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Abstract
Introduction: Overdose fatalities associated with the opioid epidemic are predictably attributable to druginduced respiratory depression. In terms of illicit opioid abuse, fentanyl is the synthetic opioid responsible for
the largest number of overdose deaths. There is, therefore, an urgent need to identify safe and effective therapeutics that can attenuate fentanyl-induced respiratory depression. Identiﬁcation of effective alternate analgesic
strategies that lessen the respiratory depression associated with narcotics would also help improve current strategies for pain management. Our laboratory recently reported that the G protein-biased CB2 cannabinoid receptor agonist LY2828360 suppressed chemotherapy-induced neuropathic nociception and attenuated both
morphine tolerance and physical dependence in paclitaxel-treated mice. However, the impact of LY2828360
on other undesirable side effects of opioids, such as opioid-induced respiratory depression, remains unknown.
Materials and Methods: We used whole-body plethysmography to assess the impact of the CB2 cannabinoid
agonist LY2828360 on fentanyl-induced respiratory depression using wild-type (WT) and CB2 knockout
(CB2KO) mice.
Results: Fentanyl reduced minute ventilation and respiratory frequency without altering tidal volume in both WT
and CB2KO mice. In WT mice, the high dose of fentanyl (0.2 mg/kg intraperitoneal [i.p.]) produced a greater suppression of respiratory parameters compared with the low dose of fentanyl (0.1 mg/kg i.p.). Coadministration of a
behaviorally active dose of LY2828360 (3 mg/kg i.p.) with fentanyl (0.2 mg/kg i.p.) attenuated fentanyl-induced
respiratory depression in WT mice. Notably, LY2828360 (3 mg/kg i.p.) did not attenuate fentanyl-induced respiratory depression in CB2KO mice, consistent with mediation by CB2 receptors. Moreover, LY2828360 (3 mg/kg i.p.)
alone lacked intrinsic effects on respiratory parameters in either WT or CB2KO mice.
Conclusion: The combination of a CB2 agonist with fentanyl may represent a safer adjunctive therapeutic strategy compared with a narcotic analgesic alone by attenuating the development of opioid-induced respiratory
depression. Moreover, the CB2 agonist, administered alone, did not alter respiration. Our ﬁndings suggest that
the CB2 cannabinoid agonist LY2828360 may provide CB2-mediated protection against fentanyl-induced respiratory depression, a detrimental and unwanted side effect of opioid use and abuse.
Keywords: CB2 receptor; endocannabinoid; fentanyl; opioid overdose; respiratory depression

Introduction
Opioid-related overdose deaths have been driven
primarily by the synthetic opioid fentanyl and its analogs.1,2 Fentanyl, originally developed as a rapidly acting
analgesic, is much more potent than natural opioids
such as morphine.3 Accidental contamination or intentional mixing of street drugs with fentanyl also creates
an opioid mix of unpredictable and variable potency

and increases fatal overdose risk.4,5 Fentanyl readily
enters the central nervous system where it decreases respiratory drive and increases mechanical resistance
to breathing (by decreasing thoracic compliance), potentially inducing fatality within minutes of administration.6–8 Naloxone, a nonselective and competitive
opioid receptor antagonist, is the only pharmacological
treatment available to reverse such overdoses. However,
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due to the high potency of fentanyl and its longer duration of action, multiple naloxone doses are often required
to provide sustained overdose reversal, increasing the
risk of unsuccessful treatment and death.9,10 Reports of
unsuccessful attempts to revive patients with naloxone
persist despite administration of multiple or escalating
doses due to the short window between drug intake
and overdose.9,11–14 Thus, identiﬁcation of safe and effective alternative/supplementary therapeutic strategies to
attenuate opioid-induced respiratory depression remains
an unmet clinical need.
The endocannabinoid system consists of CB1 and
CB2 cannabinoid receptors, their endogenous lipid signaling molecules (endocannabinoids), and enzymes
that control their synthesis and degradation.15,16 This
neuromodulatory system can mitigate unwanted side
effects of opioids.17 Endocannabinoids depress respiration in a CB1-mediated manner.18,19 Furthermore, selective CB1 agonists induce respiratory depression in
a manner blocked by CB1 antagonists.20–23 By contrast,
the CB2 receptor has been postulated as a potential
therapeutic target to overcome the side effects of direct
acting CB1 agonists or opioids. CB2 receptors are predominantly expressed in cells within the immune system24–27 and are upregulated in response to injury or
inﬂammation.28–30 Functional CB2 receptors are also
present in neuroanatomical regions controlling respiration, including the brainstem and are activated by elevated levels of endocannabinoids.27,31,32 Furthermore,
low levels of CB2 receptors are also reported in respiratory tissues such as the lungs.24,33,34 Although CB2
mechanisms help maintain opioid-induced analgesic
efﬁcacy through synergistic interactions with l-opioid
receptors,35–38 their effects on opioid-induced respiratory depression, remain unexplored.
Our laboratories recently reported that the G proteinbiased cannabinoid CB2 receptor agonist LY2828360 attenuated morphine tolerance and physical dependence
while also attenuating neuropathic nociception in a paclitaxel model of chemotherapy-induced neuropathy.35
This LY2828360-induced attenuation of morphine tolerance was absent in paclitaxel-treated CB2 knockout
(CB2KO) mice, consistent with CB2-receptor mediation.35 Moreover, morphine-dependent CB2KO mice
treated with paclitaxel showed higher levels of naloxoneprecipitated opioid withdrawal compared with their
wild-type (WT) counterparts.35 LY2828360 was previously evaluated in a phase-2 clinical trial for osteoarthritic pain where it failed for lack of efﬁcacy but was
otherwise safe in humans (www.clinicaltrials.gov iden-
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tiﬁer: NCT01319929).39 These observations raise the
possibility that CB2 activation by LY2828360 may safely
restore homeostasis and counter the impact of aberrant
challenges such as opioid-induced side effects.
In this study, we used whole-body plethysmography
to examine the impact of the CB2 agonist LY2828360
on respiratory depression induced by the synthetic opioid fentanyl. We characterized the impact of acute fentanyl administration on distinct respiratory parameters
(i.e., minute ventilation, respiratory frequency, and
tidal volume) in otherwise naive mice. We also assessed
the impact of LY2828360 treatment on fentanyl-induced
changes in respiratory parameters using both WT and
CB2KO mice, to conﬁrm CB2-receptor mediation.
Materials and Methods
Animals
Sixty adult male mice weighing 30–40 g and *3–4
months old were used in these studies. Thirty adult male
C57BL/6J WT mice were purchased from Jackson Laboratories (Bar Harbor, ME). Thirty adult male CB2KO mice
(B6.129P2-CNR2 [tm1Dgen/J]) were bred at Indiana
University for > 20 generations onto a C57BL/6J background. Mice were group housed in a 12:12 h light/dark
cycle, temperature and humidity-controlled facility with
ad libitum food and water. All experimental procedures
were approved by the Bloomington Institutional Animal
Care and Use Committee of Indiana University (IACUC
Protocol 19-037).
Drugs and chemicals
LY2828360 [8-(2-chlorophenyl)-2-methyl-6-(4methylpiperazin-1-yl)-9-(tetrahydro-2H-pyran-4-yl)9Hpurine] was synthesized and obtained from Sai
Biotech (Mumbai, India). Fentanyl citrate was purchased
from Sigma Aldrich (St. Louis, MO). All compounds
were dissolved in a vehicle containing 3% dimethyl sulfoxide (Sigma Aldrich, St. Louis, MO) with the remaining
97% consisting of emulphor (Alkamuls EL-620; Solvay,
Princeton, NJ), 95% ethanol, and 0.9% saline in a 1:1:18
ratio, respectively, and administered through intraperitoneal (i.p.) injection in a ﬁnal volume of 10 mL/kg.
Assessment of respiratory parameters
A whole-body plethysmography apparatus (DSI, St. Paul,
MN) was used to assess respiratory parameters in freely
moving mice. Mice ﬁrst received room air for 2 days
before testing to allow for chamber habituation (30 min
each day). On the subsequent day, mice were additionally
handled to reduce potential experimental stress. Finally,
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on the test day, mice received air mixed with 10% CO2 to
induce an increase in minute ventilation without inducing stress, similar to previous studies.40 Mice were
recorded for 50 min to allow time for acclimation to
CO2 and the establishment of a stable baseline before
pharmacological manipulations. Mice were brieﬂy removed from the chambers, given a single i.p. injection,
and returned to the chamber for 30 min of postinjection
recording. Then, mice were immediately removed from
the plethysmography chambers to terminate the experiment. Three distinct respiratory parameters were
recorded for the entire 80 min observation interval: minute ventilation (i.e., volume of ventilation, mL/min), respiratory frequency (i.e., breaths per minute), and tidal
volume (i.e., volume of each breath, mL/kg). Parameters
were averaged into 5 min bins. In experiment 1, the impact of high- (0.2 mg/kg) and low-dose (0.1 mg/kg) fentanyl on respiratory parameters was assessed in WT
mice. The dose of fentanyl and duration of postinjection
monitoring was similar to previous studies of fentanylinduced respiratory depression.6,41 In experiment 2,
the impact of LY2828360 (3 mg/kg) alone, fentanyl
(0.2 mg/kg) alone, fentanyl (0.2 mg/kg) + LY2828360
(3 mg/kg) or vehicle were assessed in WT mice. In experiment 3, the impact of LY2828360 alone (3 mg/kg),
fentanyl alone (0.2 mg/kg), fentanyl (0.2 mg/kg) +
LY2828360 (3 mg/kg) or vehicle were assessed in
CB2KO mice to ascertain whether LY2828360-induced
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effects on fentanyl-induced respiratory depression were
CB2 mediated.
Statistical analysis
Respiratory parameter data were analyzed using twoway repeated measures analysis of variance (ANOVA,
i.e., performed across the entire pre- and postinjection
observation interval associated with CO2 exposure),
followed by Bonferroni’s post hoc and multiple comparison tests. Bonferroni’s multiple comparison tests,
which provide more statistical power by making a
more limited set of comparisons, were used to compare
effects of fentanyl to all other groups, thereby reducing
chances of a type II error.42 Effects of LY2828360 alone
(i.e., in the absence of fentanyl) were additionally compared with vehicle using two-way repeated measures
ANOVA followed by Bonferroni’s post hoc tests. All
data were analyzed using GraphPad Prism version
7.05 (GraphPad Software, Inc., La Jolla, CA). p < 0.05
was considered statistically signiﬁcant.
Results
Respiratory parameters did not differ between groups
during the baseline (i.e., preinjection) recordings at any
timepoint (50 to 5 min) in any study (Figs. 1–3).
All respiratory parameters changed across time (i.e.,
50 min preinjection to 30 min postinjection) irrespective
of drug treatment ( p < 0.0001; Figs. 1–3).

‰
FIG. 1. Fentanyl suppresses minute ventilation and respiratory frequency without altering tidal
volume. (A) Fentanyl suppressed minute ventilation in a time-dependent manner. Fentanyl (0.2 mg/kg)
suppressed minute ventilation compared with both vehicle and fentanyl (0.1 mg/kg) ( p < 0.05 at each
timepoint). Fentanyl (0.1 mg/kg) did not reliably alter minute ventilation compared with vehicle. No
differences in minute ventilation were noted before the drug injection. (B) Fentanyl suppressed respiratory
frequency in a time and dose-dependent manner. Fentanyl (0.2 mg/kg) decreased respiratory frequency
overall when compared with both vehicle and fentanyl (0.1 mg/kg) groups ( p < 0.05). Fentanyl (0.1 mg/kg)
decreased respiratory frequency compared with the vehicle-treated group ( p < 0.05; significance marks not
shown). No differences in respiratory frequency were observed between groups before the drug injection.
(C) Fentanyl altered respiratory tidal volume in a time-dependent manner, but no overall effect of drug
across the entire observation interval was observed. All respiratory parameters changed across time
irrespective of drug treatment. Post hoc comparisons failed to reveal differences between groups at any
timepoint. Data are expressed as mean – SEM (n = 6 per group). ‘‘*’’ indicates high-dose fentanyl group versus
vehicle group where ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ‘‘#’’ indicates high-dose fentanyl group
versus low-dose fentanyl group with the same symbol indications, ‘‘X’’ indicates main drug effect of the
selected groups with the same symbol indications, two-way repeated measures ANOVA followed by
Bonferroni’s post hoc or multiple comparisons test. ANOVA, analysis of variance; SEM, standard error of the
mean.
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Fentanyl produces respiratory depression
Fentanyl depressed minute ventilation in a timedependent manner (interaction: F32,240 = 3.578,
p < 0.0001; Fig. 1A). Minute ventilation did not differ
between groups overall and decreased across the observation interval irrespective of drug treatment (drug:
F2,15 = 2.263, p = 0.1383; time: F16,240 = 82.37, p < 0.0001;
Fig. 1A). Post hoc analyses revealed that high-dose fentanyl (0.2 mg/kg) depressed minute ventilation compared with vehicle and low-dose (0.1 mg/kg) fentanyl
( p < 0.05 from 5 to 30 min postinjection with one exception; fentanyl doses did not differ at 25 min postinjection). Minute ventilation did not differ between low-dose
fentanyl and the vehicle-treated group.
Fentanyl depressed respiratory frequency in a
time-dependent manner (interaction: F32,240 = 4.345,
p < 0.0001; Fig. 1B). Respiratory frequency differed
between groups overall and decreased across the observation interval irrespective of drug treatment (drug:
F2,15 = 13.4, p = 0.0005; time: F16,240 = 58, p < 0.0001;
Fig. 1B). Post hoc analyses revealed that, across the observation interval, high-dose fentanyl reduced respiratory frequency compared with vehicle ( p = 0.0003)
and low-dose fentanyl ( p = 0.0420). Both high- and
low-dose fentanyl depressed respiratory frequency compared with vehicle from 0 to 30 and 5 to 30 min postinjection, respectively ( p < 0.05 at each timepoint). In
general, high-dose fentanyl produced a greater suppres-
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sion of respiratory frequency compared with low-dose
fentanyl ( p < 0.05 from 10 to 30 min postinjection).
Finally, fentanyl produced a modest time-dependent
change in tidal volume (interaction: F32,240 = 2.543,
p < 0.0001; Fig. 1C). Tidal volume did not differ between groups overall but changed in a time-dependent
manner irrespective of drug treatment across the observation interval (drug: F2,15 = 0.4209, p = 0.6640; time:
F16,240 = 13.95, p < 0.0001; Fig. 1C). Post hoc analyses
revealed that high-dose fentanyl depressed tidal volume compared with low-dose fentanyl only at the
15 min postinjection timepoint ( p = 0.0262). Tidal volume in groups receiving either dose of fentanyl did not
differ from vehicle at any timepoint.
LY2828360 does not alter respiration
in the absence of fentanyl
In the absence of fentanyl, LY2828360 (3 mg/kg) did
not alter respiratory parameters compared with vehicle
in either WT or CB2KO mice, with the exception of a
single timepoint in CB2KO mice (detailed as follows;
Figs. 2 and 3).
LY2828360 attenuates fentanyl-induced
respiratory depression in WT mice
In WT mice, fentanyl (0.2 mg/kg), administered in the
presence or absence of LY2828360 (3 mg/kg), depressed minute ventilation in a time-dependent manner

‰
FIG. 2. The CB2 agonist LY2828360 attenuates fentanyl-induced depression of minute ventilation and
respiratory frequency in WT mice. (A) In WT mice, fentanyl (0.2 mg/kg) decreased respiratory minute
ventilation compared with vehicle 5–30 min postinjection ( p < 0.01 at each timepoint). Minute ventilation was
higher in the LY2828360 (3 mg/kg) + fentanyl (0.2 mg/kg) group compared with fentanyl (0.2 mg/kg) alone
group from 10 to 15 min postinjection ( p < 0.05 at each timepoint). (B) Fentanyl decreased respiratory
frequency compared with vehicle from 0 to 30 min postinjection in WT mice ( p < 0.05 at each timepoint).
Respiratory frequency was higher overall in the LY2828360 + fentanyl group compared with the fentanyl
alone group ( p < 0.05). Respiratory frequency was higher in the LY2828360 + fentanyl compared with the
fentanyl alone group from 10 to 30 min postinjection ( p < 0.05 at each timepoint). (C) Tidal volume differed
between groups in a time-dependent manner but no differences were observed between the LY2828360 +
fentanyl group compared with the fentanyl alone group at any timepoint. (A–C) LY2828360 administered
alone did not alter minute ventilation, respiratory frequency, or tidal volume compared with vehicle at any
timepoint ( p > 0.05). All respiratory parameters changed across time irrespective of drug treatment. Data are
expressed as mean – SEM (n = 6 per group). ‘‘*’’ indicates fentanyl alone group versus vehicle group where
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ‘‘ + ’’ indicates fentanyl alone group versus LY2828360 +
fentanyl group with the same symbol indications, ‘‘X’’ indicates main drug effect of the selected groups with
the same symbol indications, two-way repeated measures ANOVA followed by Bonferroni’s post hoc or
multiple comparisons test. WT, wild-type.
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(interaction: F48,320 = 3.953, p < 0.0001; Fig. 2A). Drug
condition alone did not impact minute ventilation
overall and minute ventilation decreased across time
irrespective of drug treatment (drug: F3,20 = 1.664,
p = 0.2067; time: F16,320 = 78.85, p < 0.0001; Fig. 2A).
Post hoc analyses revealed that fentanyl depressed minute ventilation compared with vehicle and LY2828360
alone ( p < 0.05 from 5 to 30 min postinjection). Minute
ventilation was higher in the LY2828360 + fentanyl
compared with the fentanyl alone group from 10 to
15 min postinjection ( p < 0.05 at each timepoint).
Thus, LY2828360 attenuated fentanyl-induced decreases in respiratory minute ventilation.
In WT mice, fentanyl, administered in the presence
or absence of LY2828360, altered respiratory frequency
in a time-dependent manner (interaction: F48,320 = 5.396,
p < 0.0001). Respiratory frequency differed between
groups overall and decreased across the observation
interval (drug: F3,20 = 10.61, p = 0.0002; time: F16,320 =
65.45, p < 0.0001; Fig. 2B). Post hoc analyses revealed
that, across the observation interval, fentanyl decreased
respiratory frequency compared with vehicle ( p = 0.0004),
LY2828360 alone ( p = 0.0002) or LY2828360 + fentanyl
( p = 0.0303) groups. Strikingly, respiratory frequency
was lower in the fentanyl alone group compared with
the LY2828360 + fentanyl group from 10 to 30 min
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postinjection ( p < 0.05 at each timepoint). Thus,
LY2828360 attenuated fentanyl-induced depression of
respiratory frequency.
In WT mice, fentanyl, administered in the presence or absence of LY2828360, altered respiratory
tidal volume in a time-dependent manner (interaction:
F48,320 = 2.179, p < 0.0001; Fig. 2C). Tidal volume did
not differ between groups overall but decreased across
the observation interval irrespective of drug treatment
(drug: F3,20 = 0.1384, p = 0.9359; time: F16,320 = 22,
p < 0.0001; Fig. 2C). Post hoc analyses failed to reveal
any signiﬁcant differences between the groups at any
timepoint.
LY2828360 attenuates fentanyl-induced
respiratory depression
through a CB2-mediated mechanism
In CB2KO mice, fentanyl (0.2 mg/kg), administered
in the presence or absence of LY2828360 (3 mg/kg) depressed minute ventilation in a time-dependent manner (interaction: F48,416 = 6.375, p < 0.0001; Fig. 3A).
Minute ventilation did not differ between groups overall
but decreased across time irrespective of drug treatment
(drug: F3,26 = 0.7048, p = 0.5578; time: F16,416 = 86.81,
p < 0.0001; Fig. 3A). Post hoc analyses revealed that fentanyl depressed minute ventilation in CB2KO groups

‰
FIG. 3. LY2828360 does not attenuate fentanyl-induced depression of minute ventilation and respiratory
frequency in CB2KO mice. (A) In CB2KO mice, fentanyl (0.2 mg/kg) suppressed minute ventilation compared
with vehicle from 5 to 30 min postinjection ( p < 0.05 at each timepoint). Minute ventilation did not differ
between groups receiving ether fentanyl (0.2 mg/kg) alone or LY2828360 (3 mg/kg) + fentanyl (0.2 mg/kg) at
any timepoint ( p > 0.05). (B) In CB2KO mice, fentanyl alone suppressed respiratory frequency compared with
vehicle from 0 to 30 min postinjection ( p < 0.05 at each timepoint). Respiratory frequency was reduced overall
in the fentanyl (0.2 mg/kg) alone group compared with the vehicle-treated group ( p < 0.05). In CB2KO mice,
LY2828360 + fentanyl produced similar depression of respiratory frequency compared with fentanyl alone
( p > 0.05). (C) Drug treatments altered respiratory tidal volume in a time-dependent manner, but no overall
effect of drug was detected in the testing interval. Post hoc comparisons failed to reveal differences between
groups at any timepoint. (A–C) LY2828360 administered alone did not alter minute ventilation, respiratory
frequency, or tidal volume compared with vehicle at any timepoint except where noted at the terminal
timepoint for respiratory frequency ( p > 0.05). All respiratory parameters changed across time irrespective of
drug treatment. Data are expressed as mean – SEM (n = 8 per group except the LY2828360 + fentanyl group
where n = 6). ‘‘*’’ indicates fentanyl alone group versus vehicle group where ****p < 0.0001, ***p < 0.001,
**p < 0.01, *p < 0.05, ‘‘^’’ indicates LY2828360 alone group versus vehicle group with the same symbol
indications, ‘‘X’’ indicates main drug effect of the selected groups with the same symbol indications, two-way
repeated measures ANOVA followed by Bonferroni’s post hoc or multiple comparisons test. CB2KO, CB2
knockout.
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compared with vehicle and LY2828360 alone ( p < 0.05
from 5 to 30 min postinjection). Strikingly, minute ventilation did not differ in CB2KO groups receiving fentanyl in either the presence or absence of LY2828360
at any postinjection timepoint ( p > 0.05 at each timepoint). Thus, depressive effects of fentanyl on minute
ventilation were intact in CB2KO mice and coadministration of LY2828360 with fentanyl failed to prevent
these depressive effects.
In CB2KO mice, fentanyl, administered in the presence or absence of LY2828360 depressed respiratory
frequency in a time-dependent manner (interaction:
F48,416 = 9.351, p < 0.0001; Fig. 3B). Respiratory frequency differed between groups overall and decreased
across time irrespective of drug treatment (drug:
F3,26 = 3.248, p = 0.0380; time: F16,416 = 70.22, p < 0.0001;
Fig. 3B). Post hoc analyses revealed that, across the observation interval, fentanyl decreased respiratory frequency compared with vehicle ( p = 0.0488) but not
LY2828360 alone ( p > 0.05) or LY2828360 + fentanyl
( p > 0.05). Respiratory frequency was lower in the fentanyl alone group compared with vehicle from 0 to
30 min postinjection ( p < 0.05 at each timepoint). Strikingly, respiratory frequency did not differ in groups receiving fentanyl in either the presence or absence of
LY2828360 at any postinjection timepoint ( p > 0.05 at
each timepoint). Thus, the depressive effects of fentanyl
on respiratory frequency were intact in CB2KO mice and
coadministration of LY2828360 with fentanyl failed to
prevent these depressive effects. Respiratory frequency
was higher in the vehicle group compared with the
LY2828360 alone group only at the 30 min postinjection
timepoint ( p < 0.01).
In CB2KO mice, fentanyl, administered in the presence or absence of LY2828360, altered respiratory tidal
volume in a time-dependent manner (interaction:
F48,416 = 1.582, p = 0.0104; Fig. 3C). Tidal volume did
not differ between groups overall but decreased across
time irrespective of drug treatment (drug: F3,26 = 0.3635,
p = 0.7799; time: F16,416 = 25.56, p < 0.0001; Fig. 3C). Post
hoc analyses failed to reveal any signiﬁcant differences
between the groups at any timepoint.
Discussion
The opioid epidemic has been marked by a dramatic
increase in synthetic opioid overdose fatalities.1,43
These fatalities are primarily driven by the propensity
of illicit fentanyl and its analogs to produce heightened
respiratory depression, resulting in enhanced lethality.2,3,9 In our study, fentanyl (0.2 mg/kg) decreased
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minute ventilation and respiratory frequency without
altering tidal volume. Strikingly, the CB2 agonist
LY2828360 attenuated fentanyl-induced respiratory
depression in WT but not CB2KO mice, consistent
with CB2 mediation. Importantly, LY2828360 also
lacked intrinsic effects on all respiratory parameters
assessed in both WT and CB2KO mice.
In rhesus monkeys, fentanyl dose-dependently decreased minute ventilation, but cannabinoid agonists
D9-tetrahydrocannabinol or CP55,940, at doses that
enhance opioid-induced antinociception, did not alter
fentanyl-induced respiratory depression.44 The CB1
antagonist SR141716A did not alter heroin-induced respiratory depression in monkeys.23 These prior studies
tested effects of nonselective pan cannabinoid agonists
or CB1 antagonists. Here we show, for the ﬁrst time,
that a selective CB2 agonist attenuates opioid-induced
respiratory depression without intrinsically altering respiratory parameters. Thus, CB2-receptor-mediated
mechanisms may reverse opioid-induced respiratory
depression.
WIN55,212-2, a nonselective cannabinoid receptor
agonist and JWH133, a selective CB2 receptor agonist
attenuated HCl- and capsaicin-induced bronchoconstriction in guinea pigs.45,46 These beneﬁcial effects
were blocked by a CB2 (SR144528) but not a CB1
(SR141716) receptor antagonist.45,46 Furthermore,
bronchoconstriction in these models is shown to be
caused by several receptor types, including l-opioid receptors localized to the sensory nerve endings in the
airway.47,48 CB2 receptors may also convey their protective effects by suppressing sensory nerve activation45,46,49 (but see Calignano et al.50). Opioid-induced
microglial activation opposes opioid analgesia due to release of proinﬂammatory mediators and exacerbates
opioid-induced side effects such as respiratory depression through nonstereoselective activation of toll-like
receptor 451 (but see Zwicker et al.52). Systemic coadministration of the microglial inhibitor minocycline attenuates morphine-induced reductions in tidal volume,
minute volume, inspiratory force and expiratory force,
and reductions in blood oxygen saturation while potentiating morphine analgesia.53 Opioid-induced hypoxia is
a potent stimulus for such microglial activation and this
microglial activation is inhibited by minocycline.54 CB2
receptor activation may help reduce this opioid-induced
microglial activation and proinﬂammatory factor release, thereby attenuating opioid-induced respiratory
depression.55–57 Finally, JWH133 alleviates lung
ischemia-reperfusion injury58,59 and paraquat-induced
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lung edema and lung histopathological changes60; thus,
CB2-receptor-mediated reduction of inﬂammation may
help improve lung functioning.
Our studies suggest that adjunctive therapeutic strategies combining LY2828360 with a narcotic analgesic
to attenuate development of respiratory depression
may provide a safer therapeutic strategy. However, almost 39% of people who died from unintentional opioid overdoses did not have a previous diagnosis of
chronic pain.61 It is important to determine whether
treatments aimed at ameliorating adverse side effects
of opioids reverse opioid-induced respiratory depression and are efﬁcacious in the absence of a pathological
pain state. Our ﬁndings suggest that CB2 receptors are
functional in the absence of a pathological pain state in
fentanyl-treated mice and are engaged by LY2828360
to attenuate opioid-induced respiratory depression
even in the absence of a neuropathic pain state (i.e.,
where CB2 expression would not necessarily be induced
or upregulated30). We previously reported that CB2KO
mice have greater levels of naloxone-precipitated opioid withdrawal compared with WT mice.35 Thus,
CB2 receptor deletion in the CB2KO mice may, in
fact, unmask a heightened opioid response. The WT
and CB2KO mice used here were not littermates and,
consequently we did not evaluate whether fentanylinduced respiratory depression is greater in CB2KO
mice compared with WT mice. Comparisons using littermate CB2KO and WT mice is warranted in future
studies to address this question.
Our ﬁndings are potentially clinically relevant because coadministration of LY2828360 with fentanyl
may be able to prevent opioid-induced respiratory depression before the harmful effects of an overdose
ensue. An adjunctive pharmacological approach could
be particularly advantageous for postsurgical pain and
holds several advantages over naloxone, which is only
a rescue mechanism and must be administered through
injection or nasal spray within a narrow timeframe after
opioid overdose to restore respiratory function.11
Importantly, naloxone administration causes a reversal
of opioid-induced analgesia,62–64 in contrast to the opioid analgesic synergism displayed by CB2 agonists.35–38
Moreover, the short half-life of naloxone compared
with fentanyl can cause ‘‘re-narcotization’’ leading to
a reoccurrence of respiratory depression after naloxone
tissue levels decline.12,65 Naloxone overantagonism can
also cause iatrogenic harm and induce highly aversive
withdrawal symptoms, pulmonary edema, and cardiac
arrhythmias.66,67 Therefore, identiﬁcation of a pharma-
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cological treatment that lacks toxicity but safely blocks
opioid-induced side effects such as respiratory depression before they manifest while sparing analgesia is an
urgent clinical need.
LY2828360 is a potent G protein-biased CB2 agonist
that does not recruit b-arrestin.35 Although reports
have highlighted the importance of ‘‘biased opioid agonism’’ in the development of opioid-induced respiratory
depression,68 a more recent study has refuted this
claim.69 More research is necessary to extend our ﬁndings to other CB2 agonists and opioids and to test reversal dosing regimens using mice of both sexes. No serious
adverse effects were reported in patients receiving
LY2828360 (80 mg/day for 4 weeks) in a phase-2 clinical
trial (www.clinicaltrials.gov identiﬁer: NCT01319929).39
Although shown ineffective for treatment of osteoarthritic pain, this trial did not include opioid users;
therefore, the impact of LY2828360 on opioid-induced
side effects were not evaluated and remain unknown.
Our studies suggest that LY2828360 could be repurposed for a new adjunctive therapeutic indication that
attenuates fentanyl-induced respiratory depression.
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