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ABSTRACT: Although mu opioid (MOP) receptor agonists
are the most commonly used analgesics for the treatment of
moderate to severe pain in the clinic, the side effects of MOP
agonists such as abuse liability limit their value as a medication.
Research to identify novel analgesics without adverse effects is
pivotal to advance the health care of humans. The nociceptin/
orphanin FQ peptide (NOP) receptor, the fourth opioid
receptor subtype, mediates distinctive actions in nonhuman
primates which suggests the possibility that activity at this
receptor may result in strong analgesia in the absence of
virtually all of the side effects associated with MOP agonists. The present review highlights the recent progress of
pharmacological studies of NOP-related ligands in primates. Selective NOP agonists, either peptidic or nonpeptidic, produce full
analgesia in various assays in primates, when delivered systemically or intrathecally. Yet small molecule NOP agonists do not
serve as reinforcers, indicating a lack of abuse liability. Given that NOP agonists have low abuse liability and that coactivation of
NOP and MOP receptors produces synergistic antinociception, it is worth developing bifunctional NOP/MOP ligands. The
outcomes of these studies and recent developments provide new perspectives to establish a translational bridge for understanding
the biobehavioral functions of NOP receptors in primates and for facilitating the development of NOP-related ligands as a new
generation of analgesics without abuse liability in humans.
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Pain is a symptom of many clinical disorders that afflict a
large population of humans and is often treated with

pharmacological agents. There have been remarkable advances
in our understanding of some pharmacological bases of pain
and analgesia in the past decade. However, opioid analgesics
remain the most effective and widely used drugs for pain
management, and the most clinically used opioids are mu
opioid (MOP) receptor agonists (Table 1).1−3 There are
several adverse effects associated with the use of MOP agonists.
These side effects include abuse liability, respiratory depression,
constipation, and itch/pruritus. The side effect profile of MOP
agonists has been and remains a serious public health concern
and limits the value of opioid analgesics for pain manage-
ment.1−3 Therefore, research to identify potential analgesics
with fewer side effects and reduced abuse liability is pivotal to
advances in health care of humans.

■ LIMITATIONS OF USING MOP AGONISTS

Abuse liability is the most devastating side effect of MOP
agonists as analgesics. Unpleasant sensations experienced after
withdrawing from MOP agonists compel continuing utilization
which results in physical dependence that can ultimately
become abuse. Psychological dependence might also be
factored into the development of opioid abuse due to the
euphoric feelings induced by the administration of MOP
agonists. Opioid abuse is mainly observed in self-medication,

use for experiencing euphoria, compulsive-addictive use, and
diversion for profit.2,3 Owing to its powerful and potent nature
in alleviating pain and inducing euphoria, opioid abuse has been
a growing problem that poses serious threats to society. A
world drug report issued by the United Nations Office on
Drugs and Crimes estimated that 10−25% of the 24−35
million people who used opioids in 2008 became problem drug
users; up to 26% of out-patients on chronic opioid therapy have
opioid abuse problems.4 These reports indicate that pain is no
longer a one-dimensional problem; it has become a multi-
dimensional problem5 due to the use of MOP agonists, which
creates significant difficulties for both the patients and society.
The total cost of nonmedical use of prescription opioids was
estimated at $53.4 billion in 2006.6 In the health care system,
the mean annual direct cost for patients abusing opioids is 8.7
times higher than that for nonabusers.3 Furthermore, overdose
potentials give rise to significant mortality rates.5 Given the
staggering outcomes related to the abuse of opioid analgesics,
both the risks and benefits of MOP agonists as analgesics have
been debated.
In addition to the most deleterious side effect, abuse liability,

MOP agonists also produces other side effects such as
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Table 1. Structures of Clinically Used Analgesics (MOP agonists) and Experimental Compounds (KOP, DOP, NOP, and
bifunctional NOP/MOP agonists)
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respiratory depression/arrest, constipation, and itch/pruritus.
Opioid therapy is most often employed in treating patients with
progressive and far-advanced illnesses. One of the most
common side effects seen in these patients utilizing opioid
analgesics is chronic constipation. Current treatments for
opioid-induced constipation involve stimulant laxatives, known
to cause negative physiological effects such as dehydration and
abdominal cramping.7,8 Peripherally restricted MOP antago-
nists are available, and they appear to block the constipating
effects of MOP agonists with no effect on analgesia. These
compounds, such as methylnaltrexone (Relistor) and alvimo-
pan (Entereg), have been approved by the FDA for restricted
populations (e.g., postoperative ileus for Entereg), but a
treatment for opioid bowel dysfunction associated with a
long-term use of MOP agonists has not yet been approved.7,8

Opioid-induced constipation remains a crucial problem because
it impacts the opioid use pattern, resource utilization, and post
an additional medical burden to the health care system.8,9

Activation of MOP receptors can reduce breathing frequency
and tidal volume in patients, as well as the respiratory response
to carbon dioxide-stimulated chemoreceptors, leaving a window
of decreasing respiratory rate and increasing unresponsive-
ness.10,11 This problem directly relates to patient mortality rates
in hospitals and necessitates vigilant patient care. While
systemic administration of morphine is used in opioid therapy
targeting chronic pain, intrathecal administration of MOP
agonists has been one major breakthrough in pain management
during the past three decades and has since become the most
common way of inducing analgesia in obstetrics and for
surgery.10,12 However, spinal administration of MOP agonists is
most often accompanied by the unwanted itch sensation
(pruritus) in patients.12,13 In obstetrics, pruritus has been a
long-term concern that requires the use of antipruritic drugs.
Antipruritic drugs, however, have varied efficacies that may
contribute to hormonal changes in obstetric patients that might
expose patients to both psychological and physiological
downsides.13,14 MOP agonist-induced itch/pruritus is a
common “symptom” seen in postoperative patients and,
therefore, becomes an issue worthy of attention because it
limits the value of spinal MOP agonists as analgesics.12−14

For the reason that the majority of analgesics are MOP
agonist-derived,15,16 quest for a comparable analgesic with
reduced abuse liability and fewer side effects is pivotal to
substantially advance health care for humans. Search of
alternative pathways of pain medication is warranted under
the circumstance, as the MOP pathway does not provide a well-
rounded treatment for patients. Clearly, there is an unmet need
to identify and develop strong analgesics that would act on
different receptor mechanisms potentially with fewer side
effects.

■ RESEARCH AND DEVELOPMENT OF KOP AND
DOP AGONISTS

There are two other opioid receptor subtypes, and each has
been evaluated for their ability to mediate analgesia. There has,
for example, been a tremendous effort to develop kappa opioid
(KOP) receptor and delta opioid (DOP) receptor agonists
(Table 1) as pain therapeutic agents in the last two decades.
Although neither KOP nor DOP agonists significantly produce
reinforcing effects, drugs in both categories do not have
promising pharmacological profiles as strong analgesics
comparable to MOP agonists. To date, none of KOP and
DOP agonists are approved by the FDA. Centrally penetrating

KOP agonists’ antinociceptive effects were compromised by
sedation, inhibited food consumption, dysphoria, and psycho-
tomimetic effects.15,17−19 Nevertheless, a KOP agonist
(nalfurafine) is available in Japan for the treatment of uremic
pruritus in patients undergoing hemodialysis and is being
investigated for the treatment of pruritus in patients with
chronic liver disease.20 DOP agonists produced only moderate
antinociception associated with the potential for convulsant
effects in nonhuman primates.21−23 However, recent develop-
ment of novel DOP agonists suggests that potent antinoci-
ceptive effects can be produced without convulsions in rodents,
particularly under chronic pain models.24 These recent findings
indicate that the DOP still represents a promising target for the
development of innovative analgesics.
Comparing the antinociceptive effects of KOP and DOP

agonists with MOP agonists, MOP agonists are still the
predominant pain reliever in health care. For example, Corbett
and colleagues published an article15 entitled, 75 years of opioid
research: the exciting but vain quest for the Holy Grail, which itself
conveys a similar message to the notion of Rang and colleagues
in the textbook16 they wrote: “Morphine is, as expected of
‘God’s own medicine’, very hard to beat!” Despite the research
identifying other opioid receptor subtypes and developing
selective agonists and antagonists for each receptor, their
analgesic effects are not comparable with those of MOP.15,16

Therefore, there has been a critical need to develop strong
analgesics with fewer side effects. Aiming for finding an
alternative for MOP agonists, recent studies focus on the
exploration of liability-free pharmacological systems/neuro-
transmission pathways, hoping to introduce a new perspective
to the field of pain medication.

■ SPECIES DIFFERENCES IN PHARMACOLOGICAL
PROFILES OF OPIOID-RELATED LIGANDS

In the research and development of analgesics, it is often
learned that nonhuman primates have distinct pharmacological
and behavioral responses from rodents, and are more like
humans than rodents when appropriate comparisons are made.
There are several examples documenting species differences in
the pharmacological actions of drugs and corresponding
receptor functions between rodents and primates.
First, for studying MOP-related ligands, a buprenorphine-like

compound, BU72, was characterized as a MOP agonist with a
wide therapeutic window in rodents, but BU72 was very potent
in producing respiratory depression/arrest in nonhuman
primates and it displayed a very narrow window between
antinociceptive doses and doses producing side effects in
nonhuman primates.25 6β-Naltrexol was characterized as a
neutral MOP antagonist, but naltrexone displayed an inverse
MOP agonist action in morphine-dependent mice.26 In
contrast, 6β-naltrexol failed to block naltrexone-precipitated
withdrawal in morphine-dependent monkeys; instead, it
potentiated the effects of naltrexone when the dose of 6β-
naltrexol was increased, indicating that both naltrexone and 6β-
naltrexol have the same pharmacological actions only with large
potency differences in primates.27 These findings suggest that
there might be difference between primates and rodents in
terms of the MOP basal signaling activity changed by repeated
MOP agonist administration.
Second, for studying KOP-related ligands, naloxone

benzoylhydrazone was characterized as a KOP-3 subtype-
selective agonist that produced antinociception in mice.28 Later,
naloxone benzoylhydrazone was further studied in various
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primate assays for its discriminative stimulus, analgesic, and
respiratory effects. Naloxone benzoylhydrazone clearly dis-
played MOP antagonist actions without detectable KOP
agonist activity in primates.29 Although the receptor mecha-
nisms of naloxone benzoylhydrazone are not clear, the in vivo
actions of this compound are different between rodents and
primates. Another interesting example is the behavioral
responses elicited by a KOP antagonist, nor-binaltorphimine.
Subcutaneous administration of nor-binaltorphimine produced
profound scratching responses in mice, indicating the tone of
endogenous KOP-preferring peptides in regulating itch
sensation.30 However, following subcutaneous or intrathecal
administration route, nor-binaltorphimine alone did not elicit
scratching in primates and it only produced the KOP antagonist
effects in primates receiving exogenously administered KOP
agonists.31,32 These in vivo findings go along with other in vitro
studies demonstrating differences in KOP-regulated desensiti-
zation and phosphorylation between human KOP and rat KOP
receptors.33

Third, for studying DOP-related ligands, intrathecal admin-
istration of a DOP-selective agonist, BW373U86, produced
antinociceptive effects in mice.34 However, intrathecal
BW373U86 failed to produce antinociceptive effects in
nonhuman primates. This functional difference could be
contributed potentially by the relatively low DOP receptor
density and corresponding receptor-G protein activation in the
monkey spinal cord.35,36 In addition to opioid receptor
subtypes, rodent and primate species differences in the
pharmacological actions and/or receptor functions also exist
in nonopioid receptors and channels, including bradykinin B1
receptors, tachykinin receptors, and transient receptor potential
ankyrin-1 channel, that regulate pain neurotransmission.37−39

It is the case that humans and monkeys have similar
thresholds for detecting noxious stimuli and the neural systems
responsible for these sensations in the two species are
fundamentally similar.40−43 In the clinic, intrathecal admin-
istration of morphine provides patients with pain relief, but it
also elicits side effects such as itch/pruritus.12,13 This common
clinical issue derived from the spinal delivery of morphine can
be observed in monkeys as intrathecal morphine dose-
dependently produces antinociception with simultaneous
itch/scratching responses in monkeys,44,45 but not in rodents.46

More importantly, the potency and duration of analgesic action
of spinal morphine are similar between humans and
monkeys.44,47,48 In addition, the relative ratios of opioid
receptor subtypes, MOP, KOP, and DOP, in the monkey
central nervous system are similar to those of receptor densities
observed in the cortex and thalamus of humans.35,42,49

Furthermore, several clinically used MOP agonists in terms of
their potencies and therapeutic profiles can be manifested and
simulated very well in monkey models.50−52 Therefore, these
examples document the necessity and importance of using
nonhuman primates to identify, study, and develop analgesics,
and more importantly translate these findings into future
clinical trials in humans.

■ ACTIONS OF NOP RECEPTORS IN VITRO
The nociceptin/orphanin FQ peptide (NOP) receptor,
previously called the ORL1/opioid-receptor-like receptor, is a
member of the G protein-coupled receptor family. It is also
defined as the fourth member within the opioid receptor family
by the International Union of Pharmacology.53,54 The sequence
of the NOP receptor is closely related to each of the classical,

well-characterized MOP, KOP, and DOP receptors.55,56

However, ligands that bind to these classical opioid receptor
subtypes do not bind NOP receptors with high affinity. For
example, classical opioid agonists and antagonists, such as
morphine and naloxone, are not active on the NOP
receptor.55−57 The NOP receptor is widely distributed in the
central and peripheral nervous system, the cardiovascular
system, the airways, the gastrointestinal tract, the urogenital
tract, and the immune system.58,59 Due to its widespread
locations, NOP receptor may participate in a broad range of
physiological and behavioral functions producing pleiotropic
effects.58−60

Like most of classical opioids, nociceptin/orphanin FQ (N/
OFQ), a heptadecapeptide that is an endogenous ligand for the
NOP receptor, inhibits cyclic AMP accumulation,61,62 inhibits
Ca2+ entry,61 and increases K+ conductance in neurons.63,64

These actions result in a decreased neuronal excitability and
neurotransmitter release.58−60 In addition, N/OFQ inhibits the
release of pronociceptive substances from peripheral sensory
nerves.65 These in vitro findings suggest an “inhibitory” function
of the NOP receptors, which is quite similar to classical opioid
receptor subtypes, MOP, DOP, and KOP in the nociception-
relevant process.65,66 Although similar in function to the
classical opioid agonists, N/OFQ was found to have almost no
affinity for the three classical opioid receptors,61,62 indicating
that this peptide acts through a different receptor.
In light of the discovery of N/OFQ and NOP receptors, the

development and synthesis of selective NOP agonists and
antagonists continue to progress in an attempt to define the
roles of NOP receptors in diverse physiological functions.
Although the actions of N/OFQ and NOP agonists have much
in common with those of classical opioids at the cellular level,
behavioral studies of NOP agonists in rodents suggest a high
degree of complexity.58−60 The present review highlights recent
pharmacological studies of NOP agonists in primates, in
contrast to what has been known in rodents. Given that both
spinal and systemic administration are common routes for
delivery of analgesics, sections below specifically discuss the
pharmacological profiles of NOP agonists as compared to
clinically used MOP agonists following intrathecal and systemic
administration.

■ EFFECTS OF INTRATHECAL NOP-RELATED
LIGANDS

After N/OFQ was discovered, several laboratories have
reported antinociceptive effects of intrathecally administered
N/OFQ at the dose range of nmol in rodents under different
pain modalities.67−69 However, ultralow doses of intrathecal N/
OFQ (i.e., fmol) produced spontaneous agitation and painlike
behavior including biting, scratching, and licking responses in
mice,70 indicating that biphasic actions of intrathecal N/OFQ
were observed in rodents.
In contrast, intrathecal administration of N/OFQ at the dose

range of nmol produced antinociceptive effects and N/
OFQ(2−17), a major fragment of N/OFQ, was inactive in
changing the nociceptive threshold in monkeys.71 As
mentioned above, monkey subjects can be used to validate
whether newly developed opioid analgesics possess an itch-
eliciting property.44,72 The findings that intrathecal N/OFQ
produced antinociception without scratching responses in
primates strongly support the notion that the spinal NOP
receptor is a viable target for research and development to
provide spinal analgesia.71−73 More importantly, unlike dual
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actions (i.e., both pronociceptive and antinociceptive actions)
of intrathecal N/OFQ in rodents, intrathecal N/OFQ over a
wide dose range from femtomolar to nanomolar only produced
antinociception in primates. For direct comparisons in the same
group of subjects, intrathecal substance P was used to elicit
hyperalgesic responses and intrathecal DAMGO was shown to
elicit both antinociception and itch/scratching.73 These primate
studies provide a valuable pharmacological basis for identifying
and developing spinal analgesics.
In an attempt to develop a long-acting spinal analgesic like

morphine, scientists at the University of Ferrara, Italy, have
successfully modified N/OFQ and identified UFP-112 by
increasing its agonist potency and decreasing its susceptibility
to peptidase actions.74−76 In rodent assays investigating a
variety of physiological functions, UFP-112 consistently
produced N/OFQ-like effects with markedly higher potency
and longer duration of actions.76 A recent primate study further
demonstrates that intrathecal administration of UFP-112
produced a long-lasting morphine-comparable antinociception
against both acute pain and capsaicin-induced allodynia in
primates.77 Intrathecal UFP-112 was more potent than
intrathecal morphine, but both compounds had the same
duration of antinociceptive actions (Figure 1). Likewise,
intrathecal UFP-112-induced antinociception was not accom-
panied by itch scratching responses and its actions were
exclusively mediated by spinal NOP receptors. These findings
provide direct functional evidence and translational values of
NOP agonists as spinal analgesics in primates. In particular,
compared to previous findings that intrathecal administration of
selective KOP and DOP agonists did not produce morphine-
comparable antinociceptive effects in primate models,35,36

promising outcomes derived from primate studies of intrathecal

NOP agonists encourage the therapeutic development of NOP-
related ligands as spinal analgesics for future clinical trials.

■ EFFECTS OF SYSTEMIC NOP-RELATED LIGANDS
Ro 64−6198 is the first reported nonpeptidic selective NOP
agonist (Table 1).78 Following systemic administration, Ro 64−
6198 significantly reduced the reinforcing effects of ethanol
without producing reinforcing or aversive properties of its own
in mice and this compound did not induce conditioned place
preference in rats.79,80 Systemic administration of Ro 64−6198
did not produce antinociceptive effects in both mouse and rat
tail-flick assays,78,81 but it produced antinociception in the
mouse hot-plate test.82

Contrary to the results from rodent studies, systemic
administration of Ro 64−6198 produced antinociceptive effects
against acute noxious stimulus in monkeys.83,84 Importantly,
systemic Ro 64−6198 produced antiallodynic effects in the
primate capsaicin-induced allodynia model. Capsaicin elicits
pain sensation by activating the vanilloid receptor and
stimulating the release of pronociceptive neuropeptides.85

Capsaicin-induced allodynia has been used in both monkeys
and humans to study the pain mechanisms and pharmacological
interventions.86−88 Given that capsaicin-sensitive nerve fibers
are involved in diverse nociceptive conditions,85 the effective-
ness of Ro 64−6198 in attenuating capsaicin-induced allodynia
indicates that NOP agonists may be effective for treating pain
derived from different nociceptive origins.
Furthermore, systemic administration of a newly developed

nonpeptidic selective NOP agonist, SCH 221510 (Table 1),89

also produced antinociception against acute pain and capsaicin-
induced allodynia in primates.52,89 In a newly developed
primate model of inflammatory pain, MOP agonists, NSAIDs,
and NOP agonists were equally effective in inhibiting

Figure 1. Comparison of behavioral effects produced by intrathecal administration of UFP-112 and morphine. Abscissas: time in hours after
intrathecal administration. Ordinates: latency to withdraw the tail in 50 °C water (top panels) and scratches per 15 min (bottom panels). Each value
represents mean ± SEM (n = 6). Symbols represent different dosing conditions in monkeys. The asterisk represents a significant difference from the
vehicle condition at corresponding time points (*p < 0.05). [Reprinted with permission from Pain.77]
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carrageenan-induced allodynia/hyperalgesia.37,89 Equal effec-
tiveness of MOP and NOP agonists across different primate
pain models are very promising. In particular, cross-
examinations of Ro 64-6198 and a MOP agonist, alfentanil,
were conducted in monkeys for antinociceptive effects (Figure
2). While a NOP antagonist, J-113397, was able to antagonize
the effects of Ro 64-6198, it was not effective to alfentanil.
Naltrexone, a MOP antagonist, reversed the antinociceptive
effects of alfentanil but not Ro 64-6198. These results clearly
demonstrate that the similar degree of antinociceptive effects
can be produced by two independent receptor mechanisms in
primates.77,84

What is more exciting and stimulating is that Ro 64-6198
produced MOP agonist-comparable antinociception without
reinforcing effects as compared to other reinforcers including
alfentanil, cocaine, and methohexital in monkeys.84 Lack of
reinforcing effects by Ro 64-6198 might be expected because
several rodent studies have shown that NOP agonists do not
have either reinforcing or aversive properties of their own.79,80

Nevertheless, the primate assay of intravenous self-admin-
istration of drugs is considered the best validated approach to
evaluate and predict the abuse liability of newly developed
drugs.91 This primate drug self-administration procedure has
been used extensively in drug abuse research for over 40 years
and has provided useful information on the behavioral
processes associated with drug addiction as well as drug
abuse liability in humans.91 As mentioned above one of the
biggest concerns with the use of opioids is the abuse liability
and the search for an abuse-free, strong analgesic has been
ongoing for decades.15,16 Lack of reinforcing effects of Ro 64-
6198 in alfentanil-, cocaine- and methohexital-maintained
monkeys strongly indicates that NOP agonists will not have
abuse liability in humans and opens a new avenue to develop
strong analgesics without abuse liability.
Following systemic administration, alfentanil produced

antinociception in the presence of respiratory depression and
itch scratching in primates. In the same group of subjects,
systemic NOP agonists produced antinociception without such

side effects, but caused sedation at a dose that was
approximately 30-fold higher than the full antinociceptive
doses.52,84,92 These results indicate that NOP agonists have a
much wider therapeutic window compared with MOP agonists
in primates. In particular, lack of respiratory depression of NOP
agonists are expected to be much safer than the use of MOP
agonists. More importantly, using radiopaque markers, we have
recently developed a procedure to study the gastrointestinal
transit function in primates. When the equi-analgesic doses of
morphine and SCH 221510 were administered, systemic
morphine significantly delayed the transit of the markers across
the different regions of colons and the excretion time of the
markers. In contrast, systemic SCH 221510 produced no
change in the bowel motility as compared to the vehicle
treatment in the same group of subjects.52,90 Based on the
literature of behavioral neuropharmacology in nonhuman
primates, NOP agonists are the first series of ligands that
provide a proof of concept in producing strong antinociception
with fewer side effects in monkeys (Figure 3).52,83,84,90 It is
extremely exciting and appealing to document a promising
therapeutic profile of NOP agonists in primates, namely they
produce MOP agonist-comparable antinociception without
abuse liability, constipation potential, respiratory depression,
and itch pruritus. Nevertheless, future studies are warranted to

Figure 2. Effects of MOP and NOP receptor antagonists on alfentanil- and Ro 64-6198-induced antinociceptive effects in monkeys. A MOP receptor
antagonist (naltrexone, 0.03 mg/kg, s.c.) or a NOP receptor antagonist (J-113397, 0.1 mg/kg, s.c.) was administered s.c. 15 min before
redetermination of the dose−response curve of alfentanil and Ro 64-6198. Left panel: antagonist effects of s.c. naltrexone and J-113397 on the dose−
response curve of Ro 64-6198-induced antinociception in 50 °C water. Right panel: antagonist effects of s.c. naltrexone and J-113397 on the dose−
response curve of alfentanil-induced antinociception in 50 °C water. Each data point represents a mean ± SEM (n = 6). [Reprinted with permission
from Neuropsychopharmacology.84]

Figure 3. Illustration of the pharmacological effects of MOP and NOP
receptor agonists in the preclinical models of primates. Solid arrows
indicate the confirmed causality between MOP agonists and the side
effects. Dashed lines indicate the weak association between NOP
agonists and the side effects.
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investigate and compare the rates and degrees of potential
physical dependence and tolerance in primates receiving
repeated/chronic administration of NOP agonists as compared
to MOP agonists.

■ DEVELOPMENT OF BIFUNCTIONAL NOP/MOP
LIGANDS

As indicated above, there are marked differences between
rodents and primates with respect to the antinociceptive effects
of NOP agonists. There are also differences between rodents
and primates with respect to the interactions between NOP and
MOP receptors at this endpoint. In rodents following
supraspinal or systemic administration, NOP agonists have
been shown to have anti-MOP effects.58−60 However, in
rodents following spinal administration, NOP agonists
potentiated MOP agonist-induced antinociception.58−60 In
contrast, systemic or spinal administration of NOP agonists
in primates enhanced the analgesic effects of MOP agonists.
For example, when N/OFQ was combined with intrathecal
morphine, intrathecal N/OFQ dose-dependently enhanced
morphine-induced analgesia without compromising the pri-
mate’s motor function.73 When an inactive dose of UFP-112
was combined intrathecally with an inactive dose of morphine,
such a mixture significantly produced antinociception against
capsaicin-induced allodynia.77 These findings strongly indicate
that mixed NOP/MOP agonists (i.e., bifunctional NOP/MOP
agonists) may represent a novel strategy for developing
analgesics.
The potentiated antinociception produced by coactivation of

NOP and MOP receptors occurs not only at the spinal level,
but also at the systemic level in primates. Buprenorphine is well
known as a MOP partial agonist that has been used for both
pain management and opioid abuse/addiction and it has less
rewarding property compared to other MOP agonists in
primates.51,93 When a NOP agonist (either Ro 64-6198 or SCH
221510) is combined with systemic buprenorphine, the NOP
agonist dose-dependently potentiated buprenorphine-induced
analgesia.52 It is worth noting that NOP antagonists potentiated
the antinociceptive effects of buprenorphine in rodents,
indicating that buprenorphine’s own NOP agonist activity
attenuated its own MOP agonist activity.94,95 Unlike rodent
studies, the NOP antagonist J-113397 only blocked NOP
agonist-induced antinociception, but could neither enhance nor
attenuate buprenorphine-induced antinociception in mon-
keys.52 By using the isobologram dose-addition analysis,
primate studies demonstrated that the NOP agonist interacted

with buprenorphine in a synergistic manner to produce
antinociceptive effects.52 More importantly, by increasing the
relative ratio of the NOP agonist in combination with
buprenorphine, the specific mixture potently produced full
antinociception without detectable respiratory depression and
itch scratching.52 These findings not only provide a new
perspective on the interactions between NOP and MOP
receptors at the systemic level, but also generate pharmaco-
logical evidence that coactivation of NOP and MOP receptors
produces synergistic antinociceptive effects without other side
effects in primates.
Since NOP agonists have well-documented antirewarding

and/or lack of rewarding property,96 bifunctional NOP/MOP
ligands may not elicit significant rewarding effects, but they are
expected to be more potent and effective in producing
antinociceptive effects. Fortunately, several leading medicinal
chemists have developed and synthesized bifunctional NOP/
MOP agonists that have different efficacies on both receptor
sites.96−99 As both NOP and MOP receptor components have
been demonstrated to independently produce antinociception
at both spinal and systemic levels,77,84 adding the NOP agonist
component to MOP agonists such as buprenorphine may
generate a much wider therapeutic window (Figure 4). In other
words, by reserving most functional receptor reservoirs,
simultaneous activation of two receptor components to a
small degree will produce desirable therapeutic effects without
either receptor-derived side effects. When two receptors are
repeatedly activated due to a large reservoir for both receptor
populations, bifunctional NOP/MOP ligands may also have a
reduced dependence and tolerance liability as compared to
MOP- and NOP-selective ligands. To date, however, there has
been no effort made to better define and characterize any mixed
NOP/MOP agonists systemically in primates. Future pharma-
cological studies in primates are definitely needed to compare
and determine the ideal candidate for bifunctional NOP/MOP
ligands (i.e., to provide strong analgesia without rewarding
effects). More importantly, future studies are warranted to
determine whether such a bifunctional NOP/MOP agonist
(Table 1) has an advantage over the selective NOP agonist
following acute and chronic administration in primates.

■ CONCLUSIONS
Pharmacological studies in primates have been instrumental in
evaluating newly developed ligands and comparing their
antinociceptive effects with clinically used analgesics. After
intrathecal and systemic administration, both peptidic and
nonpeptidic NOP agonists display a promising pharmacological

Figure 4. General hypothetical framework of comparison of the therapeutic windows of MOP, NOP, and bifunctional NOP/MOP agonists based on
current literature. Solid lines indicate the doses at which antinocieption/analgesia will occur. Dashed lines indicate the doses at which side effects,
especially respiratory depression and sedation, emerge.
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profile in primates, indicating that NOP agonists may have
therapeutic values as novel analgesics without abuse liability,
respiratory depression, constipation potential, and itch pruritus
in humans. These pharmacological studies in primates provide
a new exciting chapter to the research and development of
opioid-related analgesics.
In addition to the promising pharmacological findings in

primates, researchers have recently developed PET radioligands
such as 11C-NOP-1A to reliably quantify NOP receptors in
both monkey and human brains.100,101 It provides a valuable
tool to study the NOP receptors by correlating the receptor
occupancy with functional evidence. More importantly, the
crystal structure of human NOP receptor has been recently
discovered102 and it provides a great opportunity to investigate
the ligand structure−activity relationships. With additional
molecular dynamics stimulations, they offer new insights into
the NOP receptor activated by agonists and facilitate the future
design of novel NOP-related ligands.102,103

Hopefully, some future candidate NOP-related ligands can
be further studied in primate models. In particular, the
physiological functions of the NOP receptor should be and
can be extensively investigated and elucidated by both using
diverse NOP-related ligands with different selectivities and
efficacies and by using various behavioral and functional assays
in a broader context in primates. From our perspective, it is
important to conduct studies in behaving primates as a
preclinical framework to establish the therapeutic profiles of
NOP-related ligands, to translate these findings into clinical
trials in humans, and to facilitate the development of NOP-
related ligands as a new generation of analgesics without abuse
liability in the global community.
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