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Abstract

Background: A novel G-protein signalling-biased mu opioid peptide (MOP) receptor agonist, PZM21, was recently

developed with a distinct chemical structure. It is a potent Gi/o activator with minimal b-arrestin-2 recruitment. Despite

intriguing activity in rodent models, PZM21 function in non-human primates is unknown. The aim of this study was to

investigate PZM21 actions after systemic or intrathecal administration in primates.

Methods: Antinociceptive, reinforcing, and pruritic effects of PZM21 were compared with those of the clinically used MOP

receptor agonists oxycodone andmorphine in assays of acute thermal nociception, capsaicin-induced thermal allodynia,

itch scratching responses, and drug self-administration in gonadally intact, adult rhesus macaques (10 males, six

females).

Results: After subcutaneous administration, PZM21 (1.0e6.0 mg kg�1) and oxycodone (0.1e0.6 mg kg�1) induced dose-

dependent thermal antinociceptive effects (P<0.05); PZM21 was 10 times less potent than oxycodone. PZM21 exerted

oxycodone-like reinforcing effects and strength as determined by two operant schedules of reinforcement in the

intravenous drug self-administration assay. After intrathecal administration, PZM21 (0.03e0.3 mg) dose-dependently

attenuated capsaicin-induced thermal allodynia (P<0.05). Although intrathecal PZM21 and morphine induced MOP

receptor-mediated antiallodynic effects, both compounds induced robust, long-lasting itch scratching.

Conclusions: PZM21 induced antinociceptive, reinforcing, and pruritic effects similar to clinically used MOP receptor

agonists in primates. Although structure-based discovery of PZM21 identified a novel avenue for studying G-protein

signalling-biased ligands, biasing an agonist towards G-protein signalling pathways did not determine or alter rein-

forcing (i.e. abuse potential) or pruritic effects of MOP receptor agonists in a translationally relevant non-human primate

model.
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Editor’s key points

� Opioid analgesics remain mainstay therapies in acute

and cancer pain management, but there are significant

concerns about potential harms, such as abuse liability.

� An opioid agonist without addiction potential would

have significant clinical utility. Rodent models indicate

that agonists biased towards G-protein signalling

rather than b-arrestin-2 recruitment may meet this

criterion.

� In this study, non-human primates were used to

explore the analgesic, addictive, and pruritic effects of a

novel biased opioid agonist, and no major difference

from current strong opioids was observed.

� A robust approach is critical to translating preclinical

findings to humans given concerns about the applica-

bility of rodent models.
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Mu opioid peptide (MOP) receptor agonists are commonly used

to alleviate pain.1,2 However, the abuse potential associated

with this class of drugs remains a serious public health

concern,3,4 and their adverse effects limit the value of opioid

analgesics for pain management.5,6 Therefore, research into

non-addictive analgesics is critical. Among research strate-

gies7,8 to mitigate MOP receptor-mediated adverse effects, the

development of ‘biased’ ligands has emerged.8,9 MOP receptor

activation drives at least two major different signalling path-

ways: G-protein signalling and b-arrestin recruitment.10,11 In

b-arrestin-2 knockout mice, enhanced morphine analgesia

and attenuated morphine side-effects are observed, such as

constipation and respiratory suppression.12,13

Computational docking of more than 3 million molecules

with the MOP receptor structure identified ligands with new

chemical scaffolds (e.g. alkyl ureas) and the lead molecule,

PZM21.14 PZM21 signalling is mediated primarily by the acti-

vation of G-protein Gi/o signalling but not b-arrestin-2
recruitment. In rodents, PZM21 induced antinociceptive ef-

fects in the hot plate assay but not in the tail flick assay.14,15 It

did not induce rewarding effects in rodents, as measured by

the conditioned place preference assay.14 However, the po-

tential reinforcing effects (i.e. abuse potential) of PZM21 have

not been studied in any animal species by using an intrave-

nous drug self-administration assay.16,17 In addition, the

intrathecal delivery of MOP receptor agonists is a standard

procedure for perioperative analgesia, and effective for pain

management in different clinical settings.18,19 However, itch-

ing sensation (pruritus) is a common side-effect caused by

spinal MOP analgesics, and significantly compromises their

value for pain management.20,21 It has not been determined

whether a G protein signalling-biasedMOP agonist could show

reduced itching sensation.

Numerous studies have documented differences in the

pharmacological properties of MOP receptor-related ligands

between rodents and primates.22e24 Given the similarity of the

anatomical, neurochemical, and pharmacological aspects of

receptors between humans and non-human primates,25e27

in vivo pharmacological experiments using awake, behaving

monkeys may provide a translational bridge to advance our

understanding of the integrated outcomes of MOP receptor

activation. To date, no known G-protein signalling-biasedMOP
receptor agonists have been investigated in non-human pri-

mates. Given that PZM21 is a novel G-protein-biased ligand,14

we compared the effects of PZM21 and clinically used MOP

receptor agonists using primate assays with strong predictive

validity and translational value.16,17,26,27 This study was the

first to evaluate pharmacological, behavioural, and physio-

logical factors in non-human primates to address three spe-

cific questions. (1) Did PZM21 exert antinociceptive effects in a

manner similar to the prescription opioid analgesic, oxyco-

done? (2) Did PZM21 induce reinforcing effects with a similar

strength to oxycodone? (3) Did intrathecal PZM21 induce itch

scratching, similar to intrathecal morphine?
Methods

Animals

All animal care and experiments in this study were conducted

in accordance with the Guide for the Care and Use of Laboratory

Animals by the US National Institutes of Health (Bethesda, MD,

USA)28 and were approved by the Institutional Animal Care

and Use Committee of Wake Forest University (Win-

stoneSalem, NC, USA). This study is reported according to the

ARRIVE (Animal Research: Reporting of In Vivo Experiments)

guidelines.28 Sixteen adult (10 male and six female) rhesus

monkeys (Macaca mulatta), 10e18 yr of age with a body weight

of 6.4e12.1 kg, were obtained from the US National Primate

Centers for Biomedical Research. According to our previous

experience using power and statistical analysis for quantifying

behavioural and physiological responses, a sample size of four

animals was considered sufficient to determine themagnitude

and dose-dependency of ligand-induced effects on the study

endpoints, such as tail-withdrawal latency and drug self-

administration.29e31 Animals were assigned to each assay

based on their training and consistent behaviour with each

outcome measure. All experiments followed a within-subject

design (i.e. each group of animals served as its own control

and all dosing conditions were randomised by a counter-

balanced design). The monkeys were housed at an indoor fa-

cility accredited by the Association for Assessment and

Accreditation of Laboratory Animal Care International (Fred-

erick, MD, USA), individually in cages with 6e12 ft2 of floor

space, with ceilings 2.7e5.4 ft high, in an environmentally

controlled room (21e25�C, 40e60% relative humidity) with a 12

h light/dark cycle (lights on: 06:30e18:30). The monkeys were

provided withwater and diet, which comprised approximately

20e30 biscuits (Purina Monkey Chow; Ralston Purina Co., St.

Louis, MO, USA) and fresh fruit ad libitum. Primate enrichment

devices and small amounts of treats were provided daily.

Animals were not subjected to any experiments or given

opioid compounds 1 month before the experiments. All ani-

mals completed the study with no welfare issues; upon

completion, they were assigned to another study.
Sensory assays

Acute thermal nociception

The thermal antinociceptive effects of PZM21 and the MOP

agonists oxycodone and morphine were evaluated by using

the warm water tail withdrawal assay.29,32 Using positive

reinforcement techniques,33 the monkeys were trained to

cooperate with pole-and-collar transfer to a primate restraint

chair. In a procedure room, the lower parts of their shaved tails

(~15 cm)were immersed inwatermaintained at 42, 46, or 50�C.
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The monkeys were randomly assigned to a dosing condition.

Water at 42 and 46�Cwas used as a non-noxious stimuli (i.e. no

tail-withdrawal movement was expected), and water at 50�C
was used as an acute noxious stimulus (i.e. 2e3 s tail with-

drawal latency). Experimenters blinded to the dosing condi-

tions measured tail withdrawal latencies at each temperature

by using a computerised timer. If the monkey did not with-

draw its tail within 20 s (the cut-off), the stimulus was termi-

nated and a maximum time of 20 s was recorded. After the

measurement of baseline latency at each temperature, sub-

sequent tail withdrawal latencies were measured at multiple

time points after subcutaneous or intrathecal administration

of the test compound.
Capsaicin-induced thermal allodynia

The antiallodynic effects of PZM21 and morphine were eval-

uated in the capsaicin-induced thermal allodynia assay, which

is a clinically relevant model to evaluate analgesics in

humans.34,35 In a procedure room, capsaicin (1.2 mgml�1 � 0.3

ml) was administered topically through a bandage attached on

the terminal 3e5 cm of the tail for 15min.36 Capsaicin-induced

allodynia was defined as a shortened tail withdrawal latency

in 46�C water from 20 s (maximum value) in the absence of

capsaicin treatment to ~2e3 s when treated with capsaicin.

The peak of the allodynic effect 15 min after removal of the

capsaicin bandage has been used previously to measure tail

withdrawal latency in 46�Cwater to evaluate the antiallodynic

effects of the test compound.36,37 To determine whether the

MOP receptor mediated the antiallodynic effects of PZM21 and

morphine, an MOP receptor-selective dose (0.03 mg kg�1, s.c.)

of the opioid receptor antagonist naltrexone was administered

5 min before the intrathecal administration of PZM21 or

morphine. The dose and pretreatment time for naltrexone

were determined based on previous studies.32,37
Itch scratching responses

To assess the itching sensation caused by the test compound,

scratching behaviour38 was recorded when monkeys were in

their home cages. Each 15 min recording session was con-

ducted after the intrathecal administration of PZM21 or

morphine. A scratchwas defined as one brief (<1 s) scraping on

the skin surface of other body parts using the forepaw or hind

paw. The total number of scratches was counted and summed

for each 15 min period by individuals blinded to the dosing

regimen.
Drug self-administration

Monkeys implanted with intravenous catheters were used to

evaluate the reinforcing effect and strength of the test com-

pound. In operant chambers situated in a procedure room, we

examined whether monkeys would self-administer PZM21

using a fixed ratio (FR30) schedule of reinforcement.39,40 Next,

we compared the self-administration behaviour for PZM21

and oxycodone using a progressive ratio (PR) schedule.31 In

addition to determining whether or not a drug served as a

reinforcer using an FR30 schedule, a PR schedule was used to

compare the degree to which drugs served as reinforcers,

termed the ‘reinforcing strength’ of the drugs. The PR schedule

can differentiate reinforcing strengths among abused drugs,
which function as positive reinforcers.41,42 Operant response

was maintained using 0.3 mg kg�1 per injection of remifentanil

until the response was stable (mean [three injections for three

consecutive sessions]). Dose-dependent responses were

determined by substituting vehicle or various doses of oxy-

codone (0.3e3 mg kg�1 per injection, i.v.) or PZM21 (3e30 mg kg�1

per injection, i.v.) randomly with themaintenance dose. Doses

were available for at least five consecutive sessions and until

the response was considered stable.
Surgical implantation

Intrathecal catheterisation was performed as previously

described.37,43 Briefly, before surgery, animals were adminis-

tered atropine (0.04 mg kg�1, i.m.), buprenorphine (0.01e0.03

mg kg�1, i.m.), dexamethasone (2 mg kg�1, i.v.), and cefotax-

ime (500 mg, i.v.) for pain relief and infection prevention. An-

imals were then anaesthetised with ketamine (10 mg kg�1,

i.m.) and intubated; anaesthesia was maintained via iso-

flurane inhalation (1e2% in 1 L min�1 O2). Intraoperative

monitoring was conducted to determine the depth of anaes-

thesia and physiological status. Monkeys were administered

postoperative buprenorphine (0.003e0.02 mg kg�1, i.m.) and

meloxicam (0.15 mg kg�1, s.c.) to alleviate pain and inflam-

mation and ceftiofur (2.2 mg kg�1, i.m.) to prevent infection.

Postoperative care was performed daily until veterinarians

confirmed that healing was complete. All animals were

monitored daily by veterinarian and laboratory staff to ensure

the animals remained healthy throughout the study.
Data analysis

Data are presented as mean values (standard deviation [SD])

calculated from individual data from all studies. Comparisons

were made for the same monkeys across all test sessions for

the same experiments. Because of the small sample size and

the correlated data structure (e.g. repeated measures over

time, the same monkey received more than one treatment),

rank repeated measures analysis was performed to examine

the dose effect and the time effect (if available). The general-

ised estimating equations technique was used to construct the

rank tests.44 Dose, time, and the interaction between dose and

time were included in the model when longitudinal data were

available. The hypothesis test for dose effect at each time

point was performed using a contrast. Overall comparisons

between doses across all time points (i.e. dose-dependent

manner) and between times across all doses (i.e. time-

dependent manner) were obtained using contrasts as well. F-

statistics from the rank repeated measures were reported.

When only cross-sectional data were available, dose was

included in the model. The criterion for significance was set at

P<0.05. Raw data, ranks of raw data for all experiments, and

figures showing individual raw data points with median and

inter-quartile range are presented in the Supplementary

Materials.
Drugs

PZM21 was synthesised45 and provided by Yanan Zhang (RTI

International, Research Triangle Park, NC, USA). PZM21 was

dissolved in dimethyl sulfoxide/Tween 80/sterile water at a

ratio of 1:1:8. Morphine sulfate, oxycodone HCl, remifentanil



Fig 1. Comparison of systemic oxycodone- and PZM21-induced antinociceptive effects as measured by warm water tail withdrawal latency

in monkeys. Antinociception induced by oxycodone (a) and PZM21 (b) was measured against an acute noxious stimulus, 50�C water. Each

data point represents the mean (standard deviation) (n¼4). Both compounds were administered subcutaneously. *P<0.05, significantly
different from vehicle condition from the first time point to the corresponding time point.
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HCl, and naltrexone HCl (National Institute on Drug Abuse,

Bethesda, MD, USA) were dissolved in sterile water. Capsaicin

(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 70% (v/v)

ethanol. For systemic administration, the animals received

0.1e0.3 ml kg�1 of the drugs. For intrathecal administration,43

the test compound, in a total volume of 1 ml, was adminis-

tered through the access port, followed by 0.35 ml saline to

flush the dead volume of the port and catheter.
Results

Systemic PZM21 induces antinociceptive effects

Oxycodone (0.1e0.6 mg kg�1, s.c.) exerted antinociceptive ef-

fects against 50�C water in a dose- (F3, 9¼100.6; P<0.05) and
time-dependent (F3, 15¼73.7; P<0.05) manner (Fig. 1a). In the

same group of animals, PZM21 (1e6 mg kg�1, s.c.) also exerted

antinociceptive effects against the 50�C water in a dose- (F3,

9¼17 628.7; P<0.05) and time-dependent (F3, 15¼1556; P<0.05)
manner (Fig. 1b). The minimum effective dose of PZM21

required to producemaximum antinociception was 6mg kg�1;

this was approximately 10-fold less potent than oxycodone,

which induces maximal antinociception at 0.6 mg kg�1. The

duration of antinociceptive action was approximately 3 h for

each compound, and had abated by 5 h.
PZM21 produces reinforcing effects

Substitution of saline between administrations of test com-

pounds resulted in fewer reinforcers. Under the FR30

schedule, remifentanil (0.3 mg kg�1 per injection), oxycodone (3

mg kg�1 per injection), and PZM21 (30 mg kg�1 per injection)

significantly induced reinforcing effects (Fig. 2a). Although

PZM21 was less potent than oxycodone, both compounds

showed similar reinforcing strengths over the dose range

studied, as determined using the PR schedule (Fig. 2b). These

data suggested that PZM21 may have similar abuse potential

to the MOP analgesic oxycodone.
Intrathecal PZM21 produces antinociceptive effects
and itch sensation

Intrathecal morphine (0.003e0.03 mg) exerted antinociceptive

effects against 50�C water in a dose- (F3, 9¼70; P<0.05) and

time-dependent (F3, 15¼1419.9; P<0.05) manner (Fig. 3a). In the

same group of animals, intrathecal PZM21 (0.03e0.3 mg) also

exerted antinociceptive effects against 50�C water in a dose-

(F3, 9¼121.3; P<0.05) and time-dependent (F3, 15¼122.1; P<0.05)
manner (Fig. 3b). The minimum effective dose of PZM21 for

antinociception was 0.3 mg, which was approximately 10-fold

less potent than the minimum effective dose for morphine

(0.03 mg). The duration of antinociceptive action for PZM21 (3

h) was slightly shorter than that observed for morphine. To

determine whether intrathecal PZM21 induced itching, its ef-

fects were compared with those of intrathecal morphine,

which causes itch in humans21 and a robust scratching

response in monkeys.38 Compared with vehicle treatment,

intrathecal morphine (0.03 mg) and PZM21 (0.3 mg), at equiv-

alent doses to induce antinociception, significantly elicited

scratching responses (F2, 14¼14.6; P<0.05) (Fig. 3c). Although

intrathecal PZM21 had a slower onset of scratching behaviour

(lack of scratching at 1 h after injection) than morphine,

intrathecal PZM21 and morphine both elicited robust

scratching responses that lasted for 6 h.
Intrathecal PZM21 induces MOP receptor-mediated
antiallodynia

Intrathecal PZM21 (0.03e0.3 mg) alleviated capsaicin-induced

thermal allodynia in 46�C water in a dose-dependent

manner (F3, 9¼517.2; P<0.05) (Fig. 4a). Intrathecal PZM21 (0.3

mg) and morphine (0.03 mg) exerted similar maximal anti-

allodynic effects. We conducted an antagonist study using a

MOP receptor-selective dose (0.03 mg kg�1, s.c.) of naltrexone.

Pretreatment with naltrexone completely blocked the anti-

allodynic effects of intrathecal PZM21 (F1, 3¼115.2; P<0.05) and
morphine (F1, 3¼320; P<0.05) (Fig. 4b). These results



Fig 2. Comparison of oxycodone- and PZM21-induced reinforcing effects as measured by intravenous drug self-administration in monkeys.

Number of injections received as a function of dose in monkeys responding to remifentanil (R, 0.3 mg kg�1 per injection), saline (S, ~0.14 ml

kg�1 per injection), oxycodone (0.3e3 mg kg�1 per injection), or PZM21 (3e30 mg kg�1 per injection) under a fixed ratio (FR30) schedule (a) or a

progressive ratio (PR) schedule (b) of reinforcement. Each data point represents the mean (standard deviation) (n¼4e6). *P<0.05, signifi-
cantly different from saline.
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demonstrated that intrathecal PZM21 and morphine both

induced spinal MOP receptor-mediated antiallodynia.
Discussion

This study identified three significant findings that contrib-

uted to characterisation of the functional profile of PZM21 in

primates. First, after systemic administration, PZM21 was

approximately 10-fold less potent than oxycodone for

inducing antinociceptive effects against an acute noxious
Fig 3. Comparison of intrathecal morphine- and PZM21-induced antino

by intrathecal morphine (a) or PZM21 (b) against an acute noxious st

intrathecal morphine (0.03 mg) and PZM21 (0.3 mg), n¼8. Each data poin

delivered intrathecally. *P<0.05, significantly different from the vehicle

*P<0.05, significantly different from the vehicle condition from the se

cantly different from morphine.
stimulus. Second, PZM21 induced reinforcing effects and had a

similar reinforcing strength as oxycodone, as determined us-

ing an intravenous drug self-administration assay. Third, after

intrathecal administration, PZM21 induced MOP receptor-

mediated antiallodynic effects in a dose-dependent manner.

However, intrathecal PZM21 and morphine both elicited

robust itch scratching responses that lasted for more than 5 h.

Overall, PZM21 induced similar antinociceptive, reinforcing,

and pruritic effects as the clinically used MOP receptor ago-

nists, oxycodone and morphine, in non-human primates.
ciception and itch scratching in monkeys. Antinociception induced

imulus, 50�C water, n¼4. (c) Itch scratching responses elicited by

t represents the mean (standard deviation). Both compounds were

condition from the first time point to the corresponding time point.

cond time point to the corresponding time point. #P<0.05, signifi-



Fig 4. Comparison of intrathecal morphine- and PZM21-induced antiallodynia in monkeys. (a) Antiallodynic effects induced by PZM21 or

morphine against capsaicin-induced allodynia in 46�C water. (b) Effects of the mu opioid peptide (MOP) receptor antagonist naltrexone

(0.03 mg kg�1) on antiallodynia induced by intrathecal PZM21 (0.3 mg) or morphine (0.03 mg). Individual data points with the mean

(standard deviation) (n¼4) are presented. Vehicle and naltrexone were delivered subcutaneously. PZM21 and morphine were delivered

intrathecally. *P<0.05, significantly different from vehicle.
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MOP receptor agonists are known to increase thermal

nociceptive threshold and exert analgesia in humans.46 PZM21

produced antinociceptive effects in the hot plate assay but not

in the tail flick assay, which may represent a mouse model of

affective pain and reflexive pain, respectively.14 The warm

water tail withdrawal assay in non-human primates has been

widely used to validate the analgesic effects of opioid-related

ligands and to determine their therapeutic windows.29,30,47

We found that both PZM21 and oxycodone induced full anti-

nociceptive effects with similar durations of action, but PZM21

was 10-fold less potent than oxycodone. All clinically used

MOP receptor agonists, including morphine, fentanyl, and

buprenorphine, effectively increase primate tail withdrawal

latency.22,30,37 Although the potency of PZM21 is lower than

that of most clinically usedMOP analgesics, PZM21 is expected

to produce opioid-like analgesic effects in humans.

Although PZM21 did not induce conditioned place prefer-

ence in rodents,14 its abuse potential can be more appropri-

ately evaluated by the intravenous drug self-administration

assay.16,17 We first used the FR30 schedule to determine

whether PZM21 induced reinforcing effects, as this operant

schedule of reinforcement is commonly used to determine the

reinforcing effects of MOP receptor agonists in primates.39,40

Interestingly, although PZM21 was 10-fold less potent than

oxycodone, both PZM21 and oxycodone induced reinforcing

effects. Next, we used a PR schedule to compare the relative

reinforcing strength of PZM21 with oxycodone. In evaluating

abuse liability, PR schedule can distinguish between abused

drugs that function as positive reinforcers.41,48 For example,

oxycodone and buprenorphine exert strong and mild rein-

forcing strengths, respectively, in non-human primates,31,42

consistent with their abuse liabilities in humans.49 In our

study, both PZM21 and oxycodone had similar reinforcing

strengths over the dose ranges studied, indicating that PZM21

has oxycodone-like abuse liability in humans. Importantly,

one of the first G-protein signalling-biased MOP agonists
developed, TRV-130, exerted strong reinforcing strength

similar to oxycodone in rats.50 These findings indicated that

biasing a drug towards the G-protein signalling pathway may

not determine or alter the reinforcing effects or abuse poten-

tial of MOP receptor agonists.

Spinal MOP opioids provide effective pain control as an

alternative administration route.18,19 Although itching is a

common adverse effect caused by spinalmorphine,20,21 rodent

models of spinal morphine-induced itch are limited as intra-

thecal morphine does not elicit robust and long-lasting

scratching responses in mice or rats.51,52 In contrast, primate

models of spinal morphine-induced itching established a

translational bridge to validate the functional efficacy of spe-

cific ligandereceptor systems for regulating itching.38,43,53

Intrathecal PZM21 and morphine both induced anti-

nociceptive effects. However, at antinociceptive doses, intra-

thecal PZM21 and morphine both elicited the same degree of

robust scratching responses. Reportedly, intrathecal MOP re-

ceptor agonists with different intrinsic efficacy for activating G

proteins elicit different degrees of increased scratching activ-

ities.38,54 Although PZM21 andmorphine have similar intrinsic

efficacy for activating spinal MOP receptors, biasing a drug

towards the G-protein signalling pathway does not signifi-

cantly affect itching after spinal MOP receptor activation.

Unexpectedly, intrathecal PZM21 had a slower onset of

scratching responses. To the best of our knowledge, intra-

thecal administration of MOP receptor agonists has typically

resulted in similar onsets for both antinociception and

scratching.43,53,55 To determine if the early effects of intra-

thecal PZM21 were mediated by the MOP receptor, we con-

ducted an antagonist study using a MOP receptor-selective

dose of naltrexone.32,37 Pretreatment with naltrexone blocked

the antiallodynic effects induced by either intrathecal PZM21

or morphine, indicating that both compounds induced MOP

receptor-mediated antiallodynia at this early time point.

Although the mechanisms underlying the different temporal
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patterns of intrathecal PZM21 vs morphine are unknown,

future studies should examine if other biased ligands admin-

istered intrathecally produce similar effects.

Although structure-based discovery of PZM21 resulted in

new avenues of study regarding G-protein signalling-biased

ligands,14 the functional profile of these ligands may not be

significantly different than those of clinically used MOP ago-

nists. b-Arrestin-2 knockout mice exhibited reduced respira-

tory depression and constipation.13 However, a more recent

mouse model, in which MOP receptors were made unable to

recruit b-arrestin-2, showed morphine-induced respiratory

depression, constipation, and withdrawal signs.56 In rodents,

PZM21 is a low-efficacy MOP receptor agonist that can still

recruit b-arrestin-2 with a lower potency than morphine, and

it induces morphine-like respiratory depression.15 These

findings may indicate that opioid side-effects, such as respi-

ratory depression and constipation, are not mediated by b-
arrestin-2.

The complexity of the functional role of b-arrestin-2 in

opioid side-effects exists among different genetic knockout

mice13,56,57 and pharmacological tools.14,15,58 Although our

study focuses on the antinociceptive, reinforcing, and pruritic

effects of PZM21, whether PZM2114 and other biased MOP ag-

onists with different bias factors58 produce other side-effects,

such as respiratory depression, physical dependence, and

tolerance in non-human primates, warrant further investiga-

tion. PZM21 did not induce rewarding effects in rodents.14

However, PZM21 produced oxycodone-like reinforcing effect

and strength as determined by the intravenous drug self-

administration assay. The biased signalling towards G-pro-

tein pathways does not change the abuse potential of MOP

receptor agonists. Other chemical strategies may provide

promising alternatives.7,8 For example ligands with mixed

agonist activities do not induce respiratory depression or

reinforcing effects.31,37,42 Pharmacological studies using non-

human primate models will continue to advance our under-

standing of receptor functions and drug effects, and provide

translational relevance in the development of effective medi-

cations to treat pain and substance abuse.
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