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TABLE 1

Potencies and efficacies of CP55940 and LY2828360 in arrestin, internalization, cyclase, and pERK1/2 assays at mouse CB2

receptors

Duration of drug incubation is expressed in minutes. All assays were performed in triplicates except cAMP accumulation assays, which were
performed in duplicate. EC50, 95% confidence intervals (CI), and the maximal effect (Emax) (mean + S.E.M.) were obtained by plotting and

analyzing the data using GraphPad Prism 4.

CP55940 LY2828360
D E
Inwg‘;%ion EC50 95% CI Emax + SEM. EC50 95% CI (’g/:jx +S.EM.

Arrestin min nM 0.4-12.2 % +1.6 nM ND % *1.5

90 2.3 125 ND 97.9
internalization 90 7.4 1.1-19.3 49.1 +1.2 30.7 1.4-626.5 19.1 +2.4
Cyclase 05 6.6 1.7-12.2 52.8 +3.6 ND ND 189 +5.8

30 — — — — 13.6 10.4-45.3 53.4 +1.9
pERK1/2 05 10.5 2.2-17.9 136.2 +4.1 ND ND 4.1 +25

20 1.5 0.1-3.7 20.3 +3.4 339 128.8-345.8 43.6 +2.3

ND, Not determined or cannot be determined.

however, neuropathic pain was prominent in paclitaxel-
treated mice receiving doses of LY2828360 lower than
0.3 mg/kg i.p. compared with control mice that received the
cremophor-vehicle in lieu of paclitaxel (P = 0.001 mechanical;
P = 0.044 cold).

To study the duration of antinociceptive action of
LY2828360, the maximally efficacious dose (3 mg/kg i.p.)
was administered to paclitaxel-treated mice and responsive-
ness to mechanical and cold stimulation was evaluated at 0.5,
2.5, 4.5, and 24 hours postinjection. LY2828360 produced
time-dependent suppressions of paclitaxel-evoked mechanical
(F1, 10 = 38.604 P = 0.0001; Fig. 4E) and cold (Fy, 10 = 4.993,
P < 0.05 cold; Fig. 4F) hypersensitivities and suppression of
allodynia was maintained for at least 4.5 hours postinjection
(P = 0.001 mechanical, P = 0.022 cold) relative to drug
preinjection levels (i.e., Pac). At 24 hours postinjection,

paclitaxel-induced mechanical allodynia had returned
(P = 1 mechanical; P = 0.125 cold) to drug preinjection levels
of hypersensitivity (Fig. 4, E and F). Residual suppression of
cold allodynia was absent by 72 hours after LY2828360
treatment (data not shown).

Previously Chronic Administration of LY2828360
Blocked the Development of Tolerance to the Anti-
allodynic Effects of Morphine in WT but Not in CB;KO
Mice. To study the effects of LY2828360 treatment on the
development of tolerance to morphine, pharmacologic manip-
ulations were used in two phases of treatment during the
maintenance of neuropathic pain (Fig. 5A). In WT mice, phase
1 treatment with LY2828360 (3 mg/kg per day i.p. x 12 days)
suppressed paclitaxel-induced mechanical (Fy 15 = 183.929,
P =0.0001; Fig. 5B) and cold (Fz 15 = 64.218, P = 0.0001; Fig.
5C) hypersensitivities relative to phase 1 vehicle treatments.

Fig. 3. LY282360 displays a delayed CB; receptor— and G
protein—dependent signaling profile in activating pERK1/2.
(A) In HEK cells stably expressing mouse CB2 receptors,
CP55940 (1 uM) increased phosphorylated ERK1/2 at 5-,
10-, 30-, and 40-minute time points, whereas LY2828360
(1 M) had no effect at 5- and 10-minute time points but
increased ERK1/2 phosphorylation at 20, 30, and 40 min-
utes. (B) PTX treatment abolished the 20-minute phosphor-
ylation of ERK1/2 by 1.Y2828360 (1 uM) and abolished the
CP55940-mediated phosphorylation of ERK1/2 at the
5-minute time point, but it was retained at the 40-minute
time point after PTX treatment. (C) CP55940 concentration
dependently increased ERK1/2 phosphorylation at 5 min-
utes, whereas 1.Y2828360 failed to affect pERK1/2 levels at
this time point. (D) Conversely, after 20 minutes of treat-
ment, CP55940 decreased ERK1/2 phosphorylation,
whereas 1LY2828360 increased ERK1/2 phosphorylation,
in a concentration- dependent manner. Both effects were
blocked by the CB2 receptor antagonist SR144528 (1 uM)
(SR2). All pERK1/2 assays were performed in triplicate. All
the experimental data were plotted and analyzed using
GraphPad Prism 4.
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Potencies and efficacies of CP55940 and LY2828360 in internalization, cyclase, and pERK1/2 assays at

human CB2 receptors

Duration of drug incubation is expressed in minutes. cAMP accumulation assays were performed in duplicate. All other
assays were performed in triplicate. EC50, 95% confidence intervals (CI), and the maximal effect (Emax, mean + S.E.M.)
were obtained by plotting and analyzing the data using GraphPad Prism 4.

CP55940 1.Y2828360
Drug Incubation EC50 95% CI Emax = S.EM. EC50 95% CI Emax =*=S.E.M.

Internalization min nM 0.3-156 % +4.6 nM ND % *7.1

90 3 33.9 ND 10.2
Cyclase 05 12.3 2.9-18.3 59.6 +8.3 ND ND ND ND

35 — — — — 16.7 4.6-59.6 42.8 +2.7
pERK1/2 05 3.77 0.4-12.7 95.7 +9.1 ND ND 22.1 *+5.8

30 23.3 10.1-53.9 494 *+1.6 33.5 9.1-107.1 323 *1.9

ND, Not determined or cannot be determined.

LY2828360 markedly suppressed paclitaxel-induced mechan-
ical and cold allodynia throughout the observation interval
(P = 0.0001 mechanical; P = 0.016 cold; Fig. 5, B and C).
Mechanical and cold hypersensitivities were largely normal-
ized by LY2828360 (3 mg/kg i.p. x 12 days) with responses
returning to baseline (i.e., pre-paclitaxel) levels (P = 0.138
mechanical; P = 0.182 cold). The antiallodynic efficacy
of LY2828360 was stable throughout phase 1 treatment

-0 WT Cremophor (CR) - WT Paclitaxel (Pac)

(P = 0.310 mechanical, P = 0.314 cold) without the develop-
ment of tolerance (Fig. 5, B and C).

On day 15, 3 days after the completion of phase 1 treatment,
paclitaxel-induced mechanical and cold allodynia had
returned to levels comparable to those observed before the
initiation of phase 1 treatment (i.e., Pac; P = 0.379 mechanical,
P = 0.62 cold; Fig. 5, B and C). Mechanical and cold allodynia
were maintained in these mice relative to pre-paclitaxel levels
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Fig. 5. History of chronic LY2828360 treatment blocked the development of morphine tolerance in WT but not in CB2KO mice. (A) The testing scheme
used to evaluate the two phases of treatment during the maintenance of neuropathic pain. History of chronic LY2828360 (3 mg/kg per day i.p. x 12 daysin
phase 1) treatment suppressed paclitaxel-induced (B) mechanical (C) cold allodynia in WT mice. History of chronic LY2828360 (3 mg/kg per day i.p. x
12 days in phase 1) blocked the development of tolerance to the antiallodynic effects of morphine (10 mg/kg per day x 12 days in phase 2) in WT but not in
CB3KO mice for both mechanical (D) and cold (E) modalities. Data are expressed as mean = S.E.M. (n = 6/group). *P < 0.05 versus Veh (1)-Veh (2), one-
way analysis of variance at each time point, followed by Bonferroni’s post hoc test. #P < 0.05 vs. baseline before paclitaxel, repeated measures analysis of

variance.

(i.e., baseline; P < 0.005 mechanical, P < 0.006 cold). In
paclitaxel-treated WT mice, chronic morphine treatment dur-
ing phase 2 of mice previously receiving vehicle during phase
1 [WT/Pac: Veh (vehicle) (1)-Mor (morphine) (2)] only sup-
pressed paclitaxel-induced mechanical and cold allodynia on
day 16 (P = 0.0001 mechanical, P = 0.0001 cold) and then failed
to suppress paclitaxel-induced mechanical (P = 1) and cold (P =
1) allodynia on subsequent test days (i.e., days 19, 23, and 27)
relative to vehicle-treated mice [WT/Pac: Veh (1)-Veh (2); Fig. 5,
B and C]. Thus, morphine tolerance rapidly developed to the
antiallodynic effects of phase 2 morphine in paclitaxel-treated
mice receiving vehicle in phase 1.

By contrast, in WT mice receiving LLY2828360 during phase 1,
phase 2 morphine [WT/Pac: LY (1)-Mor (2); 10 mg/kgi.p. x 12 days]
sustainably suppressed paclitaxel-induced mechanical (Fg 15 =
91.428, P = 0.0001) (Fig. 5B) and cold (Fy, 15 = 40.979, P =
0.0001; Fig. 5C) hypersensitivities relative to mice pretreated

with vehicle in phase 1 [WT/Pac: Veh (1)-Mor (2); P = 0.0001]
(Fig. 5, B and C). This suppression was present and stable
throughout phase 2 for both mechanical (P < 0.05) and cold
(P < 0.009) modalities compared with drug preinjection levels
in phase 2 (i.e., day 15). Morphine-induced antiallodynic
efficacy was stably maintained throughout the observation
interval after LY2828360 pretreatment for each stimulus
modality (P = 0.222 mechanical, P = 0.535 cold). Thus, a
previous history of chronic treatment with LY2828360 pre-
vented the development of morphine tolerance in paclitaxel-
treated WT mice for both stimulus modalities.

In paclitaxel-treated CB;KO mice, phase 1 LY2828360
(3 mg/kg per day i.p. x 12 days) treatment failed to suppress
mechanical (P > 0.05) or cold (P > 0.05) allodynia relative to
vehicle treatment on any day (Fig. 5, D and E). In these same
CB3KO mice, subsequent phase 2 morphine treatment
[CB3KO/Pac: LY (1) - Mor (2)] suppressed only mechanical
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(P = 0.0001) and cold (P = 0.0001) allodynia on the initial day
of morphine dosing (i.e., day 16) relative to vehicle treatment
[CB2KO/Pac: Veh (1)-Veh (2)]. Paclitaxel-induced allodynia
was fully reinstated at subsequent time points (i.e., on days
19, 23, and 27; P = 1 mechanical, P = 0.269 cold). The
antiallodynic efficacy of initial morphine administration (i.e.,
on day 16) was similar in WT mice and CBoKO mice (P = 0.203
mechanical; P = 1 cold). Phase 2 morphine administration
continued to suppress paclitaxel-induced allodynia (P = 0.0001
mechanical; P = 0.0001 cold) in WT mice previously receiving
L.Y2828360 [WT/Pac: LY (1)-Mor (2)] but not in the CB,KO mice
at subsequent time points (i.e., days 19, 23, and 27), suggesting
that pretreatment with 1.Y2828360 did not block the develop-
ment of morphine tolerance in CB,KO mice.

Chronic LY2828360 Treatment Suppresses Paclitaxel-
Induced Mechanical and Cold Allodynia in WT Mice but
Not in CB;KO Mice Previously Rendered Tolerant to
Morphine. To evaluate whether LY2828360 has antiallo-
dynic efficacy in morphine-tolerant mice, we first dosed
paclitaxel-treated WT and CB3;KO mice chronically with
morphine during phase 1 (10 mg/kg per day i.p. x 12 days)
and continued with chronic LY2828360 administration (3 mg/
kg per day i.p. x 12 days) (Fig. 6A) in phase 2. In phase 1,
morphine administration suppressed paclitaxel-induced me-
chanical (Fy, 10 = 83.817 P = 0.0001) and cold (F1, 10 =
99.443, P = 0.0001) allodynia relative to vehicle treatment.
On day 1, morphine fully reversed paclitaxel-induced allo-
dynia and normalized responses to pre-paclitaxel levels (i.e.,
baseline; P = 0.062 mechanical; P = 1.0 cold) but not on
subsequent test days (i.e., day 4, 8, 12; Fig. 6, B and C).
Antiallodynic efficacy of morphine was decreased on
subsequent test days relative to pre-paclitaxel levels of
responsiveness (P = 0.005 mechanical; P = 0.0001 cold).
Thus, tolerance developed to the antiallodynic effects of
morphine (i.e., on day 4, 8 and 12) (Fig. 6, B and C).

To evaluate whether LY2828360 produces antiallodynic
effects in mice previously rendered tolerant to morphine,
LY2828360 (3 mg/kg per day i.p. x 12 days) was administered
during phase 2 to paclitaxel-treated mice that previously
receiving morphine during phase 1. Phase 2 LY2828360
(3 mg/kg per day i.p. x 12 days) treatment fully reversed
paclitaxel-induced allodynia and normalized responsiveness
to pre-paclitaxel baseline levels in WT mice that previously
developed morphine tolerance in phase 1 (P = 0.112 mechan-
ical; P = 0.103 cold; Fig. 6, B and C). Thus, prior morphine
tolerance does not attenuate LY2828360-induced antiallo-
dynic efficacy in phase 2 in WT mice. Antiallodynic efficacy
of LY2828360 was also stable throughout the chronic dosing
period (P = 1.0 mechanical; P = 1.0 cold), suggesting that
tolerance did not develop to phase 2 LY2828360 treatment in
WT mice (Fig. 6, B and C).

To further evaluate the mechanism of action underlying the
antiallodynic efficacy of LY2828360, we compared the efficacy
of phase 2 LLY2828360 treatment in CB,KO and WT mice that
were rendered tolerant to morphine during phase 1. Acute
morphine increased paw withdrawal thresholds and reduced
cold response times in paclitaxel-treated CBoKO mice relative
to the vehicle treatment on day 1 of phase 1 dosing (P = 0.0001
mechanical; P = 0.0001 cold) (Fig. 6, D and E). The anti-
allodynic effects of phase 1 morphine were attenuated on
day 4 (P = 0.058 mechanical; P = 0.992 cold) and morphine
antiallodynic efficacy was completely absent on day 8 and day
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12 of chronic dosing (P = 1.0 mechanical; P = 1.0 cold; Fig. 6, D
and E). Chronic administration of 1.Y2828360 in phase
2 (3 mg/kg per day, i.p. x 12 days) did not alter responsiveness
to mechanical or cold stimulation in paclitaxel-treated CBoKO
mice relative to the vehicle treatment at any time point (P =
0.252 mechanical; P = 0.299 cold) (Fig. 6, D and E). Thus,
chronic administration of LY2828360 produced antiallodynic
efficacy in paclitaxel-treated WT mice but not CB;KO with the
same histories of morphine treatment (P = 0.0001 mechanical,
P = 0.0001 cold).

Chronic Coadministration of Low-Dose LY2828360
with Morphine Blocked Morphine Tolerance in WT but
Not in CB; KO Mice. In WT mice, coadministration of a
submaximal dose of L.Y2828360 (0.1 mg/kg per day i.p. X
12 days) with morphine (10 mg/kg per day x 12 days) sup-
pressed paclitaxel-induced mechanical (F3 g9 = 111.039 P =
0.0001) (Fig. 7A) and cold (F'3 990 = 56.823 P = 0.0001; Fig. 7B)
hypersensitivities relative to vehicle treatment (P = 0.0001).
Coadministration of the CBs agonist with morphine fully
reversed paclitaxel-induced mechanical allodynia and nor-
malized responses to pre-paclitaxel baseline levels through-
out the observation period (P = 0.078). Coadministration of
the CB; agonist with morphine also normalized cold respon-
siveness on days 1 and 4 (P = 0.156) of chronic dosing to
pre-paclitaxel baseline levels. By contrast, in CB;KO mice,
sustained antiallodynic efficacy was absent in paclitaxel-treated
mice receiving LY2828360 coadministered with morphine; the
combination treatment reversed only paclitaxel-induced me-
chanical (P = 0.0001) and cold (P = 0.0001) allodynia relative to
vehicle on day 1 (Fig. 7, A and B). Antiallodynic efficacy of
morphine coadministered with LY2828360 was greater in WT
mice relative to CBoKO mice on subsequent days of chronic
dosing (i.e.,days 4, 8, and 12; P = 0.0001 mechanical; P = 0.0001
cold) (Fig. 7, A and B). In paclitaxel-treated WT mice, the
combination of morphine with 1L.Y2828360 produced a stable,
sustained antiallodynic efficacy throughout the dosing period
(P = 0.344 mechanical; P = 0.995 cold), demonstrating that
morphine tolerance failed to develop in the coadministration
condition (Fig. 7, A and B).

Naloxone-Precipitated Withdrawal is Attenuated in
Morphine Tolerant WT but Not CB;KO Mice with a
History of LY2828360 Treatment. In paclitaxel-treated
WT mice, naloxone challenge produced characteristic jumping
behavior that differed between groups (F3 92 = 5.657, P =
0.005) (Fig. 8A). Post hoc comparisons revealed that
paclitaxel-treated WT mice that received morphine during
phase 2 but vehicle during phase 1 [i.e., WT/Pac: Veh (1)-Mor
(2) group] exhibited a greater number of jumps relative to
paclitaxel-treated WT mice that received vehicle during both
phases [WT/Pac: Veh (1)-Veh (2); P = 0.007]. The number of
naloxone-precipitated jumps did not differ between groups
that received phase 1 LY2828360 followed by phase 2 mor-
phine treatment [WT/Pac: LY (1)-Mor (2)] and those that
received phase 1 vehicle followed by phase 2 vehicle treat-
ment [WT/Pac: Veh (1)-Veh (2); P = 0.3]. Also, the number of
jumps did not differ between phase 2 morphine-treated
mice that received either LY2828360 or vehicle during
phase 1 [WT/Pac: Veh (1)-Mor (2) vs. WT/Pac: LY (1)-Mor (2),
P = 0.831]. Naloxone challenge did not precipitate withdrawal
in paclitaxel-treated WT mice receiving morphine in phase
1 [WT/Pac: Mor (1)-LY (2) vs. WT/Pac: Veh (1)-Veh (2) P = 1]
(Fig. 8A).
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Fig. 6. Chronic LY2828360 treatment showed sustained antiallodynic efficacy in morphine-tolerant WT mice but not in CB2KO mice. (A) Testing scheme
used to evaluate the two phases of treatment during the maintenance of neuropathic pain. Chronic LY2828360 (3 mg/kg per dayi.p. x 12 days in phase 2)
treatment suppressed paclitaxel-induced mechanical (B and D) and cold (C and E) allodynia in WT mice but not in CBoKO mice previously rendered
tolerant to morphine (10 mg/kg per day i.p. x 12 days in phase 1). Data are expressed as mean = S.E.M. (n = 6/group). Veh (1)-Veh (2) group is replotted
from Fig. 5. *P < 0.05 vs. Veh (1)-Veh (2), one-way analysis of variance at each time point, followed by Bonferroni’s post hoc test. *P < 0.05 vs. baseline

before paclitaxel, repeated measures analysis of variance.

Similarly, naloxone challenge altered the number of jumps
in paclitaxel-treated CB3KO mice (F5 2; = 5.696 P = 0.005;
Fig. 8B). In paclitaxel-treated CB,KO mice, naloxone injection
precipitated jumping in mice receiving phase 1 vehicle fol-
lowed by phase 2 morphine treatment versus mice receiving
vehicle during both phases of chronic dosing [CB,KO/Pac: Veh
(1)-Veh (2) vs. CB3KO/Pac: Veh (1)-Mor (2), P = 0.044]. The
number of jumps trended higher in paclitaxel-treated CBoKO
mice receiving LY2828360 in phase 1 and morphine in phase
2 relative to CB3KO mice that received vehicle during both
phases [CB3KO/Pac: LY (1)-Mor (2) vs. CB2KO/Pac: veh
(1)-Veh (2) group; P = 0.057]. In paclitaxel-treated CBoKO
mice, the number of jumps did not differ between phase
2 morphine-treated mice that received either 1L.Y2828360
or vehicle during phase 1 [CByKO/Pac: LY (1)-Mor (2) vs.
CB3;KO/Pac: Veh (1)-Mor (2), P = 1]. A trend toward fewer
naloxone-precipitated jumps was observed in WT relative to
CB3KO mice (P = 0.064; Fig. 8C) that received the same

histories of phase 1 LY2828360 followed by phase 2 morphine
treatment. Similarly, coadministration of LY2828360 with
morphine also trended to produce a lower number of naloxone-
precipitated jumps in WT compared with CB;KO mice (P =
0.055; Fig. 8D). The observed power of the marginally significant
unpaired ¢ test comparing impact of LY2828360 on morphine-
dependent WT and CB2KO mice was 40%. A sample size of
20/group would be required to detect a statistically signifi-
cant impact of LY2828360 on WT and CB,KO animals based
on the observed S.D., sample size and magnitude difference
observed between means.

Body weight change from baseline (i.e., postvehicle) differed
as a function of time after naloxone challenge (F; 45 = 144.18,
P = 0.0001) but did not differ between groups, and the
interaction between time and group was not significant. A
trend toward group differences in post-naloxone body weight
was observed at 2 hours (Fg 45 = 2.033, P = 0.062) but not at
0.5 hour (Fg, 45 = 1.460, P = 0.197) postinjection (Fig. 8E).
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Here we show that the CB, agonist 1.LY2828360 is a slowly
acting but efficacious G protein—biased CB, agonist that
inhibits cAMP accumulation and activates ERK1/2 signaling
in vitro. In vivo, chronic systemic administration of the CB,
agonist LY2828360 suppressed chemotherapy-induced neuro-
pathic pain without producing tolerance. The observed anti-
allodynic efficacy was absent in CBoKO mice, demonstrating
mediation by CB, receptors. Sustained efficacy of LY2828360
was observed in mice with a history of morphine tolerance.
Moreover, both chronic LY2828360 dosing completed before
morphine dosing and coadministration of LY2828360 with
morphine strongly attenuated development of tolerance of
morphine. 1Y2828360 also trended to decrease naloxone
precipitated withdrawal signs in WT but not in CB3KO mice.

LY2828360 also displays an intriguing, yet interesting,
signaling profile at mouse and human CB; receptors. Our
results suggest that LY2828360 is a slowly acting CBs-
receptor agonist strongly biased toward G;,,G protein signal-
ing with little effect on arrestin or G, signaling, which
contrasts strongly with the balanced agonist CP55940, which
rapidly inhibited cAMP accumulation and increased pERK1/2.
This ability of a ligand to selectively activate a subset of
signaling pathways is termed biased agonism or functional
selectivity (Kenakin, 2011) and has emerged as an important
pharmacologic concept. For example, a “biased” agonist may
activate a pathway that is therapeutically more relevant and
shun pathways that lead to untoward effects. More recently,
“kinetic bias” has emerged as another important pharmacologic
concept that emphasizes the time scale of the activation of a
particular pathway (Klein Herenbrink et al., 2016). It remains
to be determined whether the marked kinetic and G-protein
bias of LY2828360 explains either its remarkable opioid
sparing property or its failure in clinical trials for osteoarthritis
pain (Pereira et al., 2013).

Tolerance limits therapeutic utility of an analgesic (Rosenblum
et al., 2008). In the present study, the antiallodynic efficacy of
LY2828360 was fully maintained in neuropathic mice that
received once daily administration of the maximally effec-
tive dose of LY2828360 over 12 consecutive days. Antiallo-
dynic efficacy of L.Y2828360 (3 mg/kg i.p.) lasted more than
4.5 hours after acute administration. Responsiveness to
mechanical and cold stimulation returned to baseline after
1 and 3 days, respectively. Our data are consistent with our
previous studies showing that CB2 agonist AM1710 sup-
presses paclitaxel-induced neuropathic pain without pro-
ducing tolerance or physical dependence after either 8 days

infusion over 4 weeks (Rahn et al., 2014).

A striking novel observation of our study was that prior
chronic treatment with LY2828360 for 12 days prevented
subsequent development of tolerance to the antiallodynic
effect of morphine. By contrast, tolerance to morphine de-
veloped in CB3KO mice identically treated with chronic
1.Y2828360 in phase 1 followed by chronic morphine treat-
ment in phase 2. Moreover, in paclitaxel-treated WT mice,
coadministration of morphine with a low dose of LY2828360
was fully efficacious in alleviating neuropathic pain and
blocking the development of morphine tolerance. These
observations suggest that analgesic efficacy and, potentially,
the therapeutic ratio of morphine could be improved by
adjunctive treatment that combines an opioid with a CB,
agonist to treat neuropathic pain while simultaneously limit-
ing the development of tolerance, dependence, and potentially
other adverse side effects of the opioid analgesic. Our results
are in line with a recent study suggesting that coadministra-
tion of a low dose of the CBy receptor agonist AM1241
combined with morphine reduced the morphine tolerance in
Walker 256 tumor-bearing rats (Zhang et al., 2016), although
mediation by CBy receptors was not assessed. AM1241 pro-
duced a modest enhancement of opioid-mediated antinocicep-
tion in the hotplate test and in a test of mechanical sensitivity
in tumor-bearing rats (Zhang et al., 2016); however, tolerance
developed to the antiallodynic effects of the combination
treatment assessed with mechanical but not thermal (hot
plate) stimulation, suggesting that therapeutic benefit of
the adjunctive treatment may be ligand- and/or modality-
dependent. Coadministration of CB2 agonist JWH133 also
exhibited opioid-sparing effects in the formalin model of
inflammatory pain (Yuill et al., 2017). The mechanism un-
derlying these therapeutically advantageous properties re-
mains incompletely understood. In tumor-bearing mice,
AM1241 upregulated u-opioid receptor expression in the
spinal cord and dorsal root ganglia (DRG) (Zhang et al.,
2016). Another study suggested CB, agonist upregulated
u-opioid receptor expression levels, whereas the CBy antago-
nist inhibited p-opioid receptor expression level in Jurkat
T cells (Bérner et al., 2006) and in mouse brainstem (Paldy
et al., 2008). Mitogen-activated protein kinase (MAPK) acti-
vation and glial proinflammatory mediator release have also
been linked to morphine tolerance (Raghavendra et al., 2002;
Mika et al., 2007). CB, agonists could alleviate morphine
tolerance by an interaction between microglial opioid and CBo
receptors and/or by reduction of glial and MAPK activation
(Badala et al., 2008; Tumati et al., 2012). CB, activation is
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correlated with increasing anti-inflammatory gene expression
in the dorsal horn and reductions in mechanical and thermal
hypersensitivities. Coadministration of morphine with the
CB;, agonist JWHO015 synergistically inhibited preclinical
inflammatory, postoperative, and neuropathic pain in a dose-
and time-dependent manner (Grenald et al., 2017). The
observed synergism may involve activation of CBs receptors on
immune cells and subsequent inhibition of the inflammatory

process coupled with morphine’s well characterized ability to
inhibit nociceptive signaling (Grenald et al., 2017). In kerati-
nocytes in peripheral paw tissue, AM1241 stimulated the
release of the endogenous opioid B-endorphin, which acted at
local neuronal MORs to inhibit nociception through a
naloxone-dependent mechanism (Ibrahim et al., 2005); how-
ever, naloxone sensitivity is not a class effect of CB, agonists
and cannot account for AM1241 antinociception (Rahn et al.,
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2008) but may depend upon levels of endogenous analgesic
tone.

Some effects of cannabinoid receptor agonists and antago-
nists on morphine antinociceptive tolerance remain contro-
versial. Coadministration of the CBy receptor agonist JWH-015
with morphine increased morphine analgesia and morphine
antinociceptive tolerance (Altun et al., 2015). By contrast, the
CB; receptor antagonist JTE907 decreased morphine analgesia
and attenuated morphine antinociceptive tolerance in rats
using tail-flick and hot-plate tests of antinociception (Altun
et al., 2015). Differences in experimental paradigms, biased
signaling of the CBy agonist used, or the presence or absence of
a pathologic pain state could account for these disparities.

An emerging challenge for pain management is how to treat
pain in the morphine-tolerant individual. Dose escalation is
typically used in early unimodal treatment (de Leon-Casasola
et al., 1993), which may enhance potential for abuse (Rosenblum
et al., 2008). The combination of two or more analgesic agents
with different mechanisms was proposed as an analgesic
strategy (Raffa et al., 2010). Our study has important implica-
tions for the clinical management of neuropathic pain because
chronic 1.LY2828360 treatment showed sustained antiallodynic
efficacy in neuropathic mice previously rendered tolerant to
morphine. This observation is unlikely to be due to pharma-
cokinetic factors because morphine dosing ceased for 4 days
in our study before introduction of phase 2 LY2828360
chronic treatment.

Physical dependence is another major side effect of opioid
treatment, which can lead to a withdrawal syndrome when the
user stops taking the drug; however, most studies of opioid
dependence have used naive animals rather than animals
subjected to a neuropathic pain state (Lynch et al., 2010). The
opioid receptor antagonist naloxone precipitates a spectrum of
autonomic and somatic withdrawal signs in morphine-
dependent animals (Morgan and Christie, 2011). In the pre-
sent study, in paclitaxel-treated WT mice, chronic phase
1 pretreatment with LY2828360 produced a trend toward
reducing naloxone-precipitated withdrawal jumps without
reducing pain relief in the same animals where LY2828360
blocked development of morphine tolerance. This trend was
absent in CB,KO mice receiving identical treatments. In fact,
our studies raise the possibility that CB, receptor signaling
may attenuate opioid antagonist-precipitated withdrawal
because CBKO mice trended to show higher levels of
naloxone-precipitated jumping compared with WT mice when
pretreated with CB5 agonist. Moreover, coadministration of
low-dose LY2828360 with morphine mimicked these effects
and trended to decrease naloxone-precipitated withdrawal
jumping in paclitaxel-treated WT mice compared with CBo,KO
mice (P = 0.055). Thus, LY2828360 may be efficacious in
decreasing morphine withdrawal symptoms. Variability in
withdrawal jumps and inadequate statistical power could
account for the failure to observe more robust statistical
differences in jumps between groups; the primary endpoints
evaluated here were mechanical and cold responsiveness, not
naloxone-induced jumping. Observations from both these
studies are, nonetheless, broadly consistent with the hypoth-
esis that CB, receptor activation may attenuate signs of opioid
withdrawal. Stimulation of microglial CB, receptors by the
CB; agonist suppressed microglial activation (Ehrhart et al.,
2005), which has been linked to morphine withdrawal behav-
iors. Thus, depletion of spinal lumbar microglia decreased
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withdrawal behaviors and attenuated the severity of with-
drawal without affecting morphine antinociception (Burma
NE, et al., 2017). The mechanism underlying these observa-
tions remains to be explored.

In summary, our observations suggest that CB, agonists
may be useful as a first-line treatment of suppressing
chemotherapy-induced neuropathic pain. Our results suggest
that CB, agonists may be useful for suppressing neuropathic
pain with sustained efficacy in opioid-recalcitrant pain states
without the development of tolerance or dependence.
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