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Positive allosteric modulators (PAMs) of the mu-opioid receptor
(MOR) have been hypothesized as potentially safer analgesics
than traditional opioid drugs. This is based on the idea that PAMs
will promote the action of endogenous opioid peptides while pre-
serving their temporal and spatial release patterns and so have an
improved therapeutic index. However, this hypothesis has never
been tested. Here, we show that a mu-PAM, BMS-986122, enhances
the ability of the endogenous opioid Methionine-enkephalin (Met-Enk)
to stimulate G protein activity in mouse brain homogenates without
activity on its own and to enhance G protein activation to a greater
extent than f-arrestin recruitment in Chinese hamster ovary (CHO)
cells expressing human mu-opioid receptors. Moreover, BMS-
986122 increases the potency of Met-Enk to inhibit GABA release
in the periaqueductal gray, an important site for antinociception.
We describe in vivo experiments demonstrating that the mu-PAM
produces antinociception in mouse models of acute noxious heat
pain as well as inflammatory pain. These effects are blocked by
MOR antagonists and are consistent with the hypothesis that
in vivo mu-PAMs enhance the activity of endogenous opioid pep-
tides. Because BMS-986122 does not bind to the orthosteric site and
has no inherent agonist action at endogenously expressed levels of
MOR, it produces a reduced level of morphine-like side effects of
constipation, reward as measured by conditioned place preference,
and respiratory depression. These data provide a rationale for the
further exploration of the action and safety of mu-PAMs as an in-
novative approach to pain management.
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u-opioid receptor (MOR) agonists are the most effective

treatments for moderate to severe acute and chronic pain,
yet their use is limited by serious side effects, including con-
stipation, respiratory depression, and physical and psychological
dependence. These side effects are on-target effects (MOR-mediated)
and result from the wide distribution of MORs across the central
nervous system (CNS) (1, 2). Safer pain therapies are desperately
needed. However, because of the efficacy of MOR agonists in
blocking pain, this receptor continues to be a primary target for
the discovery of novel pain therapies. Unfortunately, most drug
discovery programs involve designing compounds that bind to
the orthosteric site on MOR—the site that binds endogenous
opioid peptides as well as exogenous opioids. Not surprisingly, these
newer drugs tend to exhibit qualitatively similar side effect profiles
to traditional opioid analgesics.

As an alternative, we have discovered small molecule, positive
allosteric modulators of MOR [mu-PAMs (3)], including BMS-
986122 (SI Appendix, Fig. S1). Such compounds interact with a
site on MOR that is spatially distinct from the orthosteric site (3-7).
Across a variety of in vitro assays, mu-PAMs increase the affinity
and/or potency of orthosteric agonists at MOR, including exogenous
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MOR agonists as well as the endogenous opioid peptides Leucine-
and Methionine-enkephalin, endomorphin-1, and p-endorphin (3, 8).

These in vitro studies have led to development of a so-far
untested hypothesis that in vivo, mu-PAMs will promote the ac-
tivity of endogenous opioid peptides released during pain (9-11).
If this hypothesis is correct, mu-PAMs could replace traditional
opioids by boosting the body’s own natural response to pain to
provide clinically meaningful analgesia. In support of this con-
cept, so called “enkephalinase inhibitors” that prolong the life-
time of endogenous opioid peptides are effective in the management
of pain in preclinical and clinical studies (12-14), although such
compounds are not selective for opioid peptides. Since mu-PAMs do
not alter peptide release or metabolism, they should be more
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selective than enkephalinase inhibitors and also preserve the
natural spatial and temporal release of the peptides in vivo fol-
lowing injury and/or during pain. To test this hypothesis, we
examined the antinociceptive effects of BMS-986122 in mouse
models of acute and inflammatory pain using measures of pain-
evoked and pain-depressed behaviors as well as opioid side ef-
fects and the potential role of endogenous opioid peptides in
these responses.

Results

BMS-986122 Enhances the Activity of Orthosteric MOR Agonists In
Vitro. In heterologous cell systems, BMS-986122 (SI Appendix,
Fig. S1) enhances the activity of orthosteric MOR agonists by an
allosteric mechanism (3-5). Here, we show that this effect trans-
lates to MORs expressed at endogenous levels in homogenates
from brains of C57BL/6 mice. In whole brain homogenates from
wild-type mice, the selective MOR agonist DAMGO ([D-Ala’,N-
MePhe*,Gly-ol]-enkephalin) activated heterotrimeric G protein,
as determined by binding of the slowly hydrolyzable guanosine
triphosphate (GTP) analog [*>S]GTPyS, with a potency (effective
concentration, ECsy) and 95% C.I. value of 484 (255 to 906) nM.
The potency of DAMGO was increased to 73.1 (41.4 to 125) nM
in the presence of 10 pM BMS-986122, an enhancement of 6.6-
fold (Fig. 14). BMS-986122 had no effect on its own in the ab-
sence of DAMGO, and neither DAMGO nor the PAM, alone or
together, stimulated [>>SJGTPyS binding in brain homogenates
from MOR knockout mice (SI Appendix, Fig. S2 A and B).
Similarly, BMS-986122 significantly increased the potency of
morphine in this assay by 4.8-fold, from 2,592 (1,470 to 4,571) nM
to 543 (343 to 869) nM, and its maximal response from 79% (69 to
89) to 98% (90 to 107) (Fig. 1B), and it produced a significant
eightfold improvement in the potency of methadone (ECsy 447
(263 to 760) nM to 55 (31 to 98) nM (Fig. 1C). We were unable to
accurately study the effect of BMS-986122 on the endogenous
opioid Met-Enk in whole brain homogenates because this pep-
tide also activates the delta-opioid receptor (15, 16), resulting in
shallow concentration-response curves (SI Appendix, Fig. S34).
However, in homogenates of the periaqueductal gray (PAG),
which is an important locus for opioid-mediated descending con-
trol of pain (17) and which expresses a high level of MOR (18, 19),
Met-Enk stimulated [*>S]JGTPyS binding, with a potency of 148
(112 to 195) nM. This was increased by 10-fold to 14.5 (8.2 to
24.3) nM in the presence of 10 pM BMS-986122 (Fig. 1D). BMS
986122 caused no stimulation of [*>S]JGTPyS binding alone in
homogenates of PAG (SI Appendix, Fig. S3C).

It is known that agonists can bias signaling downstream of
G-protein-coupled receptors (GPCRs) (20-22), including MOR
(23-25), to different intracellular pathways, particularly those
activated by G protein or those downstream of p-arrestin (22).
The endogenous opioid peptide Met-Enk is considered to be a
neutral, nonbiased ligand (26-28). However, it can be hypothe-
sized that by binding to an allosteric site on MOR, a PAM could
not only alter the potency of agonists like Met-Enk but may do so
in a biased fashion. To examine this possibility, we studied the
ability of Met-Enk to activate G protein or recruit p-arrestin in
CHO (Chinese hamster ovary) cells expressing human MOR
(hMOR-CHO). Met-Enk stimulated [*>S]GTPyS binding in ho-
mogenates of hMOR-CHO cells, giving an ECs; of 18.2 (12.6 to
26.9) nM. In the presence of BMS-986122, the potency was sig-
nificantly enhanced by 7.8-fold to give an ECs value of 2.3 (1.1 to
5.3) nM (Fig. 1E). In the f-arrestin recruitment assay in Path-
Hunter hMOR-CHO cells, the ECsy of Met-Enk was similar at
11.4 (7.73 to 16.7) nM, but this was only shifted a nonsignificant
1.8-fold in the presence of 10 pM BMS-986122, giving an ECs
value of 6.2 (4.14 to 9.25) nM. Thus, the ratio of p-arrestin/G
protein potency is 0.63 in the absence of BMS-986122 and 2.7 in
the presence of BMS-986122, giving a modest bias calculated by
the method of Kenakin (29) of 4.3 compared with Met-Enk alone.
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A similar but reduced biased effect of BMS-986122 was seen
when DAMGO was used as the orthosteric ligand (SI Appendix,
Fig. S4 A and B). Together, these data suggest that BMS-986122
enhances the preference of these two MOR peptides for G pro-
tein over B-arrestin pathways. It should be noted that unlike our
previous work in C6 cells, or current results in brain tissue, in the
CHO cells expressing high levels of hMOR, a direct agonist effect
of BMS-986122 was observed in the [*>S]JGTPyS assay, although
this is only seen at high concentrations with an ECsq value of 7.4
uM (SI Appendix, Fig. S4C) and was not observed in the p-arrestin
assay (S Appendix, Fig. S4 C and D).

A critical action contributing to the opioid modulation of pain
is disinhibition of GABA-mediated inhibition of descending path-
ways by blockade of presynaptic GABA release in the PAG (30).
Using slices of rat PAG, we found that BMS-986122 caused a 6.3-
fold potentiation of the potency of Met-Enk to inhibit spontaneous
presynaptic GABA release, as measured by a decrease in the fre-
quency of miniature inhibitory postsynaptic potentials (mIPSCs).
The potency of Met-Enk shifted significantly from 612 (305 to
1,228) nM to 97.7 (45 to 212) nM (Fig. 1 E and F). BMS-986122
alone did alter the frequency of mIPSCs (Fig. 1G).

BMS-986122 Enhances Exogenous Opioid Antinociception. We next
examined target engagement of BMS-986122 with MOR in vivo
by testing the hypothesis that BMS-986122 would promote the
antinociceptive action of the MOR agonist methadone, which we
found to be the most sensitive agonist in vitro [Fig. 1C (4)].
BMS-986122 was administered directly into the cerebral ventri-
cles (intracerebroventricular [i.c.v.] injection) of C57BL/6 mice
in the presence of an i.c.v. dose of methadone (3 pg) that alone
failed to produce a significant antinociception on the hot plate test.
Coadministration with 0.05 or 0.15 nmol (23 or 67 ng) of BMS-
986122 together with methadone gave a robust antinociception at
10 and 15 min postinjection (Fig. 24).

The antinociceptive effect was short lived, which may be due
to the rapid clearance of the methadone or the BMS-986122. To
determine this, BMS-986122 (0.15 nmol [67 ng], i.c.v.) was given
concurrently with a low dose (5.6 mg/kg) of systemically (intra-
peritoneal [i.p.]) administered methadone. BMS-986122 did not
produce an antinociceptive effect on its own. However, with a
dose of 5.6 mg/kg methadone that produced only a low level of
antinociception, a robust antinociception was observed in the
presence of BMS-986122, which lasted for 60 min (Fig. 2B).
Similarly, the combination of BMS-986122 with morphine pro-
duced an enhanced antinociceptive effect, although a higher dose
of BMS-986122 was required (Fig. 2C). When pretreatment
baseline values are subtracted, the effects of methadone in animals
cotreated with BMS-986122 are greater than the corresponding
additive value of the methadone-alone and BMS-986122-alone
treatment groups by more than two SDs at both the 30 min and
60 min time points, suggesting synergy; the same is true of mor-
phine at the 60 min time point (SI Appendix, Fig. S5 A and B).

BMS-986122 Is Antinociceptive when Administered Alone by an Action
that Requires Occupation of MOR by Endogenous Opioid Peptides.
BMS-986122 alone, given i.c.v., produced a very short-lived (<15
min) dose-dependent antinociception even in the absence of
orthosteric agonist (Fig. 2D). Comparing the effect of i.c.v. BMS-
986122 alone with its combined action with i.c.v methadone, we
were not able to confirm a synergy between the two compounds
(81 Appendix, Fig. S5). Nonetheless, this effect was absent in
mice pretreated with 5.0 mg/kg of the MOR-selective, irrevers-
ible orthosteric antagonist, -funaltrexamine (f-FNA), 24 h prior
to BMS-986122 administration (Fig. 2F), confirming a MOR-
mediated response. In vitro, we were unable to see direct
MOR agonist activity of BMS-986122, except for weak activity in cells
overexpressing MOR (SI Appendix, Fig. S3C) and using a highly
amplified signaling measure (3); yet we did observe an enhancement
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Fig. 1. BMS-986122 (BMS) enhances activity of orthosteric agonists in vitro. (A-C) BMS increased the activity of (A) DAMGO, (B) morphine, and (C) meth-
adone in the [3SS]GTPyS binding assay in whole brain homogenates from C57BL/6 mice. (D) Potency of Met-Enk to stimulate [3SS]GTPyS binding in homog-
enates of PAG from C57BL/6 mice increased in the presence of BMS. (E). The effect of BMS on Met-Enk-stimulation of [**S]GTPyS in CHO cell membranes
expressing hMOR. (F) The effect of BMS on p-arrestin recruitment in Pathunter CHO cells expressing hMOR. All [3SS]GTPyS data (A-E) are from at least three
separate experiments in duplicate. p-arrestin data are from four separate experiments in triplicate. (G) BMS-986122 affords a sixfold increase in the potency of
Met-Enk to inhibit presynaptic GABA release, measured as mIPSCs, in rat PAG slices (n = 4 to 9). (H) BMS alone did not alter mIPSC frequency, F[11,11] = 2.337,
P = 0.17. (/) Representative traces showing increased inhibition by Met-Enk (ME) in the presence of BMS.

(Fig. 2D). It is also possible the short duration of BMS-986122
administered alone was due to potentiation of the anesthetic
(isoflurane), although the data show that if true, this action is
MOR mediated.

To test a role for endogenous opioid peptides, we administered
the enkephalinase inhibitor RB-101 (12, 13) i.c.v. in the presence or
absence of BMS-986122. RB-101 prolongs the lifetime of endoge-

of the Met-Enk response in the PAG (Fig. 1D). These factors,
together with the rapid time course of its antinociceptive effect
(Fig. 2D) compared with its longer duration in modulating sys-
temic opioids (Fig. 2 B and C), led us to conclude that the anti-
nociceptive activity produced by BMS-986122 did not result from
direct activation of MOR but rather from potentiation of the ac-
tion of endogenous opioid peptides released during stress caused

by handling of the mice and/or the i.c.v. administration procedure
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Fig. 2. Antinociceptive activity of BMS-986122 (BMS) in the hot-plate test in C57BL/6 mice. (A) Enhanced antinociceptive effect of methadone (3 pg, i.c.v.)

with coadministration of BMS (i.c.v). Interaction: F(6,51) = 52.01, P < 0.0001, n =

6. ***P < 0.001, **P < 0.001 versus methadone alone. (B) Enhancement of a

5.6 mg/kg systemic (i.p.) dose of methadone coadministered with 0.15 nmol BMS (i.c.v.). Interaction: F(9,60) = 19.12, P < 0.0001, n = 6. ****P < 0.0001. ***P <
0.001 compared with methadone alone. (C) Administration of 1.5 nmol BMS (i.c.v.) enhances the antinociceptive effects of 32 mg/kg morphine. Interaction:
F(9,60) = 14.47, P < 0.0001], n = 6. ****P < 0.0001, **P < 0.01, and *P < 0.05 compared with morphine alone. (D) Dose- and time-dependent effects of BMS
(i.c.v): F(8,54) = 17.15, P < 0.0001, n = 6 to 8. ****P < 0.0001, *P < 0.05 compared with vehicle. (E) Pretreatment (24 h; 5.0 mg/kg) with the irreversible

antagonist B-FNA prevented the effect of BMS (1.5 nmol, i.c.v.). Interaction:
B-FNA-treated mice. (F) Enhanced antinociceptive effects of the enkephalinase i

F(2,30) = 63.34, P < 0.0001, n = 6. ****P < 0.0001, ***P < 0.001 versus
nhibitor RB-101 (50 pg, i.c.v.) by BMS (0.15 nmol, i.c.v.) given simultaneously.

Interaction: F(6,42) = 27.51, P < 0.0001, n = 6 to 7. ****P < 0.0001 compared with RB101 alone or BMS alone. (G) BMS (0.15 to 1.5 nmol, i.c.v.) administered

15 min before the swim significantly improved the antinociceptive effects of swi

m stress. Interaction: F(4,40) = 10.9 P < 0.0001, n = 6. ***P < 0.001, *P < 0.05

compared with vehicle; #the effect was prevented by 10 mg/kg naloxone (NLX; i.p.), P < 0.0001 versus 1.5 nmol BMS. y-axis labels in A and D refer to all figures

in the row; 1 nmol BMS = 447 ng; 50 pg RB101 = 86 nmol.

effect (Fig. 2F), which is thought to be due to increased levels of
Met-Enk (31). The antinociceptive action of RB-101 was am-
plified by the administration of 0.15 nmol (67 ng) BMS-986122
and was especially evident at 15 min postinjection. The effects of
the combination of RB-101 with BMS-986122 followed the time
course of RB-101 alone, supporting the suggestion that BMS-986122
enhances the activity of endogenous opioid peptides rather than
producing agonist effects by directly activating MOR. As with
the exogenous opioids, the effect of coadministered RB-101 and
BMS-986122 was greater by more than two SDs than the additive
values of either compound administered alone (SI Appendix, Fig.
S5C), indicating a synergistic interaction. To further corroborate
our hypothesis, we used a model of swim stress—induced anti-
nociception that has been shown to be mediated by endogenous
opioids (32). Under control conditions, a 15 min swim stress pro-
duced a significant antinociceptive response. Treatment with BMS-
986122 (i.c.v., 0.15 to 1.5 nmol; 67 to 670 ng) administered 15 min
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before the swim stress significantly improved the antinociceptive
effects of swim stress in a naloxone-reversible manner (Fig. 2G).
BMS-986122 had no effect in the absence of swim stress.

BMS-986122 Is Active following Systemic (i.p.) Injection in 12951/
SvimJ Mice. The above data demonstrate that BMS-986122 pro-
duces antinociception in the hot-plate test by enhancing exogenous
and endogenous opioid activity after i.c.v. administration in C57BL/6
mice. However, in the C57BL/6 mice, we were unable to demonstrate
an antinociceptive effect of BMS-986122 by systemic, i.p., injection
up to its maximal solubility (10 mg/kg, equivalent to 2.2 pM) using
the hot-plate or tail-withdrawal tests; nor was ip. BMS-986122
able to enhance the action of systemic methadone. In contrast, in
the 129S1/SvlmJ strain of mice, BMS-986122 administered i.p.
did produce an antinociceptive effect in the warm water tail-
withdrawal test, which, at 10 mg/kg, was maintained for 60 min
(Fig. 34); vehicle injections did not significantly elevate the basal
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responses. This effect of BMS-986122 was inhibited by naloxone
(10 mg/kg) pretreatment, confirming a role for opioid receptors
and occupation of the orthosteric site by endogenous opioid
peptides (Fig. 3B). No effect was seen in the hot plate test. Con-
sequently, all subsequent experiments were performed in 12951/
SvimJ mice using the effective systemic dose of 10 mg/kg.

The antinociceptive action of BMS-986122 in the tail-withdrawal
test was lost after a third i.p. injection, whereas morphine admin-
istered in the same manner remained active (Fig. 3C). However,
when animals were administered saline under the same regime and
on the third day received BMS-986122, BMS-986122 again failed to
produce antinociception despite the fact that it was the animals’ first
exposure to the drug, whereas morphine-mediated antinociception
was retained (Fig. 3D). This suggests habituation to the injection
and handling, leading to reduced endogenous opioid peptide re-
lease and so a loss of BMS-986122 activity.

Using the 129S1/SvimJ mice, we determined the action of
BMS-986122 in the more clinically relevant model of chronic
inflammatory pain (33, 34). Mice received either bilateral or
unilateral intraplantar injections of carrageenan, and mechanical
allodynia was assessed in response to von Frey filaments (35).
Carrageenan produced a robust mechanical allodynia in the right
hindpaw 24 h after bilateral or unilateral injections (Fig. 4 4 and B).
A single systemic injection of BMS-986122 significantly inhibited
mechanical allodynia in mice with bilateral inflammation (Fig. 44).
There was inhibition of unilateral allodynia, although this did not
reach significance (Fig. 4B). This antinociceptive activity was fully
prevented by pretreatment with naloxone (Fig. 4 4 and B).

To produce a more persistent inflammatory pain, mice re-
ceived unilateral intraplantar injections of Complete Freund’s Ad-
juvant (CFA). CFA produced robust mechanical allodynia 24 h
after injection (Fig. 4C). Systemic administration of BMS-986122
(10 mg/kg) reversed this mechanical allodynia (Fig. 4C). The effect
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was observed for three daily injections over 72 h, indicating that
endogenous opioid peptide release continues and that tolerance
to BMS-986122 does not develop within this time frame.

Pain-depressed behaviors, as opposed to pain-evoked behav-
iors, more closely model pain measures used in clinical situations
(36, 37). Nesting is an instinctive behavior in mice that is sup-
pressed by pain (38). An i.p. injection of dilute acetic acid de-
pressed nesting behavior in mice for at least 60 min (Fig. 4D).
Pretreatment with BMS-986122 restored nesting behavior. In
contrast, 10 mg/kg morphine failed to restore nesting behavior in
mice (Fig. 4D).

BMS-986122 Exhibits Reduced MOR Side Effects Compared with
Morphine. We evaluated the effects of systemic (i.p.) BMS-986122
on three common on-target side effects of morphine in the 12951/
SvimJ mice, using the maximal dose (10 mg/kg) possible due to
solubility constraints.

Constipation was measured by determining the number of
fecal boli produced during the 2 h following i.p. administration of
either 10 mg/kg BMS-988122 or morphine. Animals treated with
morphine deposited significantly fewer fecal boli compared with
animals treated with either vehicle or BMS-986122 (Fig. 54).

Conditioned place preference was used to determine whether
BMS-986122 produces rewarding effects in mice. Animals that
were conditioned with 10 mg/kg morphine for 5 d showed sig-
nificant preference for the drug-paired chamber compared with
animals conditioned with either vehicle or 10 mg/kg BMS-986122
(Fig. 5B).

Respiratory depression was monitored by measuring breathing
rate using the Comprehensive Lab Animal Monitoring System.
After i.p. injection, mice, whether given vehicle, 10 mg/kg mor-
phine, or 10 mg/kg, but not 3.2 mg/kg, BMS-986122, showed an
initial change in rate when returned to the apparatus that lasted

BMS 10mg/kg

O +saline
B O + Naloxone
B Naloxone + vehicle
ddkkk . .
15 *xx% *** @ saline + vehicle
*
m
®
8 10
>
o
g 5
Il
]

BL N 15 30 60 90 120

Time (min)

151 mm Vehice s+ gus
§ O BMS T (10mg/kg)
210 challenge
3 -
c
]

5 5 ﬁ
BL Inj 1 Inj 3

Fig. 3. BMS-986122 (BMS) produces antinociception in 12951/SvimJ mice in the warm water tail-withdrawal test. (A) Antinociception produced by increasing
doses of BMS. Interaction: F(15,135) = 7.170, P < 0.0001, n = 6. ****P < 0.0001 compared with vehicle. The dotted line indicates the mean basal response
before treatment. (B) Inhibition of BMS-induced antinociception by 10 mg/kg naloxone (NLX). Interaction: F(18,144) = 6.533, P < 0.0001, n = 6. ****P < 0.0001,
***P < 0.001, and *P < 0.05 compared with BMS with NLX; NLX alone was not different from vehicle. Time indicates minutes after BMS injection. (C) Tail-
withdrawal latencies after one and three administrations (i.p., over 2 d) of BMS or morphine. Interaction: F(4,30) = 15.94, P < 0.0001, n = 6. BMS produced
antinociception after one but not three injections. Morphine was effective at both one and three injections; ****P < 0.00001 compared with vehicle. (D)
Antinociceptive effect of BMS is lost after three injections of either vehicle or BMS. Interaction: F(2,30) = 4.30, P = 0.023, n = 6. ***P < 0.001 compared with
vehicle. In C and D, data were not collected after the second injection.
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Fig. 4. BMS-986122 (BMS) produces antinociception against inflammatory pain in 12951/Svimj mice. Paw withdrawal thresholds were assessed in the right
hindpaw 30 min after BMS (10 mg/kg, i.p.). Mice received either bilateral (A) or unilateral (B) intraplantar injections of carrageenan, and mechanical allodynia
was assessed in the right hindpaw by sensitivity to von Frey filaments. Carrageenan produced robust mechanical allodynia in the right hindpaw 24 h after
injection, compared with preinjury baseline (BL), after both unilateral [main effect of treatment: F(3,50) = 22.07, P < 0.0001, n = 6 ****P < 0.0001] and
bilateral injections [main effect of treatment: F(3,46) = 19.05, P < 0.0001, n =6, ****P < 0.0001]. A single systemic injection of BMS reversed allodynia in mice
with bilateral inflammation (*P < 0.05, n = 6) in a naloxone (NLX) reversible manner (*P < 0.05). (C) Sustained antiallodynic effects of BMS against CFA-
induced unilateral inflammation after twice daily injections for 3 d. Main effect of treatment: F(1,10) = 69.51, P < 0.0001; n = 6. **P < 0.01, ***P < 0.001. (D)
Reversal of pain-depressed nesting behavior following i.p. injections of BMS. i.p. injection of dilute acetic acid depressed nesting, which was restored by BMS.

Main effect of treatment: F(2,16) = 24.58, P < 0.0001, n = 6. ****P < 0.0001 versus vehicle or morphine.

for 20 min. Compared with vehicle, morphine produced signifi-
cantly greater respiratory rate depression that was maintained
for 100 min (Fig. 5C). A systemic injection of BMS-986122 pro-
duced a much-reduced degree of respiratory depression compared
with morphine, but this small effect was reversed by a pretreat-
ment with naloxone (Fig. 5C), suggesting an action at MOR.

Brain and Plasma Levels of BMS-986122. Levels of BMS-986122
were determined in brain and plasma 1 h after i.p. injection. The
mean plasma concentration was 397 + 100 ng/g (n = 9), and the
mean brain concentration was 127 + 16 ng/mL (n = 15). These
values correspond to 900 nM and 280 nM, respectively, and a
plasma:brain ratio of 3:1. BMS-986122 at 300 nM did produce a
significant 3.9-fold shift the concentration-response curve for Met-
Enk in the [*>S]GTPyS assay using membranes from hMOR-CHO
cells from 10.2 (7.3 to 14.2) nM to 2.6 (1.9 to 3.6) nM (SI Appendix,
Fig. S6). We have previously reported that 300 nM BMS-986122
produces a similar shift in the methadone concentration-response
curve in membranes from C6 cells expressing MOR (4).

Discussion

In this report, we demonstrate that allosteric modulation of
MOR by the small molecule mu-PAM BMS-986122 affords
antinociception in mouse models of acute and persistent pain in
a manner consistent with potentiation of the activity of released
endogenous opioid peptides acting at MOR. We provide proof
of target engagement using the exogenous MOR agonists metha-
done and morphine as well as the antagonists naloxone and p-FNA
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to block the access of endogenous opioid peptide to MOR. The
enhancing effects of BMS-986122 on the opioids as well as on
the enkephalinase inhibitor RB101 appear to be synergistic
rather than additive, in agreement with studies by Pasternak and
colleagues of a synergy between methadone and other mu-opioids,
including morphine (39). The antinociception afforded by BMS-
986122 is seen in the absence of exogenous opioid drug adminis-
tration and occurs without, or with reduced, side effects of con-
stipation, respiratory depression, and reward. The work reveals
the in vivo function of mu-PAMs and identifies positive allosteric
modulation of MOR as a potential new mechanism for thera-
peutic intervention for the management of pain, possibly with
reduced side effects.

In vitro, BMS-986122 had no direct agonist activity at en-
dogenously expressed MOR, as shown by its inability to stimulate
G protein in membranes from mouse brain, including the PAG,
or inhibit GABA release in slices of PAG. This agrees with find-
ings in heterologous cell systems expressing MOR, where the
compound is unable to activate heterotrimeric G protein or recruit
p-arrestin (3, 10); however, it does show low activity (ECsg ~0.1
mM) at the more amplified downstream effector, adenylate cy-
clase (3), and we did observe weak activity in CHO cells over-
expressing hMOR. Yet, there was a dose-dependent antinociception
when BMS-986122 was given centrally (i.c.v.) to C57BL/6 mice. This
action was short lived but reversed by the orthosteric MOR antago-
nist B-FNA. It is feasible, even with its very low potency and efficacy,
that BMS-986122 is acting directly to stimulate the receptor. How-
ever, since BMS-986122 does not bind to the orthosteric site on
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BMS-986122 (BMS) produces a reduced level of MOR-mediated side effects compared with morphine in 12951/Svimj mice. (A) The number of fecal boli

deposited 2 h following i.p. administration of 10 mg/kg BMS or morphine. Main effect of treatment: F(2,22) = 13.10, P=0.0002; n = 6. *P < 0.05 versus BMS or
vehicle. (B) CPP of 10 mg/kg BMS compared with 10 mg/kg morphine following 5 d of conditioning. CPP score refers to the difference in time spent on the
drug-paired side on test day compared with preconditioning. Animals conditioned with morphine showed significant preference for the drug-paired chamber
compared with animals conditioned with either vehicle or BMS. Main effect of treatment: F(2,15) = 7.65, P = 0.005, n = 6. *P < 0.05 versus BMS or vehicle. (C)
Respiration was assessed immediately after i.p. injection of morphine or BMS. Interaction: F(69,1,012) = 10.75, P < 0.0001, n = 12. Respiratory depression was
seen with morphine (****P < 0.0001) and 10 mg/kg BMS (**P < 0.01), but the effect of morphine was significantly greater than BMS (***P < 0.001). The effect

of BMS was reversed by naloxone (NLX).

MOR (3, 4) but does enhance the action of Met-Enk to activate
[**S]GTPyS binding in PAG membranes and inhibit GABA re-
lease in the rat PAG, we hypothesized that the reversal by p-FNA
was due to blockade of endogenous opioid peptides binding to
the orthosteric site on MOR. These opioid peptides would be re-
leased during the pain and/or stress of the experimental procedures
and be rapidly metabolized. To confirm this, we used the enke-
phalinase inhibitor RB-101, a compound that prolongs the lifetime
of endogenous opioid peptides, including Met-Enk (31), and
thereby increases their concentration (12, 13). We chose a low dose
of RB-101 that was minimally effective alone but afforded a robust
antinociceptive effect in the presence of BMS-986122, supporting
a synergistic interaction. In addition, BMS-986122 promotion of
swim-stress antinociception was naloxone reversible, again impli-
cating endogenous opioid peptides and MOR in the action of the
modulator. Consequently, these data suggest that by increasing the
activity of released endogenous opioid peptides, BMS-986122 af-
fords antinociception.

The antinociceptive action of BMS-986122 against noxious
heat was observed in two strains of mice, C57BL/6 and 129S1/
SvimJ. However, we only observed activity after systemic adminis-
tration in the 129S1/SvimJ strain and then only in the tail-withdrawal
assay. BMS-986122 does access the brain after i.p. administration
in the 12951/SvimJ mice; however, these discrepancies could still
be due to pharmacokinetic factors, as the hot-plate assay involves
supraspinal sites compared with the spinal reflex action in the
tail-withdrawal test (40), allied with the higher agonist efficacy
requirement of the hot-plate assay (41), or they may be due to
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spatial release of opioid peptides. Additionally, it is known that
129 strains of mice are more susceptible to higher levels of
anxiety-like behaviors (42, 43) and have higher responsiveness to
acoustic and tactile stimuli (44). Moreover, they are generally
more resistant to pain that involves a stressor (45), which could
indicate increased levels of endogenous opioids released during
testing and handling in this strain; the effects of these peptides
would be enhanced by BMS-986122. In support of this idea, the
antinociceptive effect of BMS-986122 in the tail-withdrawal test
was lost after repeated handling and vehicle injections, suggest-
ing this habituation leads to reduced stress and so reduced re-
lease of opioid peptides.

The results indicate that BMS-986122 can facilitate efficacious
antinociception in the absence of traditional opioid drugs, in
agreement with the suggestion that continual release of opioid
peptides is needed for the modulator to be effective. To confirm
this, we used the CFA model of inflammatory pain in the mouse,
which provides an increase in nociceptive behavior and is longer
lasting. Several lines of evidence implicate endogenous opioid peptide
release as modulating the nociceptive response to inflammation.
Opioid peptides are released into inflamed tissue from immune cells
(46), and levels of the opioid peptides Met-Enk and dynorphin re-
main high for at least 18 d after CFA in the rat paw (47). In addition,
in this model, increased levels of Met-Enk are seen in brainstem areas
involved in the control of pain, including the ventrolateral region of
the PAG, nucleus raphe magnus, and parabrachial nucleus, that
persist for at least 14 d (48). Finally, the antagonist naltrexone, but
not its peripherally selective analog N-methyl naltrexone, prolongs

PNAS | 7of 10
https://doi.org/10.1073/pnas.2000017118

PHARMACOLOGY


https://doi.org/10.1073/pnas.2000017118

hyperalgesia in the model (49). After CFA-induced inflamma-
tion in the mouse paw, BMS-986122 maintained its effectiveness
over several days. We also observed an antinociceptive effect of
BMS-986122 against carrageenan-induced inflammatory pain.
This effect was enhanced with bilateral administration of carra-
geenan, which we interpret to be due to increased opioid peptide
release under the more severe conditions and so further impli-
cates a role for central MORs.

As with the inflammation models, i.p. injection of acetic acid
causes the release of endogenous opioid peptides. In rats, Met-
Enk is produced in the spinal cord (50), and the nociceptive re-
sponses can be reduced by enkephalinase inhibitors in mice and
rats (51, 52) and enhanced by naloxone (52). Moreover, both
peripheral and central opioid receptors appear to play a role in
antinociception in this test (53, 54). Thus, the reversal of i.p. acetic
acid inhibition of nesting adds further support to the suggestion
that BMS-986122 enhances the action of endogenous opioid
peptides. Morphine at 10 mg/kg, a dose that prevents a writhing
response following intraperitoneal acetic acid (55), failed to re-
store nesting, possibly because sedation and/or dysphoria prevents
the animal from functioning normally (56). This was not the case
with BMS-986122, suggesting a lack of behavioral disruption with
the modulator. While mice generally show an enhanced locomotor
activity to morphine, this action is biphasic with inhibition at lower
doses (57), and the 129 strain is not especially sensitive to the
locomotor-stimulating action of morphine (58).

The above findings support the premise that continual peptide
release is needed for effectiveness of BMS-986122 and that the
endogenous opioid tone in resting states is not high enough to be
affected by allosteric modulators unless there is a nociceptive
insult. As a consequence of this, BMS-986122 produced no
constipation or rewarding effects in the conditioned place pref-
erence (CPP) assay compared with morphine. This lack of effect
in CPP is perhaps surprising given that naloxone has been shown
to have an aversive action in this assay. However, this action of
naloxone is strain dependent (59), and the 129 strain is report-
edly less sensitive to morphine CPP (60). Moreover, it is feasible,
given the findings with repeated BMS-986122 administration in
the tail-withdrawal assay, that the mice become habitual during
the 5 d conditioning paradigm. There was a small reduction in
respiration compared with vehicle that was reversed by naloxone.
Since BMS-986122 does distribute to the brain, this suggests a
central, rather than peripheral, effect. Moreover, because BMS-
986122 does not bind to the orthosteric site on MOR (3, 4), this
can be ascribed to the enhancement of endogenous opioid peptides
released during the handling, drug injections, and reintroduction of
the animals into the environment of the respiration chamber.

The results of the current study are consistent with the hy-
pothesis that BMS-986122 enhances the antinociceptive activity
of endogenous opioid peptides in vivo and so should translate to
analgesic activity in human pain states. Moreover, mu-PAMs can
be predicted to enhance the effectiveness of nondrug interven-
tions such as placebo analgesia and acupuncture, both of which
are thought to involve opioid peptides (11, 61-69).

Overall, the present findings in mice demonstrate that by en-
hancing the activity of endogenous opioid peptides, mu-PAMs
afford antinociception without the requirement for traditional,
and problematic, opioid drugs. The ideal mu-PAM would be silent
in the absence of orthosteric ligand but would boost endogenous
opioid peptide action at MOR during pain and nondrug pain-
relieving interventions, thus providing efficacious pain relief and
a specificity of action not seen with opioid drugs or the enke-
phalinase inhibitors. Further development could take advantage
of the probe dependence of mu-PAMs (4, 70) to tailor activity
toward particular opioid peptides and away from traditional opioid
drugs and to the stimulation of specific signaling pathways. In par-
ticular, there is evidence from studies using f-arrestin 2 knockout
mice that morphine side effects, including respiratory depression, may
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be mediated downstream of p-arrestin rather than G protein
(71). Recent studies have not successfully repeated these ex-
periments (72), although compounds with bias for G protein
pathways, especially when there is a considerable separation,
show reduced respiratory depression and constipation in pre-
clinical models (73, 74). The fact that BMS-986122 affords a shift
toward G protein activation in the signaling profile of Met-Enk,
albeit modest, raises the possibility that this may play a role in
the observed mu-PAM profile. Enhancement of this aspect of
BMS-986122 in newer analogs could contribute to understanding
the physiological consequences of bias, especially as it relates to
endogenous opioid ligands (15). Moreover, now that MOR sig-
naling from intracellular organelles has been established, an
added advantage of mu-PAMs is that they will maintain the
spatiotemporal intracellular signaling pattern of opioid peptides
rather than the different signaling pattern seen with small mol-
ecule opioids (75). Taken together, the results support a ratio-
nale for additional investigation and further safety evaluation of
mu-PAMs—in particular, unwanted side effects and studies in
combination with opioid drugs—for the management of pain as
efficacious replacements for the current clinically used, and
abused, opioid analgesics.

Materials and Methods

Animals. Behavioral experiments, [*>S]GTPyS binding assays and pharmaco-
kinetic experiments were conducted using equal numbers of male and fe-
male C57BL/6 (wild-type and mu-opioid knockout) and 12951/SvimJ mice
between 8 and 16 wk of age, bred in house or purchased from Envigo or
Jackson Laboratories respectively. Electrophysiology experiments were con-
ducted using adult male Sprague-Dawley rats purchased from Envigo. All
animals were group-housed by sex on a 12 h light/dark cycle (lights on
0700 hours). All testing was performed during the light phase. Mice and rats
had free access to food and water while in their home cage. Experiments
were performed in accordance with the Guide for the Care and Use of
Laboratory Animals (76) and were approved by the Institutional Animal Care
and Use Committees of the University of Michigan, University of Florida, and
Oregon Health and Science University.

Drugs and Chemicals. Details and sources of drugs and chemicals are provided
in SI Appendix, Materials and Methods. For behavioral experiments, drugs
were dissolved as follows: BMS-986122 and methadone (when administered
i.c.v.) were dissolved in 1% dimethyl sulfoxide, 1% alkamuls, and 98% sterile
H,0O; RB-101 was dissolved in 20% (2-hydroxypropyl)-g-cyclodextrin; metha-
done, morphine sulfate, and naloxone were dissolved in sterile saline (0.9%
Nadl); and p-FNA was dissolved in sterile H,O. For administration by the i.p.
route, BMS-986122 was dissolved in 60% sterile H,0, 20% ethanol, and 20%
ethoxylated castor oil. Methadone, morphine, and naloxone were dissolved
in saline.

In Vitro Assays. Additional details are provided in S/ Appendix, Materials
and Methods.

[P°SIGTPyS binding assay. Assays were performed in membrane homogenates
from CHO cells expressing hMOR (kindly provided by Dr. L. Toll, Department
of Biomedical Science, Florida Atlantic University, Boca Raton, FL) from mouse
brain (minus olfactory bulb and cerebellum) or from 1 mm sections of
midbrain containing the PAG. Homogenates were prepared in ice cold 50 mM
Tris base, pH 7.4, as previously described (77).

p-arrestin 2 recruitment. p-arrestin 2 recruitment was determined using the
commercially available kit PathHunter Detection kit and CHO-hMOR
B-Arrestin cells from DiscoverX (https://www.discoverx.com/home).

Brain slice electrophysiological recordings. Coronal slices (220 pm) of brains from
male Sprague-Dawley rats (postnatal day >30), containing ventrolateral
PAG, were cut and maintained at 32 °C in physiological saline equilibrated
with 95% O, and 5% CO, for electrophysiological recording, as previously
described (78). Spontaneous mIPSCs were obtained in the presence of te-
trodotoxin (500 nM) and (2,3-dioxo-6-nitro-7-sulfamoyl-benzo[f]quinoxaline
[NBQX, 5 pM]), filtered at 2 kHz and sampled at 5 kHz.

Behavioral Assays. Additional details are provided in S/ Appendix, Materials
and Methods.

Animal numbers per group for behavioral tests are indicated in the figure
legends. All behavioral assays included controls (vehicle) run at the same time.
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The i.c.v. injections were not blinded, but these assays were performed by
four different individuals trained to observe the same endpoint. All be-
havioral assays involving the peripheral (i.p.) administration of BMS-986122
were performed blinded to the drug, vehicle, or pretreatment condition.
Hot-plate test. This was used to measure supraspinally mediated anti-
nociception in C57BL/6 and 12951/SvimJ mice following i.p. or i.c.v. admin-
istration of compounds. A hot plate temperature of 52 °C was employed and
latency to lick or shake the forepaw(s) or hindpawf(s) or jump was measured.
A cutoff time of 60 s was used to prevent tissue damage (79).

Warm water tail withdrawal. Withdrawal of the mouse tail from 55 °C water
was used as a measure of spinally mediated nociception in C57BL/6 and
12951/SvimJ mice following i.p. or i.c.v. administration of compounds. A
cutoff time of 15 s was used to prevent tissue damage (78).

Swim stress—induced antinociception. This was measured after a 15 min swim
stress in 25 °C (13) water using the hot-plate test as described above.
Pain-depressed nesting. This was performed as described (38). Animals were
allowed to nest for 120 min, and the number of zones cleared was counted
every 15 min.

Inflammatory pain testing using CFA or carrageenan. Inflammatory pain was in-
duced via unilateral intraplantar administration of either 2.5% carrageenan
(20 pL) or CFA (5 pL). von Frey filaments were used to assess mechanical
allodynia in the inflamed paw using a modified up-down method (80).
Conditioned Place Preference (CPP). Mice were conditioned to one side of a two-
compartment chamber with morphine, BMS-986122, or vehicle. After 5 d of
conditioning, mice were allowed to roam freely for 30 min. CPP scores were
calculated as the difference between time spent on the drug-paired side on
test day compared with the time spent on the future drug-paired side on
day one.

Constipation. Mice were injected i.p. with morphine, BMS-986122, or vehicle
and immediately placed in individual cages with a mesh bottom. The num-
ber of fecal boli was counted for 2 h.

Respiratory depression. Respiration rates were measured using the respiratory
monitor component of the Comprehensive Lab Animal Monitoring System
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