processing after chronic morphine ad-
ministration under a paradigm that leads to the development of
tolerance (7). The idea that μOR-δOR heteromers may play
a role in the development of tolerance to morphine is further
supported by studies showing that genetic deletion of either δOR

or β-arrestin or possible disruption of μOR-δOR heteromers
leads to an enhancement of morphine-mediated antinociception
and attenuation in the development of tolerance (8–10). Nota-
bly, we observed that a δOR antagonist, H-Tyr-Tic[CH2NH]-
Phe-Phe-OH (TIPPψ), can potentiate morphine-mediated an-
algesia (4), and studies using bivalent ligands targeting μOR-
δOR heteromers showed that these ligands induce anti-
nociception with attenuated development of tolerance as well as
conditioned place preference (11, 12). Taken together, these
data suggest that occupancy of δOR by an antagonist could
dissociate the antinociceptive effects of μOR agonists from the
development of tolerance and addiction. Therefore, there is
a need for ligands that selectively interact with μOR-δOR het-
eromers to understand their role in antinociception and de-
velopment of tolerance to morphine.
In an attempt to identify μOR-δOR heteromer-selective ago-

nists, we used a β-arrestin recruitment assay and screened small
molecules available through the Molecular Libraries Probe Pro-
duction Centers Network. This screen identified 94 compounds
that were biased to μOR-δOR heteromers compared with μOR,
δOR, or serotonin 5HT5A receptors. Among a dozen compounds
that were repurchased and tested using secondary screens, one,
which we named CYM51010 [PubChem compound identifier
(CID)23723457; Probe Report ID ML335], exhibited a strong
μOR-δOR–biased activity that was blocked by μOR-δOR het-
eromer-selective mAb (μ-δ mAb). Furthermore, systemic ad-
ministration of CYM51010 led to antinociceptive activity similar
to morphine but with a lower antinociceptive tolerance on
chronic administration. Notably, although the intrathecal (i.t.)
antinociceptive activity of CYM51010 could be significantly
blocked by i.t. administration of μ-δ mAb, the i.t. antinociceptive
activity ofmorphinewas not. These results suggest that CYM51010
could serve as a scaffold for the development of unique thera-
peutics acting at the μOR-δOR heteromer for the effective man-
agement of pain.

Results and Discussion
To screen for μOR-δOR heteromer-biased ligands, we used a
β-arrestin recruitment assay that is based on an enzyme frag-
ment complementation technology. Specifically, receptor acti-
vation-mediated β-arrestin recruitment leads to reconstitution
of β-gal activity (Fig. S1). This strategy was used to engineer
cell lines stably expressing μβgalOR-δOR, δβgalOR, or μβgalOR
(DiscoverX). Based on the finding that these cells bind
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radiolabeled μOR or δOR ligands with nanomolar affinity and
exhibit heteromer-mediated increases in binding (potentiation
of radiolabeled μOR binding by δOR antagonist and vice versa)
and agonist-mediated increases in G-protein activity (Fig. S1), we
proceeded to characterize their suitability to screen for μOR-δOR
heteromer-biased ligands.
We found that treatment with a δOR-selective agonist del-

torphin II (Delt II) leads to a dose-dependent increase in
β-arrestin recruitment to μβgalOR-δOR with nanomolar affinity.
Similar results were obtained with Flag μOR-δβgalOR cells (Fig.
1 A and B and Table S1). The Delt II-mediated β-arrestin re-
cruitment exhibits a time-dependent increase that plateaus by
about 40 min; this increase in β-arrestin recruitment is reduced
by the μOR antagonist D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-
NH2 (CTOP). This effect of CTOP is selective for μOR-δOR
heteromers, because it is not observed in cells expressing δβgalOR
(Figs. S2 and S3 A–C and Table S1). Reciprocally, the μOR
agonist, [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO),
increases β-arrestin recruitment, which is reduced by the δOR
antagonist TIPPψ (Fig. S2 and Table S2). These results were
surprising, because we had previously found that μOR-δOR
heteromers constitutively recruit β-arrestin (13) and that acti-
vation of the heteromer causes a dissociation of associated
β-arrestin (13). The fact that, in this study, we observe a time-
dependent increase in β-arrestin recruitment suggests that the
modified receptors and β-arrestin in μβgalOR-δOR cells behave
differently from the native receptor system. Nonetheless, the
observations that a combination of δOR agonist and μOR an-
tagonist (or μOR agonist and δOR antagonist) causes a decrease

in β-arrestin recruitment (a phenomenon similar to the phe-
nomenon reported previously) (13) and that these effects are
seen only in μβgalOR-δOR and not μβgalOR or δβgalOR cells
suggests that the μβgalOR-δOR cell line would be suitable for
screening μOR-δOR heteromer-selective ligands.
To directly test the extent of involvement of μOR-δOR het-

eromers in Delt II-mediated β-arrestin recruitment, we used a μ-
δ mAb that was previously shown to selectively block μOR-δOR
heteromer activity (7). Treatment with the μ-δ mAb leads to
a substantial decrease in Delt II-mediated recruitment of
β-arrestin in μβgalOR-δOR cells as well as Flag μOR-δβgalOR
cells (Fig. 1C and Fig. S3D). Notably, μ-δ mAb-mediated
decreases in recruitment are not seen with mAbs directed at
other heteromers, such as CB1R-AT1R (CB1-AT1 mAb), μOR-
CB1R (μ-CB1 mAb), or δOR-CB1R (δ-CB1 mAb) (Fig. 1 C and
D), or in cells expressing δβgalOR-CB1R (Fig. S3E), suggesting
that this effect is selective for μOR-δOR heteromers. These
studies gave us confidence to use the β-arrestin recruitment assay
for high-throughput screening aimed at the identification of
small molecules targeting the μOR-δOR heteromer.
The set of ∼335,461 small molecules available through the

Molecular Libraries Probe Production Centers Network was
screened using cells expressing μβgalOR-δOR, μβgalOR, δβgalOR,
or 5HT5A

βgal receptors. Primary screening carried out at a single
concentration (9.3 μM) in cells expressing either μβgalOR-δOR
or 5HT5A

βgal receptors led to the identification of 993 hits with
μβgalOR-δOR and 2,039 hits with 5HT5A

βgal cells (Fig. 2A).
Comparison of the hits between the two cell lines showed that
885 of 993 hits were unique to μβgalOR-δOR. Secondary screen-
ing (triplicate at a single concentration of 9.3 μM) led to the
identification of 375 hits for μβgalOR-δOR, among which 346
hits were unique to μβgalOR-δOR (Fig. 2B). Tertiary screening
(10-point dilution series in triplicate) of 229 of these compounds
in cells expressing μβgalOR-δOR, 5HT5A

βgal receptors, μβgalOR,
or δβgalOR led to the identification of 125 hits (Fig. 2C). We
compared the dose–response curves obtained with cells
expressing μβgalOR-δOR, μβgalOR, or δβgalOR and identified
a number of potential μOR-δOR–biased ligands based on the
criteria that they exhibit EC50 values of ≤10 μM with μβgalOR-
δOR cells, a fivefold difference in EC50 between μβgalOR-δOR
and either μβgalOR or δβgalOR cells. These criteria led to the
selection of 94 compounds as potential μOR-δOR–biased
ligands (Table S3). For validation of the identified μOR-δOR–

biased ligands, we selected 14 compounds based on their po-
tency, efficacy, and uniqueness of structure compared with other
opioid ligands. Novelty of the chemical scaffolds with respect to
9,934 annotated opioid receptor ligands in the ChEMBL data-
base (https://www.ebi.ac.uk/chembl/) was evaluated by way of
Tanimoto coefficients (Tcs) to the nearest neighbors, excluding
the aforementioned 94 compounds. Of 14 compounds selected
for validation, 13 compounds exhibited Tc ≤ 0.3 to the closest
annotated opioid ligand (Table S4); 14 compounds were
repurchased and retested for their ability to recruit β-arrestin in
cells expressing μβgalOR, δβgalOR, or μβgalOR-δOR. Among the
compounds tested, six exhibited higher efficacy in μβgalOR-δOR
cells compared with μβgalOR or δβgalOR cells alone (Fig. 2 D–I
and Table S4). Among these six compounds, PubChem
CID23723457 (CYM51010) exhibited a robust β-arrestin re-
cruitment (Emax = 1,197 ± 31% basal) that was at least twofold
higher than the activity obtained with μβgalOR or δβgalOR alone
(Fig. 2E and Table S4); this compound was selected for
additional characterization.
CYM51010-mediated β-arrestin recruitment could be signifi-

cantly reduced by μ-δ mAb and to a lesser extent, μOR- or δOR-
selective Ab but not anti-Flag Ab (Fig. 3A). We find that
CYM51010 causes a robust increase in [35S]GTPγS binding
in μβgalOR-δOR cell membranes compared with μβgalOR or
δβgalOR cell membranes (Fig. 3B and Table 1). Moreover,
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Fig. 1. Recruitment of β-arrestin by the δOR agonist Delt II. Cells expressing
(A) μβgalOR-δOR or (B) Flag μOR-δβgalOR (20,000 cells/well) were subjected to
a β-arrestin recruitment assay with the δOR agonist Delt II (0–1 μM) as de-
scribed in Materials and Methods. (C) Cells expressing μβgalOR-δOR were
treated with Delt II (0–10 μM) in the absence or presence of μ-δ or CB1-AT1
mAb (1 μg/well), and β-arrestin recruitment was measured. (D) Cells ex-
pressing Flag μOR-δβgalOR were treated with DAMGO (0–1 μM) in the ab-
sence or presence of μ-δ, δ-CB1, μ-CB1, or CB1-AT1 mAb (1 μg/well), and
β-arrestin recruitment was measured. Results are mean ± SE (n = 3–6).
RLU, relative luminescence unit.
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pretreatment with a μOR antagonist, naltrexone (NTX), but not
with a δOR antagonist, naltriben (NTB), significantly, albeit par-
tially, decreases CYM51010-mediated increases in [35S]GTPγS
binding (Fig. 3C). We also examined CYM51010-mediated
increases in G-protein activity using spinal cord membranes
from WT animals and compared them with membranes from
mice lacking μOR or δOR. CYM51010 induces a robust dose-
dependent increase in [35S]GTPγS binding in WT membranes
(Fig. 3D and Table 1). In addition, pretreatment with a μOR
antagonist NTX partially decreases this CYM51010-mediated
increase in [35S]GTPγS binding (Fig. 3E). Interestingly, a combi-
nation of NTX with μ-δ mAb, but not CB1-δ mAb, completely
blocks CYM51010-mediated increases in [35S]GTPγS binding
(Fig. S3F), consistent with the idea that CYM51010 behaves as
a μOR-δOR heteromer-biased ligand.
Next, we examined if CYM51010 exhibits μOR-δOR hetero-

mer-mediated activity in vivo using the tail-flick assay to measure
antinociception, because previous studies have implied a role for
μOR-δOR heteromer in spinal analgesia (4, 10–12); s.c. admin-
istration of CYM51010 leads to dose-dependent antinociception,
which is similar to antinociception of morphine (Fig. 4 A and B
and Fig. S4A). Notably, although the antinociceptive effects
of morphine were completely blocked by NTX, the effects of
CYM51010 were only partially blocked by the same dose of NTX
(Fig. 4C and Fig. S4 B and C); NTB had no effect on either
morphine- or CYM51010-mediated antinociception (Fig. 4C and
Fig. S4 B and C). These results suggest that a component of the
CYM51010-mediated antinociception is through μOR; the fact
that only a portion of CYM51010-mediated antinociception was
mediated by μOR suggests that CYM51010 is mediating its ef-
fects by engaging the μOR-δOR heteromer.
The involvement of the μOR-δOR heteromer in CYM51010-

mediated antinociception was tested by using μ-δ mAb. We
find that coadministration of μ-δ mAb significantly blocks i.t.
CYM51010-mediated antinociception (Fig. 4 D–F and Fig. S4F)

but not the antinociception mediated by morphine (Fig. S4 D–H)
or CID24891919 [area under the curve (AUC) [percentage of
maximum possible effect (%MPE) × time] is 5,177 ± 844 in the
absence and 4,998 ± 261 in the presence of μ-δ mAb], a non-
selective opioid agonist (Table S3). Together, these results sup-
port the notion that CYM51010-mediated antinociception is, at
least in part, mediated by μOR-δOR heteromers. Finally, we also
examined the development of tolerance and physical dependence
to CYM51010 and how it compared with morphine. We find
that the development of antinociceptive tolerance to
CYM51010 (10 mg/kg) is less than what is observed with
morphine (Fig. 4G and Fig. S4 I–K). This observation is more
apparent when a dose that induces ∼70% maximal anti-
nociception (6 mg/kg) is used (Fig. S4 L–O). In naloxone pre-
cipitated withdrawal assay, chronic CYM51010 administration
shows less severe signs of withdrawal for diarrhea and body
weight loss compared with morphine (Fig. S5). Taken together,
these results indicate that a major portion of the antinociception
observed after i.t. administration of CYM51010 is mediated by
μOR-δOR heteromers and that the chronic administration of
the compound leads to less tolerance compared with morphine.
A major finding of this study is the identification of CYM51010

as a biased μOR-δOR agonist. Several recent reports have pro-
posed classic μOR or δOR agonists to have μOR-δOR heteromer
selectivity. For example, morphine and DAMGO have recently
been reported to be more potent and efficacious at inducing
Ca+2 mobilization in cells expressing μOR-δOR heteromers
and more potent at eliciting [35S]GTPγS binding in these cells
compared with cells expressing μOR (13, 14). Also, 4-[(R)-
[(2S,5R)-4-allyl-2,5-dimethylpiperazin-1-yl](3-methoxyphenyl)
methyl]-N,N-diethylbenzamide (SNC80), a δOR-selective ago-
nist, was reported as a potent and efficacious μOR-δOR hetero-
mer-selective agonist based on a Ca+2 mobilization assay and
a decrease in antinociceptive activity in mice lacking μOR or δOR
(15). These studies suggest that the ability of a compound to elicit
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a signaling response through μOR-δOR heteromers may depend
on the signaling pathway being examined. However, these studies
did not critically evaluate whether the μOR-δOR heteromer was
the actual target of these agonists by either disrupting the het-
eromer or blocking the heteromer with selective Ab. In this
study, we used the heteromer-selective mAb to infer that
CYM51010 is a μOR-δOR heteromer-biased agonist. It is in-
teresting to note that CYM51010 exhibits higher potency at
μβgalOR-δOR compared with μβgalOR and δβgalOR alone for
activating G proteins (∼50 vs. ∼300 nM) and lower potency for
β-arrestin recruitment (∼8 vs. 3 μM) (Table 1). Improving the G-
protein signaling bias in addition to increasing its μOR-δOR
selectivity are likely to make CYM51010 an ideal tool to explore
the in vitro and in vivo pharmacology of μOR-δOR heteromers.
Early studies showing that morphine-mediated antinociception

could be potentiated by δOR antagonists (4, 16) suggested a func-
tional interaction between μOR and δOR. More recent studies
using bivalent ligands targeting the μOR-δOR heteromer (μOR
agonist linked to δOR antagonist by a spacer) showed that they
exhibit antinociceptive activity without the development of toler-
ance (11, 12). Recently, a compound named MuDelta, exhibiting
μOR agonistic activity and δOR antagonistic activity, was identi-
fied using structure–activity relationship studies with the hetero-
cyclic core of opioid receptor agonists (17, 18). This compound is

currently under phase II clinical studies for the treatment of irri-
table bowel syndrome (17, 18). Given that μOR-δOR heteromers
represent potential targets for the development of unique ther-
apeutics to treat pain, the identification of CYM51010 as an
antinociceptive μOR-δOR–biased agonist is exciting, because it
provides a chemical scaffold for the development of therapeutics
with reduced side effects commonly associated with chronic
morphine use. In addition, compounds developed based on mod-
ifications of the CYM51010 structure (both agonists and antag-
onists) will help in the elucidation of the physiological role of
μOR-δOR heteromers in vivo.

Materials and Methods
Cell Culture and Transfections. μβgalOR–, δβgalOR–, or μβgalOR-δOR–expressing
UO5S cells were a gift from DiscoverX. μβgalOR cells [expressing μOR tagged
with a ProLink/β-gal donor (PK) fragment at the C-terminal region and
β-arrestin tagged with a complementary β-gal activator (EA) fragment] and
δβgalOR cells (expressing δOR tagged with the PK fragment at the C-terminal
region and β-arrestin tagged with the EA fragment) were grown in MEMα
containing 10% (vol/vol) FBS, streptomycin-penicillin, 500 μg/mL geneticin,
and 250 μg/mL hygromycin. μβgalOR-δOR cells expressing WT δOR, μOR tag-
ged with the PK fragment at the C-terminal region, and β-arrestin tagged
with the EA fragment were grown in MEMα containing 10% (vol/vol) FBS,
streptomycin-penicillin, 500 μg/mL geneticin, 250 μg/mL hygromycin, and
0.25 μg/mL puromycin.

δβgalOR cells were transfected with either Flag-tagged μOR or myc-tagged
CB1R using Fugene 6 (Roche) as described in the manufacturer’s protocol.

Radioligand Binding Studies. Saturation binding assays were carried out in
cells (2 × 105) expressing μβgalOR, δβgalOR, or μβgalOR-δOR using either the
radiolabeled δOR agonist ([3H]Delt II) or the radiolabeled μOR agonist ([3H]
DAMGO; 0–10 nM final concentration) in 50 mM Tris·Cl buffer (pH 7.4)
containing 0.32 M sucrose and protease inhibitor mixture (Sigma) as de-
scribed in refs. 5 and 19. [3H]Delt II exhibits a Kd = 12.2 ± 3.8 nM and a Bmax =
3,723 ± 748 fmol/mg protein with cells expressing δβgalOR and a Kd = 12.7 ±
3.6 nM and a Bmax = 6,023 ± 1,099 fmol/mg protein with cells expressing
μβgalOR-δOR (Fig. S1). [3H]DAMGO exhibits a Kd = 8.4 ± 2.3 nM and a Bmax =
670 ± 107 fmol/mg protein with cells expressing μβgalOR and a Kd = 2.5 ± 0.6
nM and Bmax = 370 ± 32 fmol/mg protein with cells expressing μβgalOR-δOR
(Fig. S1).

Potentiation of [3H]Delt II binding by μOR antagonist CTOP (10 nM final
concentration) or [3H]DAMGO binding by the δOR antagonist TIPPψ (10 nM
final concentration) was examined in cells (2 × 105) expressing μβgalOR,
δβgalOR, or μβgalOR-δOR in 50 mM Tris·Cl buffer (pH 7.4) containing 0.32 M
sucrose and protease inhibitor mixture as described in refs. 4 and 5.

[35S]GTPγS Binding. Membranes were prepared from cells expressing μβgalOR,
δβgalOR, or μβgalOR-δOR and spinal cords of WT, μOR, or δOR KO mice as
described previously (19). Membranes (20 μg) were subjected to a [35S]GTPγS
binding assay using Delt II, DAMGO, or CYM51010 (0–10 μM final concen-
tration) as described in ref. 4. In studies examining the effects of Ab,
membranes were incubated with 1 μg indicated Ab for 30 min before the
addition of agonists. In studies examining the effects of antagonists, mem-
branes were incubated with 10 μM μOR antagonist NTX or δOR antagonist
NTB for 30 min before addition of agonists.

β-Arrestin Recruitment. Cells expressing μβgalOR, δβgalOR, or μβgalOR-δOR were
plated in each well (20,000 cells) of a 96-well white clear bottom plate in
100 μL media. The next day, cells were treated with either Delt II or DAMGO
(0–1 μM final concentration) for 60 min at 37 °C, and β-arrestin recruitment
was measured using the PathHunter Chemiluminescence Detection Kit as
described in the manufacturer’s protocol (DiscoverX). In studies examining
the effects of μOR antagonist CTOP or δOR antagonist TIPPψ, cells were pre-
incubated without or with the antagonists (10 μM final concentration) for
30 min before the addition of agonists. In studies examining the time course
of β-arrestin, recruitment cells were treated with either 1 μM Delt II (±100 nM
CTOP) or 1 μM DAMGO (±100 nM TIPPψ) for the indicated time periods (30 s
and 1, 3, 5, 10, 30, and 60 min). In studies examining the effects of Ab, cells
expressing μβgalOR-δOR, Flag μOR-δβgalOR, or δβgalOR-myc CB1R were incu-
bated with 1 μg/well μ-δ, CB1 cannabinoid-AT1 angiotensin receptor (CB1-AT1),
μ-CB1, or δ-CB1 heteromer-selective mAbs for 30 min before the addition of
Delt II (0–1 μM). Validation studies were carried out using 5,000 cells/well and
commercially available compounds identified as μOR-δOR–biased agonists in
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Fig. 3. Validation of CYM51010 as a μOR-δOR–biased agonist. (A) Cells
expressing μβgalOR-δOR (5,000 cells/well) were treated with CYM51010
(51010; 10 μM) in the absence or presence of μ-δ mAb, μ, δ, or Flag Ab, and
β-arrestin recruitment was measured. (B) Membranes (20 μg) from cells
expressing μβgalOR, δβgalOR, or μβgalOR-δOR were subjected to a [35S]GTPγS
binding assay with CYM51010 (0–10 μM final concentration). (C) Membranes
(20 μg) from cells expressing μβgalOR-δOR were subjected to a [35S]GTPγS
binding assay with CYM51010 (1 μM) in the absence or presence of the μOR
antagonist NTX (10 μM) or the δOR antagonist NTB (10 μM). (D) Spinal cord
membranes (20 μg) from WT mice or mice lacking μOR (μ k/o) or δOR (δ k/o)
were subjected to a [35S]GTPγS binding assay with CYM51010 (0–10 μM final
concentration). (E) Spinal cord membranes (20 μg) from WT or δ k/o mice
were subjected to a [35S]GTPγS binding assay with CYM51010 (1 μM) in the
absence or presence of the μOR antagonist NTX (10 μM) or the δOR antag-
onist NTB (10 μM). Results represent mean ± SE (n = 3–6).
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the high-throughput screen (0–100 μM final concentration). Differences ob-
served in data obtained with the validated compounds and data from the
high-throughput screening (described below) could be because of the dif-
ferences in assay conditions.

High-Throughput Screening for μOR-δOR–Biased Agonists. Cells expressing
μβgalOR, δβgalOR, μβgalOR-δOR, or 5HT5A

βgal receptors were plated in each well
(1,000 cells) of a 1,536-well white plate. Cells were incubated for 3 h at 37 °C
with different compounds followed by 1 h of incubation with the Path-
Hunter Chemiluminescence Detection Kit. In the primary screening, com-
pounds were screened at a single concentration (9.3 μM) in singlicate in cells
expressing either μβgalOR-δOR or 5HT5A

βgal receptors. In secondary screening
assays, 834 compounds identified in primary screens as unique for μβgalOR-
δOR were tested in triplicate at a single concentration (9.3 μM) in the same
cell lines. This screen led to the identification of 375 hits with μβgalOR-δOR
and 65 hits with 5HT5A

βgal cells. In tertiary assays, 229 compounds identified
in secondary screens as unique for μβgalOR-δOR were tested in a 10-point
dilution series in triplicate (0–92.6 μM) in cells expressing μβgalOR-δOR,
5HT5A

βgal receptors, μβgalOR, or δβgalOR. Detailed screening assay protocols as
well as all screening results can be found in PubChem, a publically available
database (pubchem.ncbi.nlm.nih.gov; BioAssay AID 504355) Hits identified
as μOR-δOR–selective are summarized in Table S3.

Similarity Analysis. Tc values were calculated with an in-house script using ex-
tended connectivityfingerprint maximumdistance 4. Theywere generatedwith

jCompoundMapper (20) after converting linear text SMILES formats for each
molecule into corresponding SDF files with Corina (21). A Tc = 0 indicates max-
imally dissimilar compounds, whereas a Tc = 1 indicates maximally similar ones
(22), with values below 0.40 suggesting reasonably unique compounds (23).

Animals. Male C57BL/6 mice (25–35 g; 6–12 wk) were obtained from Jackson
Laboratories. All mice were maintained on a 12-h light/dark cycle with ro-
dent chow and water available ad libitum, and they were housed in groups
of five until testing. Animal studies were carried out according to protocols
approved by the Mount Sinai School of Medicine Animal Care and
Use Committee.

Drug Administration. Morphine sulfate (Sigma) and NTX (Tocris) were dis-
solved in saline. NTB (Tocris) was dissolved in 2% DMSO in saline. CYM51010
(ChemBridge) and CID24891919 (Life Chemicals) were dissolved in 6% DMSO
and 5% Tween80 in saline. μ-δ mAb (7) and control IgG (anti-Flag Ab; 1 μg)
were diluted in saline. Corresponding vehicle was used for the control
group. Mice were administered drugs s.c. or i.p. for systemic treatment. For
i.t. administration, the direct lumbar puncture method (24) was applied in
awake, conscious mice. Mice were covered with a soft cloth over the head
and upper body and gripped firmly by the pelvic girdle (iliac crest); 5 μL drug
was administeredwith a 50-μL Hamilton syringe (Hamilton Co) attached to a 30-
gauge, 1-in sterile disposable needle, which was inserted into the i.t. space at
the cauda equine region according to themethod described in ref. 24. Puncture
of the dura was indicated by a flick of the tail. For measuring development of
tolerance, mice were s.c. administered with 10 mg/kg morphine or CYM51010
one time per day for 8 d or 6 mg/kg daily for 14 d, and antinociception was
measured daily from 0 to 120 min. Naloxone-precipitated withdrawal symp-
toms were measured in mice after administration of 10 mg/kg morphine or
CYM51010 s.c. one time per day for 9 d. Withdrawal was induced by i.p. ad-
ministration of naloxone (5 mg/kg) 2 h after the last drug administration, and
withdrawal signs were recorded for 30 min as described (25). Body weight was
measured before and 30 min after last naloxone injection.

Analgesia Assays. Drug-induced antinociception was evaluated by using the
tail-flick test (26). Using a tail-flick apparatus (IITC Life Science), the intensity
of the heat source was set at 10, which resulted in the basal tail-flick latency
occurring between 5 and 7 s for most of the animals. The tail-flick latency
was recorded at the indicated time period (0–120 min) after drug adminis-
tration; %MPE was calculated for each mouse at each time point according
to the following formula: %MPE = [(latency after drug − baseline latency)/
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Table 1. EC50 and Emax for CYM51010

β-Arrestin recruitment [35S]GTPγS

EC50 (M) Emax (% basal) EC50 (M) Emax (% basal)

μβgal OR 1.8E-6 557 ± 11 2.1E-7 138 ± 6
δβgal OR 2.7E-6 423 ± 49 3.0E-7 113 ± 1
μβgalOR-δOR 8.3E-6 1,197 ± 31 5.4E-8 168 ± 3
WT spinal cord n.d n.d 7.1E-7 141 ± 2
μ k/o spinal cord n.d n.d 7.9E-6 106 ± 4
δ k/o spinal cord n.d n.d 1.8 E-7 117 ± 3

n.d., not determined.
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(20 − baseline latency)] × 100. Cutoff latency was selected at 20 s to mini-
mize tissue damage. The area under the %MPE vs. time curves (AUCs) for
each treatment condition is shown in Fig. 4 and Fig. S4.

Statistical Analyses. The data were expressed as means ± SEMs. One-way
ANOVA and multiple comparison tests (Student Newman–Keuls tests) were
used to analyze the data. Tolerance and withdrawal data were analyzed by
unpaired t tests. A difference was considered to be significant at P < 0.05.
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